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Abstract—“Bois noir” (BN) is a grapevine yellows disease 
largely spread in the main viticultural areas worldwide. 
'Candidatus Phytoplasma solani' is the BN associated agent. 
Multi-Locus Sequence Typing (MLST) studies based on tufB, 
secY, vmp1 and stamp genes contributes to increase the 
knowledge about its genetic variability. In this study, MLST 
analysis on the basis of vmp1 and stamp genes was carried 
out in 18 Tuscan vineyards (Central Italy). Results identified 
27 vmp1/stamp genotypes with the prevalence of the 
Vm43/St10 genotype, never found in grapevine outside 
Tuscany. Phylogenetic analysis also revealed that such 
genotype is strictly related to ‘Ca. P. solani’ strains 
previously identified in Solanaceae plants only and in insect 
vectors, opening new perspectives on BN epidemiology.  
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I. INTRODUCTION 
“Bois noir” (BN) is one of the most important 

grapevine yellows (GY), widely spread in the main 
viticultural EuroMediterranean areas and in several other 
countries (Bertaccini et al. 2014). The agent associated with 
BN was identified in phytoplasma strains belonging to 
‘Candidatus Phytoplasma solani’, 16SrXII-A subgroup 
(Quaglino et al. 2013). Vitis vinifera symptoms consist of 
plant decline, shrivelled grapes, leaf rolling, desiccation of 
inflorescences, irregular ripening of wood, and reddening 
or yellowing of leaves on red and white cultivars, 
respectively (Belli et al. 2010). In Europe and in the 
Mediterranean basin, BN phytoplasma strains are mainly 
transmitted from plant-to-plant by the polyphagous 
leafhopper Hyalesthes obsoletus (Homoptera: Cixiide), 
living preferentially on nettle (Urtica dioica L.), bindweed 
(Convolvulus arvensis L.), mugworth (Artemisia vulgaris 
L.), and chaste tree (Vitex agnus-castus L.) (Alma et al. 

1988; Maixner 1994; Langer and Maixner 2004; Sharon et 
al. 2005). Further studies reported the presence of other 
insect vectors (e.g. Anaceratagallia ribauti, Reptalus 
panzeri, and R. quinquecostatus) and host plants (Riedle-
Bauer et al. 2008; Marchi et al. 2015; Mori et al. 2015; 
Oliveri et al. 2015; Chuche et al. 2016; Kosovac et al. 
2016), indicating that BN phytoplasma strains exist in 
various ecosystems, where selection might influence 
genetic population structure (Quaglino et al. 2017). In the 
last years, numerous studies focused on multi-locus 
sequence typing (MLST) for the molecular characterization 
of variable genes as tufB, secY, vmp1 and stamp, were 
carried out with the aim to identify strain-specific 
molecular markers associable to distinct biological features 
(Foissac et al. 2013; Mori et al. 2015; Murolo and 
Romanazzi 2015; Kosovac et al. 2016; Quaglino et al. 
2016). The present study, carried out during 2016, was 
focused on the MLST analysis using vmp1 and stamp 
genes, for describing the genetic diversity among BN 
phytoplasma strain populations in Tuscany (Central Italy).  

II. MATERIAL AND METHODS 
Field surveys and sampling   

During 2016, in 18 vineyards localized in five Tuscan 
districts (four in Massa, two in Lucca, six in Firenze, one 
in Arezzo and five in Siena), 128 GY symptomatic Vitis 
vinifera plants (cultivars Chardonnay and Sangiovese) 
were identified. Fresh midribs of fully developed leaves 
were sampled from each symptomatic plant, dissected and 
stored at -20°C until total nucleic acids extraction for 
phytoplasma detection and characterization. V. vinifera 
plants, obtained from the screen house of the Department 
of Agriculture, Food and Environment (DAFE, University 
of Pisa, Italy), were used as healthy control plants (HC); V. 
vinifera plants, previously found infected by either ‘Ca. P. 
solani’ (subgroup 16SrXII-A) or “flavescence dorée” (FD) 



phytoplasmas (subgroups 16SrV-C or -D), were used as 
infected reference control (IC).  

DNA extraction and phytoplasma detection  
DNA was extracted with a cetyltrimethylammonium 

bromide (CTAB) based buffer according to the protocol 
described by Li et al. (2008), with some modifications as 
reported by Pierro et al. (2018). Specific detection of 
phytoplasmas associated with BN and FD, was carried out 
using TaqMan assay in the G8830A AriaMx Real-time 
PCR (Agilent Technologies, USA) following reaction 
conditions as described by Angelini et al. (2007).  

BN phytoplasma characterization by multiple gene 
sequence analyses  

BN phytoplasma strains detected in grapevine plants 
were characterized by nucleotide sequence analyses of the 
genes vmp1 and stamp. The vmp1 gene was amplified in an 
automated thermal cycler C1000 Cycler Touch (Biorad, 
Italy) using the StolH10F1/StolH10R1 primer pair 
(Cimerman et al., 2009) followed by nested PCR with the 
TYPH10F/TYPH10R primer pair, using mixtures and PCR 
conditions as described by Fialovà et al. (2009), while 
stamp gene was amplified using StampF/StampR0 and 
StampF1/ StampR1 primer pairs in direct and nested PCR, 
respectively, following PCR reaction conditions as 
described by Fabre et al. (2011). The vmp1 RFLP types (V-
types) were obtained using the RsaI restriction enzyme 
(Pacifico et al. 2009), according to the manufacturer’s 
instructions (New England BioLabs, USA). The V-types 
attribution was determined by comparison of their RsaI-
RFLP patterns with vmp1 digestion profiles previously 
described in accordance with SEEERANET nomenclature 
(Foissac et al. 2013). Selected amplicons were sequenced 
(5X coverage per base position) by a commercial service 
(Eurofins Genomics, Germany) and the nucleotide 
sequences of vmp1 and stamp genes were aligned using 
ClustalW Multiple Alignment and analysed by Sequence 
Identity Matrix in the software BioEdit following 
methodologies as described by Quaglino et al. (2016). 
Attribution to vmp1 and stamp sequence variants was 
carried out by comparison with sequences previously 
deposited in GenBank database. In detail, nucleotide 
sequences of the same variant share 100% sequence 
identity. Collective vmp1/stamp types were determined 
combining the vmp1 and stamp sequence variant of each 
BN phytoplasma strain identified in grapevine, as 
previously described (Quaglino et al. 2016).  

Phylogenetic analysis  
Representative nucleotide sequences of vmp1 and 

stamp genes, identified in this and previous studies 
(Quaglino et al. 2016), were concatenated by BioEdit and 
employed for phylogenetic analyses using the MEGA7 
software (Tamura et al., 2013). Codon based Z-test of 
positive selection was performed using the Nei-Gojobori 
method with MEGA7 to determine dN/dS ratio and to 
calculate the probability of rejecting the null hypothesis of 
strict-neutrality (dN = dS) in favor of the positive selection 

hypothesis (dN > dS). dS and dN are the numbers of 
synonymous and nonsynonymous substitutions per site, 
respectively. The variance of the difference was computed 
using the bootstrap method (1,000 replicates). Analyses 
were conducted according to Nielsen (2005). All positions 
with less than 95% site coverage were eliminated. That is, 
fewer than 5% alignment gaps, missing data, and 
ambiguous bases were allowed at any position.  

III. RESULTS 
Field surveys and phytoplasma detection  

TaqMan assay for the amplification of the 16S rDNA 
detected BN phytoplasmas in 120 out of 128 symptomatic 
plants sampled in the five Tuscan districts (Massa, Lucca, 
Firenze, Arezzo and Siena). Assay reliability was validated 
by the amplification signals of the ICs (28<Ct<33 for 
both), while HC and reaction mixtures gave no 
amplification signals. FD phytoplasma was never 
identified.  

Multiple gene typing analysis of BN phytoplasma 
strains  

Among the 120 BN strains detected, 79 yielded vmp1 
nested amplicon size. RsaI-RFLP analysis showed the 
presence of 7 V-types: the most abundant was V11 
(60.7%), followed by V12 (18.9%), V3 (6.3%), V1 (5.0%), 
V9, V15 (3.7% for both) and V4 (1.5%). The vmp1 
sequence analysis was carried out on 65 selected BN 
strains out of 79. Based on sequence identity matrix, 16 
vmp1 sequence variants were identified [11 sharing 100% 
sequence identity with previously described sequence 
variants (Vm39, Vm41, Vm42, Vm43, Vm45, Vm82 to 
Vm87) and 5 identified for the first time in this study and 
named from Vm88 to Vm92]. The most frequent sequence 
variant was Vm43 (49.5%), followed by Vm39 and Vm41 
(7.7% both), Vm90 (6.1%), Vm42 and Vm87 (4.6% for 
both), Vm82, Vm88 and Vm89 (3.1%), Vm45, Vm83, 
Vm84, Vm85, Vm86, Vm91 and Vm92 (1.5%).  

Among the 120 BN strains detected, 107 yielded stamp 
nested amplicon size. Based on sequence identity matrix, 
12 stamp sequence variants, sharing 100% sequence 
identity with previously described sequence variants were 
identified: the most frequent sequence variant was St10 
(42.1%), followed by St5 (31.1%), St18 (15.0%), St11 
(2.8%), St22 and St52 to St58 (1% each).  

One representative stamp and vmp1 nucleotide 
sequence per variant was deposited to NCBI GenBank 
(Accession number MF182858-67/77-83 and MG874657-
69). Based on the combination of vmp1 and stamp 
sequence variants 27 vmp1/stamp genotypes were 
identified. The most abundant genotype identified in the 
examined Tuscan vineyards was Vm43/St10 (40.3%), 
previously identified only in grapevines in a case study 
vineyard of the Chianti Classico area (Pierro et al. 2018).   

Phylogenetic analysis  
A phylogenetic tree, generated employing the 26 

representative concatenated vmp1 and stamp gene 



nucleotide sequences, identified the presence of five main 
clusters as shown in the Fig. 1. The prevalent vmp1/stamp 
genotype (Vm43/St10) is grouped in the cluster 
vmp1/stamp3 together with genotypes previously identified 
in France in Solanaceae plants and H. obsoletus. The 
overall ratio between the non-synonymous to the 
synonymous mutations (dN/dS) was >1 for both genes 
analysed. In detail, for vmp1 gene dN/dS test showed ratio 
= 8.74, p = 0.00 and for stamp gene dN/dS = 1.97, p = 0.02, 
confirming the high number of non- silent (dN) mutations 
revealed by sequence analyses.  

 

 
Figure 1. Unrooted phylogenetic tree inferred from concatenated 
nucleotide sequences of vmp1 and stamp genes of BN phytoplasma 
strains representative of vmp1/stamp types previously described and 
identified in this study; minimum evolution analysis was performed using 
the neighborjoining method and bootstrap replicated 1,000 times. Names 
of strains are reported on the image. Gene sequences obtained in the 
present study are indicated in bold. Clusters are in parentheses. Acronyms 
within clusters indicated phytoplasma hosts and origin. Hosts: Car, 
Convolvulus arvensis; Ho, Hyalesthes obsoletus; Sl, Solanum 
lycopersicum; St, Solanum tuberosum; Vv, Vitis vinifera. Origin: AU, 
Austria; B&H, Bosnia and Herzegovina; FR, France; GEO, Georgia; 
GER, Germany; IT, Italy; MA, Macedonia; SLO, Slovenia 

IV. DISCUSSION  
TaqMan detection assay carried out on 128 

symptomatic plants sampled in the five Tuscan districts, 
showed 94.7% BN positive results. The 6.3% negative 
PCR results could be connected with the sporadic 
distribution or low abundance of phytoplasmas in the plant 
tissues (Constable et al. 2003). 

MLST analysis based on vmp1 and stamp genes, 
provided a deeper knowledge about the large BN 
phytoplasma genetic diversity in Tuscany, showing 
positive selective pressure for both genes and the widest 
genetic variability of vmp1 gene sequence variants 
compared with stamp gene sequence variants: 16 versus 12 
sequence variants, respectively. RFLP analysis identified 
the presence of 7 V-types and the most abundant was V11 
(60.7%), previously reported in Sardinia by Pacifico et al. 
(2007) and largely widespread in a case study vineyard in 
the Chianti Classico area in Tuscany (Pierro et al. 2018). 
Nucleotide sequence analyses identified as prevalent the 
vmp1 and stamp sequence variants Vm43 and St10, 
respectively, extending previous results obtained in a 
Tuscan vineyard by Pierro et al. (2018) to Regional level. 
In particular, Vm43 sequence variant was previously 
identified in Central Italy in Linaria vulgarius and H. 
obsoletus (Landi et al. 2015; Marchi et al. 2015) and St10 
sequence variant was reported only in France in 
Solanaceae plant hosts (Solanum lycopersicum) and H. 
obsoletus (Fabre et al. 2011). Based on these results, it is 
possible to confirm the presence of such sequence variants 
in grapevine exclusively in Tuscan vineyards. The 
phylogenetic tree revealed that the prevalent collective 
genotype Vm43/St10 (40.3%) grouped in the cluster 
vmp1/stamp-3 along with ‘Ca. P. solani’ strains previously 
found in association with H. obsoletus and Solanaceae 
plant hosts (Solanum lycopersicum) (Fabre et al. 2011). 
This can suggest that such strains probably share similar 
biological features.  

In conclusion, the prevalence of a ‘Ca. P. solani' strain 
(Vm43/St10), so far associated only with other hosts, in 
“bois noir”-affected grapevines within Tuscan vineyards 
opens new interesting perspectives on BN epidemiological 
cycles. Further studies focused on genetic characterization 
of BN phytoplasma strains harboured by putative insect 
vectors and wild and cultivated plant hosts in Tuscan 
vineyard agroecosystems are needed to increase the 
knowledge of BN epidemiological patterns in order to 
design sustainable strategies for the disease management.  
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