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‘Candidatus Phytoplasma solani’ (Subgroup 16SrXII-A) Associated with Nicotiana
tabacum Leaf Abnormality in Turkey

Tiirkiye'de Nicotiana tabacum Yaprak Anomalileri ile iliskili ‘Candidatus Phytoplasma
solani’ (Alt grup 16SrXII-A)

Filiz Randa ZELYUT"", Adyatma Irawan SANTOSA? Ali KARANFIL?

Abstract

Tobacco (Nicotiana tabacum) is among the agricultural products with the highest added value in Turkey. Although
frequently associated with its negative effects on human health, it also provides important contributions to the
Turkish economy with the employment it creates in rural areas and continues to be a strategic product. Many
postgraduate theses and studies related to the sociological and economic importance of the production of this plant,
which is of great importance for our country, have been carried out. However, there are very limited studies on
plant diseases in tobacco production areas in Turkey. Phytoplasma is one of the important plant pathogens that
cause yield loss in tobacco. Since available data on phytoplasma diseases on tobacco was very scarce worldwide,
field surveys to collect samples showing phytoplasma infection-like symptoms such as yellowish color changes,
leaf blisters, proliferation, dwarfism, and other physical abnormalities were carried out in Canakkale and Balikesir
provinces of Turkey from June to August 2021. The presence of phytoplasmas in six samples was confirmed by
16S ribosomal DNA amplification by nested-PCR using universal phytoplasma primer sets, which also suggested
the pathogen associated with the symptoms on tobacco. According to phylogenetic study and virtual-RFLP
analysis using 4/ul and Msel endonuclease enzymes, the six Turkish tobacco phytoplasma strains all belong to
group 16SrXII and have more than 99% nucleotide sequence identity with some members of ‘Candidatus
Phytoplasma solani’ of the taxonomic subgroup ‘stolbur’ (16SrXII-A). Genetic distances analysis indicated that
group 16Srl was more closely related to 16SrXII than 16SrVI, in agreement with the groups clustering in the
phylogenetic tree. Neutrality tests found that 16Srl and 16SrXII groups are experiencing expanding or bottleneck
selections, probably due to new mutations in the 16S rRNA gene fragment. Meanwhile, 16SrVI populations are
shown to be undergoing balancing selections, indicating that its isolates have evolved for a long time.
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Oz

Tiitiin (Nicotiana tabacum) Tiirkiye’de katma degeri en yiiksek tarimsal iiriinler arasinda yer almaktadir. insan
sagligina olan olumsuz etkileri ile siklikla glindeme gelmesinin yani sira, kirsal alanlarda olusturdugu is giicii ile
de Tiirk ekonomisine énemli katkilar sunmakta ve stratejik bir {iriin olma 6zelligini devam ettirmektedir. Ulkemiz
icin bilylik 6neme sahip bu bitkinin iiretiminin sosyolojik ve ekonomik 6nemi ile gerceklestirilmis cok sayida
lisansiistii tez ve calisma mevcuttur. Ancak, Tiirkiye tiitiin {iretim alanlarinda bitki hastaliklar ile ilgili olarak
gerceklestirilmis son derece simirli sayida ¢alisma vardir. Tiitiinlerde verim kaybina neden olan 6nemli bitki
patojenlerinden bir tanesi de fitoplazmadir. Tiitiin fitoplazma hastaliklarina iliskin mevcut veriler diinya ¢apinda
cok az oldugundan dolayi, Canakkale ve Balikesir illerinde tiitiin ekim alanlarinda sarimsi renk degisiklikleri,
yaprak kabarciklari, proliferasyon, ciicelik ve diger fiziksel anormallikler gibi fitoplazmalarin neden oldugu
semptomlar gosteren orneklerin toplanmasi i¢in Haziran-Agustos 2021 tarihleri arasinda Tiirkiye'nin Canakkale
ve Balikesir illerinde saha arastirmalar1 yapilmstir. Alt1 6rnekte fitoplazmalarin varlig, tiitin semptomlariyla
iligkili patojeni de Oneren evrensel fitoplazma primer setleri kullanilarak nested-PCR ile 16S ribozomal DNA
amplifikasyonu ile dogrulanmistir. Filogenetik analizler ve A/ul ve Msel endoniikleaz enzimlerini kullanilarak
uygulanan sanal-RFLP analizleri bu izolatlarin 16SrXIl ‘‘Candidatus Phytoplasma solani’’(Stolbur) grubu ve
16SrXII-A altgrubu strainleri ile %99'dan fazla niikleotid dizi 6zdesligine sahip oldugunu gostermistir. Genetik
mesafe analizi, filogenetik agagta kiimelenen gruplarla uyumlu olarak, grup 16SrI'nin 16SrXII ile 16SrVI'dan daha
yakindan iliskili oldugunu gostermistir. Tarafsizlik testleri ile, 16Srl ve 16SrXII gruplarinin, muhtemelen 16S
rRNA gen fragmentinde yeni mutasyonlar nedeniyle genisleyen veya darbogaz secimlerinden gegtigini
gostermistir. Ayrica, 16SrVI popiilasyonlarinin uzun bir siiredir evrimlestigini gosteren dengeleme secimlerinden
gectigi gosterilmistir.

Anahtar Kelimeler: Tiitiin, Fitoplazma, Genetik gesitlilik, Filogenetik, /n-silico RFLP analizi

572



JOTAF/ Journal of Tekirdag Agricultural Faculty, 2022, 19(3)

1. Introduction

Tobacco (Nicotiana tabacum) produced in Turkey is in great demand due to its special quality and
characteristics and is widely known as ‘Turkish/Oriental Tobacco’ in world markets (Wolf, 1949). Therefore,
despite its adverse effects on human health, tobacco is still an important cultural plant in Turkey for the income it
provides to farmers in the rural areas, and the generated tax revenue for the national economy (Yiirekli et al., 2010).
In Turkey, 90% of tobacco is grown in Western Anatolia and the rest in other regions (TSI, 2021).

Phytoplasmas are plant pathogenic prokaryotes belonging to the Mollicutes class due to their lack of a cell wall.
They are obligate parasites which life cycle in infected plants was restricted only in the phloem (Marcone, 2014).
Transmission between plants occurrs with the help of plant phloem-sap-feeding insects, such as leathoppers,
planthoppers, and psyllids. With very small genome of 680-1600 kilobases, the size of pleomorphic phytoplasmas
varies from 200 to 800 nm (Bertaccini et al., 2014).

The pathogens are associated with hundreds of diseases, many are devastating ones; thus, reliable molecular
tools including standard PCR and nested-PCR had been established for their proper identification. The molecular
characterization of phytoplasmas was also used to discriminate them based on a particular 16S ribosomal gene
sequence (16S rRNA) (about 1200 bp) into 33 groups which each have several subgroups (Bertaccini and Lee,
2018).

Viral diseases, other leading factors limiting tobacco production, has been relatively well studied globally
(Stankovic¢ et al., 2011; Akinyemi et al., 2016), including in Turkey (Erdem, 2010; Culal-Kili¢ et al., 2017; Usta
etal., 2020; Karanfil et al., 2020). On the other hand, there was no data related to the status of tobacco phytoplasma
diseases, which are defined as closely related to virus diseases in terms of some symptomatological features, in
Turkey. The description of natural infection of phytoplasma in other countries was also very scarce, although the
physiological changes in tobacco inoculated with phytoplasma isolated from other plant species had been recorded
(Lepka et al., 1999; Lherminier et al., 2003). Furthermore, data on the nucleotide sequence of tobacco
phytoplasmas are limited in the NCBI GenBank.

In Turkey, the presence of phytoplasma in tobacco is highly suspected, as different groups of the pathogen
have been previously identified in solanaceous and other crops (Caglar et al., 2010; Usta et al., 2018; Yilmaz et
al., 2019; Giiller and Usta, 2020). Besides that, the causal agent of some viral-like tobacco diseases remains
unresolved (Erdem, 2010; Culal-Kili¢ et al., 2017). On that account, field monitoring was carried out in Canakkale
and Balikesir provinces, two important production centers of the Marmara and Aegean regions, to collect samples
from plants with typical symptoms of phytoplasma disease. Samples were then molecularly analyzed to determine
the infection rate and genetic diversity of phytoplasmas in the region. The outputs of this study could help to reduce
the obvious worldwide knowledge gaps on phytoplasmas infecting tobacco.

2. Materials and Methods
2.1. Collection of phytoplasma sources

Surveys were carried out in randomly selected tobacco fields representing different areas of Canakkale and
Balikesir provinces which are located in the Southern Marmara Region in Turkey from June to August 2021.
According to the size of the plant, whole or leaf samples were taken from plants symptomatic of phytoplasma
infection. In addition, samples were taken from plants that did not show any symptoms. Samples were individually put
inside a plastic bag containing silica gel then placed in a cooled icebox, and then brought to the laboratory to be
stored at -20 °C until further tests.

2.2. Total nucleic acid isolation and Nested-PCR assays

Total nucleic acid (TNA) was isolated from samples following a modified cetyltrimethylammonium bromide
(CTAB) method developed by Li et al. (2008). The obtained DNA were kept at -20 °C until further application.

Nested-PCR (Nested-Polymerase Chain Reaction) modifications were applied in the amplifications of the
targeted 16S rRNA gene region. TNAs concentration of each sample was spectrophotometrically measured using
nano-drop (Thermo Sci., USA) and then adjusted by diluting with nuclease-free water. First PCR amplification
was performed by mixing 25-30 ng/ul TNA, 0.4 uM R16mF2/R16mR2 universal primer pairs (Baric and Dalla-
Via, 2004), 1.8 mM MgCl, 0.4 mM dNTP, 1.25 units Taq polymerase (Ampliqon, Denmark), 1X PCR buffer,
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and nuclease-free water for a total volume of 25 pl per reaction tube.

Reactive products obtained from the first amplification were diluted with nuclease-free water at a ratio of 1:30
and then used as templates for the second reaction. The second reaction was carried out with 1 pl of the diluted
reactive product, 0.4 pM R16F2n/R16R2 universal primers (Gundersen and Lee, 1996), and other components
with the same mixing ratios of the first reaction. The well-characterized ‘Candidatus Phytoplasma trifolii (clover
proliferation)’ isolate BY'11-2 (acc. no. MZ452938) and ‘Carrot yellows phytoplasma (aster yellows)’ isolate BD1-
2 (acc. no. MZ452911) were also amplified as positive controls. The reaction products were run on a 1% agarose
gel in 1X TAE buffer solution at 100 V for 1 hour. The agarose gel was then stained with ethidium bromide and
visualized in a UV imaging device (Gene genius, UK). Successfully amplified DNA samples were submitted to
BM Laboratory Systems, Ankara, Turkey for bidirectional sequencing using the Sanger method.

2.3. Phylogenetic analysis

Nucleotide (nt) sequences of the 16S rRNA gene of the newly obtained isolates were subjected to BLAST
analysis (blast.ncbi.nlm.nih.gov) to determine their identity rates with other phytoplasma isolates. 16Sr groups and
subgroups with the highest nt identity to the new isolates and other groups and subgroups containing important
strains were retrieved from the NCBI GenBank, then aligned with sequences of the new tobacco isolates using
CLUSTAL W implemented in MEGA X v.10.2.4 (Kumar et al., 2018), and then trimmed according to the new
isolate sequences length.

The best nt substitution model for the alignment was determined using the lowest BIC (Bayesian Information
Criterion) scores in MEGA X v.10.2.4. The alignment was then subjected to a phylogenetic analysis using the
Kimura-2-parameter model (Kimura, 1980) with Gamma distribution (shape parameter = 1) in the Maximum-
Likelihood statistical method implemented in MEGA X v.10.2.4 (Kumar et al., 2018) to reveal the molecular
evolutionary relation of the new and known phytoplasma isolates. Branches were supported by 1000 bootstrap
replications. In addition, Acholeplasma laidlawii (acc. no. M23932), a non-cell wall bacterium genetically related
to phytoplasmas, was used as an outgroup to increase the reliability of the main branches in the obtained
dendrogram.

2.4. In silico-RFLP analysis

To determine the 16Sr ribosomal groups and subgroups of new tobacco phytoplasmas, computer-simulated i
silico-RFLP (restriction fragment length polymorphism) analysis was performed using iPhyClassifier software
(Zhao et al., 2013). For this purpose, 16S rRNA-encoding gene sequences obtained were digested separately using
17commonly used restriction enzymes (Rsal, Sspl, Taql, Bfal, BstUl (Thal), Alul, BamHI1, Dral, Hinfl, Hpal,
EcoRl, Haelll, Hhal, Sau3Al (Mbol), Hpall, Kpnl, and Msel). Comparisons were then made between the new
isolates with reference isolates of the 16SrXII-A subgroup using 4/ul and Msel endonucleases. In addition, nt
identity rates of the new isolates with reference isolates of the 16SrXII-A subgroup were also determined using
the same software.

2.5. Genetic distances

The mean evolutionary distance of the 16S rRNA gene of tested phytoplasma isolates within and between
ribosomal groups 16Srl, 16SrXII, 16SrVI were calculated using the Kimura-2-parameter model (Kimura, 1980)
in MEGA X v.10.2.4 (Kumar et al., 2018). Estimates of standard error (SE) were obtained by a bootstrap procedure
(1000 replicates).

2.6. Genetic diversity and Neutrality analyses

DnaSP v.6.12.03 software (Rozas et al., 2017) was used to measure the genetic diversity of the 16S rRNA gene
of the new Turkish tobacco and other phytoplasma isolates. The three ‘Neutrality tests’: Fu and Li’s F* and Fu
and Li’s D* (Fu and Li, 1993), and Tajima’s D (Tajima, 1989) were carried out with a default window length of
100 sites and step size of 25 sites; without out-group using DnaSP v.6.12.03 (Rozas et al., 2017) to provide
demographic data of the analyzed populations.
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3. Results and Discussion
3.1. Symptomatology and Nested-PCR results

A total of 61 samples, 32 from Canakkale and 29 from Balikesir, were collected during field surveys. The
expected 1.2 kb fragments were obtained only in 1 out of 32 samples from Canakkale and 5 out of 29 samples
from Balikesir. Symptomatologically, the positive tested samples were mostly plants with yellowish color changes
in their leaves, leaf blisters, proliferation, dwarfism, and other physical abnormalities (Figure I). The prevalence
rate of phytoplasma was 9.84% in the surveyd regions, which indicates that phytoplasma infection is not common.
This low incidence rate might be associated with plant resistance and also the limited number of vectors
transmitting phytoplasma (Weintraub and Wilson, 2009). In addition, only a few vectors were observed since
farmers, considering tobacco as a valuable commodity, routinely apply insecticides, including those used in
planthopper and leathopper controls, on their crops (Temel and Oztekin, 2020).

Figure 1. Symptoms on tobacco plants infected with phytoplasma in Balikesir province. (a) and (b).
Conspicuous leaf blisters on lower leaves and plant dwarf; (c). Leaf yellowing, leaf proliferation, and plant
dwarf

3.2. Molecular evolutionary relationships

All six isolates were bidirectionally sequenced, and the obtained sequences were registered in the NCBI
GenBank with accession no. OK336713-18 (Table 1).

Table 1. NCBI GenBank accession numbers of novel tobacco phytoplasma isolates obtained in this study, and
their identity rates to reference isolates

Isolate Province Accession no NCBI el Chgs;]f‘;‘ie:i-es:lrtmlarlty
%99,84-MN047263
Tut-78 Canakkale 0OK336713 Euscelis incisus
Ca. P. solani
%99,78-MF503627
Tut-7 Balikesir 0OK336714 Daucus carota
Ca. P. solani
%99,87-MN047263
Tut-3 Balikesir OK336715 Euscelis incisus
Ca. P. solani
%99,84-MN047263
Tut-2 Balikesir 0OK336716 Euscelis incisus
Ca. P. solani
%99,92-MN047263
Tut-20 Balikesir OK336717 Euscelis incisus
Ca. P. solani
%99,79-MF503627
Tut-1 Balikesir OK336718 Daucus carota
Ca. P. solani

1.00
AF248959
Catharanthus roseus
16SrXII-A
“Stolbur” (STOL11)
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Based on BLAST analysis, our nucleotide sequences shared nucleotide identity ranging from 99.79% to 99.92%
compared with reference isolates of 16SrXII (blast.ncbi.nlm.nih.gov). iPhyClassifier analysis showed more
specifically that all Turkish tobacco isolates had a 1.00 similarity coefficient to ‘Candidatus Phytoplasma solani’
(16SrXII-A ‘Stolbur’) clone STOL11 (Table I). Therefore, the nt sequences of 14 subgroup 16SrXII-A and 7
subgroup 16SrXII-B isolates, and also 20 group 16Srl, and 15 group 16SrVI isolates were retrieved from the NCBI
GenBank to be compared to the six tobacco phytoplasma isolates. The six tobacco phytoplasma isolates were all
positioned in a cluster together with other 14 subgroup 16SrXII-A isolates in the constructed phylogenetic tree,
confirming that they are belonging to the subgroup (Figure 2).

I Tua:20- Balkesr-Ca. P. solan OKITH7-185XMA
W T 78Canaikaie Ca P 50l 165KI1A
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BN-CpIT-Phytoplanma 19 EVEI06- 168 X)-A
2642 BN-Canidatis Phyicplassa s08n-AJOE4560- 165X
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SA1-Candidatas Phytoplama solan-KCBIS1I0-168XI1-A
SLY-Strawberty lthal yelows phyloplasma-AL243045-165018
NZ03156-Canddatus P oustalenseF J543262.165001-8
Papaya deback deaase-Y10005-1650XI1-8
Strawberry 040 patal phytopiasma-AL243044- 165018 1654018 wbgrowp
Phormim yelow leaf phytoplasme-U43565-165:X)18
— Australan grapwsne yelows phytopiasma-L 76865- 165018
SAOZ -Ca Prytoplasma sustrabense-KYD12735-1650018
g CPPClowe phylosy phyicplasmeAF222085-1651.C ]
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Figure 2. Maximum-likelihood phylogenetic tree of nucleotide sequences of 16S rRNA gene fragment
(1248 bp) of six novel tobacco isolates (OK336713-18) and 56 other phytoplasma isolates belonging to
different groups were constructed using Kimura 2-parameter model and Gamma distributed rates among
sites. Branches were supported by 1000 bootstrap replicates; only values greater than 90% were shown. The
six novel tobacco isolates, marked with square dots, were clustered in subgroup 16Sr-XII-A

Infection of tobacco crops by different groups of phytoplasma has been observed across the world (Mitrovi¢
and Duduk, 2011) but no comprehensive survey and molecular study on this subject has been reported. Moreover,
only five isolates were available in the NCBI GenBank database on November 19, 2021, under the search terms
"phytoplasma tobacco" and "phytoplasma nicotiana tabacum": Cuban tobacco phytoplasma (16Srll) isolate
Granma (collected in Cuba, acc. no. EU328255), Tobacco phytoplasma (16Srl) strain Dhtol (collected in India,
acc. no. JF958126), and ‘Ca. P. solani’ (16SrXII) strains 142/09, 159/10, and 284/09 (collected in Serbia, acc. no.
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JQ730739, KC417488, and JQ730740). Therefore, the molecular characterization and population analysis
presented in this current study could provide significant information on the tobacco infecting phytoplasma.

Molecular evaluation analysis showed that six new tobacco isolates were located in 16SrXII-A subgroups, with
five of them being in a distinct subcluster, indicating that tobacco isolates might have unique genomic
characteristics when compared to other 16SrXII-A isolates. The new tobacco isolates were positioned in a
subcluster that was separated from two ‘Ca. P. solani’ isolates (MN398467 and MN398472) from grape (Vitis
vinifera) originated from the nearby Izmir province, indicating that genetic variations among Turkish isolates were
probably more related to hosts than geographic locations. Although grape is also highly cultivated in Turkey (Bahar
et al., 2019), the transmission of ‘Ca. P. solani’ from other solanaceae to tobacco or vice versa is more likely, as
tomato (Solanum lycopersicum) in Turkey has been known to also harbor ‘Ca. P. solani’ isolates (Giiller and Usta,
2020). The phylogenetic cladograms obtained from comparisons of three important ribosomal groups
(16SrI/XI1/VI) and their subgroups were similar to the topology of the three major phytoplasma subclades revealed
in previous studies (Chung et al., 2013; Zhao et al., 2014).

A previous study showed that inoculation of apple proliferation phytoplasma (AP) (group 16SrX) into tobacco
plants resulted in symptoms such as yellowing of leaves, reduced leaf size, and shoot proliferation (Lepka et al.,
1999). Similarly, leaf yellowing, leaf blister, and growth disorder symptoms were also observed in naturally
stolbur-infected tobacco in the present study (Figure 1).

3.3. In silico-RFLP analysis

The virtual RFLP patterns of 4/ul and Msel restriction enzymes obtained using the 16S rRNA gene amplified
with R16F2n/R16R2 universal primers from Turkish tobacco isolates showed high similarity with a 16SXII-A
reference isolate (Figure 3). Additionally, digestion with commonly used 17 enzymes for each of the Turkish
tobacco phytoplasma isolates showed that the profiles of all new isolates were similar to each other (Figure 4).
Therefore, collective RFLP patterns derived by iPhyclassifier from the 16S rRNA gene fragment were consistent
with results of phylogenetic analysis and revealed that the six-novel tobacco phytoplasma were members of
subgroup 16SrXII-A.

b
5
2

]

Figure 3. In silico RFLP profile of the partial 16S rRNA gene (1.2 kb) constructed using the iPhyclassifier
program (Zhao et al., 2013) from Alul (a) and Msel (b) endonucleases that distinguished (STOL) 16SrXII
subgroups. Green and yellow boxes show similarity of 16Sr XII-A subgroup enzyme digest profile with
Turkish tobacco isolates

The results of the phylogenetic analysis were further supported by a computer-simulated virtual RFLP analysis,
which can increase the accuracy of phytoplasma classification based on the 16S rRNA gene region (Zhao et al.,
2009). As expected, the new tobacco isolates showed the exact A/ul and Msel enzymes digest profile with a
reference isolate of subgroup 16Sr XII-A. Additionally, a ‘Ca. P. solani’ isolated from Catharanthus roseus
(Periwinkle) in the USA (acc. no. AF248959) (Davis and Dally, 2001) showed an identical in silico RFLP profile
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(similarity coefficient = 1.00) with all new tobacco isolates (7able 1); thus, they are probably the same phytoplasma
isolate, but further study on other genome region is necessary to confirm this.

Stolbur phytoplasma is associated with a wide range of hosts such as celery, grapevine, strawberry, tomato,
and lavender, and its presence in five major world continents has also been reported (Bertaccini et al. 2014).
Likewise, it has been documented that this subgroup infects plants belonging to various families, such as carrot
(Sertkaya, 2014), pistachio (Guldur et al., 2018), tomato (Giiller and Usta, 2020), and grapevine (Simsek and
Gilldiir, 2021) grown in different regions of Turkey. However, to the best of our knowledge, this is the first record
of infections caused by 16SrXII-A ribosomal subgroup phytoplasma in tobacco cultivation areas in Turkey.
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Figure 4. In silico RFLP profile of the partial 16S rRNA gene (1.2 kb) of Novel isolates: a. Tut-78-
Canakkale, b. Tut-7- Balikesir, c. Tut-3-Balikesir, d. Tut-2-Balikesir, e. Tut-1-Balikesir, f. Tut-20-Balikesir
that were constructed using the iPhyclassifier program (Zhao et al., 2013) from 17 restriction enzymes

3.4. Genetic distances

The genetic distance values of analysed isolates within their respective groups 16Srl (AY), 16SrXII (STOL),
and 16SrVI (CP) were all found to be very low. The genetic distance value between groups 16SrXII and 16SrVI
(0.0709+0.0084) was estimated to be the highest in comparisons among three groups (7able 2), indicating that
isolates of 16Sr] were genetically more closely related to 16SrXII than 16SrVI.

Table 2. Estimates of the average evolutionary divergence over sequence pairs of the 16S rRNA gene
fragment (1248 bp) of phytoplasma isolates from different groups

Ribosomal Groups 16Sr1 16SrXII 16SrVI
16SrI group 0.01+0.00
16SrXII group 0.0336+0.0045 0.01+0.00
16SrVI group 0.0642+0.0079 0.070940.0084 0.00+0.00
Overall Mean Distance 0.04+0.00

The relationships among the three groups were also examined in the genetic distance and genetic diversity
analyses. 16SrXII had the greatest within-group variation compared to 16Sr-1 and 16SrVI, according to both
genetic distance and genetic diversity analyses. However, the genetic variation was minimal, as shown by the very
low mean evolutionary distance as well as low m, S, and n values of each group (7Table 2 and Table 3). The
evolutionary distance measures also determined that 16Srl had lower nt divergence to 16SrXII than 16SrVI (Table
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2), which was in line with close positioning of 16Srl and 16SrXII in the main lineage of the phylogenetic tree, and
clustering of 16SrVI in a separate lineage (Figure 2).

3.5. Genetic diversity and Neutrality analyses

The =, S, and n values of each phytoplasma group were very low, but the metrics scored significantly for the
combination of the three groups, indicating much lower genetic divergence at group level than at the genus level.
16SrXII group obtained higher , S, and 1 values than two other groups, suggesting high diversity among its
isolates, which includes the new six tobacco isolates (Table 3). The groups 16Srl and 16SrXII showed low
nucleotide diversity (t = 0.00547 and 0.00860, respectively) but high haplotype diversity (Hd = 0.963 and 0.860,
respectively). These results indicated that the populations have expanded recently and that there are haplotypes
that are closely related to each other. Meanwhile, both x (0.00268) and Hd (0.590) values were very low for the
group 16SrVI populations, showing high identity among isolates of the group (7able 3). The three neutrality tests
assigned statistically insignificant negative values to 16Srl and 16SrXII groups while giving statistically
significant and insignificant positive values to the 16SrVI group and the overall isolates examined in this study
(Table 4).

Table 3 Summary of genetic diversity analysis on the 16S rRNA gene fragment (1248 bp) of different

phytoplasma groups

Ribosomal Groups N Pi h Hd S Eta
165rl 20 0.00547 16 0.963 28 31
Aster yellows
[6SIXII 27 000860 15 0.860 41 41
Stolbur
16SrVI1
Clover proliferation 15 0.00268 3 0.590 7 7
All isolates 62 0.04924 34 0.948 169 181

N: Number of Sequences, Pi: Nt diversity, H: No of Haplotypes, Hd: Haplotype diversity,S: Segregating sites, Eta: Total
number of mutations

Table 4 Summary of demography test statistics on the 16S rRNA gene fragment (1248 bp) of different

phytoplasma groups

Ribosomal Groups Fu and Li’s D* Fu and Li’s F* Tajima’s D
165 10.53302 ns 10.63628 s 10.57907 ns
Aster yellows
[6SIXII 10.63264 ns 10.56594 ns L0.15868 ns
Stolbur
testvi 0.75006 ns 123621 ns 197479 ns
Clover proliferation
All isolates (16Sr-1/VI/XII) 0.97365 ns 1.71814 * 2,13867 *

Statistical significance: P > 0.10; 0.10 > P > 0.05; *, P < 0.05

Neutral selection results suggested demographic disparities among the three observed phytoplasma groups.
The negative values obtained by 16Srl and 16SrXII groups indicate that the two populations are experiencing
expanding or bottleneck selections, which could be driven by low-frequency polymorphism (new mutations) in
the 16S rRNA gene fragment of their isolates. On the other hand, the 16SrVI population, which also was
genetically divergent to 16Srl and 16SrXII, obtained positive values from the three neutrality tests. The results
suggested that 16SrVI have evolved for a long time, thus undergoing balancing selections.

4. Conclusions

In our study, the phytoplasmas that cause infections in tobacco plants in Turkey are from the ‘Ca. P. solani’
subgroup 16SrXII-A. By using 16S rRNA nt sequences of six positive samples and other global isolates, the population
genetic structure of phytoplasmas of the *stolbur’ group was revealed. All the findings showed that the 16S rRNA gene
region, which is used extensively in the detection and classification of phytoplasmas, is highly conserved; with the
lowest nt identity being in the 16SrXII group. However, to better understand the epidemiology of the agent, host
adaptation and/or selection, and to reveal the evolutionary mechanisms that govern these processes, more detailed
studies and bioinformatic analyses with non-ribosomal phytoplasma genes (7uf, Vmp1, SecY, etc.) are required in future
studies.
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