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AbstractAbstractAbstractAbstract    
    
In this study, bioinformatic analyses were carried out according to the fully coded CP and MP gene 

regions of the agent, using six novel tomato brown rugose fruit virus (ToBRFV) variants obtained from the 
production greenhouses in Antalya, where the infection was first detected in Turkey and global variants. 
Molecular evolutionary analyses using both CP and MP gene regions showed that all variants were distributed 
in three major clades. Population dynamics studies for both gene regions have shown that there was very low 
nucleotide diversity and haplotype diversity. The low haplotype diversity for the CP and MP genes indicated 
almost no recombination status. A strong negative selection was determined for CP and MP gene regions, 
dN/dS= 0.0877 and dN/dS=0.2104, respectively. Neutrality test results revealed that ToBRFV populations 
are in an expansion phase. Pairwise comparisons were performed between populations separated in the 
geographic hierarchy as American, European, and Asian variants, and the findings showed intense gene flow 
and high genetic similarity (FST<0,33 and migration rate >1). The results of this study reveal the recent 

population structure of the virus and suggest that necessary precautions should be taken in the international 
seed trade against contaminated seeds.    
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IntroductionIntroductionIntroductionIntroduction    
 
Tomato (Solanum lycopersicum L.) and pepper (Capsicum annuum L.), which are members of the 

Solanaceae family, are vegetables that are grown around the world and have a very high supply in the market. 
The annual tomato and pepper production amount reaches about 16 million tons in Turkey (Turkstat, 2022). 
A large part of this production volume is realized in the regions located in the western and southern parts of 
Turkey, which are dominated by the Mediterranean climate zone (TurkStat, 2022). In the production of these 
vegetables, particularly Antalya province has an important place in terms of exports and significantly 
contributes to the regional economy in terms of agriculture. 

AcademicPres
Notulae Botanicae Horti

Cluj-NapocaAgrobotanici

https://www.notulaebotanicae.ro/index.php/nbha/index


Güller A et al. (2023). Not Bot Horti Agrobo 51(3):13356 

 

2 
 

 

 

 

 

 

Tomatoes and peppers have an important part in human nutrition, and in addition to providing 
countries with positive economic returns, their products are damaged by a variety of phytopathogens that may 
have an adverse effect on the quality and yield in growing conditions such as greenhouses and open fields. 
Furthermore, the damage and yield loss resulting from this may reach 100% because there is no direct control 
method for viruses. In Turkey, infections caused by tomato spotted wilt virus (TSWV), cucumber mosaic virus 
(CMV), southern tomato virus (STV), Pepper mild mottle virus (PMMoV), and tobacco mild green mosaic 
virus (TMGMV) have been reported in pepper and tomato cultivation areas (Çağlar et al., 2013; Randa-Zelyüt 

et al., 2023; Karanfil, 2021). However, ToBRFV was first detected in tomato-growing areas in Antalya province 

of the Mediterranean region of Turkey in 2019 (Fidan et al., 2019). Later, Tomato brown rugose fruit virus 

(ToBRFV) infections were also reported in the Black Sea and Central Anatolia regions of the country (Çelik 
et al., 2022).  

ToBRFV is a member of the genus Tobamovirus, which has only a single genomic RNA in contrast to 
other genus members of the Virgaviridae family (King et al., 2012). The single-stranded positive-sense (+ss 

RNA) genome of ToBRFV is 6392 nt in length and has four open reading frames: a movement protein (MP) 
(ORF2), a coat protein (CP) (ORF3), 183 kDa and 126 kDa (ORF1a and ORF1b) replication proteins, and 
5′ and 3′ untranslated regions (Salem et al., 2016; Luria et al., 2017). The agent, which has typical genome 

organization of tobamovirus features, is a newly identified virus that has recently infected peppers and tomatoes 
(Salem et al., 2016; Luria et al., 2017). A recent study showed that the MP gene of ToBRFV plays a critical role 

in overcoming Tm-22-mediated resistance in transgenic Nicotiana benthamiana plants and tomato plants and 

is a virulence determinant (Yan et al., 2021). 

ToBRFV infections have been reported in many countries in different parts of the world: Turkey (Fidan 
et al., 2019), Italy (Panno et al., 2019), Syria (Hasan et al., 2022), Israel (Luria et al., 2017) Malta, Hungary, 

France, Poland, Belgium, Norway, Bulgaria, Slovenia, Estonia, Portugal, Austria, Czech Republic, Cyprus 
(Eppo, 2023), Spain (Alfaro-Fernández et al., 2021), Egypt (Amer and Mahmoud, 2020), Greece (Beris et al., 

2020), Mexico (Camacho-Beltrán et al. 2019), China (Yan et al., 2019), Netherlands (van de Vossenberg et al., 

2020), Germany (Menzel et al., 2019), the United States of America (California) (Ling et al., 2019) (Florida) 

(Dey et al., 2021), the United Kingdom (Skelton et al., 2019). Symptoms induced by ToBRFV include mild to 

severe leaf mosaic, deformation in sepals, necrosis on young leaves, and puckering, while fruits exhibit marbling 
and brown rugose (Salem et al., 2016; Luria et al., 2017; Davino et al., 2020). ToBRFV is efficiently transmitted 

mainly by mechanical contact, but it may also spread widely via contaminated seeds or fruits, just like other 
tobamoviruses (Salem et al., 2016; Luria et al., 2017). Because of its stable particle structure, the agent can also 

persist in agricultural tool equipment, on various surfaces of post-harvest greenhouses, in the soil, and be spread 
by bumblebee species like Bumblebee terrestris (Wilstermann and Ziebell, 2019; Levitzky et al., 2019). 

Nucleotide sequences of ToBRFV variants documented from different countries have been reported to 
be closely related genetically to each other, strongly supporting the hypothesis that the virus evolved from a 
unique common ancestor (Oladokun et al., 2019). Similarly, very low genetic variation has been reported in 

TMGMV, one of the important species of tobamoviruses (Karanfil et al., 2023). Furthermore, studies to reveal 

the genetic diversity and population structure of ToBRFV are very limited (Çelik et al., 2022; Abrahamian et 

al., 2022). In addition, many of the sequenced ToBRFV genomes were obtained from the Netherlands (van de 

Vossenberg et al., 2020). On the other hand, genetic diversity studies of tobamoviruses, an ancient genus 

thought to have evolved with their angiosperm hosts thought to be 120-140 million years old, have greatly 
contributed to the development of all areas of virology and evolutionary biology, including the evolution of 
viruses (Fraile and Garcia-Arenal, 1990; Gibbs, 1999). The objective of this study is to understand how 
population structure is formed and the relationship between haplotypes using the complete encoded MP and 
CP gene regions of the variants obtained from tomato and pepper greenhouses in the Mediterranean region of 
Turkey as well as the global isolates provided by GenBank. 
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Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Sample collection and molecular assays  
Field studies were carried out during the vegetative period of the plants in pepper and tomato 

greenhouses in Antalya province in the Mediterranean Region of Turkey in 2022. A total of 86 samples were 
collected from symptomatic and asymptomatic plants including 53 tomatoes and 33 pepper. Among these 
samples, 12 tomato samples and 10 pepper samples were asymptomatic. After that, the samples were stored at 
-20 °C until they were used in molecular studies. 

Total RNA was isolated to extract viral RNA using the silica-based method described by Foissac et al. 
(2001). Synthesis studies were performed according to the protocol recommended by the manufacturer 
(Takara, Japan) using a random hexamer primer to obtain cDNAs from the samples. All cDNAs were screened 
by PCR to detect viral infection and amplify complete CP and MP genes of ToBRFV. Forward and reverse 
primer pairs (F- 5’-GACTTACGTCGCCGATTCAGA-3’ and R- 5’-
CGTGTGTTTGCAGACACAATC-3’ for the CP gene region, and F- 5’-
GATGGCTCTTGTTAAGGGTAAA-3’ and R- 5’-CCCATGCTGATGACAAAAAC-3’ for the MP gene 
region) were designed using Snap Gene software (version 4.1.3). Furthermore, The PEPQRO variant from 
Mexico with GenBank accession number OQ427353 was used in primers designed to obtain the entire MP 
and CP gene regions.  

 
Cloning, sequencing, and phylogenetic inferences 

 For molecular characterization, clear PCR-positive bands, 4 from tomatoes and 2 from peppers were 
selected for prokaryotic cloning, purified from the gel (GeneJET Gel Extraction Kit, Thermo Scientific, USA), 
inserted directly into the T-A cloning system (Promega, USA), and transformed into E. coli (JM 109 strain) 

electrophoretically. Purified recombinant plasmids from bacteria-containing inserts (GeneJET Plasmid 
Miniprep Kit, Thermo Scientific, USA) were sequenced by the Sanger sequencing method (BMLabosis BM 
Lab, Ankara, Turkey). 

The nucleotide sequences of the MP and CP gene regions of the ToBRFV variants were obtained from 
sequencing, and the raw data were edited and matched using the software BioEdit version 7. 2. 5. (Hall, 1999). 
Sequence comparison using BlastN was also performed to ascertain the nucleotide similarity of the data. After 
that, the GenBank was loaded with all the sequence data, and the accession numbers for the MP and CP gene 
regions of ToBRFV were given. 

Phylogenetic relationships were deduced based on the complete CP and MP gene regions of ToBRFV 
variants identified in the present study and global variants accessible in GenBank. The Nt sequences of the CP 
and MP genes were aligned using ClustalW in the MEGA 11 software (Tamura et al., 2021). The unrooted 
phylogenetic trees were constructed utilizing the Neighbour-Joining (NJ) statistical method according to the 
Tamura-3 parameter model (Tamura, 1992) with uniform rates of partial deletion for the complete CP and 
MP gene regions of ToBRFV.  

 
Haplotype network analyses  

At the geographic level, haplotype networks were generated to represent the genetic variation of aligned 
sequences for each of the CP (N= 229) and MP (N=210) genes of ToBRFV. For the analysis, the countries 
according to the geographies from which the ToBRFV variants were obtained; It is classified as Asia 
populations (Jordan, Iran, Egypt, Palestine, Israel, China, Turkey), Europe (Netherlands, Germany, United 
Kingdom, Italy, Switzerland, Belgium, France, Czech Republic, Greece), and America (Canada, Peru, Mexico, 
U.S.A). Haplotype data files of the complete MP and CP genes of ToBRFV were implemented and calculated 
in the DnaSP V6.12.03 software (Rozas et al., 2017). The haplotype networks were formed using the Median 
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Joining (MJ) algorithm (Bandelt et al., 1999) and mapped using PopART software (http://popart.otago.ac.nz) 
(Leigh and Bryanti, 2015).  

 

Genetic parameters, gene flow, and differences among geographic populations analyses 

 The number of haplotypes (h), haplotype diversity (Hd), and nucleotide diversity (π) analyses were 

performed based on complete MP and CP genes using DnaSP v.6.12.03 (Rozas et al., 2017) software to 

determine genetic variations among geographic populations. At the geographical level dN/dS = ɷ ratio was 
also calculated to estimate selection pressure on MP and CP genes in the same software. However, if this ratio 
was less than 1, equal to 1, and greater than 1, the gene region was considered as negative selection, neutral and 
positive selection, respectively. Fu and Li D* and F* (Fu and Li, 1993), and Tajima's D (Tajima, 1989) test 

statistics were calculated to detect natural selections using the CP and MP nt sequences.  
To evaluate genetic differentiation and gene flow between the geographic populations of ToBRFV 

according to MP and CP gene regions were used independent test statistics: KST* (values near zero 
demonstrate that there is no population differentiation), Z*, (lower values indicate less genetic differentiation 
between among populations), Snn-the nearest neighbor statistic (value near to 1 show between populations are 
differentiated), the fixation index (Fst) (value is zero shows that there is no genetic differentiation between 

populations, whilst the value of 1 shows that there is a complete differentiation between populations) and the 
number of effective migrants (Nm) (Hudson et al., 1992; Hudson, 2000; Wright, 1965). Generally, the 

following approach has been used to assess differences in virus populations: If Fst > 0.33 or Nm < 1, this shows 

restricted gene flow, but if Fst < 0.33 or Nm > 1, this suggests substantial gene flow between populations (Lu et 

al., 2021; Randa-Zelyüt et al., 2023). 

 
 
ResultsResultsResultsResults    
 
Survey observations and molecular detection of ToBRFV infection  

During the 2022 crop growing season, a total of 86 plant samples, including 53 tomatoes and 33 peppers, 
were collected from plastic and glass greenhouses in the Mediterranean Region of Turkey. During the survey 
studies, discoloration, deformations, necrotic brown spots, non-severe yellow spots, and necrotic spots were 
observed on the leaves, especially on the fruits of symptomatic plants (Figure 1). Molecular studies revealed that 
12 peppers and 22 tomatoes from these plants were infected with ToBRFV. However, negative results were 
obtained from 12 tomato and 10 pepper plants that did not show any symptoms. Thus, the gene-specific 
primers designed in this study successfully amplified the entire CP and MP gene regions of ToBRFV. 
Consequently, fragments of about 859 and 559 bp were obtained from the amplification assays, covering the 
complete MP and CP gene regions, respectively. 
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Figure 1. Figure 1. Figure 1. Figure 1. Symptoms triggered on fruit and leaves of ToBRFV-infected tomato and pepper plants 
(A, B, C) Necrosis, dark spot, and rugosity symptoms in tomato and pepper fruit; (D, E) discoloured and deformed 
pepper fruit; (F and G) Yellow spot and malformed leaves in pepper; (H) deformed pepper fruit  

 
Sequence processing and molecular evolution analyses  

Six samples were selected from different greenhouses where ToBRFV infection was detected. The nt 
sequences containing the complete CP and MP gene regions of novel Turkey ToBRFV variants were obtained 
from sequencing processing. These variants have been uploaded to GenBank under access numbers 
OR393421-OR393432.  

Phylogenetic analyses were conducted based on the complete CP (N= 229) and MP (N=210) nt 
datasets and using the neighbor-joining (NJ) methods performed in MEGA11. For both gene regions, three 
major clades emerged as group I/II/III. However, most of the variants for both gene regions are clustered in 
two main groups (Figure 2). For the MP gene, a total of 210 variants were divided into major clades I, II, and 
III with 151, 51, and 8 variants, respectively (Figure 2a). Furthermore, only two variants from France of the 
total 229 CP gene variants formed group III (access no MW284988-22006291-L and access no MW284987-
22006291-H), but the other 176 and 51 variants were distributed in main group I and group II, respectively 
(Figure 2b). The order of the variants was given in the clockwise order of the phylogenetic tree Supp. Tables 1 
and 2. 
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Figure 2.Figure 2.Figure 2.Figure 2. Phylogenetic analyses were conducted based on the complete (a) MP (N=210) and (b) CP (N= 
229) and nt datasets and using the neighbor-joining (NJ) methods performed in MEGA11 
Red circles indicate variants from this study. Blue, green, and orange nodes represent groups I, II, and III, respectively. 
The order of the variants was given in the clockwise order of the phylogenetic tree Supp. Tables 1 and 2.    

 
Haplotype diversity of ToBRFV variants  

To analyze and visualize the MP and CP gene domains of ToBRFV variants at the geographical 
population level (Europe, Asia, and America populations) the haplotype network structure was constructed 
(Figure 3). A total of 66 haplotypes were found from 210 MP gene global variants and six novel MP Turkey 
variants had 3 haplotypes (Figure 3a). Furthermore, Hap_10, Hap_15, and Hap_16 showed the highest 
prevalence and were geographically found in the Europe variants. Also, Hap_22 demonstrated the greatest 
prevalence and was geographically found in Europe, Asia, and America (Figure 3a). The haplotype distribution 
analysis for the CP gene domain demonstrated that one haplotype was found in six novel Turkey variants and 
42 haplotypes for the other global variants (Figure 3b). Especially, Hap_1 and Hap_2 had the greatest 
prevalence among all CP haplotypes. Moreover, the Hap_1 haplotype consisted of 43 variants from Europe 
alone, while the Hap_2 haplotype consisted of 127 variants from Europe, Asia, and the Americas (Figure 3b).  

 

 
Figure 3. Figure 3. Figure 3. Figure 3. Network analysis of ToBRFV haplotypes 
The colour of each node represents different geographical populations and allele types. Green: European, Pink: Asian, 
Dark green: American populations aaaa. Indicates haplotypes of the MP gene bbbb. Indicates haplotypes of the CP gene    
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Population genetic diversity and neutrality test results  

Geographic populations of ToBRFV variants were used to evaluate genetic parameters to better 
comprehend the evolution of the CP and MP gene domains. The mean nucleotide diversities (π) for all 
populations of the MP and CP gene domains were 0,00474 and 0,00232, respectively (Table 1).  Furthermore, 
the nucleotide diversity (π) values for the MP gene sequences varied from 0,00166 to 0,00273, and the 
haplotype diversity (Hd) values from 0,873 to 0.923 in geographic populations. On the other hand, the 

nucleotide diversity (π) values for the CP gene sequences ranged from 0,00166 to 0,00273, and the haplotype 
diversity (Hd) values from 0.534 to 0.662 in geographic populations (Table 1).  

The dN/dS ratios for the MP and CP gene domains of ToBRFV were less than 1, indicating that both 
gene regions were under strong purifying (negative) pressure. However, these values revealed that the CP gene 
(ω=0,0877-0,2321) was under more negative selection pressure than the MP gene (ω=0,1889-0,4275). 
Moreover, in the analysis of the MP, CP, and geographic populations, neutrality tests (Tajima’s D and Fu and 

Li’s D* & F* tests) using three parameters consistently produced negative values for all tested variants. On the 

other hand, statistically insignificant negative values were obtained for both gene regions for Asian population 
variants, while similar results were obtained for the MP gene region of the American variants. Moreover, the 
neutrality test results were statistically significant for other geographic populations and for all variants 
constituting the gene clusters (Table 1). 

To assess genetic differentiation and migration between three geographic populations consisting of 
Europe, Asia, and America, independent statistical tests based on permutation with 1000 replicates, Kst*, Z*, 

Snn, Fst, and Nm (migration rate) were used (Table 2). However, the absolute value of Fst among geographic 

populations was less than 0,33 and the absolute migration rate was greater than 1. These results indicate a high 
gene flow among geographic population clusters of European, Asian, and American variants according to CP 
and MP gene domains. All pairwise comparisons for both gene regions showed significant and non-significant 
p values and relatively low values of KSt* and Z* metrics. Especially, the Snn metric, which gave results less than 
0, revealed that there was no significant genetic difference between geographic populations (Table 2). 

 
Table 1.Table 1.Table 1.Table 1. Genetic diversity parameters of ToBRFV variants and Neutrality test results 

Gene Gene Gene Gene 
rrrregionegionegionegion    

PopulationPopulationPopulationPopulation    NNNN    ππππ    HHHH    HHHHdddd    
Fu and Li's Fu and Li's Fu and Li's Fu and Li's 

D*D*D*D*    
Fu and Li's Fu and Li's Fu and Li's Fu and Li's 

F*F*F*F*    
Tajima’s Tajima’s Tajima’s Tajima’s D*D*D*D*     dN/dSdN/dSdN/dSdN/dS    

CP 

All 229 0,00232 43 0,658 -5,91497** -5,31115** -2,50838*** 0,0877 
Europe 135 0,00202 21 0,662 -4,86077** -4,59118** -2,23107* 0,0626 

Asia 59 0,00273 13 0,597 -1,78538 ns -2,11300 ns -1,77628 ns 0,1180 
America 35 0,00166 11 0,534 -4,04474** -4,13428** -2,39292** 0,2321 

MP 

All 210 0,00474 66 0,946 -3,81419** -3,65836** -2,14259** 0,2104 
Europe 146 0,00509 43 0,923 -3,02492* -3,00874** -1,81161* 0,1889 

America 33 0,00355 17 0,900 -1,75609 ns -1,98947 ns -1,54755 ns 0,4275 
Asia 45 0,00350 20 0,873 -2,31818 ns -2,62105 ns -1,99934* 0,2538 

Statistical significance: **, P <0.02   ***, P <0.001, **, P <0.01 *, P <0.05 Not significant: P > 0.10, 0.10 > P > 0.05 
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Table 2.Table 2.Table 2.Table 2. Gene flow, genetic differences and migration rate results among geographic populations 
Gene Gene Gene Gene 
rrrregionegionegionegion    

PopulationsPopulationsPopulationsPopulations    Kst*Kst*Kst*Kst*    Z*Z*Z*Z*    SSSSnnnnnnnn    FFFFSTSTSTST    NmNmNmNm    

MP 

Europe (n=146)/Asia (n=45) 
0,03847 

(0,0000***) 
8,72702 

(0,0000***) 
0,91020 

(0,0000***) 
0,10339 2,17 

Europe (n=146)/America (n=33) 
0,02914 

(0,0000***) 
8,62833 

(0,0000***) 
0,79110 

(0,0000***) 
0,10935 2,04 

America (n=33)/Asia (n=45) 
0,03185 

(0,0000***) 
6,98688 

(0,0000***) 
0,76629 

(0,0000***) 
0,06756 3,45 

 PopulationsPopulationsPopulationsPopulations  

CP 

Europe (n=135)/Asia (n=59) 
0,05429 

(0,0000***) 
8,90529 

(0,0000***) 
0,71510 

(0,0000***) 
0,13383 1,62 

Europe (n=135)/America (n=35) 
0,04026 

(0,0000***) 
8,65649 

(0,0000***) 
0,73766 

(0,0000***) 
0,13429 1,61 

Asia (n=59)/America (n=35) 
0,00954 

(0,0520 ns) 
7,51047 

(0,0880 ns) 
0,58476 

(0,0060**) 
0,03377 7,15 

Europe population: Netherlands, Greece, Switzerland, UK, Belgium, Germany, Italy, France, Czech Republic 
Asia population: Israel, Turkey China, Egypt, Jordan, Palestine, Cyprus, Iran, and America population: Mexico, USA, 
Peru, Canada  

 
    
DiscussionDiscussionDiscussionDiscussion    
 
Several studies have revealed that members of the Solanaceae family are infected by numerous viral 

phytopathogens, which significantly reduce crop quality and yield (Hanssen et al., 2010; Hančinský et al., 

2020). Of all viruses, tobamoviruses have been extensively studied. However, there is still much to discover 
about the severity of the infections they cause, the molecular mechanisms within their genomes, their 
interactions with other viruses, and their population genetic structures (Ilyas et al., 2022; Karanfil et al., 2023). 
ToBRFV, which has emerged with its destructive effect recently and succeeded in infecting tomato varieties 
with high resistance genes, has entered the field of phytopathology as an unusual tobamovirus. The agent is 
being reported in more and more countries every day, and the number of studies on it is also increasing. In this 
study, the population genetic structure and haplotype distributions formed recently by the viral agent were 
investigated by using the fully encoded CP and MP gene regions of variants obtained from the region where 
ToBRFV was first reported from Turkey and other global variants obtained from GenBank. 

The severity and symptoms of infections caused by tobamoviruses are closely related to the host plant, 
species of the agent, and environmental conditions. Thus, it has been noted that symptoms induced by 
ToBRFV differ based on factors such as photoperiod, plant growth stage, plant age, and temperature (Caruso 
et al., 2022). More specifically, like tomato plants, it has been reported that pepper plants often develop 

symptoms such as mosaic, mottling, yellowing, and necrotic lesions on their leaves, while tiny yellow to brown 
rugose spots and necrotic blotches appear on their fruits (Salem et al., 2020; Fidan et al., 2021). Similar to 

previous studies, deformations, and necrotic or brown spots were observed on the fruits of ToBRFV-infected 
tomato and pepper plants grown in greenhouse areas, while non-severe yellow spots and necrotic spots were 
seen on the leaves (Figure 1). This result indicates that ToBRFV, which has a very stable particle structure, may 
pose a potential risk for regional greenhouse cultivation.  

Negative selection accelerates the rate at which harmful gene mutations are eliminated and a stable 
population genetic structure forms, whereas natural selection is another fundamental evolutionary mechanism 
and driving force behind virus population variation (Pérez et al., 2008). The dN/dS ratio values obtained in 
this study indicated that the MP and CP genes were under strong purifying selection. Similar findings were also 
reported in the ToBRFV population genetics studies by Abrahamian et al. (2022) and Çelik et al. (2022). 

However, in a study by Hak and Spiegelman (2021), it was reported that the MP gene of ToBRFV is effective 
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in breaking resistance in plants containing the Tm-22 gene. On the other hand, in a study by Yan et al. (2021), 

when they removed the seven amino acids in the center of the MP gene, which is effective in breaking the Tm-

22 resistance of ToBRFV, the virus lost its pathogenicity. Thus, MP has been reported to be under negative 

selection pressure, as any mutation at critical amino acid positions is destructive to the virus (Abrahamian et 

al., 2022). In addition, when the nucleotide diversity values of the CP and MP gene regions obtained from this 
study were compared, it was determined that MP variants were higher than CP variants. In conclusion, these 
findings may indicate that the stable particle structure of TOBRFV plays an effective role in both gene regions 
for host and environmental adaptation, eliminating deleterious mutations for survival success. 

The study of plant virus population genetics provides crucial information about their origins, 
transmission patterns, and adaptation to changing environments. Thus, in this study, demographic analyses 
were conducted to elucidate these processes of ToBRFV. Haplotype diversity and nucleotide diversity were 
computed among the clusters formed from the variants according to their geographic status to better 
understand the expansion status of the agent population using the fully encoded gene sequences of both CP 
and MP regions. The values from the genetic diversity analyses have been shown in Table 1, and the findings 
revealed that the MP gene region had extremely low nt diversity (π) (0,00350-0,00509) and high haplotype 
diversity (Hd) (0,873-0,923) according to geographic groups. In conclusion, considering the state of the MP 

gene, it may be possible to conclude that there are several genetically similar haplotypes and that the population 
has recently gone through an expansion phase. Therefore, despite the highest haplotype diversity, the lowest nt 
diversity values indicate relatively minor variation between haplotypes (Karanfil et al., 2023). Furthermore, 

both low nt diversity (π) (0,00166- 0,00273) and very low haplotype diversity (Hd) (0,534- 0,662) values were 

obtained for the CP gene. This haplotype diversity value, which is quite low, may indicate that the 
recombination situation is almost non-existent. In fact, no recombination evidence was found in the analyses 
performed by Çelik et al. (2022) according to the ORF4/CP gene regions of 185 ToBRFV variants. Also, for 

geographic populations, neutrality tests (Tajima's D, Fu and Li F* & D*) were used to assess the selective 

neutrality of nt variability of gene regions and determine the rate of growth of ToBRFV populations based on 
both MP and CP gene regions. For the MP gene, the American and Asian populations gave negative results 
that were not statistically significant, while only the Asian populations for the CP gene. However, statistically 
significant negative results were obtained for the other populations and all variants. Similar findings were 
reported by Çelik et al. (2022). This finding could suggest a connection between the structural and functional 

MP and CP gene regions and the recent expansion of ToBRFV populations and their positive selection 
relationships. 

Phylogenetic studies have been carried out recently to understand the molecular evolutionary 
relationships of ToBRFV. Herein, phylogenetic analyses were carried out with variants currently available in 
GenBank, including six novel CP (N=229) and MP (N=210) variants obtained from the region where 
ToBRFV infection was first detected in Turkey. The variants for both gene regions in the trees were distributed 
in three main branches as clades I/II/III. However, the main groups that emerged did not specifically reflect 
any geographic situation. The division of ToBRFV into three main clades has been similarly reported in studies 
by Çelik et al. (2022) and Abrahamian et al. (2022). On the other hand, the variants obtained from this study 

were clustered in the main clade I, which constitutes the largest branch for the CP gene, while these variants 
were clustered in major clades I and III for the MP gene. Interestingly, a single MP variant (Trky-52) from 
infected tomatoes clustered with well-known Peruvian variants such as S17 (OM892676) and S19 
(OM892678).  

In our study, Fst and migration rate values were evaluated together with Kst*, Z*, and Snn test statistics to 

determine gene flows and genetic differences between geographic populations. Thus, it was calculated that the 
statistical values of Kst*, Z*, and Snn obtained based on the CP and MP genes of ToBRFV were highly correlated 
with each other, and these values were quite low among European, American, and Asian populations. To 
confirm these findings, the fixation index (Fst) and migration rate (Nm) values were evaluated together, and 
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the results for both gene regions indicated that there was an intense and continuous gene flow and that the 
populations were very closely related to each other. Furthermore, in a study by Davino et al., it was determined 
that ToBRFV particles were effectively localized in seeds, and the presence of the agent was reported in seeds 
imported from other countries in the Netherlands (HortiDaily, 2020). Our findings from these statistical tests 
indicate that the virus is effectively carried by seed. In addition, haplotype network maps were also obtained to 
evaluate the relationship of seed transmission with haplotypes of CP and MP variants and present the results. 
For the MP gene, Hap_22 included variants from the American, European, and Asian populations, while 
Hap_15, Hap_16, and Hap_10 cumulatively consisted of only European variants. In addition, 66 haplotypes 
were obtained from 210 variants of the MP gene (Figure 3a). Strikingly, in the haplotype map obtained from 
the CP gene region, Hap_1 included 127 out of a total of 229 variants from the American, European, and Asian 
populations (Figure 3b).  Hap_22 included 43 variants that were only reported from Europe. Consequently, 
findings from haplotype network analyses showed consistent results with gene flow and genetic variation 
analyses. 

 
 
ConclusionsConclusionsConclusionsConclusions    
 
The findings from this study showed bioinformatics analyses that the population of ToBRFV is going 

through an expansion phase and that contaminated seeds can be strongly effective in its global spread. However, 
haplotype analyses revealed that the MP gene behaves more dynamically than the Cp gene and may indeed play 
an important role in overcoming plant resistance genes. In future studies, there is a need to report more variants 
and examine other replication genes in terms of bioinformatics to obtain more genetic information.      
 
 

Authors’ ContributionsAuthors’ ContributionsAuthors’ ContributionsAuthors’ Contributions 
 
Conceptualization, Software; Supervision; Validation; Visualization; Writing - original draft: FRZ. 

First-writing draft: AG; Field surveys, primer design, laboratory experiments: AG and MU. All authors 
contributed to the writing of the manuscript. All authors have read and approved the final manuscript. 
 
 

Ethical approvalEthical approvalEthical approvalEthical approval (for researches involving animals or humans) 
 
Not applicable. 
 
 
AcknowledgementsAcknowledgementsAcknowledgementsAcknowledgements    
 
This research received no specific grant from any funding agency in the public, commercial, or not-for-

profit sectors. 
 
 
     



Güller A et al. (2023). Not Bot Horti Agrobo 51(3):13356 

 

11 
 

 

 

 

 

 

Conflict of InterestsConflict of InterestsConflict of InterestsConflict of Interests    
 
The authors declare that there are no conflicts of interest related to this article. 
 
 
ReferencesReferencesReferencesReferences    
    

Abrahamian P, Cai W, Nunziata SO, Ling KS, Jaiswal N, Mavrodieva VA, Rivera Y, Nakhla MK (2020). Comparative 
analysis of tomato brown rugose fruit virus isolates shows limited genetic diversity. Viruses 14(12):2816. 
https://doi.org/10.3390/v14122816  

Alfaro-Fernández A, Castillo P, Sanahuja E, Rodríguez-Salido MDC, Font MI (2020). First report of Tomato brown 

rugose fruit virus in tomato in Spain. Plant Disease. https://doi.org/10.1094/PDIS-06-20-1251-PDN    

Amer MA, Mahmoud SY (2020). First report of Tomato brown rugose fruit virus on tomato in Egypt. New Disease 
Reports 41(24):2044-0588. https://doi.org/10.5197/j.2044-0588.2020.041.024 

Beris D, Malandraki I, Kektsidou O, Theologidis I, Vassilakos N, Varveri C (2020). First report of tomato brown rugose 
fruit virus infecting tomato in Greece. Plant Disease 104(7):2035. https://doi.org/10.1094/PDIS-01-20-0212-

PDN 

Camacho-Beltrán E, Pérez-Villarreal A, Leyva-Lópe NE, Rodríguez-Negrete EA, Ceniceros-Ojeda EA, Méndez-Lozano J 
(2019). Occurrence of Tomato brown rugose fruit virus Infecting tomato crops in Mexico. Plant Disease 
103(6):1440-1440. https://doi.org/10.1094/PDIS-11-18-1974-PDN 

Caruso AG, Bertacca S, Parrella G, Rizzo R, Davino S, Panno S (2022). Tomato brown rugose fruit virus: A pathogen that 
is changing the tomato production worldwide. Annals of Applied Biology 
181(3):258- 274.  https://doi.org/10.1111/aab.12788 

Çağlar BK, Fidan H, Elbeaino T (2013). Detection and molecular characterization of pepper mild mottle virus from 
Turkey. Journal of Phytopathology 161(6):434-438. https://doi.org/10.1111/jph.12068 

Çelik A, Coşkan S, Morca AF, Santosa AI, Koolivand D (2022). Insight into population structure and evolutionary 
analysis of the emerging tomato brown rugose fruit virus. Plants 11:3279. https://doi.org/10.3390/plants11233279 

Davino S, Caruso AG, Bertacca S, Barone S, Panno S (2020). Tomato brown rugose fruit virus: Seed transmission rate 
and efficacy of different seed disinfection treatments. Plants 9:1615. https://doi.org/10.3390/plants9111615 

Dey K, Velez-Climent M, Soria P, Batuman O, Mavrodieva V, Wei G, Zhou J, Adkins S, McVay J (2021). First report of 
Tomato brown rugose fruit virus infecting tomato in Florida, USA. New Disease Reports 44:e12028. 
https://doi.org/10.1002/ndr2.12028 

EPPO (2022). Tomato Brown Rugose Fruit Virus. EPPO Datasheets on Pests Recommended for Regulation. Retrieved 
2022 May 20 from: https://gd.eppo.int  

Fidan H, Sarikaya P, Calis O (2019). First report of Tomato brown rugose fruit virus on tomato in Turkey. New Disease 
Reports 39:18. https://doi.org/10.5197/j.2044-0588.2019.039.018 

Fidan H, Sarikaya P, Yildiz K, Topkaya B, Erkis G, Calis O (2021). Robust molecular detection of the new tomato brown 
rugose fruit virus in infected tomato and pepper plants from Turkey. Journal of Integrative Agriculture 20:2170- 
2179. https://doi.org/10.1016/S2095-3119(20)63335-4 

Fraile A, García-Arenal FA (1990). Classification of the tobamoviruses based on comparisons among their 126K proteins. 
Journal of General Virology 2223-2228. https://doi.org/10.1099/0022-1317-71-10-2223  

Fu YX, Li WH (1993). Statistical tests of neutrality of mutations. Genetics 133:693-709. 
https://doi.org/10.1093/genetics/133.3.693 

Gibbs A (1999). Evolution and origins of tobamoviruses. Philosophical Transactions of the Royal Society of London. 
Series B: Biological Sciences 354(1383):593-602. https://doi.org/10.1098/rstb.1999.0411 

Hak H, Spiegelman Z (2021). The tomato brown rugose fruit virus movement protein overcomes Tm-22 resistance in 
tomato while attenuating viral transport. Molecular Plant-Microbe Interaction 34:1024-1032. 
https://doi.org/10.1094/MPMI-01-21-0023-R 

Hall TA (1999). BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 
95/98/NT. Nucleic Acids Symposium Series 41:95-98. 



Güller A et al. (2023). Not Bot Horti Agrobo 51(3):13356 

 

12 
 

 

 

 

 

 

Hančinský R, Mihálik D, Mrkvová M, Candresse T, Glasa M (2020). Plant viruses infecting Solanaceae family members 
in the cultivated and wild environments: A review. Plants (Basel) 9(5):667. 
https://doi.org/10.3390/plants9050667  

Hanssen IM, Lapidot M, Thomma BP (2010). Emerging viral diseases of tomato crop. Molecular Plant-Microbe 
Interactions 23:539-548. https://doi.org/10.1094/MPMI-23-5-0539  

Hasan ZM, Salem NM, Ismail ID, Akel EH, Ahmad AY (2022). First report of tomato brown rugose fruit virus on 
greenhouse tomato in Syria. Plant Disease 106:772. https://doi.org/10.1094/PDIS-07-21-1356-PDN 

HortiDaily (2020). Retrieved 2023 August 2nd from: https://www.hortidaily.com/article/9189118/netherlands-peruvian-

tomato-seed-with-tobrfv-intercepted/   

Hudson RR (2000). A new statistic for detecting genetic differentiation. Genetics 155:2011-2014. 
https://doi.org/10.1093/genetics/155.4.2011  

Hudson RR, Boos DD, Kaplan NL (1992). A statistical test for detecting geographic subdivision. Molecular Biology 
Evolution 9:138-151. https://doi.org/10.1093/oxfordjournals.molbev.a040703 

Ilyas R, Rohde MJ, Richert-Pöggeler KR, Ziebell H (2022). To be seen or not to be seen: latent infection by 
Tobamoviruses. Plants (11(16):2166. https://doi.org/10.3390/plants11162166  

Karanfil A, Randa-Zelyüt F, Korkmaz S (2023). Population structure and genetic diversity of tobacco mild green mosaic 
virus variants in Western Anatolia of Turkey. Physiological and Molecular Plant Pathology 125:102008. 
https://doi.org/10.1016/j.pmpp.2023.102008 

Karanfil A (2021). Prevalence and molecular characterization of cucumber mosaic virus isolates infecting tomato plants 
in Marmara region of Turkey. Plant Protection Bulletin 61(4):19-25. https://doi.org/10.16955/bitkorb.981093  

King AM, Lefkowitz E, Adams MJ, Carstens EB (2012). Virus Taxonomy: Ninth Report of the International Committee 
on Taxonomy of Viruses; Elsevier: Amsterdam, The Netherlands. 

Levitzky N, Smith E, Lachman O, Luria N, Mizrahi Y, Bakelman H, Sela N, Laskar O, Milrot E, Dombrovsky A (2019). 
The bumblebee Bombus terrestris carries a primary inoculum of Tomato brown rugose fruit virus contributing to 

disease spread in tomatoes. PLoS One 14:e0210871. https://doi.org/10.1371/journal.pone.0210871 

Ling KS, Tian T, Gurung S, Salati R, Gilliard A (2019). First report of tomato brown rugose fruit virus infecting 
greenhouse tomato in the United States. Plant Disease 103:1439. https://doi.org/10.1094/PDIS-11-18-1959-

PDN 

Lu JJ, He EQ, Bao WQ, Chen JS, Sun SR, Gao SJ (2021). Comparative genomics reveals insights into genetic variability 
and molecular evolution among sugarcane yellow leaf virus populations. Scientific Reports 11(1):7149. 
https://doi.org/10.1038/s41598-021-86472-z  

Luria N, Smith E, Reingold V, Bekelman I, Lapidot M, Levin I, Elad N, Tam Y, Sela N, Abu-Ras A (2017). A new Israeli 
Tobamovirus isolate infects tomato plants harboring Tm-22 resistance genes. PLoS One 12:e0170429. 
https://doi.org/10.1371/journal.pone.0170429 

Melcher U, Lewandowski DJ, Dawson WO (2021) Tobamoviruses (Virgaviridae); Elsevier: Amsterdam, The 
Netherlands, 2021; ISBN 9780123744104 

Menzel W, Knierim D, Winter S, Hamacher J, Heupel M (2019). First report of tomato brown rugose fruit virus infecting 
tomato in Germany. New Disease Reports 39. https://doi.org/10.5197/j.2044-0588.2019.039.001 

Oladokun JO, Halabi MH, Barua P, Nath PD (2019). Tomato brown rugose fruit disease: Current distribution, 
knowledge and future prospects. Plant Pathology 68:1579-1586. https://doi.org/10.1111/ppa.13096 

Panno S, Caruso AG, Davino S (2019). First report of tomato brown rugose fruit virus on tomato crops in Italy. Plant 
Disease 103:1443. https://doi.org/10.1094/PDIS-12-18-2254-PDN 

Pérez M, Porter M, Crandall KA (2008). Methods for analyzing viral evolution. In: Roossinck MJ (Ed). Plant Virus 
Evolution. Springer, Heidelberg, Berlin, Germany, pp 165-204. 

Randa-Zelyüt, F, Fox A, Karanfil A (2023). Population genetic dynamics of southern tomato virus from Turkey. Journal 
of Plant Pathology 105:211-224. https://doi.org/10.1007/s42161-022-01263-3 

Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE, Sánchez-Gracia A (2017). 
DnaSP 6: DNA sequence polymorphism analysis of large data sets. Molecular Biology Evolution 34:3299-3302. 
https://doi.org/10.1093/molbev/msx248 

Salem N, Mansour A, Ciuffo M, Falk BW, Turina M (2016). A new tobamovirus infecting tomato crops in Jordan. 
Archives of Virology 161:503-506. https://doi.org/10.1007/s00705-015-2677-7 



Güller A et al. (2023). Not Bot Horti Agrobo 51(3):13356 

 

13 
 

 

 

 

 

 

Skelton A, Buxton-Kirk A, Ward R, Harju V, Frew L, Fowkes A, ... Fox A (2019). First report of Tomato brown rugose 
fruit virus in tomato in the United Kingdom. New Diseases Report 40(12):2044-0588. 
http://dx.doi.org/10.5197/j.2044-0588.2019.040.012 

Tajima F (1989). Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics 
123:585-595. https://doi.org/10.1093/genetics/123.3.585  

Tamura K (1992). Estimation of the number of nucleotide substitutions when there are strong transition-transversion 
and G + C-content biases. Molecular Biology and Evolution 9:678-687. 
https://doi.org/10.1093/oxfordjournals.molbev.a040752  

Tamura K, Stecher G, Kumar S (2021). MEGA 11: Molecular Evolutionary Genetics Analysis Version 11. Molecular 
Biology and Evolution. https://doi.org/10.1093/molbev/msab120 

TurkStat (2022). Retrieved 2023 July 20 from: https://biruni.tuik.gov.tr/medas/?kn=104&locale=tr  

van de Vossenberg BTLH, Visser M, Bruinsma M, Koenraadt HMS, Westenberg M, Botermans M (2020). Real-time 
tracking of Tomato brown rugose fruit virus (ToBRFV) outbreaks in the Netherlands using Nextstrain. PLoS One 
15:e0234671. https://doi.org/10.1371/journal.pone.0234671 

Wilstermann A, Ziebell H (2019). Tomato brown rugose fruit virus (ToBRFV). JKI Data Sheets Plant Disease Diagnosis 
1:1-4. https://doi.org/10.5073/20190607-160917  

Wright S (1965). The interpretation of population structure by F-statistics with special regard to systems of mating. 
Evolution 19:395-420. https://doi.org/10.1111/j.1558-5646.1965.tb01731.x 

Yan Z-Y, Ma H-Y, Wang L, Tettey C, Zhao M-S, Geng C, ... Li XD (2021). Identification of genetic determinants of 
tomato brown rugose fruit virus that enable infection of plants harbouring the Tm- 22 resistance gene. Molecular 
Plant Pathology 22:1347-1357. https://doi.org/10.1111/mpp.13115  

Yan Z-Y, Ma H-Y., Han S-L, Geng C, Tian Y-P, Li X-D (2019). First Report of Tomato brown rugose fruit virus Infecting 
Tomato in China. Plant Disease 103:2973. https://doi.org/10.1094/PDIS-05-19-1045-PDN 

Zhang S, Griffiths JS, Marchand G, Bernards MA, Wang A (2022). Tomato brown rugose fruit virus: An emerging and 
rapidly spreading plant RNA virus that threatens tomato production worldwide. Molecular Plant Pathology 
23(9):1262-1277. https://doi.org/10.1111/mpp.13229  

 
 
 

 

The journal offers free, immediate, and unrestricted access to peer-reviewed research and scholarly work. Users are 
allowed to read, download, copy, distribute, print, search, or link to the full texts of the articles, or use them for any 
other lawful purpose, without asking prior permission from the publisher or the author. 

 

License License License License ---- Articles published in Notulae Botanicae Horti Agrobotanici ClujNotulae Botanicae Horti Agrobotanici ClujNotulae Botanicae Horti Agrobotanici ClujNotulae Botanicae Horti Agrobotanici Cluj----NapocaNapocaNapocaNapoca are Open-Access, 

distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) License. 
© Articles by the authors; Licensee UASVM and SHST, Cluj-Napoca, Romania. The journal allows the author(s) to 
hold the copyright/to retain publishing rights without restriction. 

 
Notes:Notes:Notes:Notes:    
 Material disclaimer: The authors are fully responsible for their work and they hold sole responsibility for the articles published 

in the journal.  
 Maps and affiliations: The publisher stay neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 
 Responsibilities: The editors, editorial board and publisher do not assume any responsibility for the article’s contents and for 

the authors’ views expressed in their contributions. The statements and opinions published represent the views of the authors 
or persons to whom they are credited. Publication of research information does not constitute a recommendation or 
endorsement of products involved. 

 
 


