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Abstract

:

Grapevine Pinot gris virus (GPGV) was described in Italy using a metagenomic approach: next-generation sequencing of the virus-derived small RNAs. Since that time, it has been reported all over the world. The presence of GPGV is associated with grapevine disease, but most of the time, the disease is asymptomatic. Although the host range of this virus has not been investigated, it has been found in the non-Vitis hosts, Silene latifolia and Chenopodium album. We investigated the presence of GPGV in grapevine and other plant species growing as weeds in the vineyard. Using RT-PCR, we identified GPGV in seven non-Vitis hosts: Ailanthus, Asclepias, Crataegus, Fraxinus, Rosa, Rubus, and Sambucus. In the case of Rosa and Rubus, this finding was supported by Northern blot detection of the virus. GPGV strains in non-Vitis hosts belong to the asymptomatic clade, and are clustered according to their original geographic locations. The presence of GPGV in species other than grapevine shows that besides well-known vector and propagating material-based infections, other possible entry sites for the virus can exist, which have to be taken into consideration when developing reliable regulation strategies.
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1. Introduction


Grapevine Pinot gris virus (GPGV), a member of the trichovirus (Betaflexiviridae) genus, was first identified in vineyards in Trentino, Italy, by small RNA (sRNA) high-throughput sequencing (HTS) [1] as a causative agent of grapevine leaf mottling and deformation (GLMD), a new grapevine disease reported since 2003. The virus is widespread, and has been reported in 58 countries on five continents (EPPO, updated 21 February 2022). The disease seems to be confined to Italy, and in some sensitive cultivars since the beginning, its Italian origin have been suspected. With a widespread distribution described in Slovakia [2], Moravia [3], and Hungary [4,5], its origin in this part of Central-Eastern Europe was hypothesized [6,7]. The latest phylogeographic reconstruction analysis revealed that GPGV could have originated from Asia, most probably China [8], from where it was introduced to Europe. This European population served as a base for worldwide distribution, possibly by trading symptom-free but GPGV-infected propagating material [8]. It is transmitted via grafting [9]. GPGV was found in the bodies of the eriophyid mite Colomerus vitis, and was transmitted to healthy vines through mite infestation [10], revealing another mode of entry for infection. Furthermore, GPGV has been detected in two herbaceous hosts, Silene latifolia subsp. Alba (Mill) and Chenopodium album L. [11].



GPGV variants show low genetic diversity (a sequence identity of higher than 97%) [12], but clear differences between the three lineages in terms of virulent and latent variants have been reported [9,13]. A risk assessment of GPGV has not yet resulted in regulation, and without the regular testing of stock cultivars and with the absence of symptoms on rootstocks, its spread cannot be reliably controlled [14].



In a survey of endemic plants and invasive weeds surrounding the vineyards, GPGV could be detected in common milkweed, Rubus, Rosa, and even in Fraxinus [15]. In the current work, we investigated the presence of GPGV in non-Vitis hosts in more detail than in our initial observation, to gain information regarding the possible wider host range of GPGV.




2. Results


2.1. GPGV Is Present in Plants Species Other Than Grapevines


Surveying vineyards and grapevine rootstock plantations, we detected GPGV infection in distinct parts of the country [4,5]. For this study, five GPGV-infected vineyards showing no GLMD symptoms situated in different wine-growing regions of Hungary were selected (Figure 1).



Vineyards at Szekszard, Eger, Tokaj (Figure S1), and Jaszszentlaszlo were regularly maintained, and the weeds were removed regularly. The vineyard at Mogyorod had been neglected for more than a decade, without any weed removal (Figure S2). To check the presence of GPGV in species other than grapevine, weeds growing within the vineyard were sampled (Table 1): Chenopodium album (Figure S3), Asclepias syriaca, Ailanthus sp., Rosa canina, Crataegus sp., Sambucus sp. (Figures S4 and S5), Rubus sp. (Figure S6), and Fraxinus sp. (Figure S7).



Though the leaves of the sampled plants had different spots, chlorosis, and malformations, none of them showed any specific symptoms resembling GLMD. The presence of GPGV was tested using RT-PCR. First, diagnostic primers from Glasa et al. [2] were used to check for the presence of the virus. In the case of the positive samples, we amplified and cloned a 2005 nt portion of the viral genome from the 5′ end of the virus, including partial 5′ UTR and replicase, and a 1599 nt portion from the MP/CP coding region (Figure 2, Table S1).



In some cases, we failed to amplify the targeted amplicon. In C. album, we could only amplify the 411 bp product, possibly because of the low virus titer in the plant. At Jaszszentlaszlo, we could amplify GPGV only by using cDNA prepared with oligodT primer, even from grapevine, and we failed to amplify the 5′ part of the virus, suggesting its low titer in the plants at this site. We had the same difficulty with woody species at Mogyorod. Although we could amplify GPGV using random primer-produced cDNA, we could not amplify the 5′ part of the virus. Our attempt to detect the virus with Northern blot was successful in only two cases, the Rosa sample originating from Eger and the Rubus sample originating from Tokaj, suggesting a higher virus titer in these two cases (Figure 3).




2.2. GPGV Variants Are Very Similar and Cluster According to the Sample Location


The amplified parts of the virus with different origins were cloned and Sanger sequenced. The sequences were analyzed at both the nucleotide and amino acid level. Sequences of the variants were compared to the reference genome in the case of grapevine-originated samples. We compared the alternative host-derived GPGV isolates to the Silene-originated GPGV genome in GenBank (Table 2 and Table 3).



A comparison of the GPGV sequences shows a very high rate of identity to the reference genomes when we compared either the nucleotide sequences of the viral genome or the amino acid sequences of the encoded proteins. Identities were higher than 97% in all investigated cases (sequence of the replicase, movement protein, or coat protein). The only exception was when we compared the movement protein-coding capacity of grapevine isolates to the reference genome. The phylogenetic relationship of the GPGV isolates was investigated to find out their evolutionary relationship (Figure 4 and Figure 5). From the phylogenetic analysis of the MP/CP coding region, it is obvious that at most of the maintained vineyards (Eger, Tokaj, and Jaszszentlaszlo), GPGV variants from different hosts (grapevine and other species) clustered together according to their geographical origins, suggesting an on-site infection (Figure 4).



GPGV variants at the old, neglected vineyard at Mogyorod were very diverse, suggesting a longer evolution of the virus in these woody perennial hosts. This longer time, extending for several years, allowed the virus to incorporate several mutations within the viral genome and diverge. In C. album, we could only amplify the 411 bp region of the virus. The phylogenetic tree, including this isolate, shows that it does not cluster with the grapevine isolate (SZ_Vitis) from the same geographical origin (Figure S8). Phylogenetic analysis based on the 5′ UTR and the RdRp coding part of the viral genome was also performed (Figure 5).



According to this analysis, isolates that originated from Tokaj and Eger were clustered according to their place of origin, while the sequences that originated from Mogyorod clustered distantly, showing the same trend that was found based on the MP/CP region. However, in the latter analysis, Sz_Vitis, M_Asyr, E_Rosa, and E_Vitis isolates clustered differently than in the MP/CP-based analysis, suggesting a possible recombination event during their evolution. Most of the variants clustered together with the asymptomatic GPGV variants, as expected based on the latent presence of the virus on grapevine. However, it is very surprising that GPGV variants from Eger (both Vitis and Rosa variants, investigating the 5′ part of the genome) clustered together with the symptomatic reference strain of the virus.



An investigation of the presence of symptomatic and asymptomatic clade-specific SNPs revealed that although the above-mentioned E_Vitis and E_Rosa variants clustered together with the symptomatic variants, they did not have either the early stop codon at 6670 or the symptomatic variant-specific SNPs at 6400 and 6593 in the movement protein (Figure S9). It is interesting to note that the polymorphism at 6593 is not present in HUCSK9s, the only symptomatic GPGV variant detected in Hungary to date [5]. Unfortunately, we could not check for the presence of SNP at 1922, one of the symptomatic variants connected to SNP variation in the replicase, because our primers were just positioned at that site (Figure S10). The other replicase positioned polymorphism (1360) was the symptomatic version in both E_Rosa and E_Vitis. Tarquini and colleagues identified five more SNPs in the movement protein-coding region of the virus [12], which are different between the symptomatic clades β and γ. An investigation of these polymorphisms showed that at 5588 and 6659, our isolates contained the SNP specific for the asymptomatic variants (Figure S11). At SNP6320, E_Rosa, E_Vitis, and M_Asyr variants contained the variant specific for the symptomatic β clade coding for Asn instead of Ser or Thr (in the reference strain). At SNP6452, most of the Hungarian strains encode CTA (encoding Leu), but T_Rubus, M_Crataegus, M_Vitis, M_Rosa, and T_Vitis variants encode CCA (encoding Pro), similar to γ clade, while HUCSK9s contains another variant, TCA (encoding Ser). SNP6392 seems very diverse; besides TCT (encoding Ser), which is present in β clade, TTT (Phe), CTT (Leu), and CCT (encoding Pro in the E_Rosa variant) are also present.





3. Discussion


GPGV was detected in all of the examined vineyards, and besides grapevine, its presence was detected in seven non-Vitis hosts: Ailanthus, Asclepias, Crataegus, Fraxinus, Rosa, Rubus, and Sambucus. The presence of the virus was not accompanied by typical GPGV-specific symptoms, either on grapevine or on weeds. There are different theories to explain the symptomatology of GPGV. One explanation is that there are symptomatic and asymptomatic variants, which we will discuss later. Investigating virus variants together with virus concentrations led to another hypothesis: that the virus titer can influence the development of symptoms [13]. In that work, qRT-PCR based on SYBR Green chemistry was performed with optimized internal controls, glyceraldehyde-3-phosphate dehydrogenase, and cytochrome oxidase, as the most stably expressed genes. In contrast, by investigating Spanish vineyards with the TaqMan method and using the phosphoenolpyruvate carboxylase gene as an internal control, no correlation between virus concentration and symptom development was found [16]. In the case of Rosa and Rubus, we could support the RT-PCR result, and could detect the presence of GPGV using a less sensitive Northern blot assay, suggesting a relatively higher virus concentration in these two samples. In C. album we could only amplify a 411 bp product from the MP/CP region, while at Jaszszentlaszlo, we could only amplify GPGV if we used oligodT primers for cDNA synthesis. We could not amplify the 5′ part of the viral genome either in J_Fraxinus and J_Vitis, or in M_Ailanthus, M_Crataegus, or M_Sambucus, which are woody hosts at Mogyorod. Such failure in these cases suggests that, in both C. album and the three woody hosts, the virus concentration was low, below the sensitivity threshold of the method. It could also be possible that in these hosts, a variant with a mutation in the primer coding region was present, leading to an inability to detect them.



The other hypothesis for the symptomatic and asymptomatic behavior of GPGV is the existence of symptomatic and asymptomatic variants of the virus. The most striking difference between the two variants is the polymorphism at the end of the MP (6670 in the reference genome). The symptomatic variants encode an early stop codon, resulting in a protein that is shorter by six amino acids [9]. In addition to this well-described polymorphism, four additional ones leading to amino acid changes in the encoded proteins, two in the replicase (1360 and 1922 position in the reference genome) and two in the movement protein (6400 and 6593 in the reference genome), were identified [12]. An investigation of the symptomatic variant-specific SNPs revealed that most of the strains characterized in this study had asymptomatic variant-specific SNPs. In contrast, E_Vitis and E_Rosa had symptomatic variant-specific SNPs in several places, and they clustered together with the symptomatic reference strains, although they lacked the early stop codon in their MP coding region.



A comparison of the sequences of GPGV variants in different isolates showed very high identity, higher than 97% in all but one case. When we compared the sequences of the grapevine-originated GPGV isolates to the reference genome, the identity on the amino acid level was only 95.39–96.21%. The reason for this is the presence of the longer MP coding region, characteristic of asymptomatic variants, in the investigated grapevine isolates.



Phylogenetic analysis of the 5′ part and the MP/CP region of the GPGV strains showed that the GPGV variants clustered according to the vineyard and not the host, suggesting an on-site infection. The shorter MP variant associated with the presence of symptoms was not found either in grapevine or in weeds, suggesting a widespread presence of the latent variant.



GPGV variants at the old, neglected vineyard clustered distantly and not together. It is possible that GPGV infection at this place happened a longer time ago, allowing for a longer evolution and spread of GPGV within these perennial hosts, allowing the virus to incorporate several mutations and diverge.



The host range of a virus is determined by several factors, but it is highly dependent on the virus vector. Colomerus vitis, the proven vector of GPGV, is monophagous and known to feed only on grape [10]. In line with the previous report of GPGV-infected S. latifolia and C. album [11], we show that GPGV can infect not just grapevine, and we agree that the presence of a polyphagous vector that assists in virus transmission between hosts can be anticipated.



The presence of GPGV in a vineyard’s neighboring woody or perennial hosts suggests that GPGV may in fact be endemic in Eastern Europe. Although its probable center of origin center is located in Asia, it is suggested that an intercontinental jump to Europe in the middle of the 20th century occurred [8]. Since that time, GPGV could have become widespread in Europe and survived not only in grapevines, but in the natural flora near vineyards.




4. Materials and Methods


4.1. Plant Material and Sample Preparation


Leaf samples were collected at 5 regions in Hungary (Figure 1) from grapevines and neighboring plants (Table 1) in May–August, 2015–2017. RNA was extracted from the grapevines and from rose using an optimized CTAB-based method [17], while a phenol-chloroform extraction method was used for the other plants [18]. Total nucleic acid extracts obtained were stored at −70 °C until use.




4.2. Virus Diagnostics via RT-PCR


RNA extracts of plants were used as templates for cDNA synthesis using random or oligodT with the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The presence of GPGV was checked using diagnostic primers [2] amplifying a 411 bp part of MP-CP. For a sequence comparison, we used cDNA synthesized from the RNA of individuals as a template in the PCR, using Q5 Hot Start High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA), and amplified a 2005 bp product from the 5′ part (5′ UTR and partial RdRp) and a 1600 bp product from the 3’ MP-CP coding region (Table S1). PCR products were purified using a GeneJET1.2/blunt Gel Extraction Kit (Thermo Fisher Scientific), cloned into the pJET vector (Thermo Fisher Scientific), and sequenced. Sequences were deposited in GenBank (accession numbers: ON360679-ON360699).




4.3. Virus Detection via Northern Blot


For Northern blot analysis, 2–4 µg of total RNA was separated on formaldehyde/1.2% agarose gels and blotted to Nytran NX membrane (GE Healthcare, Chicago, IL, USA) via the capillary method using 20× SSC. Hybridization was performed at 65 °C in Church buffer (0.5 M phosphate buffer, pH 7.2, containing 1% BSA, 1 mM EDTA, and 7% SDS) overnight with the appropriate radioactively labeled probe, washed for 5 min in 2× SSC and 0.1% SDS, and incubated for 15 min in 0.5× SSC and 0.1% SDS at the hybridization temperature and exposed to X-ray film. Virus-specific P32-labeled DNA probes were prepared using the Thermo Scientific Decalabel DNA labeling kit.




4.4. Phylogenetic Analysis


For the SNP and phylogenetic analysis of viral sequences, we used Geneious Prime 2022.0.2 (https://www.geneious.com) and MEGA11 [19]. The viral sequences used for alignments were cut to equal lengths and aligned using MUSCLE embedded in MEGA11. The evolutionary history was inferred using the maximum likelihood method and the Tamura–Nei model [20]. The bootstrap consensus tree inferred from 1000 replicates [21] was taken to represent the evolutionary history of the analyzed taxa. Branches corresponding to partitions reproduced in less than 50% of the bootstrap replicates were collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches [21]. Initial trees for the heuristic search were obtained automatically by applying the neighbor-join and BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura–Nei model, and then selecting the topology with superior log likelihood value.





5. Conclusions


In our work, we show that GPGV, a widespread virus infecting grapevine, can also be present in other species near vineyards. GPGV was proved to be transmitted via grafting and via a monophagous vector. Its presence in alternative hosts suggests the possibility of transmission via a polyphagous vector, which remains to be found and characterized.



The presence of GPGV in alternative hosts has importance in virus epidemiology. There is no official regulation dealing with GPGV, but this fact has to be kept in mind when making decisions regarding its regulation. This could prevent it from spreading by transport and exchange between these possibly infected alternative hosts.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/plants11141830/s1: Demian et al._Plants_2022_S1, containing Figure S1: Field view of sampled maintained vineyards at Szekszard, Eger, and Tokaj; Figure S2: Field view of sampled neglected vineyard at Mogyorod; Figure S3: Symptoms of Chenopodium album collected at Szekszard that proved to be GPGV-infected; Figure S4: Symptoms of sampled plants collected at Mogyorod that proved to be GPGV-infected; Figure S5: Symptoms of Rosa canina collected at Eger that proved to be GPGV-infected; Figure S6: Symptoms of sampled Rubus sp. that proved to be GPGV-infected; Figure S7: Symptoms of Fraxinus sp. collected at Jaszszentlaszlo that proved to be GPGV-infected; Figure S8. Evolutionary analysis of 411 bp part of MP/CP coding region of GPGV by maximum likelihood method; Figure S9: Polymorphism in movement-coding region of asymptomatic and symptomatic GPGV variants; Figure S10: Polymorphism in replicase-coding region of asymptomatic and symptomatic GPGV variants; Figure S11: Polymorphism in movement protein-coding region of asymptomatic and symptomatic GPGV variants in position differentiating between clades β and γ. Table S1: Sequences of PCR primers used for virus detection, with their appropriate references.





Author Contributions


E.D. and N.J.-C. performed the experiments and analyzed the data. E.V. conceptualized the experiments, analyzed the data, and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research, Development and Innovation Office, K119783, K131679, and K134895. E.D. is a PhD student at the Doctoral School of Biological Sciences at the Hungarian University of Agriculture and Life Sciences.




Data Availability Statement


Sequences of the virus variants are available from the NCBI GenBank under the following accession numbers: ON360679–ON360699.




Acknowledgments


We would like to thank Kamilla Czakó, Ferenc Erdész, and Natalia Simon for their help during sample collection. The authors would like to acknowledge the contribution of COST Action FA 1407–DIVAS (Deep Investigation of Virus Associated Sequences).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Giampetruzzi, A.; Roumi, V.; Roberto, R.; Malossini, U.; Yoshikawa, N.; La Notte, P.; Terlizzi, F.; Credi, R.; Saldarelli, P. A new grapevine virus discovered by deep sequencing of virus- and viroid-derived small rnas in cv pinot gris. Virus Res. 2012, 163, 262–268. [Google Scholar] [CrossRef]

	



Glasa, M.; Predajňa, L.; Komínek, P.; Nagyová, A.; Candresse, T.; Olmos, A. Molecular characterization of divergent grapevine pinot gris virus isolates and their detection in slovak and czech grapevines. Arch. Virol. 2014, 159, 2103–2107. [Google Scholar]

	



Eichmeier, A.; Hakalova, E.; Pavelková, R.; Mynarzová, Z.; Saldarelli, P. Detection of grapevine pinot gris virus in certified grapevine stocks in moravia, czech republic. J. Plant Pathol. 2016, 98, 155–157. [Google Scholar] [CrossRef]

	



Czotter, N.; Molnar, J.; Szabó, E.; Demian, E.; Kontra, L.; Baksa, I.; Szittya, G.; Kocsis, L.; Deak, T.; Bisztray, G.; et al. NGS of Virus-Derived Small RNAs as a Diagnostic Method Used to Determine Viromes of Hungarian Vineyards. Front. Microbiol. 2018, 9, 122. [Google Scholar] [CrossRef]

	



Demian, E.; Jaksa-Czotter, N.; Molnar, J.; Tusnady, G.E.; Kocsis, L.; Varallyay, E. Grapevine rootstocks can be a source of infection with non-regulated viruses. Eur. J. Plant Pathol. 2020, 156, 897–912. [Google Scholar]

	



Bertazzon, N.; Filippin, L.; Forte, V.; Angelini, E. Grapevine Pinot gris virus seems to have recently been introduced to vineyards in Veneto, Italy. Arch. Virol. 2016, 161, 711–714. [Google Scholar] [CrossRef]

	



Cieniewicz, E.J.; Qiu, W.; Saldarelli, P.; Fuchs, M. Believing is seeing: Lessons from emerging viruses in grapevine. J. Plant Pathol. 2020, 102, 619–632. [Google Scholar]

	



Hily, J.-M.; Poulicard, N.; Candresse, T.; Vigne, E.; Beuve, M.; Renault, L.; Velt, A.; Spilmont, A.-S.; Lemaire, O. Datamining, genetic diversity analyses, and phylogeographic reconstructions redefine the worldwide evolutionary history of grapevine pinot gris virus and grapevine berry inner necrosis virus. Phytobiomes J. 2019, 4, 165–177. [Google Scholar] [CrossRef]

	



Saldarelli, P.; Giampetruzzi, A.; Morelli, M.; Malossini, U.; Pirolo, C.; Bianchedi, P.; Gualandri, V. Genetic Variability of Grapevine Pinot gris virus and Its Association with Grapevine Leaf Mottling and Deformation. Phytopathology 2015, 105, 555–563. [Google Scholar] [CrossRef]

	



Malagnini, V.; Duso, C.; Valenzano, D.; Pozzebon, A.; Simonetti, L.; Bianchedi, P.; Saldarelli, P.; Abou Kubaa, R.; de Lillo, E.; Gualandri, V. Role of colomerus vitis (pagenstecher) in the epidemiology of grapevine leaf mottling and deformation in north-eastern italy. In Proceedings of the 19th Conference of the International Council for the Study of Virus and Virus-like Diseases of the Grapevine (ICVG), Santiago, Chile, 9–12 April 2018; pp. 22–23. [Google Scholar]

	



Gualandri, V.; Asquini, E.; Bianchedi, P.; Covelli, L.; Brilli, M.; Malossini, U.; Bragagna, P.; Saldarelli, P.; Si-Ammour, A. Identification of herbaceous hosts of the grapevine pinot gris virus (GPGV). Eur. J. Plant Pathol. 2017, 147, 21–25. [Google Scholar]

	



Tarquini, G.; De Amicis, F.; Martini, M.; Ermacora, P.; Loi, N.; Musetti, R.; Bianchi, G.L.; Firrao, G. Analysis of new grapevine pinot gris virus (gpgv) isolates from northeast italy provides clues to track the evolution of a newly emerging clade. Arch. Virol. 2019, 164, 1655–1660. [Google Scholar]

	



Bertazzon, N.; Forte, V.; Filippin, L.; Causin, R.; Maixner, M.; Angelini, E. Association between genetic variability and titre of grapevine pinot gris virus with disease symptoms. Plant Pathol. 2017, 66, 949–959. [Google Scholar] [CrossRef]

	



Massart, S.; Candresse, T.; Gil, J.F.; Lacomme, C.; Predajna, L.; Ravnikar, M.; Reynard, J.-S.; Rumbou, A.; Saldarelli, P.; Škorić, D.; et al. A Framework for the Evaluation of Biosecurity, Commercial, Regulatory, and Scientific Impacts of Plant Viruses and Viroids Identified by NGS Technologies. Front. Microbiol. 2017, 8, 45. [Google Scholar] [CrossRef]

	



Demián, E.; Czotter, N.; Várallyay, É. Detection of grapevine pinot gris virus in different non-vitis hosts in hungary. In Proceedings of the 19th Congress of the International Council for the Study of Virus and Virus-Like Diseases of the Grapevine (ICVG), Santiago, Chile, 9–12 April 2018; pp. 24–25. [Google Scholar]

	



Morán, F.; Olmos, A.; Lotos, L.; Predajňa, L.; Katis, N.; Glasa, M.; Maliogka, V.; Ruiz-García, A.B. A novel specific duplex real-time rt-pcr method for absolute quantitation of grapevine pinot gris virus in plant material and single mites. PLoS ONE 2018, 13, e0197237. [Google Scholar] [CrossRef]

	



Gambino, G.; Perrone, I.; Gribaudo, I. A rapid and effective method for rna extraction from different tissues of grapevine and other woody plants. Phytochem. Anal. 2008, 19, 520–525. [Google Scholar]

	



White, J.L.; Kaper, J. A simple method for detection of viral satellite RNAs in small plant tissue samples. J. Virol. Methods 1989, 23, 83–93. [Google Scholar] [CrossRef]

	



Tamura, K.; Stecher, G.; Kumar, S. Mega11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 2021, 38, 3022–3027. [Google Scholar] [CrossRef]

	



Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526. [Google Scholar] [CrossRef]

	



Felsenstein, J. Confidence limits on phylogenies: An approach using bootstrap. Evolution 1985, 39, 783–791. [Google Scholar] [CrossRef]








[image: Plants 11 01830 g001 550] 





Figure 1. Location of sample collection sites in different vine growing regions of Hungary. 
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Figure 2. Schematic representation of cloned regions of GPGV, indicating size and position on GPGV genome; 411 bp amplicon was generated using primers described by Glasa et al. [2]. 
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Figure 3. Northern blot detection of GPGV in samples collected at (a) Eger and (b) Tokaj. Vitis indicates RNA extracted from grapevine, Rosa from rose, and Rubus from Rubus, while Nb indicates RNA extracted from Nicotiana benthamiana used as a negative control. – and + indicate RT-PCR results for GPGV in same samples. Radiolabeled probe was used for hybridization. rRNA on EtBr-stained gel served as loading control. 
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Figure 4. Evolutionary analysis of MP/CP coding region using the maximum likelihood method. Evolutionary history was inferred using the maximum likelihood method and the Tamura–Nei model. Bootstrap consensus tree inferred from 1000 replicates is taken to represent evolutionary history of analyzed taxa. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. Percentage of replicate trees in which associated taxa clustered together in bootstrap test (1000 replicates) is shown next to branches. Evolutionary analyses were conducted in MEGA11. Colored circles indicate geographical origins of strains. HUCSK8as and HUCSK9s are asymptomatic and symptomatic GPGV strains described in Hungary [5]. Ref is the GPGV reference genome from grapevine; FEM01 strain was described from Silene [11]. Symptomatic (s) and asymptomatic (as) GPGV isolates Fvg-is-8_s, 12_s, and 15_as were described by Tarquini et al. [12]. 
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Figure 5. Evolutionary analysis of 5′ nucleotide region of GPGV genome by the maximum likelihood method. Evolutionary history was inferred by using the maximum likelihood method and the Tamura–Nei model. Bootstrap consensus tree inferred from 1000 replicates is taken to represent evolutionary history of analyzed taxa. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. Percentage of replicate trees in which associated taxa clustered in bootstrap test (1000 replicates) is shown next to branches. Evolutionary analyses were conducted in MEGA11. Colored circles indicate geographical origins of strains. HUCSK8as and HUCSK9s are asymptomatic and symptomatic GPGV strains described in Hungary [5]. Ref is GPGV reference genome from grapevine; FEM01 strain was described from Silene [11]. Symptomatic (s) and asymptomatic (as) GPGV isolates Fvg-is-8_s, 12_s, and 15_as were described by Tarquini et al. [12]. 






Figure 5. Evolutionary analysis of 5′ nucleotide region of GPGV genome by the maximum likelihood method. Evolutionary history was inferred by using the maximum likelihood method and the Tamura–Nei model. Bootstrap consensus tree inferred from 1000 replicates is taken to represent evolutionary history of analyzed taxa. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. Percentage of replicate trees in which associated taxa clustered in bootstrap test (1000 replicates) is shown next to branches. Evolutionary analyses were conducted in MEGA11. Colored circles indicate geographical origins of strains. HUCSK8as and HUCSK9s are asymptomatic and symptomatic GPGV strains described in Hungary [5]. Ref is GPGV reference genome from grapevine; FEM01 strain was described from Silene [11]. Symptomatic (s) and asymptomatic (as) GPGV isolates Fvg-is-8_s, 12_s, and 15_as were described by Tarquini et al. [12].
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Table 1. Basic information of sampled plants and GenBank accession numbers of deposited GPGV sequences.






Table 1. Basic information of sampled plants and GenBank accession numbers of deposited GPGV sequences.





	
Sample

Collection Site

	
Host/Cultivar

	
Date of Sampling

	
Strain

	
GPGV Amplified Region




	
5′ UTR and RdRp

Region

	
3′ UTR and MP-CP

Region






	
Szekszard

	
grapevine/Kadarka

	
May 2015

	
Sz_Vitis

	
ON360679

	
ON360686




	
Chenopodium album

	
Sz_Calbum

	
¯

	
ON360687 *




	
Mogyorod

	
grapevine/Furmint

	
June 2016

	
M_Vitis

	
ON360680

	
ON360688




	
Asclepias syriaca

	
M_Asyr

	
ON360681

	
ON360689




	
Ailanthus sp.

	
M_Ailanthus

	
¯

	
ON360690




	
Rosa canina

	
M_Rosa

	
¯

	
ON360691




	
Crataegus sp.

	
M_Crataegus

	
¯

	
ON360692




	
Sambucus sp.

	
M_Sambucus

	
¯

	
ON360693




	
Eger

	
grapevine/Kadarka

	
May 2016

	
E_Vitis

	
ON360682

	
ON360694




	
Rosa canina

	
E_Rosa

	
ON360683

	
ON360695




	
Tokaj

	
grapevine/Furmint

	
June 2015

	
T_Vitis

	
ON360684

	
ON360696




	
Rubus sp.

	
T_Rubus

	
ON360685

	
ON360697




	
Jaszszentlaszlo

	
grapevine

	
August 2017

	
J_Vitis

	
¯

	
ON360698




	
Fraxinus sp.

	
J_Fraxinus

	
¯

	
ON360699








* Only a 411 bp coding region.
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Table 2. Similarity of sequenced 5′ parts of GPGV strains to reference genome. Sequences from grapevine were compared to grapevine-originated reference, while sequences from weeds were compared to full GPGV genome originated from Silene.






Table 2. Similarity of sequenced 5′ parts of GPGV strains to reference genome. Sequences from grapevine were compared to grapevine-originated reference, while sequences from weeds were compared to full GPGV genome originated from Silene.





	
Similarity to Reference




	
Similarity to NC_015782.2_Vitis

	
Similarity to KU312039_Silene




	
Strain

	
GB Accession

	
% nt Level

	
% aa Level

	
Strain

	
GB Accession

	
% nt Level

	
% aa Level






	
Sz_Vitis

	
ON360679

	
97.16

	
97.66

	




	
M_Vitis

	
ON360680

	
97.21

	
97.34

	
M_Asyr

	
ON360681

	
97.36

	
98.28




	
E_Vitis

	
ON360682

	
97.91

	
98.28

	
E_Rosa

	
ON360683

	
97.91

	
97.66




	
T_Vitis

	
ON360684

	
97.16

	
97.19

	
T_Rubus

	
ON360685

	
96.86

	
98.44
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Table 3. Similarity of sequenced MP/CP coding part of GPGV strains to reference genome. Sequences from grapevine were compared to grapevine-originated reference, while sequences from weeds were compared to full GPGV genome originated from Silene.






Table 3. Similarity of sequenced MP/CP coding part of GPGV strains to reference genome. Sequences from grapevine were compared to grapevine-originated reference, while sequences from weeds were compared to full GPGV genome originated from Silene.





	
Similarity to Reference




	
Similarity to NC_015782.2_Vitis

	
Similarity to KU312039_Silene




	
Strain

	
GB

Accession

	
% nt Level

	
MP %

aa Level

	
CP %

aa Level

	
Strain

	
GB

Accession

	
% nt Level

	
MP %

aa Level

	
CP %

aa Level






	
Sz_Vitis

	
ON360686

	
96.94

	
96.21

	
99.49

	
Sz_Calbum

	
ON360687

	
97.57

	

	
97.08




	
M_Vitis

	
ON360688

	
96.62

	
95.39

	
98.46

	
M_Asyr

	
ON360689

	
97.81

	
98.13

	
97.95




	

	
M_Ailanthus

	
ON360690

	
97.31

	
97.33

	
98.46




	
M_Rosa

	
ON360691

	
98.38

	
98.93

	
98.97




	
M_Crataegus

	
ON360692

	
97.94

	
98.67

	
98.46




	
M_Sambucus

	
ON360693

	
98.38

	
99.47

	
98.97




	
E_Vitis

	
ON360694

	
97.06

	
95.66

	
100.00

	
E_Rosa

	
ON360695

	
97.81

	
97.87

	
98.97




	
T_Vitis

	
ON360696

	
97.12

	
96.21

	
99.49

	
T_Rubus

	
ON360697

	
97.94

	
98.67

	
98.46




	
J_Vitis

	
ON360698

	
96.75

	
95.66

	
99.49

	
J_Fraxinus

	
ON360699

	
98.38

	
99.47

	
98.97
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