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A b s t r a c t  
 

Today, phytoplasmas are causative agents of about three hundred different plant diseases. 
The greatest damage in European vineyards is due to two types of phytoplasmas, Candidatus Phyto-
plasma vitis Marzorati et al. 2006, the pathogen of flavescence dorée of grapevine, and Candidatus 
Phytoplasma solani Qualino et al., 2013, the causative agent of black wood of grapevine. Phytoplas-
ma damage of vineyards can lead to crop losses of up to 25-30 %, and when infected up to 70 %, 
the vineyards should be completely uprooted. Symptoms of various phytoplasma diseases in grape are 
similar with each other and with viral and bacterial diseases that makes their visual differentiation to 
species impossible. The wide spread and high damage by phytoplasma diseases require deeper re-
search of phytoplasma epidemiology and relevant molecular genetic diagnostic methods for monitor-
ing phytopathogen in planting material. We have developed the first Russian kit for detection these 
pathogens by real-time polymerase chain reaction (Real-Time PCR) which allows effective identifi-
cation of Candidatus Phytoplasma solani. A comparison of the developed kit with the recommended 
primers and probes for Real-Time PCR has shown a higher sensitivity and specificity as compared to 
existing diagnostic PCR systems. The goal of this work was to develop and test a kit for the detection 
of Candidatus Phytoplasma solani by the real-time polymerase chain reaction (qPCR). Candidatus 
Phytoplasma solani DNA samples and infected grape vines, roots and leaves of Chardonnay, Pinot 
noir and Bastardo Magarachsky varieties with visual signs of infection collected in the autumn of 
2018 from the vineyards of the South Coast region of the Crimean peninsula were tested. Phytoplas-
ma DNA was extracted as recommended by EPPO, with modifications, as well as with Cytosorb rea-
gent kit (Syntol LLC, Russia). A pair of primers, SolaSeq_F 5-AACTTAACCTTTTAACTAGGGC-3 
and SolaSeq_R 5-CATCAAGGCATTTGCC-3, was designed for Candidatus Phytoplasma solani 
DNA sequencing. To estimate the analytical sensitivity of the kit, a vector construct based on the 
Pal2T plasmid (Evrogen, Russia) was created with the insertion of the Candidatus Phytoplasma 
solani target 119 bp fragment of SecY gene. The sequence of SecY gene is conservative, unlike 
other genes recommended for diagnosis. The designed primers allow identification of all Candida-
tus Phytoplasma solani strains which sequences we found in the GenBank NCBI Nucleotide data-
base on January 16, 2019. The developed kit was tested using various Real-Time PCR instru-
ments. We have assessed the main characteristics of the kit, i.e. sensitivity, specificity, and repro-
ducibility. Analytical sensitivity of the developed kit isn’t less than 15 copies per PCR reaction. The 
analytical specificity was 100 % when tested with 37 closely related and accompanying microorgan-
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isms, as well as four samples of grapes suspected to be infected by Candidatus Phytoplasma solani. 
There were no false-positive results in the analysis of other types of phytoplasmas and related micro-
organisms. Also, in analyzing target organism DNA samples, false-negative results were not found. 
The developed kit was tested on 194 samples of grapes suspected of being infected by Candidatus 
Phytoplasma solani. The specificity of Candidatus Phytoplasma solani detection was confirmed in all 
cases by DNA sequencing of positive samples. The developed kit allows rapid, accurate and high 
sensitive DNA identification of Candidatus Phytoplasma solani in plants at all stages of their vegeta-
tive development, including planting material, and can also be used for full-scale screening studies. 

 

Keywords: phytoplasma, Candidatus Phytoplasma solani, grapes, real-time PCR, diagnos-
tics, qPCR test kit, specificity, sensitivity, reproducibility, repeatability 

 

In 1967, unicellular plant pathogens that were previously mistakenly as-
signed to the jaundice virus group due to the similarity of symptoms and the ina-
bility to culture on a nutrient medium [1-3] were classified as mycoplasma-like 
organisms due to morphological similarities and sensitivity to tetracycline antibiot-
ics [4-6]. With the development of molecular biology methods based on the nu-
cleotide sequencing ribosomal RNA genes [7, 8], these microorganisms were des-
ignated as a separate taxonomic group with the generic name Candidatus Phyto-
plasma [9, 10]. 

Phytoplasmas affect a wide range of plants, including grapes [11, 12]. Two 
types of phytoplasmas are most harmful for grapes, the grapevine yellow pathogen 
Candidatus Phytoplasma vitis Marzorati et al., 2006 (a quarantine object) [13, 16-
18] and the black wood pathogen Candidatus Phytoplasma solani Qualino et al., 
2013 [19-21]. The main host plant for the grapevine yellow pathogen Candidatus 
Phytoplasma vitis is a grape of the European-West Asian group, which includes 
almost all cultivated grape varieties. The yield loss of susceptible varieties can 
reach 100%, such plants die off 2-3 years after infection. 

Phytoplasma Candidatus Phytoplasma solani also affects sugar corn, fruit 
crops and members of the Solanaceae family. Many wild-growing plants, in par-
ticular, stinging nettle and field bindweed, can be a reservoir for phytoplasmic in-
fection [22, 23]. The distribution of phytoplasma in plants is not uniform. Phyto-
plasma is mainly localized in the phloem, so this part of the plant is preferable for 
the nucleic acid extraction and subsequent diagnosis. Some types of plants are tol-
erant to phytoplasma infection; therefore, when taking samples for analysis, atten-
tion should be paid to collecting diverse biomaterial (root fragments, vines, leaves) 
even without visual signs of infection.  

Phytoplasmas lead to a yield decrease which varies from insignificant to 
almost complete loss [1, 12]. In grapes, the infection leads to yield losses of up 
to 25-30%, and at 70% infection the grape plants are completely uprooted. The 
prevalence of grape phytoplasmoses in the areas of cultivation can reach 70-
80%, and the damage can exceed 40-80% [23].  

According to EPPO (European and Mediterranean Plant Protection Or-
ganization, https://gd.eppo.int), as of November 2, 2019, Candidatus Phyto-
plasma solani is ubiquitous in Western and Eastern Europe, except for several 
countries in central and northern Europe [24]. Data to establish the really affect-
ed vineyards in Russia and other countries of the former USSR are insufficient 
[11]. For a comprehensive screening, it is necessary to develop a specific and 
easy-to-use kit for identification of Candidatus Phytoplasma solani. 

For the first time in Russia, we developed a qPCR-based test system for 
detecting the Candidatus Phytoplasma solani and compared its quality with exist-
ing diagnostic systems for the main characteristics (specificity, sensitivity, repro-
ducibility, repeatability).  

 Our goal was to develop and test a kit for detection of Candidatus Phy-
toplasma solani, the causal agent of the black wood of grapevine with real-time 
polymerase chain reaction (qPCR). 
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 Materials and methods. Candidatus Phytoplasma solani DNA samples 
were received from the collection of the All-Russian Plant Quarantine Center 
(VNIIKR) and contaminated grape material was provided by the Magarach All-
Russian National Research Institute of Viticulture and Winemaking (VNNIIIV 
Magarach). Fragments of the vine, roots and leaves of Chardonnay, Pinot noir 
and Bastardo Magarachsky varieties with visual signs of Candidatus Phytoplasma 
infection were collected in the autumn of 2018 from the vineyards of the South 
Coast agroclimatic region of the Crimean Peninsula. 

Samples for DNA extraction were ground manually and using a Precellys 
Evolution rotational homogenizer (Bertin Technologies, France). Phytoplasmic 
DNA was extracted according to EPPO recommendation [24] with modifica-
tions [25], and also with Cytosorb reagent kit (Syntol LLC, Russia) which pro-
vides cell lysis with a chaotropic agent guanidine hydrochloride followed by 
DNA sorption on silicon particles as described in patent application RU No. 
2019111081/10 (021521).  

Conventional PCR and qPCR were performed in the reaction buffer (3 mM 
MgCl2, 0.25 mM dNTP, 2.5 units of SynTaq DNA polymerase with antibodies in-
hibiting enzyme activity) (Syntol LLC, Russia). The selected primers should 
meet the following criteria: G or C nucleotide at the 3-end (“GC clamp”), the 
average annealing temperature 65 C for primers, 2-5 C higher for a probe. 
The presence or absence of secondary structures and the annealing temperature 
were checked via online Oligo Calc primer analysis software: Oligonucleotide 
Properties Calculator (http://biotools.nubic.northwestern.edu/OligoCalc.html), 
ThermoFisher Multiple Primer Analyzer (https://www.thermo-fisher.com), 
Promega Biomath Calculators (5½PCR Buffer, 3 mM MgCl2) (https://world-
wide.promega.com/resources/tools/biomath/tm-calculator/). Fluorescent labels 
in qPCR were 6FAM and 6ROX dyes attached to the 5-end of the probe. Fluo-
rescence dampers were dyes RTQ1 and BHQ2 at the 3-end of the probe. The 
concentration of primers and probes in the reaction mixture was 450 nM and 
200 nM, respectively. qPCR was performed using four devices, ANK-32 (IAI 
RAS, Russia) [26], CFX-96 (Bio-Rad, USA), Rotor-Gene 6000 (QiaGen, USA), 
and DTprime 5 M1 (DNA Technology, Russia), and the following amplification 
protocol: 5 min at 95 C; 15 s at 95 C, 40 s at 60 C (50 cycles). Results were 
deemed positive if the fluorescence signal exceeded the threshold which was set as 
a 10% difference between the moduli of the highest and lowest fluorescence). 

A pair of primers SolaSeq_F 5-AACTTAACCTTTTTAACTAGGGC-3 
and SolaSeq_R 5-CATCAAGGCATTTGCC-3 was designed for sequencing 
DNA of Candidatus Phytoplasma solani. Amplification program for conventional 
PCR was as follows: 5 min at 95 C; 20 s at 95 C, 20 s at 60 C, 1 min at 72 C 
(36 cycles); 5 min at 72 C. DNA sequencing was performed on a Nanophor 05 
instrument (Institute for Analytical Instrumentation RAS, Russia). The results 
were analyzed using DNA analysis software version 5.0.3.2 (Institute for Analyti-
cal Instrumentation RAS, Russia).  

Bioinformatic analysis and data processing were performed using the 
software UGENE (UNIPRO, Russia) and AliView (NBIS, Department of 
Cell and Molecular Biology, Uppsala University, Sweden). The search for tar-
get DNA sequences was carried out in the NCBI GenBank database 
(http://www.ncbi.nlm.nih.gov/BLAST) [27].  

Target DNA in developing primers and probe was SecY gene with 119 bp 
specific fragment, positions from 513 to 632 bp (KU600099.1, NCBI GenBank 
database (http://www.ncbi.nlm.nih.gov/BLAST) length) [27].  

To determine the analytical sensitivity of the reagent kit, a vector con-
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struct based on the Pal2T plasmid (Evrogen, Russia) was created with the inser-
tion of the 119 bp target nucleotide sequence of Candidatus Phytoplasma solani. 
Ligation was carried out for 24 hours at 4 С using T4 DNA ligase (Ther-
moFisher Scientific, USA). The transformation of Escherichia coli (Migula 1895) 
was done using heat shock method. The presence of the vector was checked by 
PCR colony method with standard M13 primers. Plasmid was isolated using a 
PlasGen kit (Syntol LLC, Russia). To increase the efficiency of PCR, the plas-
mid was cleaved with NotI restriction endonuclease (ThermoFisher Scientific, 
USA). The concentration of plasmid DNA was measured on a Quantus fluorim-
eter (Promega Corporation, USA) in triplicate. To determine the sensitivity of 
the developed kit, qPCR was run in 2-fold repetition with a series of 10-fold 
dilutions with a known plasmid concentration [28]. 

Efficiency of the kit was tested on 37 samples of closely relative and ac-
companying objects: Vitis vinifera, Xanthomonas campestris, Cercospora beticola, 
Fusarium culmorum, Fusarium sp., Fusarium tricinum, Gibellina cerealis, Botrytis 
cinerea, Pleospora betae, Phomopsis helianthi, Pseudomonas fluorescens, Alternaria 
tenuissima, Aspergillus niger (collection of Syntol LLC, Russia); Candidatus Phy-
toplasma vitis (20.9 Ct), Candidatus Phytoplasma rubi (18.9 Ct), Candidatus Phy-
toplasma pyri (21.4 Ct), Candidatus Phytoplasma mali (18.4 Ct), Candidatus 
Phytoplasma convolvuli (15.9 Ct), Candidatus Phytoplasma asteris (15.0 Ct), Can-
didatus Phytoplasma cirsii (33.5 Ct), Candidatus Phytoplasma taraxacum (14.0 
Ct), Candidatus Liberibacter solanacearum (23.6 Ct), Xanthomonas oryzae 0227, 
Cercospora kikuchii (VNIIKR collection); Xanthomonas euvesicatoria DSM 19128, 
Xanthomonas gardneri DSM 19127, Xanthomonas perforans DSM 18975, Xan-
thomonas vesicatoria DSM 22252, Xanthomonas translucens pv. translucens DSM 
18974 (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell 
Cultures GmbH, Germany); Xanthomonas phaseoli CFBP 2534 (CIRM-CFBP, 
France); Fusarium sambucinum F139, Fusarium graminearum F877, Fusarium verti-
cillioides F43, Fusarium avenaceum F623 (All-Russian collection of industrial 
microorganisms, State Research Institute of Genetics and Selection of Industrial 
Microorganisms of the National Research Center  Kurchatov Institute, Mos-
cow); Fusarium oxysporum F840, Phytophthora cinnamomi F3332, F3333, Phy-
tophthora cactorum 985 (All-Russian collection of microorganisms, Skryabin Insti-
tute of Biochemistry and Physiology of Microorganisms (IBPM) RAS, Push-
chino, Moscow Province). 

In qPCR, grape, bacteria, and fungi DNA concentration was 50 ng per 
reaction. Threshold cycle of Candidatus Phytoplasma sp. was determined with 
UniRT primers [13]. For Candidatus Liberibacter solanacearum, primers rec-
ommended by EPPO [14] were used. 

Results. Table 1 shows primers and probes published by E. Angelini with 
co-workers and C. Pelletier with co-workers and currently used [1, 11, 16, 29, 
30], as well as the primers and probe we developed for qPCR (BN).  

1. Primers and probes used to identify Candidatus Phytoplasma solani with their 
corresponding amplification protocols  

Name, 
reference 

Target 
Amplification 
mode 

Sequence 

BNrt [16] 16S rRNA 5 min at 95 C;  
15 s at 95 C,  
40 s at 60 C  
(50 cycles) 

F 5-GGTTAAGTCCCGCAACGAG-3 
R 5-CCCACCTTCCTCCAATTATCA-3 

Pb 5-(6FAM)AACCCTTGTTGTTAATTGCCATCATTAAG(RTQ1)-3 

mapBN [29]  adk 5 min at 95 C;  
15 s at 95 C,  
20 s at 50 C,  
20 s at 72 C  
(50 cycles) 

F 5-ATTTGATGAAACACGCTGGATTAA-3 
R 5-TCCCTGGAACAATAAAAGTYGCA-3 

Pb 5-(6ROX)AAACCCACAAAATGC(BHQ2)-3 
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Continued Table 1 

BN (own 
data) 

SecY 5 min at 95 C;  
15 s at 95 C,  
40 s at 60 C  
(50 cycles) 

F 5-AATACCAGTACAATACGCTCGC-3 
R 5-AAAGGTTGCATCAAGGCATTTGC-3 

Pb 5-(6FAM)AACACTGCTGGAGTAATGCCTGTAATT(RTQ1)-3 

N o t е. F — forward primer, R — reverse primer, Pb — probe. 
 

To compare the analytical sensitivity of recommended systems and that 
developed by us, qPCR was run with a series of 10-fold dilutions of Candidatus 
Phytoplasma solani DNA. Although the BNrt primers were not inferior in the 
threshold cycle to that we developed, a 1:100 dilution did not give a positive re-
sult, which indicates a lower sensitivity of BNrt compared to BN. The fluores-
cence signal of positive samples with BN and BNrt was 1,500 and 500 relative 
fluorescence units (RFU), respectively. In both cases, the concentration of pri-
mers in the reaction mixture was 450 nM and the probe concentration was 
200 nM. The difference in threshold cycles of mapBN with BNrt and BN was 
+3.0-3.5 Ct. In addition to the lower sensitivity of the mapBN system, a 1:100 
dilution showed a complete absence of fluorescence signal growth (Fig. 1). 

 

 
Fig. 1. Real-time polymerase chain reaction (qPCR) with a series of three 10-fold dilutions of Candi-
datus Phytoplasma solani DNA and different primers and probes: BN — black, BNrt — red, mapBN —
orange (RFU — relative fluorescence units, a CFX-96 device, Bio-Rad, USA). 

 

To estimate PCR specificity with BNrt primers, we used AliView soft-
ware to align target fragments corresponding to primers and a probe for qPCR 
detection of Candidatus Phytoplasma solani. More than 100 DNA fragments 
were found in the NCBI database, 69 of which were of Candidatus Phytoplasma 
solani. Their identity with the target fragment for BNrt primers [16] ranged from 
98 to 100%. Alignment showed a 100% coincidence of sequences of the primer 
and probe binding sites. This system, in addition to Candidatus Phytoplasma 
solani, also detected other 16SrXII phytoplasmas that cause witches’ broom and 
potato purple top diseases [31, 32] on potatoes. In accordance with bioinformat-
ic analysis, the BNrt system of primers and a probe for qPCR did not provide 
high specificity for the Candidatus Phytoplasma solani DNA detection. 

The target gene for mapBN primers is adk. Sequence alignment 
showed a high specificity for attaching primers and a probe; however, only 10 
sequences of this gene were found in the GenBank NCBI database 
(http://www.ncbi.nlm.nih.gov/BLAST), 7 of which were attributed to Candidatus 
Phytoplasma solani. Due to the small sample, mapBN primers were also rejected 
by us as candidates for use in the kit under development. 

As a result, we chose the SecY gene, which encodes a protein involved in 
transmembrane transport, as a target to assess specificity of the of Candidatus 
Phytoplasma solani DNA detection. This gene is recommended by EPPO for the 
diagnosis of phytoplasma of wood blackening [24]. The SecY sequence analysis 
in the GenBank NCBI revealed 190 sequences, including 110 attributed to Can-
didatus Phytoplasma solani strains. The binding sites of the primers and a probe 
for qPCR we developed (BN) turned out to be strictly specific and allowed us to 
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detect all strains of Candidatus Phytoplasma solani, the DNA sequences of 
which were in the GenBank NCBI Nucleotide database on 01/16/2019 [27].  

The results of DNA sequencing six grape samples, presumably infected 
by Candidatus Phytoplasma solani, carried out with primers to SecY gene to 
confirm the species affiliation of Candidatus Phytoplasma solani are presented in 
Figure 2.  

 

Fig. 2. Alignment of Candidatus Phytoplasma solani DNA sequences from the GenBank NCBI data-
base (http://www.ncbi.nlm.nih.gov/BLAST) with those from DNA sequencing of infected grape sam-
ples with primers to SecY gene. Alignments were generated in the Unipro UGENE program (Russia) 
version 1.31.1, the attachment zone for the forward primer BN_F is highlighted with a white frame. 
Phytoplasma solani 1-6 — samples collected in six different habitats. For a complete figure, see 
http://www.agrobiology.ru. 

 

The analytical specificity of the reagent kit was assessed on 37 samples of 
closely related and accompanied organisms and six grape samples, presumably 
infected by Candidatus Phytoplasma solani according to visual signs. In deter-
mining the analytical specificity, positive results were obtained for all samples 
containing Candidatus Phytoplasma solani DNA, which was confirmed by DNA 
sequencing using SolaSeq_F and So-laSeq_R primers. We did not reveal false 
positive results with DNA of other phytoplasmas, including Candidatus phyto-
plasma convolvuli belonging, like Candidatus Phytoplasma solani, to the 16SrXII 
group, as well as with any associated organisms. The analytical specificity of the 
qPCR primers and probe to SecY gene for studied 37 samples was 100%. 

The analytical sensi-
tivity of the reagent kit was 
evaluated by diluting plasmid 
DNA with the target insert 
of Candidatus Phytoplasma 
solani DNA. The initial 
plasmid concentration was 
2½107 copies/μl. In PCR run-
ning, each reaction was du-
plicated. The calculated qPCR 
efficiency for a series of six 
10-fold dilutions of the plas-
mid, from 107 to 102 copies 
per reaction, was E = 98.7%, 

with the slope of the kinetic curve A = 3.355, and the correlation coefficient 
R2 = 0.999. Starting with the number of 50 copies of the plasmid per reaction, 
qPCR was performed in 24 replicates at dilutions of 50, 20, 15, 10, 5, and 
1 plasmid copy per reaction. When diluting up to 10 copies per reaction, the 
result was unstable, and when diluting up to 1 copy of the plasmid per, a specific 
qPCR signal was not observed. The sensitivity of the reagent kit was established 
if at least 95% of the reactions gave a positive result. So the analytical sensitivity 

 
Fig. 3. Detecting Candidatus Phytoplasma solani DNA in six 
grape samples (1-6) by real-time polymerase chain reaction 
(qPCR) with primers and probe to SecY gene (NC — negative 
control; FAM detection channel, RFU — relative fluorescence 
units, a CFX-96 device, Bio-Rad, USA). 
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of the reagent kit with BN primers was at least 15 copies per reaction 
 To test the developed kit for detecting Candidatus Phytoplasma solani 

DNA, we analyzed 194 grape samples from six territories (farms of the South-
coastal agroclimatic region of the Crimean Peninsula). All tested samples yielded 
positive results for Candidatus Phytoplasma solani phytoplasm DNA (Fig. 3). 
DNA sequencing confirmed the obtained data. 

The results for the developed system were confirmed with four devices 
for qPCR (Table 2). The qPCR efficacy was E = 97-100%, the slope of the 
kinetic curve was A = 3.31-3.39, the correlation coefficient R2 = 1.000. Dif-
ferences in threshold values averaged ±2 cycles, which is associated with a dif-
ference in the structure of optical modules, the heating and cooling rates of 
reactors, individual software for each device, and an algorithm for determining 
threshold cycle values.  

To design primers and probe, we have chosen the SecY gene, encoding a 
translocase protein subunit which is characterized by high conservatism and 
specificity. This ensures differentiation of Candidatus Phytoplasma solani from 
closely related species. According to Davies et al. [9] and Lee et al. [10], this 
gene is the best marker to differentiate and classify strains of Candidatus Phyto-
plasma solani species. Target genes in existing and currently used diagnostic sys-
tems are the 16S rRNA and adk gene regions [15]. The ribosomal RNA gene is 
inferior in specificity to both the gene encoding adenosine kinase (adk) and SecY. 
The analytical sensitivity of the kit we developed was at least 15 copies per reac-
tion that is 10 times higher compared to the recommended diagnostic systems.  

2. Reproducibility of qPCR results with primers and probe to SecY gene of Candi-
datus Phytoplasma solani on devices of different manufacturers   

Samples, 10-fold 
dilutions  

Threshold cycle, Ct 
CFX96 (Bio-
Rad, USA) 

RG 6000 (QiaGen, 
USA) 

DTprime 5 M1 (DNA 
Technology, Russia) 

АНК 32 (IAI 
RAS, Russia) 

101 18.61 18.37 16.2 19.21 
101 18.73 18.26 16.2 19.27 
102 22.05 21.57 19.3 22.61 
102 21.94 21.72 19.3 22.75 
103 25.51 24.98 23.0 25.77 
103 25.45 24.92 22.8 26.05 
104 28.75 28.37 26.0 29.24 
104 28.66 28.18 26.1 29.10 
105 32.05 31.34 29.4 32.53 
105 32.46 31.46 29.1 32.57 
Negative control N/A N/A N/A N/A 
Negative control N/A N/A N/A N/A 
Sloope, A 3.39 3.32 3.32 3.31 
R2 1.000 1.000 1.000 1.000 
Effectiveness, Е 97 100 100 100 
N o t е. N/A means not available.  

 

Successful testing of the proposed kit in qPCR with four devices of both 
Russian and foreign manufacturers allows us to recommend this system for diag-
nostic and screening in research laboratories. 

Thus, a kit has been developed for qPCR detection of SecY gene frag-
ment of Candidatus Phytoplasma solani, the causal agent of the black wood of 
grapevine. Analysis of field samples (leaves, roots and fragments of grapevine) 
which were presumably infected by Candidatus Phytoplasma solani with the pro-
posed kit revealed DNA of this pathogen in all samples. qPCR data were con-
firmed by DNA sequencing. The developed qPCR system has a high sensitivity 
and specificity and is suitable for epiphytotic studies and evaluation of varietal 
resistance to this pathogen. 
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