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ARTICLE INFO ABSTRACT

Keywords: Tobamoviruses have been pioneers in understanding the population genetic structure, host-vector interactions,
Tobacco and evolutionary processes of viruses. To better understand the population genetic structure and molecular
Tobamovirus

evolutionary relationships of tobacco mild green mosaic virus (TMGMYV), a significant species of tobamoviruses,
extensive analyses were performed using bioinformatics tools in this study. 300 samples were collected from
plants exhibiting viruses and virus-like symptoms from Turkey’s largest tobacco cultivation areas during the
plant vegetation period between 2019 and 2020. Samples were tested using conventional molecular techniques
for tobamoviruses, including ToBRFV, TMV, TMGMV, ToMV, and ToMMV species. Single and double tobamo-
virus infections were determined in 258 of 300 samples. Single infections were 225 (75%), 10 (3.33%), and 1
(0.33%) for TMGMV, TMV, and ToMV, respectively. Double infections were 21 (7.0%) and 1 (0.33%) for
TMGMV + TMV and TMV + ToMV, respectively. TMGMV-infected samples from each region were chosen, and
their complete genomes were revealed. Detailed analyses were carried out from Turkey, with global variants
available in GenBank. Molecular evolutionary analyses revealed three main lineages (Clades I, II, and III) at the
p126, p183, MP, and complete genome levels and two main lineages at the CP gene (Clades I and II). Variants
from Turkey were distributed in two different branches in other phylogenetic trees, except for the CP gene. High
haplotype diversity and low nucleotide diversity were determined in each gene region, indicating consistent
genetic stability. In addition, purifying selection pressures were determined in specific gene regions. With
AMOVA (analysis of molecular variance), it was determined that the source of genetic variation came from
within the main lineages, including various hosts and geographies. The differences in lineages were confirmed by
independent test statistics. While neutrality tests revealed population expansions in the CP and MP genes, other
p183 and p126 genes revealed bottlenecks or balancing selection. The fact that TMGMV was more common than
TMV in Turkey strongly supported the phenomenon called “mutational melting” or “Miiller latch,” which pre-
sumably causes TMV to disappear from its niche.

Genetic diversity
Selection pressure

1. Introduction

Tobacco (Nicotiana tabacum), a member of the Solanaceae family, is
cultivated throughout many temperate regions of the world. In Turkey,
tobacco farming is more common in Western Anatolia, which consists of
the Aegean and Marmara regions. Therefore, 90% of the total tobacco
production in the country is obtained from these regions [1], providing a
significant level of agricultural employment in rural areas [2]. Turkish
or Oriental tobacco maintains its strategic importance in terms of the
economy as it is frequently preferred in the global market for its unique
aroma and quality [3].

* Corresponding author.

Several diseases caused by phytopathogens, which adversely affect
the quantity and quality of tobacco plants, have been reported. How-
ever, viral diseases, primarily caused by different species of the genus
Tobamovirus, have been identified as one of the most important factors
limiting tobacco cultivation worldwide. Furthermore, tobamoviruses,
one of the genera of the Virgaviridae family, have a distinctive feature
from the other genera of the family because they have an undivided
genome [4]. The virions of the members of this genus have a length of
300-310 nm and a diameter of 18 nm, and their genomes feature pos-
itive polarity (+) ssRNA and are 6.3-6.6 kb in size [4,5]. The current 37
species of tobamovirus can be further divided into eight groups based on
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their sequence, genome organization, antigenic relationships, and host
range. Moreover, these groups, which are specific to the host, are clas-
sified according to the plant families: Solanaceae, Brassicaceae, Cucur-
bitaceae, Malvaceae, Cactaceae, Passifloraceae, Apocynaceae, and
Leguminosae [6-11].

Tobacco mosaic virus (TMV), tomato brown rugose fruit virus
(ToBRFV), tomato mottle mosaic virus (ToMMV), and tomato mosaic
virus (ToMV) are two of the most well-known species of a group
particularly specialized in infecting members of Solanaceae. In addition
to this group, another member is the tobacco mild green mosaic virus
(TMGMV) [12]. However, it has been reported from different countries
that TMGMYV infects various hosts, including vegetables, industrial, and
ornamental plants [13-16]. The presence of the virus in Turkey was
reported for the first time in the Manisa province which is located in the
Aegean region, which has a prevalent tobacco plantation [17].

Four proteins are known to be encoded by the four open reading
frames (ORFs) of the tobamovirus genome, and detailed studies on the
roles of these proteins have primarily been conducted on the type-
member TMV. The two proteins encoded by ORF1 and ORF2, with
molecular masses of 124-132 kDa (p126 gene) and 181-189 kDa (p183
gene), respectively, which are responsible for the replication of the viral
genome, are essential common genomic features of the genus [18].
However, the methyltransferase, helicase, and unconserved region II
(NON-II) multiple domains of the p126 protein of TMV have host RNA
silencing repressor-specific mechanisms [19]. Furthermore, p126/183
silencing repressor proteins have an essential role in the transmission of
viral particles from cell to cell or over long distances, and they are also
effective in host metabolism change to facilitate replication of the viral
genome [20,21]. The remaining two ORFs, ORF3 and ORF4, encode
movement protein (MP) and coat protein (CP), which have molecular
weights of 28-31 kDa and 17-18 kDa, respectively [9].

Analytical methods have been developed based on genome analyses
to statistically predict the impact of different evolutionary forces and
mechanisms shaping plant virus populations [22]. These methods are
used more frequently today, and the findings provide insight into
important issues such as the epidemiology of viruses, the effects of
virus-vector-host interactions on the viral genome, and how these are
reflected in genetic diversity [22,23]. More specifically, tobamoviruses
have been pioneers in genetic diversity research, and the investigation of
TMV and tobamovirus species at the genetic level has greatly contrib-
uted to the development of all areas of virology, including the evolution
of viruses [24]. However, studies on the genetic structure and diversity
of TMGMV are very limited. High genetic stability was found in the
variants derived from the wild plant Nicotiana glauca Grah. which was
naturally infected with the virus during the studies conducted to
determine the genetic structure of the TMGMV agent [25,26]. Another
study reported that low genetic diversity may be due to different factors
including positive or negative selection or recent adaptation of new
environments or host plants [27].

Tobamoviruses are an ancient genus, as indicated by the fact that
they share the same age as and have undergone co-evolution with their
angiosperm hosts, which are thought to be 120-140 million years old
[12]. Within the scope of this study, the population dynamics of
TMGMYV, one of the tobamoviruses that have made a great contribution
to virus evolution studies, were researched by using genetic approaches.
Evolutionary aspects of the virus, evolutionary forces shaping its pop-
ulation structure, and genetic diversity were comprehensively investi-
gated by using gene sequences of the TMGMV reported from different
geographies in GenBank, especially virus variants obtained from
tobacco-growing areas of Turkey. Thus, population genetic analyses
were performed at levels of the complete genome and four genes,
including CP, MP, p126, and p183 of the virus.
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2. Materials and methods
2.1. Field surveys

Between 2019 and 2020, field surveys were conducted in two
provinces of the Marmara region (Canakkale and Balikesir) and five
provinces of the Aegean region (Manisa, Izmir, Usak, Aydin, and Deni-
zli), which are the main tobacco-growing areas of Western Anatolia.
Tobacco fields were randomly selected, and samples were taken from
plants exhibiting virus and/or virus-like symptoms. In addition, the
number of tobacco samples was determined in proportion to the pro-
duction amount of each province (Fig. 1 and Supp. Table 1).

2.2. Tobamoviruses detection

Tobamoviruses including the ToBRFV, ToMMV, TMGMV, TMV, and
ToMV species were molecularly identified at the species level using
reverse transcription polymerase chain reaction (RT-PCR) studies with
gene-specific primer pairs. For this purpose, total nucleic acid (TNA) was
isolated from the leaves using the CTAB method with minor modifica-
tions described by Li et al. [28]. To produce cDNA libraries from TNAs,
syntheses were first performed using the cDNA Synthesis Kit (Takara,
Japan) and a random hexamer primer (5-NNNNNN-3'). These gener-
ated cDNA libraries were utilized in amplifications with the 2X Emerald
PCR Master Mix (Takara, Japan) and the gene-specific primer pairs lis-
ted in Supp. Table 2. The reaction results were checked under a UV
imager on agarose gel electrophoresis stained with 1.5% EtBr.

2.3. Complete genome analyses of tobacco mild green mosaic virus

At least one TMGMYV isolate from each province was chosen for
complete genome analysis. Using the TNAs obtained in the virus
detection studies, the six fragments of the TMGMYV full genome were
amplified by RT -PCR (Supp. Fig. 1) using primer pairs in Supp. Table 3.
The Omega-Bio PCR Purification Kit (USA) was used to purify each
obtained fragment. The purified PCR products were cloned using the T-A
cloning kit from Promega (USA), and one plasmid was sequenced bidi-
rectionally by sanger sequencing method by using M13F-R universal
primer pair for each gene region. The obtained raw sequence data were
assembled with the program CLC Main Workbench V.20.3 and then
deposited in GenBank (0OK149275-84) (Supp. Table 4).

The sequences of other isolates already in the GenBank were aligned
with the obtained isolates to determine the nucleotide (nt) and amino
acids (aa) similarities among them, using Sequence Demarcation Tool
V.1.2 [29] for respective analysis (Supp. Table 5).

2.4. Phylogenetic analyses

All TMGMV isolates from Turkey and other geographies were used in
phylogenetic analyses to reveal the molecular evolutionary relationships
of the complete genome of the virus and each gene region. Analyses
were performed in the MEGA 11 software [30]. The nucleotide se-
quences of variants obtained from Turkey and other global isolates in
GenBank were aligned in MEGA 11 using the ClustalW parameter [31].

The nt substitution models were selected according to the lowest
scores on the Bayesian Information Criterion (BIC) in MEGA 11 [30,32].
The phylogenetic tree of 98CP gene sequences was generated by the
Minimum Evolution (ME) method using the Tamura-3 parameter with
gamma distribution (T92 + G) and the Neighbor-Joining (NJ) algorithm;
an outgroup was not used [33-35]. Moreover, evolutionary trees for the
p126, p183, and MP gene regions and the whole genome of TMGMV
were constructed using the Tamura-Nei (TN93) parameter and the NJ
method. Four tobamovirus species; ToMV, ToOMMV, TMV, and ToBRFV
were used as outgroups in constructing these trees. Confidence values of
isolate clusters were tested with 1000 bootstrap replicates [36].
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Marmara Region
Aegean Region

Fig. 1. Areas of virus surveys for sampling in Turkey (Each color symbolizes a geographic area in Turkey, and the numbers in parentheses correspond to the sampling

numbers in each province).

2.5. Recombination and population structure analyses

To evaluate RNA recombination, which is one of the significant
forces driving genetic diversity, analysis of the complete genome of
TMGMV was implemented in the RDP5 package using RDP [37], Boot-
Scan [38], GENECONV [39], MaxChi [40], Chimaera [41], and SiScan
[42], recombination detection programs [43]. For the detection of
possible recombinant isolates, multiple alignments of the nucleotide
sequence in the complete protein-coding genome region of the TMGMV
isolates aligned by the program ClustalW in the CLC Main Workbench
version 20.3 were transferred to RDP5 [43] analyzed for recombination.

The effects of haplotype distributions of variants used in molecular
evolutionary studies on total variation were determined by molecular
analysis of variance (AMOVA) [44]. Analyses were performed in Arle-
quin version 3.5.2.2 [45] to assess the distribution of genetic diversity.
The total variance was divided into its components due to within- and
between-phylogroups variance. The F-statistic was used to estimate the
genetic differentiation between TMGMYV phylogroups, and a nonpara-
metric permutation analysis based on 10,000 repetitions was utilized to
determine its significance [45,46]. Thus, data sets containing each gene
region (CP, MP, p126, and p183) and a complete genome of the TMGMV
were prepared based on the haplotypes.

2.6. Genetic diversity, neutrality, and genetic differentiation/gene flow
analyses

Analyses of genetic diversity and differentiation, gene flow, and
neutrality tests were performed using DnaSP v.6.12.03 software based
on genes of p183, p126, MP, CP, and the complete genome of TMGMV
[47]. The average pairwise nucleotide diversity (x) [48], haplotype

diversity (Hg), haplotypes (H), and the ratio of non-synonymous and
synonymous nt diversity @ (dn/dg) ratio were calculated according to
phylogenetic groups. The gene is under negative (purifying), neutral, or
positive (diversifying) selection when o ratio is < 1, = 1 and, >1,
respectively [47]. Furthermore, to assess natural selection among the
variations of phylogenetic groups, Tajima’s D and Fu and Li’'s D*& F*
(default window length of 100 sites and step size of 25 sites; without
out-group) statistical tests were performed [49,50].

Genetic differentiation between TMGMYV phylogroups was evaluated
using independent permutation statistical tests, including Ks*, Z*, and
Snn With 1000 replicates [51,52]. In addition, if the test statistics had a
strong level of support (P values < 0.05), the null hypothesis that there
was no genetic differentiation was rejected. Furthermore, the degree of
gene flow among populations composed of phylogroups of TMGMV was
estimated from values derived from the standardized variance of allele
frequencies (Fixationindex-Fgsr) and migration rate (Ny,). If Fgr> 0.33 or
Nm < 1, it is likely that infrequent gene flow has occurred, whereas if
Fsr<0.33 or Nm > 1, frequent gene flow is likely to have occurred.

3. Results
3.1. Field observations and tobamovirus distributions

During the field studies, a total of 300 plant samples exhibiting
typical virus and virus-like symptoms were collected from the Marmara
and Aegean regions, which are the main tobacco-producing areas of
Western Anatolia. Mild and/or severe mosaic symptoms were observed
in almost all samples. In addition to these symptoms, stunting was also
found in very few plants.

Single and mixed virus infections were found in 258 out of 300
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samples, according to molecular identification studies. The most
detected virus was TMGMYV, while the least detected was ToMV. In
addition, while single infections were determined in 236 tobacco plants,
tobamovirus co-infections were detected in the other 22 plants in the
form of binary combinations (Table 1). A mild mosaic between leaf veins
was very common on samples infected by TMGMV (Fig. 2). This could be
a significant symptom of the TMGMYV infection in tobacco. On the other
hand, ToBRFV and ToMMV agents were not detected in PCR assays.

More specifically, 86% of the samples were found to be infected by at
least one tobamovirus. Single infection rates were 75%, 3.33%, and
0.33% for TMGMV, TMV, and ToMV agents, respectively. Furthermore,
co-infection rates were 7.0% and 0.33% for TMGMV + TMV and TMV +
ToMYV, respectively. All these results revealed that TMGMYV is the major
virus, while TMV and ToMV are minor viruses in the distribution of
tobamovirus infection in the Marmara and Aegean regions, which are
the largest tobacco cultivation areas of Turkey.

3.2. Complete protein-coding genome characterization of tobacco mild
green mosaic virus

Ten new variants in total, from each of the seven provinces surveyed,
were randomly chosen for complete genome sequencing. The results
revealed that the cumulative length of all protein-coding gene regions
was 6.309 nucleotides for all ten isolates. In detail, the length of the
p183 gene region (RNA-dependent RNA polymerase; RARp) was 4.030
nt, the p126 gene region (helicase) was 3.336 nt, the movement protein
gene region (MP) was 771 nt, and the CP gene region was 480 nt for all
ten Turkish variants. Complete protein-coding genomes of the ten
Turkish variants had 97-99% similarity rates among themselves and
96-98% with other global variants.

The nt similarity rates among ten Turkish variants obtained in this
study were determined to be 98-100% for the CP gene, 97-99% for the
MP gene, 98-99% for the p126 gene, and 96-99% for the p183 gene.
Moreover, the results of sequence similarity analyses also indicated that
the Turkish variants shared 97-100% nt identity in the CP gene, 97-99%
in the MP gene, 96-99% in the p126 gene, and 96-98% in the p183 gene
with the global variant.

Amino acid sequence similarity rates of 99-100% for the CP gene,
98-100% for the MP gene, and 97-99% for both the p126 and p183
genes were estimated between ten Turkish variants. Furthermore, the aa
sequence similarity analyses also indicated that the ten Turkish variants
shared 98-100% homologies in the CP gene, 92-100% in the MP gene,
95-99% in the p126 gene, and 96-99% in the p183 gene with global
isolates.

3.3. Phylogenetic inferences

To infer molecular evolutionary relationships among TMGMV vari-
ants, aligned nt datasets generated from Turkey and other global vari-
ants were examined separately at the gene and complete genome levels.
The phylogenetic tree for the CP gene was created unrooted, without
using an outgroup. For protein-coding gene regions (MP, p126, and

Table 1

The number of single and double tobamovirus infections in the collected samples.
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p183 genes) and the whole genome, ToMV (access no MH393622),
ToBRFV (access no MK648157), ToMMV (access no KU594507), and
TMV (access no AF273221) tobamoviruses were used as outgroups.

Molecular evolutionary analyses revealed that TMGMV variants
formed three main clades (I, II, and III) supported by high bootstrap
values (>90) at the complete protein-coding or whole genome level
(Fig. 3). Moreover, the main clades I and III were divided into two
different subgroups, a and b. The main clade I contained 28 variants
from China, the USA, Vietnam, Jordan, Italy, Germany, Slovenia, and
Turkey (AYD-13, AYD-19, DEN-23, DEN-24, USA-46, and CAN-77).
Clade II included the four variants from Kenya, Spain, Brazil, and
Slovenia. Clade III contained Taiwan, Japan, and Turkey variants (MAN-
1.2, MAN -5_7, BAL-6, and 1ZM-37). Furthermore, of the 10 variants
from Turkey in the two main clades (I and III), six were in subgroup I-a
and four in subgroup III-b (Fig. 3).

In the phylogenetic analyses performed according to different gene
regions of TMGMYV, all variants were divided into three main clades in
each comparison based on the p126, p183, and MP genes. Furthermore,
evolutionary tree models of these three genes closely resembled the
topology of the resulting tree for the whole genome. Thus, three main
clades (I, II, and III) emerged for each gene region, and two separate
subgroups for clades I and II. More specifically, the distributions of
Turkish and global variants in main and sub-branches were quite similar
to each other, and their clustering was supported by high confidence
values (>90) (Fig. 3). Thus, for all three gene regions, six of the Turkish
TMGMYV variants were grouped with the variants from China, the USA,
Vietnam, Jordan, Italy, Germany, and Slovenia in the main clade I, and
four with the variants from Taiwan and Japan in the main clade III.

Two major clades appeared based on the complete CP gene of
TMGMYV in the evolutionary tree. Sixty-five of the ninety-eight variants
from Turkey and other countries (France, USA, Germany, Spain, Italy,
Slovenia, China, Vietnam, Taiwan, Jordan Hungary, Brazil, and South
Korea) were located in clade I, and the remaining thirty-three in clade II.
Thus, major clade I consisted of variants from Turkey and other geog-
raphies. With the exception of one Chinese variant, clade II was entirely
composed of Spanish variants. Clade II of the CP gene has been referred
to in this study as the ‘Spanish Clade’ as a consequence (Fig. 3).

3.4. Recombination and AMOVA results

The main criteria in order to consider true recombination is accepted
to obtain a P-value less than 1.0 x 10-6 with at least three different
methods [53]. Otherwise, no recombination was considered. And, the
existing recombination events among TMGMV isolates were searched
with program RDP5 with 7 recombination detection models, there was
no obtain the statistical significance of the recombination signal. For this
reason, it was not determined any recombinant TMGMYV isolate.

Molecular analysis of variance (AMOVA) was used to assess the ge-
netic variation distribution among and within the main clades of pop-
ulations for the complete genome and specific gene regions of TMGMV
based on haplotypes of phylogenetic groups. Based on the complete
genome, the AMOVA values demonstrated significant differentiation

Region Province TMGMV TMV ToMV TMGMV TMV No of infected and collected samples
+ TMV +
ToMV
Marmara Canakkale 4 5 1 2 1 13/20
Balikesir 12 2 0 11 0 25/38
Aegean Izmir 32 0 0 0 0 32/35
Manisa 60 1 0 0 0 61/64
Usak 21 2 0 7 0 30/41
Aydin 37 0 0 0 0 37/40
Denizli 59 0 0 1 0 60/62
Total 225 (75%) 10 (3.33%) 1 (0.33%) 21 (7.0%) 1 (0.33%) 258/300 (86%)
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Fig. 2. Typical mosaic symptoms on tobacco foliar areas induced by single infection of tobacco mild green mosaic virus under field
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Fig. 3. Phylogenetic relationships of tobacco mild green mosaic virus isolates. (a, b, d) For protein-coding gene regions (p126, p183, and MP) and (c) the complete
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between the three main clades (I, II, and III), with 46.85% of the total
variation was due to differentiation among clades and 53.15% of the

genetic variation was due to differentiation within clades (Table 2). In
terms of genetic differentiation values between and within clade pop-

ulations, the molecular variance values found for the phylogroups of the
MP, p126, and p183 gene regions (I, II, and III) were very similar to

forces

those obtained from the whole genome. Additionally, genetic variation

within the main clades contributed more than genetic variation among

clades (42.22%), with a value of 57.78% for phylogroups of the CP gene
(Table 2).

3.5. Structure of the TMGMV population and the direction of selective

Genetic variations were estimated using nucleotide diversity (n),

haplotype diversity (Hg), and haplotype number (H) parameters
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Table 2
Analysis of molecular variance (AMOVA) for components of haplotypic variation and paired Fgy value for TMGMV main clades.
Genomic Source of variation d.f. Sum of squares Variance components Percentage of variation (%) Fsr
Region
Full genome Among clades 2 739,056 43,88588 Va 46,85 0,46850
Within clades 25 1244,694 49,78778 Vb 53,15
Total 27 1983,750 93,67366
p126 Among clades 2 458,722 27,38784 Va 47,87 0,47873
Within clades 25 745,528 29,82111 Vb 52,13
Total 27 1204,250 57,20895
pl183 Among clades 2 618,337 36,88127 Va 47,69 0,47685
Within clades 25 1011,556 40,46222 Vb 52,31
Total 27 1629,893 77,34350
MP gene Among clades 2 83,446 4,45666 Va 41,75 0,41750
Within clades 27 167,888 6,21806 Vb 58,25
Total 29 251,333 10,67473
CP Among clades 1 100,293 2,22162 Va 42,22
Within clades 96 291,881 3,04042 Vb 57,78 0,42220
Total 97 392,173 5,26204

d.f.: degrees of freedom.Statistical significance: P < 0.05 Full-genome, p183, and p126 genes (n = 28; three main clades), MP gene (n = 30; three main clades), CP gene

(n = 98, two main clades).

according to all variants and evolutionary clades that formed at the
specific gene regions and complete genome level. The mean nucleotide
diversities for all populations of the MP, p126, p183, and CP gene re-
gions were 0,02263, 0,02678, 0,02474, and 0,01685, respectively. In
addition, the main clade populations’ nt diversity of TMGMYV gene re-
gions ranged from 0,00817 to 0,02803. Moreover, haplotype diversity
(Hy) for gene regions varied between 0,947 and 1000. Therefore, it can
be concluded that there was remarkable genetic variation among
TMGMYV variants due to low nt diversity and high haplotype diversity
values (Table 3).

For each specific gene region and the entire genome, dy/ds (®) ratios
were calculated to determine whether positive or negative selection
pressure influenced the structure of TMGMV populations. All dy/ds
values for each gene region were less than 1, and these values indicated
the presence of negative selection pressure in the p126, p183, MP, and
CP gene regions. More specifically, there was a stronger negative se-
lection in the MP and CP gene regions (w = 0,0818-0,2010) than in the
p126 and p183 gene regions (v = 0,1641-0,2627). On the other hand,

Table 3
Summary of the genetic diversity analyses of TMGMV from main clade
populations.

Region N Pi H Hd dn/ds
Full genome

Clade I 18 0,01505 18 1000 1,03511
Clade II 4 0,02469 4 1000 0,95761
Clade 111 6 0,01235 6 1000 0,93773
All 28 0,02324 28 1000 1,04553
pl126

Clade I 18 0,01718 18 1000 0,1641
Clade I 4 0,02803 4 1000 0,1750
Clade 111 6 0,01425 6 1000 0,2236
All 28 0,02678 28 1000 0,1641
p183

Clade I 18 0,01588 18 1000 0,2015
Clade II 4 0,02609 4 1000 0,2232
Clade 111 6 0,01291 6 1000 0,2627
All 28 0,02474 28 1000 0,2236
MP

Clade I 19 0,01587 18 0,994 0,1346
Clade I 5 0,02179 5 1000 0,0818
Clade III 6 0,01332 6 1000 0,1060
All 30 0,02263 29 0,998 0,1590
CP

Clade I 65 0,01492 48 0,985 0,09957
Clade II 33 0,00817 18 0,947 0,20104
All 98 0,01685 66 0,988 0,08865

the complete genome o ratios indicated positive selection in all pop-
ulations and clade I variants (w = 1,0351-1,0455) and weak negative
selection in clades II and III (w = 0,9377-0,9576) (Table 3).

3.6. Neutrality tests and population differentiation

Neutrality tests were applied using Tajima’s D, Fu and Li’s D* & F*
statistics to predict evolutionary changes operating on the complete
genome and each gene region of TMGMYV populations. The test results
for both the MP and CP gene regions were statistically significant with
negative values for MP-clade I/all variants (P < *0.05) and CP-clade 1/
II/all variants (P < *0.05 and P < **0.02) (Table 4). These findings
might be interpreted as evidence of recent population expansion, genetic
hitchhiking, or background selection. Besides, statistically non-
significant negative and positive values were calculated for the p126
and p183 gene regions. Similarly, the results obtained for the whole
genome had non-significant negative and positive values, except for
Tajima’s D test result for clade I (Table 4). These findings indicated that

Table 4

The neutrality test result of TMGMV from main clade populations.
Region Tajima’s D Fu and Li F* Fu and Li D*
Full genome
Clade I —1,79967* —2,06123 ns —1,76058 ns
Clade I —0,20887 ns —0,20553 ns —0,18667 ns
Clade III 0,36608 ns 0,55082 ns 0,53746 ns
All —1,54288 ns —2,08247 ns —1,87000 ns
P126 Region
Clade I —1,61435 ns —1,76056 ns —1,47173 ns
Clade I —0,21470 ns —0,19869 ns —0,17809 ns
Clade III 0,21765 ns 0,38622 ns 0,38782 ns
All ~1,43179 ns ~1,94414 ns ~1,75024 ns
P183 Region
Clade I —1,71803 ns —1,92263 ns —1,62580 ns
Clade I —0,17861 ns —0,16831 ns —0,15132 ns
Clade III 0,35162 ns 0,53188 ns 0,51969 ns
All —1,47715 ns —1,98563 ns —1,78012 ns
MP Region
Clade I —2,11752* —2,79542* —2,52058*
Clade I —0,40592 ns —0,43846 ns —0,40592 ns
Clade III 0,12077 ns 0,28083 ns 0,29451 ns
All —1,82890* —2,71703** —2,53127**
CP Region
Clade I —1,90712* —2,96725% —2,63956*
Clade I —1,90712* —2,75664* —2,54432*
All —2,12324* —3,55514** —3,58054 **

Statistical significance: *, P < 0.05; **, P < 0.02; **, P < 0.01.
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TMGMV populations were going through bottlenecks or balancing se-
lection according to the whole genome.

Ks*, Z*, Spn, Fst, and Nm independent statistical tests based on per-
mutation with 1000 replicates, were used to evaluate genetic differen-
tiation and migration between/within major clades originating from
phylogenetic trees reflecting evolutionary relationships. The genetic
distinction values for the complete TMGMYV genome and each of its gene
regions demonstrated genetic differentiation between the major phy-
logroups, and these results were supported by a statistically significant
Snn test result. Aside from MP clade I and II, the absolute Fg value across
the clades was higher than 0.33 and the absolute migration rate was
lower than 1 (Table 5). In addition, these results were confirmed by a
non-parametric permutation analysis based on 10,000 repetitions and
the genetic differentiation between TMGMYV phylogroups using the F-
statistic. The values obtained from this test were ranked, with statisti-
cally significant values ranging from 0.41750 to 0.47865 (Table 5). All
these findings were significantly supported by each independent statis-
tical test, demonstrating the accuracy of the resulting evolutionary
clades for the complete genome of TMGMYV and for each gene region.

4. Discussion

Tobamovirus genetic variability studies have helped us better un-
derstand the genetic diversity of other viruses and the mechanisms that
generate this diversity, as well as the factors that shape viral pop-
ulations, host-virus-vector interactions, the evolutionary emergence of
these interactions, and their host adaptations [54]. Therefore, genetic
diversity studies are frequently used to comprehend the current popu-
lation structures of many common and acute viruses and to forecast
future population situations. Thus, in this study, the population genetic
structure of TMGMV, which is the major agent in the largest tobacco
cultivation areas in western Turkey (Fig. 1), was revealed by using ge-
netic diversity parameters. In addition, the prevalence of tobamoviruses
in the same region was determined using conventional molecular
techniques.

Symptoms of infection caused by tobamoviruses can vary depending
on the virus species, the host plant, and environmental conditions [55].
Typically, symptoms such as deformation, mosaics, and mottled patterns
can be seen on the leaves of infected plants [56]. Additionally, the
severity of the symptoms that tobamoviruses cause on the leaves or
fruits of plants can range from mild to severe. However, it has been
reported that TMGMYV causes mild mosaic symptoms in Nicotiana glauca
leaves, while TMV causes severe mosaic and leaf deformations [57]. In
other studies, mild mottling was observed on N. glauca leaves in TMGMV
infections, whereas leaf distortion and mosaic pattern symptoms were
observed in TMV infections in tobacco [15,58]. While mild or severe
mosaic symptoms were observed in the leaves of 300 tobacco samples in
our study, the main symptoms consisted of mild mosaics (Fig. 2). Ac-
cording to the molecular test results, 75% of the samples were infected

Table 5
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with TMGMYV, and the symptoms progressed as a mild mosaic in to-
bacco, as previously reported in other studies [59]. Interestingly, in the
molecular determination of ToBRFV, ToMMV, TMV, ToMV, and
TMGMV agents, including important and common tobamovirus species,
a single TMGMYV infection was determined at a very high level in 225 of
300 plant samples. However, double infections of TMV + TMGMYV in 21
plants and ToMV + TMGMYV in only one plant were detected (Table 1).
According to a previous study by Fraile et al. [57], it was reported that
TMV colonized the N. glauca plant earlier or more quickly than TMGMYV,
and it also caused the second agent, TMGMYV, to drop below the point at
which harmful mutations were eliminated in the TMV population. Ac-
cording to our findings, the fact that TMGMYV is more common than TMV
in Turkey strongly supports the phenomenon called ‘mutational melting’
or ‘Miiller latch’, which presumably causes TMV to disappear from its
niche [57,60].

RNA-RNA recombination is one of the most effective forces shaping
the genomes of plant RNA viruses and their genetic variability. Thus, it is
now known that RNA recombination plays an important role in rear-
ranging viral genes, repairing harmful mutations, and shaping the mo-
lecular evolutionary relationships of viral taxa [61]. Additionally, it has
been reported that homologous recombination is effective in the evo-
lution of tobamoviruses. More specifically, three recombinants con-
taining each viral gene have been reported by He et al. [62], which may
be derived from homologous or aberrant homologous recombination
between TMV and ToMV. An analysis by the neighbor-joining method
revealed inconsistent branching, supported by a moderate bootstrap
relative (62%), to the middle of the TMGMV genome, namely the RdRp
gene region [18]. However, this resulted in not providing conclusive
evidence that TMGMV is derived from an intersubgroup recombinant
[18]. In this study, the recombination analyses based on the nucleotide
sequences of the Turkish and global variants have not produced any
results that would support the existence of genetic recombination.

In previous studies, different techniques were used to examine the
phylogenetic relationships of tobamoviruses, and today, owing to the
rapid progress of sequencing technologies, molecular evolutionary an-
alyses can be performed in detail based on nucleotide sequences.
Furthermore, one of the most striking of these studies is the classification
of tobamoviruses with a 126K protein comparison by Fraile and Garcia-
Arenal [24]. More specifically, based on the CP gene region of TMGMV,
it was reported that the populations clustered into a single group and did
not reflect distribution according to host or geographical origin in the
phylogenetic study conducted with 26 variants from Spain and 27 var-
iants from different countries of the world [63]. Herein, molecular
evolutionary analyses were performed using the nucleotide sequences of
the entire TMGMV genome and the four significant protein-coding gene
regions that comprise this genome. Thus, there were three distinct lin-
eages that emerged based on the pl26 and pl83 gene regions of
TMGMV: Clade I, II, and III. Furthermore, phylogenies of both gene
regions showed striking similarities in the distributions of all viral

Genetic differentiation and gene flow estimates for TMGMV main clades, based on the complete genome, CP, MP, p126, and p183genes.

Genomic region Comparisons K* (P value)

MP gene Clade I (n = 19)/Clade II (n = 5) 2,50128 (0,0050 *
Clade I (n = 19)/Clade III (n = 6) 2,39089 (0,0000 *
Clade II (n = 5)/Clade III (n = 6) 2,45789 (0,0020 **)

p126 gene Clade I (n = 18)/Clade II (n = 4) 4,03132 (0,0010 **)
Clade I (n = 18)/Clade III (n = 6) 3,91288 (0,0000 ***)
Clade II (n = 4)/Clade III (n = 6) 3,96629 (0,0020 **)

p183 gene Clade I (n = 18)/Clade II (n = 4) 4,32043 (0,0010 **)

Clade I (n = 18)/Clade III (n = 6)
Clade II (n = 4)/Clade III (n = 6)
Clade I (n = 18)/Clade II (n = 4)
Clade I (n = 18)/Clade III (n = 6)
Clade II (n = 4)/Clade III (n = 6)
Clade I (n = 65)/Clade II (n = 33)

Full genome

CP gene

4,18419 (0,0000%**)
4,21152 (0,0040 **)
4,52316 (0,0000 *
4,38618 (0,0000 *
4,41128 (0,0090**)

1,81395 (0,0000 ***)

“)

Z* (P value) Snn (P value) Fy Nm
4,37150 (0,0000 ***) 0,97222 (0,0000 ***) 0,32243 0,53
4,24901 (0,0000 ***) 1,00000 (0,0000 0,48376 0,27
2,48637 (0,0020 **) 1,00000 (0,0030 **) 0,41074 0,36
4,17713 (0,0010 **) 1,00000 (0,0010 **) 0,34521 0,47
4,08450 (0,0000 ***) 1,00000 (0,0000 ***) 0,54801 0,21
2,25573 (0,0020 **) 1,00000 (0,0170 *) 0,41358 0,35
4,16918 (0,0010 **) 1,00000 (0,0010 **) 0,34449 0,48
4,07132 (0,0000%**) 1,00000 (0,0000 ***) 0,55423 0,20
2,24148 (0,0040 ** 1,00000 (0,0010%) 0,41176 0,36
4,17302 (0,0010%) 1,00000 (0,0000 ***) 0,33173 0,50
4,07684 (0,0000 *** 1,00000 (0,0000 ***) 0,54666 0,21
2,23611 (0,0060** 1,00000 (0,0180 *) 0,40939 0,36
6,92473 (0,0000 ***) 0,99405 (0,0000 ***) 0,44637 0,31

PM test; Probability obtained by the permutation test with 1000 replicates)ns, not significant; *, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001.
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variants located in major lineages as well as tree topologies (Fig. 3).
However, the main lineages of the phylogenetic tree that emerged for
the complete genome showed significant similarity with the major
clades formed in the p126 and p183 gene regions. Except for the clus-
tering of variants from Germany and Italy, the molecular evolutionary
tree of the MP gene region showed a significant match with the tree
topologies of the p126 gene, the p183 gene, and the complete genome.
The phylogenetic tree of the CP gene region constructed by Bera et al.
[63] differed from that obtained in the present study. This difference
may be explained by recent increases in the number of TMGMYV variants
uploaded to the GenBank, high nucleotide homology among these var-
iants, and various methods and algorithms used in phylogenetic analyses
without the use of an outgroup. In addition, the evolutionary tree
derived from any gene region other than the CP gene region did not
reflect any geographic or host-related clustering. Furthermore, with the
exception of one variant from China, all members of clade II in the CP
gene region were variants from Spain. Therefore, Clade II of the CP gene
region was referred to as “the Spanish Clade” in this study. Conse-
quently, phylogenetic analyses revealed that variants obtained from
Western Turkey, with the exception of the CP gene region, clustered
together with global variants in two main lineages (Clade I and III) at
each gene and complete genome levels (Fig. 3).

Purifying (negative) selection increases the speed at which harmful
gene mutations are removed and a stable population genetic structure is
formed, whereas natural selection is another significant evolutionary
mechanism and the driving force behind virus population variability
[64]. Herein, w ratio values demonstrated that four TMGMV genes,
including MP, p126, p183, and CP, were under purifying selection.
Additionally, positive selection for Spanish populations of TMGMV and
negative selection for other populations have been reported by Fraile
et al. [27]. Generally, it has been reported that the capsid proteins of
vector-borne plant viruses are subject to more purifying selection for
amino acid substitution than viruses transmitted by other routes [65].
Moreover, several studies have shown that vector-borne plant viruses
are under significant purifying selection pressure, especially for the CP
gene [66,67]. On the other hand, this study also showed that the CP gene
of TMGMYV, which is not a vector-borne virus, has a strong purifying
selection pressure relative to its other gene regions. This situation may
be associated with the adaptation of stable TMGMYV particles to envi-
ronmental and ecological changes. Furthermore, the negative selection
found on the pl126 and pl83 genes, which are silencing suppressor
proteins involved in viral genome replication, could be linked to the
RNA interference mechanism of the host plant.

To assess the expansion status of the TMGMYV population, haplotype
diversity and nucleotide diversity were calculated between phylogroups
and for all populations. The values obtained by genetic diversity ana-
lyses are detailed in Table 3, and the results showed extremely low
nucleotide diversity (x) (0,00817-0,02803) and high haplotype di-
versity (Hd) (0,947-1000) in each specific gene region and the complete
genome level (Table 3). These results may indicate the presence of a
large number of closely related haplotypes in the population and that
this population may have undergone a recent expansion. Moreover, the
values we obtained in our study are similar to the average nucleotide
diversity of each gene reported for other plant viruses such as Beet black
scorch virus (genus: Betanecrovirus; BBSV) populations [68,69]. Thus,
the population structure results obtained in our study are quite consis-
tent, with the finding that TMGMYV populations have high genetic sta-
bility, as previously reported [25].

Neutrality tests yielded negative results with statistically significant
values in the MP and CP genes (Table 4). This finding could demonstrate
that the recent expansion in TMGMV populations, as well as their pos-
itive selection associations, are linked to the functional and structural
MP and CP gene regions. Furthermore, statistically non-significant
negative and positive values were calculated for the p126, and p183
gene regions and the complete genome, indicating that TMGMV pop-
ulations were going through bottlenecks or balancing selection. This
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situation can be attributed to the general notion that extreme bottle-
necks were detected at the systemic leaf colonization stage in all
investigated plant viruses and that some unknown barriers are an
impediment to the development of all plant viruses [70]. Population
bottlenecks in the host plant can cause losses of variation in its
disease-resistance loci and have significant consequences on the ability
of these populations to adapt to pathogen pressure [71]. The changes in
the host metabolism caused by the p126 and p183 genes, which are
responsible for the replication of the viral genome and have the silencing
suppressor protein feature, strongly support the idea that the pop-
ulations enter the bottleneck, which has been suggested in terms of both
the plant and the viral agent. Thus, these reactions at the molecular level
can both shape population structures and affect the severity of symp-
toms, mutually with the host.

One of the key issues in population genetics is differentiation [69]. In
this research, independent test statistic values were calculated to sup-
port the distinctions between the main lineages revealed as a conse-
quence of molecular evolutionary analyses conducted on the complete
TMGMYV genome and four specific gene regions. Ks*, Z*, Snn, FST, and
Nm values were given in detail in Table 5. Values between the variance
of allele frequencies (Fsr) and migration rates (Nm) supported differ-
ences between main lineages with infrequent gene flow results (Fgr>
0.33 or Nm < 1). In addition, other Ks*, Z*, and Snn test values statis-
tically supported the clustering of variants in different main lineages
(Table 5). On the other hand, an AMOVA test was applied to determine
whether the main clusters formed in the phylogenetic trees for each gene
region and the complete genome of TMGMYV are a reflection of genetic
differences and variations within or among major clades (Table 2). Thus,
the percentages of molecular variance obtained from the phylogenetic
groups of each gene and the whole genome evaluated in terms of genetic
difference showed very parallel and close values with each other.
Consequently, it was assumed that each gene region contributed in a
consistent manner to the total genetic variation when all of these values
were considered together. In addition, Fsr test results based on the
source of variations, including among and within main clades, also
confirmed the lineages shown by phylogenetic analyses with statistical
significance.

5. Conclusion

The proposed phylogenetic structure of tobamoviruses supports the
idea that these viruses and their hosts have co-evolved since the hosts
diverged from a common ancestor [72]. On the other hand, studies on
the genetic diversity and population structure of TMGMV, one of the
important members of this genus, date back almost 30 years. Thus, in
this study, the population genetic structure of TMGMV was investigated
in detail based on the nucleotide sequences of both naturally infected
Turkish tobacco variants and global variants. Comprehensively, the
molecular evolutionary relationships of TMGMYV for both the complete
genome and for each different gene region revealed the existence of
three major lineages (Clade I/1I/III) except for the CP gene (Clade I/1I).
Although all TMGMYV variants have high nucleotide similarity, analyses
of population genetic and molecular variance strongly support the ex-
istence of these main lineages. Moreover, variants from Turkey were
clustered in two different lineages. We attribute this finding to the sta-
bility of the virus, the approximately 400-year history of tobacco culti-
vation in Anatolian areas, and the prospect that the virus may have
persisted in plant residues. Consequently, although plant viruses have a
high genetic variation potential, we have determined through compre-
hensive analyses that the purifying pressures on the structural and
functional genes of TMGMYV shape the population structure and that the
genetic stability rule is effective in these populations. However, for
future studies, more TMGMYV variants representing different geographic
regions will reveal more information about the population genetic
structure and the effects of genes on this structure.
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