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ABSTRACT

Dallot, S, Quiot-Douing, L., Sdenz, P., Cervera, M. T., Garcia, J.-A., anddeterminants were located with a set of chimeric viruses from the two

Quiot, J.-B. 2001. Identification dPlum pox virus determinants impli-

clones. In plum, determinants of systemic infection were located in a

cated in specific interactions with differeBtunus spp. Phytopathology genomic fragment encoding the P3 and 6K1 proteins, which might

91:159-164.

influence genome amplification or virus movement. The capacity of
pGPPVPS to induce stable local and systemic infections in peach was not

The characterization of pathogenic properties of two infectious clonelcated accurately and might be influenced by multiple determinants
of Plum pox virus (PPV) isolates, pGPPV (D group) and pGPPVPS (M carried by different regions of the genome, excluding those encoding the

group), was investigated in their woody hosts (seedling® wius spp.).

protein 1, the majority of helper component, nuclear inclusions a and b,

The two clones differed in their ability to infect plum and peach culti-and coat protein. We conclude that PPV infections of plum and peach are
vars, from no infection to local and systemic infection. The phenotypgoverned by different determinants.

Plum pox virus (PPV) is the causal agent of Sharka, one of the
most detrimental viral diseases of Prunus stone fruit crops in
Europe and the Mediterranean Basin. It was aso recently identified
in Chile and the United States (16,30). The virus is transmitted by
grafting and by aphids in a nonpersistent manner, inducing fast
spreading epidemics, mainly in apricot, peach, and plum orchards.

PPV, a member of the genus Potyvirus, presents a single-
stranded genomic RNA of approximately 10 kb, trandated into a
large polyprotein, and subsequently processed by three virus-
encoded proteases into as many as 10 functional proteins (24,26).
Severa serological and molecular tools, al based on the coat
protein (CP) coding region or the protein itself, have been devel-
oped for the characterization and typing of PPV populations.
Using electro blot immunoassay, restriction fragment length poly-
morphism following polymerase chain reaction (PCR) amplifica
tion, monoclonal antibodies, and partial sequencing, results were
positively correlated and indicated that most PPV isolates could
be classified in two main groups, PPV-D and PPV-M (2,3). Atypi-
ca PPV-El Amar and cherry-adapted isolates have also been
identified and assigned to groups distinct from PPV-D and PPV-M
(8,21,35).

Surveys of virus-infected trees in apricot and peach orchards
showed distinct epidemic behaviors of PPV strains and isolates.
Isolates of group M have been associated with fast spreading out-
breaks in peach orchards, whereas D populations are generaly
restricted to apricot trees. Moreover, severa experiments using
Prunus cultivars under controlled conditions confirmed these
observations and led to the identification of some of the factors
determining the competitiveness of PPV isolates on these hosts
(9,22).
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Recently, significant advances have been made in understand-
ing potyvirus pathogenesis. New molecular technologies have
greatly helped in obtaining this knowledge, especially through the
generation of infectious full-length cDNA clones, the construction
of chimeric viruses, and the use of mutagenesis techniques. De-
terminants affecting genome amplification, cell-to-cell and long-
distance movement, symptom expression, and aphid and seed
transmissions have been identified for several Potyvirus spp. by
these procedures (24,26).

Infectious transcripts from full-length cDNAs produced in vitro
or in vivo have been previously described for PPV isolates. The
first were from the PPV-D group, PPV-NAT (18) and PPV-R
(Rankovic isolate) (25), whereas Saenz et al. (31) very recently
described the construction of a cDNA clone of the PPV-PS isolate,
a relative of the PPV-M group from which infectious transcripts
can be made. Chimeric viruses from the parental full-length
cDNA clones of PPV-R (pGPPV) and PPV-PS (pGPPVPS) were
constructed and all transcripts were viableNitotiana cleve-
landii and Pisum sativum, allowing the first evaluation of symp-
tom determinants of PPV on these herbaceous plants (31).

We utilized these parental and chimeric PPV clones to investi-
gate viral sequences governing the pathogenesis of PPV on
Prunus spp., its natural host, in the framework of the identifica-
tion and understanding of the numerous factors determining the
epidemiological properties of this virus.

MATERIALSAND METHODS

Clones and chimeric viruses. Infectious transcripts from full-
length cDNA clones of PPV-R (pGPPV) and PPV-PS (pGPPVPS)
isolates were previously obtained, respectively, by Riechmann et
al. (25) and Saenz et al. (31). Current typing tools and sequence
analysis assigned the PPV-R isolate to the PPV-D group and the
PPV-PS isolate to the PPV-M group (3,5,13). Progeny from these
two clones, as well as up to 15 chimeric viruses whose construc-
tion was previously described by Séenz et al. (31), were used in
this study.
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Plant material. Initial assays were performed with progeny of
infectious transcripts pGPPVPS and pGPPV and with a limited
number of chimeric viruses in order to identify plant material and
inoculation protocols appropriate for these virus sources. Com-
mercialy available juvenile seedlings obtained from virus-free
seeds of distinct species of Prunus rootstocks were used in this
study: peach, Prunus persica cvs. GF305 and Montclar; plum,

RESULTS

Progeny of pGPPVPS and pGPPV clones express different
pathogenic properties in three Prunus spp. Juvenile peach,
plum, and apricot seedlings with five to seven fully expanded
leaves were inoculated with pGPPVPS and pGPPV in two inde-
pendent experiments (a minimum of 20 plants per virus and per

Prunus insititia x Prunus domestica cv. St. Julien no. 2; and apri- Prunus cultivar was used). The presence of the virus in inoculated
cot, Prunus armeniaca cv. Manicot. We adopted a protocol of leaves at 20 dpi and in newly developed leaves at 60 dpi was
mechanical inoculation of the seedlings. This allowed us to sidetermined by DAS-ELISA.

multaneously work with several chimeric viruses and multiple The progeny of the two parental clones showed different patho-
seedlings (a minimum of 10 seedlings for each virus source pgenic properties on the thré¥unus spp. (Table 1). Progeny of
experiment). Assays were repeated in order to limit the effect fdGPPVPS generated both local and systemic infections in all the
possible genetic heterogeneity among these nonclonaly derivéour cultivars tested. On the contrary, pGPPV progeny induced
seedlings. obvious local infections in plum, but was not detected in the new

Inoculation of Prunus seedlings. Inoculum sources were upper leaves. For the two peach cultivars and apricot, local and
obtained fromNicotiana benthamiana plants inoculated with the systemic infections were never detected after inoculation with
infectious transcripts. Systemically infected leaves, at 10 daysGPPV progeny. In each case, control herbaceous plants simulta-
postinoculation (dpi), were mixed and stored at —80°C in order taeously inoculated at the time of the tree inoculations became
use similar lots of inoculum for each experiment. Virus con-nfected, confirming the infectivity of the inoculum sources.
centration in these samples was evaluated by double-antibody, These different pathogenic properties appeared as valid criteria
sandwich enzyme-linked immunosorbent assay (DAS-ELISA)and were further investigated with chimeric viruses. Further
The first leaves of the juvenile virus-free seedlings (approximatelgxperiments were pursued with plum and peach cv. GF305 only,
20 days after sowing) were dusted with Carborundum anbecause the first assays with the parental clones gave identical
inoculated mechanically with the crude sap extracts of infectetesults on the two peach cultivars. Unstable and low rates of in-
Nicotiana benthamiana leaves diluted 10-fold in a phosphate solu-fection on apricot were obtained by a first set of chimeric viruses,
tion (0.03 M NaH-PQ, containing 0.2% Na-diethyl dithiocar- so no reliable conclusions could be drawn, and further experi-
bamate). ments with this species were not pursued.

The infectivity of the inoculum sources was determined by si- PPV seguences encoding the C-terminal of helper com-
multaneous inoculations dflicotiana benthamiana and Pisum  ponent, all of protein 3, and the N-terminal of protein 6K1 are
sativum plants. The plants were confined according to Frenchmplicated in the systemic infection of plum. Up to 14 different
safety regulations and kept in a growth chamber at a temperaturhimeric viruses were used to locate the pathogenic properties on
of 25°C/18°C (day/night) under fluorescent lamps (10,000 luxthe PPV genome. Plum seedlings were mechanically inoculated in
with a 16-h/day photoperiod. two independent experiments. Local and systemic infections were

DAS-ELISA. The plants were individually tested for PPV in- followed by sequential ELISA tests performed on extracts from
fection by DAS-ELISA according to the procedure first describedhe inoculated leaves at 20 dpi and on newly emerged upper
by Clark and Adams in 1977 (7) and optimized in the laboratorjeaves at 60 and 160 dpi.

Polysorp immunoplates (Nunc, Roskilde, Denmark) were coated All chimeric viruses produced local infections, but only some of
with 1 pg/ml of purified antibodies from a broad reactivity anti-them induced systemic infections on this host. These two pheno-
PPV polyclonal rabbit antiserum (AS196) produced in thetypes were analogous to those observed with the parental clones.
laboratory. Plant extracts were used at a 1:50 final dilution iThe results obtained with seven of the most relevant chimeric
phosphate-buffered saline with Tween plus 2% (wt/vol) polyvinyl-viruses are shown in Figure 1A. The introduction of pGPPV
pyrrolidone (PVP) 40,000. Each sample was replicated in twéragments, including those encoding protein 1 (P1) and most of
contiguous wells, and healthy samples corresponding to theelper component (HC) alone (pR/P2212) or with most of nuclear
appropriatePrunus spp. were added at three replicates per plateinclusion b (Nib) and CP (pR/P2212-7677), into the pGPPVPS ge-
PPV-infected leaves oRicotiana benthamiana were used as a nome yielded progeny that induced local infections with a frequency
positive control. The positive threshold was set at twice the measimilar to pGPPV. However, this did not modify the phenotype of
of absorbance values\s) obtained with the healthy samples. In systemic infection of pPGPPVPS progeny. The induction of stable
some experiments, strain typing was also performed by westeaystemic infections by these chimeric viruses highlighted the im-
blot procedure as previously described (2) and by immunocapturpertance of the central region of the PPV genome for this function.
reverse transcription-PCR (2,34). The other chimeric viruses allowed us to more accurately map
the sequences involved in systemic infection. The 2212-5535 and
2212-3628 pGPPV fragments (pP/R2212-5535 and pP/R2212-
3628) conferred a pGPPV phenotype to pGPPVPS, thus restrict-

TABLE 1. Different pathogenic properties of Plum pox virus (PPV) isolates
pGPPVPS and pGPPV progenies evaluated in seedlings of four Prunus
cultivars®

Peach cv. Peach cv. Plum cv. St. Apricot cv.
GF305 Montclar Julien no. 2 Manicot
|solate L S L S L S L S

pGPPVPS 9/20 10/20 13/20 13/20 3/23 3/23 3/25 4/24
pGPPV 020 020 020 020 14/23 0/23 027 027

a Juvenile seedlings of each cultivar were inoculated mechanically in two in-
dependent experiments. The presence of virus was determined by enzyme-
linked immunosorbent assay on extracts from the inoculated leaves at 20 days
postinoculation (L = local infection) and from young emerging leaves at
60 days postinoculation (S = systemic infection). The number of infected
seedlings per inoculated seedlings are given.
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ing the virus to the inoculated leaves. As expected, progeny of the
reciprocal clone pR/P2212-3628 were detected in the upper non-
inoculated leaves, demonstrating that the sequences required to
induce systemic infections in this plum cultivar are located between
nucleotides 2212 and 3628 of the viral sequence. The behavior of
the other chimeric viruses tested was consistent with this result.
This region of the viral genome encodes the C-terminal region of
HC, P3, and 6K1 proteins. The region of the PPV genome impli-
cated in this phenotype codes for 473 amino acids, differing at
20 positions between PPV-R and PPV-PS (Fig. 2).

Results with two chimeric viruses (pR/P2212-2904 and
pR/P2904-3628) containing smaller portions of pGPPVPS in this
region did not allow us to more accurately determine the se-
quences responsible for this phenotype, because each was suffi-



cient to induce a systemic infection. However, the frequency of not observed in Nicotiana benthamiana control plants that were
systemic infection was greatly decreased when only the 2212-2904 inoculated and tested simultaneously with the plum seedlings,
pGPPVPS fragment was present. The estimation by DAS-ELISA demonstrating that this difference in genome amplification be-
of the virus titer in the inoculated leaves revealed a significantly tween parental and chimeric viruses is specific to this Prunus
lower accumulation of pR/P2212-2904 progeny as well as of the host. These data suggest that the absence of systemic infection in
parental pGPPV clone and the chimeric viruses showing the pGPPV plum could be partially due to aless effective viral genome ampli-
phenotype (Fig. 1B). Such a difference in virus accumulation was  fication in the inocul ated leaves of plum.
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Fig. 1. A, Schematic representation of parental Plum pox virus (PPV) and chimeric viruses with their pathogenic properties on plum hybrid cv. St. Julien no. 2.
Local and systemic infections were determined by double-antibody sandwich, enzyme-linked immunosorbent assay (DAS-ELISA) in extracts from the
inoculated leaves at 20 days postinoculation (dpi) and from young upper leaves at 60 and 180 dpi. The number of infected seedlings per inoculated seedlingsis
given. Numbers in parentheses indicate the percentage of plants with local infections that also were systemically infected. B, Virus accumulation in the
inoculated leaves of plum and Nicotiana benthamiana plants estimated by DAS-ELISA at 20 dpi. For each chimeric virus, the mean of the A,y values and
associated standard deviation corresponding to the infected Prunus seedlings or Nicotiana benthamiana plants are represented. A significant difference between
values for chimeric viruses was detected for the Prunus data by an analysis of variance (P = 0.018), after logarithmic transformation of the Ay values to fulfill
both homoscedasticity and normality requirements. Black and white bars represent the best split in two sets of hybrids evidenced by simultaneous sums of
squares test procedure post-hoc tests (33). Such a difference was not observed in Nicotiana benthamiana plants (hatched bars).
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The presence of the pGPPV cylindrical inclusion coding re-
gion in the pGPPVPS genome suppresses both local and sys
temic infection in peach. All chimeric viruses able to infect
peach appeared much less capable than the parental pGPPVPS
clone of inducing both local and systemic infections (1.6 to 27%
versus 40% for pGPPVPS; data not shown). In some cases, virus
amplification in the inoculated leaves was delayed, leading to
under-evaluation of the frequency of local infections at the sam-
pling date (chimera pP/R2212-3628) (Fig. 3).

The introduction of pGPPV fragments, including those en-
coding P1 and most of HC alone (pR/P2212) or with partial Nib
and CP coding regions (pR/P 2212-7677), into the pGPPVPS
genome did not alter the ability of the chimeric viruses to induce
both local and systemic infections in peach from that observed for
pGPPVPS progeny. This result demonstrates the relevant role of
the central region of the PPV genome in these functions (Fig. 3).
Using chimeric viruses focused in this region, we were unable
however, to more accurately determine the sequences responsible
for the pGPPVPS phenotype in peach. In contrast to the results
obtained with plum, the introduction of the 2212-3628 pGPPV
fragment encoding the P3 and 6K1 proteins into the pGPPVPS
genome did not ater the pGPPVPS phenotype (Fig. 3). On the
contrary, two chimeric viruses presenting parts of the 2904-3628
pGPPVPS fragment in the pGPPV genome (pR/P2904-3409 and
pR/P2904-3628) modified the pGPPV phenotype with the in-
duction of unstable local infections associated with very low virus
accumulation (data not shown), highlighting markedly lower
viability. These results suggest that this viral genome region is not
implicated alone in the phenotypes expressed by the parenta
clones. By increasing the size of the inserted pGPPV fragments
(PP/R2212-4034 and pP/R2212-5535) in the pGPPVPS genome,
the capacity of the chimeric viruses to localy and systemically
infect this peach cultivar was progressively lost (Fig. 3), high-
lighting that the cylindrical inclusion (CI) cistron, probably in
association with the P3 + 6K1 coding region, has a role in sup-
porting infection by pGPPVPS.
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DISCUSSION

Full-length viral cDNAS, from which infectious transcripts can
be obtained and which can be atered to yield chimeric and site-
directed mutant viruses, have been widely used in recent years to
better understand potyvirus pathogenesis. Recently, the use of
PPV chimeric viruses has led to the identification of viral deter-
minants of specific symptoms in herbaceous hosts (31). To the
best of our knowledge, this report contains the first results ob-
tained in Prunus plants, natural woody hosts of this potyvirus. We
investigated the determinants of pathogenic properties in peach
and plum of two cloned PPV isolates, PPV-PS and PPV-R, previ-
oudly assigned to the two major molecular and epidemiological
groups PPV-M and PPV-D, respectively.

Inoculation procedures and the physiologica age of Prunus
plants may have a major influence in determining specific host—
isolate interactions, as shown by previous studies performed with
“natural” PPV isolates (9,22). In contrast to herbaceous plants,
long and complex studies are generally required for woody plants
due to latency periods and irregular distribution of the virus. Pre-
liminary assays, thus, appeared essential to determine the best
experimental conditions, taking into account the woody nature of
the host plants and the specific nature of the clones and chimeric
viruses. Mechanical inoculation of juveniRunus seedlings ap-
peared to be the most efficient method for studying the pathogenic
properties of the cloned PPV isolates. However, even in these
optimized conditions, the level of infection by the parental clones
and chimeric viruses remained low, reaching 50% in the best cases,
in contrast to levels observed in herbaceous hosts (100%). These
results may be partly due to the low pathogenicity of the PPV-R
isolate in woody plants, which in turn, could be linked to its long-
term maintenance in herbaceous hosts. Nevertheless, this study
brings important information to enhance our understanding of PPV
pathogenesis in its natural host.

The determinants of PPV pathogenicity were different for plum
and peach. In plum, the central region of the PPV genome encod-

: SMMDLATACHFLAILYPETRNAELPRILVDHEAKIFHVVDSFGSLSTGMHVLKANTINQLISFASDTLDS

v 3628

: DGQVVVHQSKRDSQANLERVVAFVALVMMLFDSERSDGVYKILNKLKGIMGSVDQAVQHQ
................. V...I..T.H..

Fig. 2. Alignment of Plum pox virus (PPV)-R and PPV-PS amino acid sequences of partial HC, P3, and 6K1 proteins involved in systemic infection of plum
hybrid cv. St. Julien no. 2. The boundary marks of the 2212-3628 nucleotide fragment are indicated above the sequences. The filled arrows indicate junctions

between HC and P3 and between P3 and 6K 1 proteins.
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ing the C-terminal of the HC, the P3, and 6K1 proteins was
responsible for the different phenotypes expressed by the pGPPV
and pGPPVPS clones. In peach, the determinant includes the ClI
protein encoding region. It is quite interesting to note that the in-
volvement of such proteins, alone or in association, in potyvirus
pathogenesis has been previously demonstrated for PPV and other
potyviruses, especially in symptom induction. The P3 + 6K1 PPV
protein was involved in symptom induction in both Nicotiana
clevelandii and Pisum sativum (31), whereas the determinants of a
wilting response of Tabasco pepper have been located in two sepa-
rate genomic regions of Tobacco etch virus (TEV), one encom-
passing the P3 coding region and the other the CI-6K2 and a part
of viral genome-linked (VPg)-Nia coding regions (6).

Our results indicate that the viral determinants of systemic
infection in plum are located in the genomic region encoding the
C-terminal of HC, the P3, and the N-terminal of the 6K1 peptide.
Chimeric viruses unable to achieve long-distance movement
accumulated, in inoculated plum leaves, at a significantly lower
level than the pGPPVPS clone and related hybrids, supporting the
hypothesis that the incapacity of pGPPV to induce a systemic
infection in this Prunus spp. is at least partially related to its lower
replication rate. Colocalization of the P3 protein with cytoplasmic
and nuclear inclusions of Tobacco vein mottling virus (TVMV)
and TEV in infected cells (15,28), its in vitro interaction with
proteins of the putative replication complex (in particular Nib) of
Potato virus A (PVA) (19), as well as, the lethal effect of insertion
mutations in the TVMV P3 gene (12) congtitute a growing body of
evidence that this protein isimplicated in the potyvirus replication
process. Therefore, differences in the P3 gene or protein between
the two PPV isolates (with 16 different amino acids involved in
this region) may have some effect on their amplification efficien-
cies. In addition, several plant virus replication proteins influence
cell-to-cell and long-distance movement without necessarily dis-
turbing the replication rate of the virus. Among potyviruses, VPg
of TEV in Nicotiana tabacum (32) and of PVA in Nicandra
physaloides (23) appears to have a key role in the systemic
infection of these hosts. The specific influence of the P3 and 6K1

PPV proteins on cell-to-cell and especialy long-distance move-
ment in plum remains to be determined.

The determinants of PPV pathogenicity in peach appeared more
complex than in plum. Sequential ELISA tests performed on
extracts from mechanically inoculated and new upper leaves of
peach cv. GF305 showed that the frequency of local infections
was sometimes under-evaluated, probably due to a delay in virus
amplification. Similar results were frequently obtained with natu-
ral PPV isolates on peach cultivars after aphid inoculations (22).
Determinants of pGPPVPS infectivity in peach were situated in
the central region of the PPV genome, between the 3 end of the
HC and the Nib coding regions, but further investigation did not
allow us to locate them more accurately. The low infectivity of
most hybrids, in comparison with that observed for pGPPVPS,
suggests that this property is influenced by multiple determinants
located in different parts of the PPV genome. The defective phe-
notype of pGPPV is probably not the result of interaction with a
single gene carried by this host but rather due to a series of in-
compatible interactions between viral and host factors implicated
in genome replication, cell-to-cell movement, and |ong-distance
movement necessary to establish a stable systemic infection.
However, the introduction of the pGPPV sequences encoding a
part of the 6K1 aswell as the N-terminal of the CI protein into the
pGPPVPS genome was sufficient to restrict PPV infection to in-
oculated leaves, whereas the presence of the complete pGPPV ClI
cistron prevented both systemic and local infections. Cl protein
showing RNA binding and NTPase helicase activities (11,14,20)
is required for genome replication (4,10,12), but also for cell-to-
cell movement of potyviruses (4,27,29). Mutations in TEV ClI
protein, thus, appeared to prevent cell-to-cell movement in to-
bacco plants whereas others only limited this property, but in such
away that long-distance movement was impeded (4). Further ex-
perimentation is needed to determine if the pGPPV CI cistron
alone is sufficient to prevent both local and systemic infection in
this peach cultivar and to identify which nucleotide or amino acid
is responsible for this phenotype. A comparison of the pGPPV and
pGPPVPS CI sequences revealed a difference of 11 amino acids

2 N & §é & & 3
‘_II L] "’I I Infections
m| me I 15)3 I d I Na | I?Ib Lcp_|-polyA Local Systemic
B
rcreves [N 24/60 21/60
pR/P2212 [:— 1/18 1/18
pR/P2212-7677 [:_:] 3/18 3/18
pP/R 2212-3628 _:— 3/30 8/29
pP/R2212-4034 - 1/20 0/20
pP/R2212-5535 _ _ 0/20 0/20
pGPPV | I 0/130 0/87

Fig. 3. Schematic representation of parental Plum pox virus (PPV) clones and relevant chimeric viruses showing their pathogenic properties in peach cv. GF305.
Loca and systemic infections were determined by double-antibody sandwich, enzyme-linked immunosorbent assay in extracts from the inoculated leaves at 20 days
postinoculation (dpi) and from young upper leaves at 60 dpi. The results with chimeric viruses were obtained in two independent experiments, those with the

parental viruses in three to four experiments.
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(98% identity) and a much greater number of nucleotide differ-
ences (83% identity).

In plum, as well as in peach, the genomic region encoding the
HC protein and the CP did not appear to play arelevant role in the
observed phenotypes expressed by the PPV clones. Previous
studies on different potyviruses have shown the multifunctional
properties of both of these proteins, especially in aphid
transmission, genome amplification, cell-to-cell movement, and
long-distance movements (1,17,24). Our results are interesting
because the genomic region encoding the CP or the CP itself are
currently used to assign PPV isolates into one of the PPV-D or
PPV-M molecular groups. This group distinction is of major im-
portance because of the general correlation between it and the
ability to infect peach cultivars in orchards (3,22). However, we
recently identified peculiar PPV-D isolates in southern France that
caused epidemics in peach orchards, similar to those caused by
PPV-M isolates, indicating that the classification system may not
always be adequate for determining epidemic properties of PPV
isolates (9). This study indicates that at least one, and probably
numerous others, genomic region is involved in PPV pathogenic-
ity in Prunus spp. The whole of these data may help to improve
the design of typing tools, more adequately targeting the patho-
genic properties of PPV isolatesin cultivated Prunus spp.
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