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AbstractAbstractAbstractAbstract    
    
Plum pox virus (PPV) is considered the most detrimental viral pathogen of stone fruits, causing 

important economic losses. Exhaustive studies revealed that D, M and Rec are the prevalent strains of PPV in 
Europe. While different experimental reports revealed that PPV-M is more aggressive than PPV-D, limited 
information is available about the competitiveness of PPV-Rec under field conditions. Also, symptoms 
developed by PPV-Rec infection are scarcely documented. To increase this knowledge, we selected and 
monitored an experimental plum orchard already contaminated by both PPV-D and PPV-Rec. The disease 
spread was monitored by visual observation and ELISA testing each year along five consecutive vegetative 
periods. The dynamic of single and mixed infections was assessed by molecular strain typing (IC-RT-PCR) of 
all newly and single-infected trees. While the disease prevalence increased almost linearly, the number of single 
PPV infected trees (either by PPV-Rec or by PPV-D) remained relatively stable during the five-year period of 
monitoring, which is explainable by the continual increase of the number of trees infected with both strains 
together. No significant difference in the progression rate between D and Rec strains was found when 
considering their presence in both single and mixed infections. Although the types of PPV symptoms developed 
on leaves and fruits varied among cultivars, no clear-cut D or Rec strain-specific symptoms were developed 
within the same cultivar. Overall results revealed that PPV-D and PPV-Rec strains had similar behaviour in 
terms of competitiveness and symptoms developed under our experimental field conditions. 
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IntroductionIntroductionIntroductionIntroduction    
 
Sharka, caused by plum pox virus (PPV) is considered the most devastating disease of the stone fruits in 

the world. PPV is originated in Eastern Europe being observed for the first time in Bulgaria in 1917 (Atanassoff, 
1932). Since then, the disease has progressively spread not only to the most part of European continent (Roy 
and Smith, 1994; Barba et al., 2011) but also it was reported in Asia, Africa (Egypt, Tunisia), North (Canada) 
and South (Chile, Argentina) America, becoming a huge issue of stone fruits production. There are some 
countries, such as United States of America, Sweden, Finland, and Estonia where PPV has been eradicated, 
while in others (Lebanon and New Zealand) never has been confirmed (EPPO, 2023). In Romania, an endemic 
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area of PPV, no plum orchard was found PPV free (Zagrai et al., 2010a), Sharka causing important yield losses 
especially in susceptible cultivars (Minoiu, 1997; Sestraș et al., 2007). 

Sharka disease has agronomic and political consequences because it causes serious economic losses 
(Cambra et al., 2006). Different prevention measures recommended to limit the spread of PPV, like PPV 
monitoring in nurseries, the use of certified planting material, the removal of infected plants as part of 
quarantine measures, treatments against aphids, etc., proved to be ineffective for an efficient containment of 
PPV in endemic areas (Zagrai et al., 2022).  

A good knowledge of the properties, geographical distribution, dynamics, and variability of the PPV 
population is a prerequisite for the efficient control of disease. Grace of many international efforts, there is now 
a relatively good understanding of PPV diversity and of the geographic distribution of PPV strains (Candresse 
et al., 2013).  

Current knowledge on nucleotide sequence allowed PPV isolates to be grouped into ten distinct strains 
(D, M, EA, C, Rec, T, W, An, CR, and CV). PPV-D (Dideron) was originally isolated from apricot, while PPV-
M (Marcus) was originally characterized on peach (Kerlan and Dunez, 1979). Based on their serological and 
molecular properties, the two isolates have been confirmed to represent two distinct strains (Candresse et al., 
1998). PPV-Rec (Recombinant) is recognized as the third major PPV strain resulting from recombination 
between PPV-D and PPV-M (Glasa et al, 2002). The other seven molecularly distinguished PPV strains are 
geographically or host-limited. El Amar (EA) was originally isolated from Egypt (Wetzel et al., 1991), Winona 
(W) was originally isolated in Canada (James and Varga, 2004) but its origin was later established in Eastern 
Europe (Glasa et al., 2011; Mavrodieva et al., 2013). PPV-T is another recombinant group of PPV that was 
isolated from apricot in Turkey (Serce et al., 2009). Ancestor Marcus (An) is an atypical Albanian PPV isolate 
that is supposed to be the progenitor of PPV-M (Palmisano et al., 2013). The other three PPV strains are 
cherry-adapted: Cherry (C) was found in sour cherry in Moldova (Kalashyan et al., 1994) and Croatia (Kajic 
et al., 2012), and in sweet cherry in Italy (Crescenzi et al., 1995), and Romania (Maxim et al., 2002); Cherry 
Russian (CR) an unusual isolate able to infect cherry (Glasa et al., 2013); Cherry Volga (CV) a cherry-adapted 
strain (Chirkov et al., 2018), the last two were detected only in Russia (Chrikov et al., 2022). Among the ten 
PPV strains, only three (D, M and Rec) are widespread (Candresse and Cambra, 2006). Interestingly, although 
Romania is well known as a PPV-endemic area, only D and Rec strains have been found in plum orchards 
(Zagrai et al., 2010b). However, as an effect of the permissive barrier of the intra-community trade, PPV-M has 
been recently introduced in Romania in a new plum orchard established by using plum material from abroad 
(Zagrai et al., 2022). 

Recombination event is considered a major source of variation (Hull, 2004). It can provide some 
selective advantage to the recombinant isolate over parental variants to become established in nature (Lai, 1992; 
Aaziz and Tepfer, 1999). Therefore, is a really need to increase the knowledge about PPV-Rec behaviour in 
infected natural hosts under field conditions. The main objective of our work was to evaluate the 
competitiveness between PPV-Rec and PPV-D by monitoring the dynamic of spread in an experimental plum 
orchard already infected by both strains. 

 
 
Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Experimental orchard plot 
An experimental plum orchard, surrounded by a buffer of apple trees, already contaminated with PPV-

D and PPV-Rec (Zagrai et al., 2008) was selected for trial. The experimental plot belonging to Fruit Research 
& Development Station Bistrița (Romania), contains more than 50 plum cultivars and hybrids with different 
numbers of trees. Plum trees grafted onto myrobalan rootstock were planted at a spacing of 4 m between trees 
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and 5 m between rows. A total of 577 plum trees, grown in the field during five vegetative periods, were 
subjected to PPV monitoring at the age of 12-16 years old. The source of inoculum within the experimental 
orchard was easily secured by already infected trees with large volumes of canopy. 

  
PPV monitoring  

The monitoring of PPV spreading in the experimental plot was processed along five vegetative periods. 
PPV infection was visually monitored by symptom development and tested using serological diagnosis and 
molecular discrimination. All trees from the experimental orchard were visually inspected three times and 
tested once at the beginning of the experiment to establish the initial PPV infection level. In the following four 
years, all trees found uninfected in the previous year were visually inspected and retested in the same way to 
establish the dynamic of PPV infection. Positive samples were then strain typed. 

 
Sampling procedure 

For detection and discrimination of PPV, a minimum of 10 leaves per tree were collected randomly 
throughout the canopy. In symptomatic trees, only symptomatic leaves were collected. If symptoms were 
limited to particular branches, leaves were only sampled from the symptomatic branches. If only a few 
symptomatic leaves were visually detected, the size of the sample was reduced to symptomatic leaves. If a new 
infection occurred in different parts of the canopy (on the same tree), sampling was separately made. Infected 
trees found with a single D or Rec strain in the previous year were resampled to detect the potential for over-
infections. 

 
PPV detection 

For PPV detection, serological tests were performed by Double Antibody Sandwich Enzyme-Linked 
Immunosorbent Assay (DAS-ELISA) (Clark and Adams, 1977) using a commercial polyclonal antiserum 
against PPV according to the manufacturer’s instructions (Bioreba, Switzerland). Absorbance values were 
measured at 405 nm after 1 h of substrate hydrolysis. Samples were considered positive if their absorbance 
values were more than twice those of the negative control. 

 
Strain typing procedure 

Molecular typing was performed to establish the proportion of PPV-Rec and PPV-D at the beginning 
of the experiment and to assess the temporal spread of D and Rec strains within the experimental orchard along 
with the next four vegetative periods. Strain status of each PPV isolate identified at the beginning of experiment 
was determined by Immunocapture-Reverse Transcription-Polymerase Chain Reaction (IC-RT-PCR) 
targeting three genomic regions corresponding to: (i) (Cter) CP using specific primers PD and PM (Olmos et 

al., 1997) which allows only a preliminary discrimination due to the overlapping of PPV-Rec and PPV-M in 
this genomic section (Dallot et al., 2008); (ii) (Cter) NIb-(Nter)CP using the primer pairs mD5/mM3 (Subr 
et al., 2004) that directly detects PPV-Rec; (iii) 6K1-CIP using CIP-M/CIP-MR and CIP-D/CIP-DR primer 
sets to confirm the presence of PPV-Rec (Kamenova et al., 2011). For immunocapture, PPV was trapped with 
PPV polyclonal antibodies (Bioreba, Switzerland). Qiagen one-step kit (Qiagen, Germany) was used for RT-
PCR. An aliquot of the amplified products (10µl) was fractionated onto 1.5% agarose gel electrophoresis in 1 
x TAE buffer. Bands were visualized by staining with ethidium bromide under UV light.  

During the next four vegetative periods, molecular strain typing (IC-RT-PCR) was performed for every 
new PPV infection case and for all single-strain infections detected in the previous year in order to check for 
possible over-infection with the other strain.   
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Symptoms of trees infected with D or Rec strains  

To check if PPV-D or PPV-Rec infections produce similar or distinct symptoms, single infected D and 
single infected Rec trees of four cultivars were evaluated for the development of symptoms on leaves and/or 
fruits. Thus, symptoms developed under PPV-D and PPV-Rec infections were compared on the cultivars 
‘Centenar’, ‘Iulia’, ‘Reine Red’ and ‘Stanley’.  

    
Statistical analysis 

PPV dynamics and modelling of the temporal spread of the two strains were analysed by linear regression 
in order to assess whether or not infection rate of two strains increased in similar way. The specific potential of 
the progressive increase of infections caused by each of the two strains was further analysed by considering only 
new single and new mixed infections.  

The XLSTAT programme (Addinsoft, New York, USA), ANOVA modelling data, Duncan multiple 
range test, 95% confidence interval, was used in order to evaluate the significance of differences between the 
spreading of PPV-D and PPV-Rec.  

 
 
ResultsResultsResultsResults    
 
Initial PPV infection level and strains status 

Using DAS-ELISA, 328 out of 577 plum tree were found infected by PPV at the beginning of the 
experiment, which represents an almost 57% rate of infection. Molecular typing of those 328 isolates of PPV 
revealed that Rec strain (189 infected trees) was four times more numerous than D strain (44 infected trees), 
respectively 58% versus 13% when considering their presence in single infection, while mixed infections 
represented 29% (95 trees infected by D+Rec) (Figure 1A). Considering the presence of the two strains in both 
single and mixed infections, a double rate of PPV-Rec (67%) in comparison with PPV-D (33%) was ascertained 
at the beginning of experimentation (Figure 1B). At that time the distribution of D, Rec and mixed infections 
showed random dispersion within the experimental orchard (spatial pattern not shown). 

 

  
Figure 1.Figure 1.Figure 1.Figure 1. Initial status of infected trees by PPV-D and PPV-Rec before (A) and after (B) splitting of mixed 
infections 
 
PPV dynamics and temporal spread of D and Rec strains within the orchard 

The dynamics of PPV revealed a continual increase of infection throughout the next four vegetative 
periods. During this time, the disease prevalence increased almost linearly, from about 57% to 75%. A 
significant linear relationship between the year and the infection rate of PPV was recorded (Figure 2).  
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Figure 2. Figure 2. Figure 2. Figure 2. The    dynamic of PPV during five consecutive years 
 
The occurrence of the two strains in newly infected trees throughout four vegetative periods showed 

that PPV-Rec infections were more frequent than those with PPV-D in three of the four years of virus 
monitoring. Overall results along the four years revealed that the occurrence of PPV-Rec in newly infected trees 
was more frequent than PPV-D (66 cases versus 37 cases, Figure 3A), keeping thus a similar rate as was recorded 
at the beginning of investigation. This can be explained by the initial double rate of PPV-Rec and hence a higher 
chance to infect the remaining healthy trees in comparison with PPV-D. 

Both types of over-infection were detected. However, the number of PPV-Rec trees over-infected by 
PPV-D was higher than opposite each year along the four vegetative periods. During the experimental period, 
26 PPV-D infected trees were over-infected by PPV-Rec whereas 66 PPV-Rec infected trees were over-infected 
by PPV-D (Figure 3B). This difference is explained by the fact that the number of single PPV-Rec infected trees 
was much higher than the PPV-D infected trees, and hence there is a less chance of a PPV-D tree being over-
infected by PPV-Rec than the contrary. Thus, the new PPV-D cases were mostly associated with mixed 
infections (60 to 70% of new PPV-D cases), as the majority of new PPV-D infections were related to over-
infections. 

 

Figure 3.Figure 3.Figure 3.Figure 3. Occurrence of PPV-D or PPV-Rec in newly (A) and co-infected (B) trees  
 
Strains status of infected trees at the end of investigation  

Results based on molecular discrimination performed after five years of monitoring showed that the rate 
of infections by a single D strain remained stable (13%), while infections with a single PPV-Rec recorded a 
similar rate with mixed infections (44% vs. 43%) - Figure 4A. However, when considering the presence of each 
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strain in both single and mixed strains infection, all D (39%) and all Rec (61%) infected trees (Figure 4B) kept 
a relatively close rate of infection as was recorded at the beginning of the experiment. 

 

  
FigureFigureFigureFigure 4444. The status of infected trees with PPV-D and PPV-Rec before (A) and after (B) splitting of mixed 
infections at the end of investigation 
 
The number of trees infected by a single PPV strain (either PPV-D or PPV-Rec) remained relatively 

stable during the five-year period of monitoring while the number of trees infected with both strains (D and 
Rec) revealed a continuous significant linear increase (Figure 5).   

 

 
Figure 5.Figure 5.Figure 5.Figure 5. Temporal spread of D and Rec strains in single and mixed infections 
 
Results of the linear regression indicated that there was a very strong collective significant effect between 

the PPV-D, PPV-Rec, and time (years). The progressive increase of infections with all new PPV-Rec and PPV-
D was very close when considering new single infections and also the presence of D or Rec in new mixed 
infections, confirmed by coefficients of determination of PPV-D (r2 = 98.5%) and PPV-Rec (r2 = 99.2%). 
Moreover, the adjusted slopes showed a similar progression of new PPV-D and PPV-Rec infections (Figure 6).  
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Figure 6.Figure 6.Figure 6.Figure 6. Yearly progression of all new PPV-D and PPV-Rec infections  
 
This similar behaviour is also supported by ANOVA (analysis of variance) and Duncan’s Multiple 

Range Test, which revealed no significant differences between the presence of all PPV-D or all PPV-Rec in the 
yearly new infected trees and over infections along the four vegetative periods (Table 1). 

 
Table 1.Table 1.Table 1.Table 1. ANOVA (analysis of variance) and Duncan’s Multiple Range Test on the presence of all PPV-D 
or all PPV-Rec in the yearly new infected trees and over infections 

PPV 
strains 

New infected trees with D or Rec strains and their presence in new 
over infections 

The average of yearly 
increasing of infected trees 

with D or Rec strains Year 1 Year 2 Year 3 Year 4 
PPV-D 36 22 30 15 25.75a 
PPV-Rec 17 26 30 19 23.00a 

Pr>F(model) 0.635 
Significant  NO 

*Different letters indicate differences at p < 0.0001 according to Duncan`s Multiple Range Test. 

 
Symptoms of trees infected with D or Rec strains  

Yellowish rings, diffuse spots and vein clearing have been observed on leaves infected either with PPV-
D or PPV-Rec on plum ‘Centenar’ (Figure 7A). The fruits of infected trees were severely deformed, with 
engraved rings and gum leaks for both strains (Figure 7B). Another example of similarity of symptoms was 
noted on ‘Iulia’ infected by PPV-D or PPV-Rec. Rings and spots, more or less diffuse, were observed on leaves 
with no possibility to distinguish between D and Rec strains (Figure 8A). Skin discoloration, engraved rings 
and gum leakage were observed on both D and Rec affected fruits of ‘Iulia’ (Figure 8B). Light green and yellow 
mottling was developed on leaves of ‘Reine Red’ infected with PPV-D or PPV-Rec with no possibility for visual 
distinguishing (Figure 9A). Yellow rings and diffuse spots, vein clearing and sporadically leaf deformation were 
observed on leaves of ‘Stanley’ infected with either PPV-D or PPV-Rec (Figure 9B). Thereby, similar symptoms 
were developed in both PPV-D and PPV-Rec infected trees on the same cultivars. 
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Figure 7.Figure 7.Figure 7.Figure 7. Similarity of PPV-D and PPV-Rec symptoms on leaves (A) and fruits (B) on ‘Centenar’  
 

 
Figure 8.Figure 8.Figure 8.Figure 8. Similarity of PPV-D and PPV-Rec symptoms on leaves (A) and fruits (B) on ‘Iulia’ 
 

 
Figure 9.Figure 9.Figure 9.Figure 9. Similarity of PPV-D and PPV-Rec symptoms on leaves ‘Reine Red’ (a) and ‘Stanley’ (b)  
 
    
DiscussionDiscussionDiscussionDiscussion    
 
The initial incidence of PPV in the experimental plot (about 57%), combined with the disease 

prevalence of 75% determined after five years of experimentation, confirmed the problematic situation with 
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PPV in plum orchards in Romania previously reported (Zagrai et al., 2010a). A similar situation of PPV wide 
presence in plum orchards was also reported in other European countries such as Bulgaria (Kamenova et al., 
2019) and Bosnia and Herzegovina (Okić et al., 2022). 

Prevalence of PPV-D, PPV-M and PPV-Rec is different in stone fruits orchards in Europe where PPV 
is widespread. Thus, surveys on different stone fruits (plum, apricot and peach) orchards from seven European 
countries revealed that PPV-Rec strain was prevalent in Slovakia, PPV-D in Czeck Republic, while PPV-M in 
Bulgaria, France, Serbia, Slovenia (Dallot et al., 2008), and Hungary (Ádám et al., 2015). In plum orchards, 
PPV-Rec was the prevalent strain in Serbia (Jevremović, 2014), and Bulgaria (Kamenova et al., 2015, 2019), 
while PPV-M, in Croatia (Mikec et al., 2008). A recent survey performed in Bosnia and Herzegovina (Okić et 

al., 2022) revealed the occurrence of the same strains of PPV in plum orchards as in Romania, respectively D 
and Rec, in both single and mixed infections. The presence of two strains in mixed infections, especially D and 
Rec or D and M, are frequent events in orchards where more than one PPV strain is present, as reported in 
Serbia (Jevremović, 2012) or Bulgaria (Kamenova et al., 2019), and supported by different reports in Romania 
(Zagrai et al., 2006, 2009, 2010b) including the present study. 

While PPV-D and PPV-Rec are the two strains widely spread within plum orchards in Romania, we 
have tried to gain information about the competitiveness of PPV-Rec under field conditions. Thus, the 
investigation was focused mainly on the temporal spread of D and Rec strains in single and mixed infections 
within an experimental plum orchard. The typing of PPV performed at the beginning and along the period of 
study revealed that the strains occurring (PPV-D and PPV-Rec) were in accordance with those previously 
reported in Romania (Zagrai et al., 2006, 2009). The difference was the prevalence of PPV-Rec strain, while a 
previously performed large survey in a lot of plum orchards in Romania revealed that D was the more frequent 
strain (Zagrai et al., 2010b). The prevalence of PPV-Rec in the present investigation could be explained by the 
initial source of infection with a possible prevalence of PPV-Rec, and subsequently, within the orchard, a higher 
number of trees infected by PPV-Rec facilitated new infections mediated by aphid vectors with the same strain 
to the neighbouring trees. 

The number of single PPV-infected trees (either by PPV-Rec or by PPV-D) remained relatively stable 
during the five-year period of monitoring, while the trees infected with both strains together increased almost 
linearly. These results confirmed that over-infection is a frequent event in plum as already shown during 
different previous epidemiological surveys (Jevremović, 2012; Kamenova et al., 2019; Zagrai et al., 2006, 2009, 
2010a).  

Even if the initial rate of infection with D strain was lower than those with Rec strain, the progression 
rate of each strain was almost linear, demonstrating the capacity of each strain to be competitive with the other 
one, under natural conditions. A continual increasing of mixed strains infection (D+Rec) was expected during 
the experiment since the number of trees infected by only one strain was high. It is interesting that none of the 
newly infected trees acquired a simultaneously mixed infection, although there were plenty of plum trees 
infected with both strains (D and Rec) scattered within the orchard (data not shown). This may suggest that 
the potential of aphids to transmit both strains simultaneously is extremely limited or less feasible. 

Our investigation revealed that the behaviour of Rec and D was quite similar when considering the 
presence of the two strains in both single and mixed strain infections. This is because although PPV-Rec was 
more prevalent at the beginning of the study, the progressive increase of infections with the two strains was 
similar along the next four consecutive vegetative periods. This similar behaviour is supported both by 
regression analysis of the yearly progression of all new PPV-D and PPV-Rec and by Duncan’s Multiple Range 
Test.  

Overall results revealed the epidemic capacity of the two strains, but no clear-cut of PPV-D or PPV-Rec 
specific behaviour was found in term of competitiveness between them under field conditions. This finding is 
partly in accordance to a previous report showing that PPV-Rec is competitive in plum hosts under field 
conditions (Kamenova et al., 2017). However, our investigation did not reveal any specific behaviour of PPV-
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Rec showing that it is more competitive than PPV-D, but rather similar. No clear-cut strain-specific behaviour 
of PPV in term of competitiveness between D and Rec was also showed when a non-natural host of herbaceous 
plants (Nicotiana benthamiana) was used for artificial inoculation with the two strains (Glasa et al., 2010). 

Several types of PPV symptoms on leaves and fruits were observed in different plum cultivars grown in 
our experimental orchard. However, it should be highlighted that the behaviour of PPV-D and PPV-Rec is very 
similar in terms of plant response to virus infection. Thus, similar PPV typical symptoms were developed by 
the same cultivars infected with single PPV-D or PPV-Rec, which also supports a similar behaviour of the two 
strains in terms of aggressiveness.  

 
    
ConclusionsConclusionsConclusionsConclusions    
 
Both PPV-D and PPV-Rec were able to cause new single and over infections. No clear-cut definition of 

PPV-D or PPV-Rec specific behaviour was observed in terms of their competitiveness and symptoms developed 
by infected plum cultivars under field conditions. These findings may suggest that PPV-Rec had no selective 
advantage from an epidemic point of view when compared with PPV-D under our experimental condition. 
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