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4
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, Antonio Tiberini1
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8 Agraria, Research Centre of Plant Control and Certification, Rome, Italy

9 ABSTRACT

10 A study aimed at defining population structure of Italian tomato spotted wilt virus 

11 (TSWV) isolates was performed. Full genome sequencing of six TSWV isolates found in two 

12 Italian regions (two from Latium: Lazio 17 and Tarquinia; and four from Calabria: PepCal 10, 

13 12, 22 and 24) were assembled. Identity percentages in nucleotide sequence among these 

14 TSWV isolates are here provided. The six full length genome sequences were compared with 

15 other two Italian isolates (p105 and p202/3WT) already fully sequenced, as well as full TSWV 

16 genomes that could be retrieved from GenBank. Phylogenetic analysis, performed in 

17 concatenated sequences and for each gene of each genome segment (L, M and S), confirmed 

18 the presence of two clades, namely A-like and D-like. In particular, the phylogenetic tree based 

19 on segment L grouped all the newly sequenced TSWV isolates in D-like clade. In the M 

20 segment phylogenetic tree, all our TSWV isolates shifted in the A-like clade. Isolates separation 

21 was not correlated to their geographical origin in phylogenetic study of distinct ORFs encoded 

22 by the RNA S segment. In fact, in nucleocapsid-encoding phylogenetic tree, PepCal 10 and 22 

23 grouped in an A-like clade with p105, PepCal 12 and 24 in a D-like clade with p202/3WT, 

24 whereas Lazio 17 and Tarquinia in a third well distinct group. NSs tree displayed only PepCal 

25 10 with p105 in A-like clade, whereas PepCal 12, 22, 24 with p202/3WT in D-like subclade; 

26 and isolates from Latium grouped a separated clade adjacent to D-like isolates. Additional 

27 analysis on putative reassortment events showed that TSWV Calabrian isolates likely originated 

28 from a reassortment event in M RNA and other in S RNA with p105 as major parent. 

29 Recombination events were detected in isolates from Latium in L and S RNAs with Chinese 

30 isolates as putative major parent.

31 Keywords: TSWV, Capsicum annuum, Capsicum chinense, Molecular phylogeny, 

32 Molecular evolution.
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1 INTRODUCTION

2 Tomato spotted wilt virus (TSWV) belongs to genus Orthotospovirus, (family 

3 Tospoviridae, order Bunyavirales) and is present in all countries with temperate, tropical and 

4 subtropical climate conditions (Mateus et al., 2012). Even though a disorder attributed to TSWV 

5 was observed in 1906 (Sakimura, 1962), the first description of this disease, detected on 

6 tomatoes in 1915 in the state of Victoria (Australia) and named as “spotted wilt of tomato”, was 

7 published by Brittlebank (1919). A specific characterization of a virus as causal agent of the 

8 above disease was reported by Samuel et al. (1930) who gave it the name “tomato spotted wilt 

9 virus”. TSWV was first reported in Europe in the United Kingdom in 1929 in ornamental cherry 

10 tomato (Smith, 1932), and thereafter has caused problems repeatedly in vegetable crops, such 

11 as tomato, lettuce, pepper, tobacco and in ornamentals especially in southern Europe (Pappu et 

12 al., 2009). Symptoms vary depending on the host plant, season and environmental conditions, 

13 outdoor or greenhouse cultivations, and include stunting, necrosis, chlorosis, ringspot or linear 

14 patterns affecting leaves, stems and fruit (German et al., 1992; Mumford et al., 1996). This virus 

15 is transmitted by several species in the genus Thrips (order Thysanoptera), in a persistent 

16 manner, but most efficiently by the western flower thrips, Frankliniella occidentalis 

17 (Pergande), whose spreading contributed to the worldwide occurrence of TSWV and tomato 

18 spotted wilt disease (Kirk et al., 2003). 

19 In Italy, TSWV was first detected in ornamentals and vegetables in 1989 (Bellardi and 

20 Vicchi, 1990). Since then, TSWV outbreaks were annually reported throughout the country 

21 infecting mainly vegetables of the family Solanaceae (Finetti-Sialer et al., 2002). In fact, despite 

22 TSWV could affect a wide range of host plants, including 900 plant species (Hanssen et al., 

23 2010), this virus represents the most economically important virus for tomato and pepper in the 

24 Mediterranean basin (Turina et al., 2012). Despite the availability of integrated management 

25 approaches for containing TSWV disease, including the use of resistant varieties (Jones, 2004; 

26 Momol et al., 2004), emergence of TSWV resistance-breaking strains alarmed producers and 

27 stakeholders (Roggero et al., 2002; Aramburu et al., 2010; Margaria et al., 2015). 

28 TSWV genome consists of three single-stranded RNA segments, named L (8.9 kb), M 

29 (4.8 kb), and S (2.9 kb) on the basis of their size (Prins et al., 1998). The L RNA is a negative-

30 sense RNA that encodes the RNA-dependent RNA polymerase (RdRp), which plays an 

31 essential role in viral replication (de Haan et al., 1991). In contrast, both M and S segments are 

32 ambisense RNAs with two open reading frames (ORFs) each, encoding from the viral sense 

33 segments and complementary strands. The M RNA encodes the GnGc glycoprotein and the 

34 non-structural movement protein (NSm) required for viral cell-to-cell movement (Lian et al., 
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1 2013). S RNA encodes the non-structural protein (NSs), involved in gene silencing suppression 

2 and required for insect transmission (Kormelink et al., 1991; Margaria et al., 2014a; Sonoda et 

3 al., 2005), and the nucleocapsid (N) protein (Bucher et al., 2003). In addition, both the M RNA 

4 and S RNA possess characteristic A-U rich intergenic regions (IGR) capable of forming stable 

5 hairpin structure (de Haan et al., 1990). 

6 In view of genome complexity and capability of its rearrangement, and in consideration 

7 of emerging concerns about resistance-breaking due to strains able to overcome Tsw and Sw5 

8 resistance genes in pepper and tomato, respectively (Turina et al., 2016), a study aimed at better 

9 evaluating population structure of Italian TSWV isolates was performed. 

10 A previous study conducted on Italian TSWV population, based on NSm gene analysis, 

11 highlighted the presence of two distinct phylogenetic lineages associated to two subgroups, 

12 denoted TSWV A-like and TSWV D-like (Finetti-Sialer et al., 2002). According to this study, 

13 Italian isolates clustered in both clades (A-like and D-like). A more recent study (Margaria et 

14 al., 2014b), obtained the full genome sequences of two Italian isolates, retrieved in 1990 and 

15 1999, in Sicily (p202/3WT) and Liguria (p105), respectively. The whole genome comparison 

16 of these two isolates confirmed the presence of the two groups in Italy, and in particular, the 

17 presence of clade A-like isolates able to overcome plant resistance to TSWV (Roggero et al., 

18 2002; Ciuffo et al., 2005; Crescenzi et al., 2015). 

19 The present study, in the framework of two projects dealing with surveys of chili pepper 

20 (Capsicum spp.) and sweet pepper ‘Roggianese’ (Capsicum annuum), respectively, reports on 

21 the detection, identification, full genome sequencing and analysis of TSWV isolates found in 

22 two Italian regions (Latium, central Italy, and Calabria, southern Italy). In these areas, where 

23 TSWV is endemic, the virus was specifically reported on chili pepper (Capsicum spp.) and 

24 sweet pepper ‘Roggianese’ (Capsicum annuum) (Tomassoli et al., 2014; Fontana et al., 2016). 

25 In particular, previous studies showed that TSWV is the most limiting biotic stress of viral 

26 aetiology for ‘Roggianese’ pepper, a local and well appreciated variety in Calabria. In order to 

27 analyse the genetic features and variability of TSWV population in these two production areas, 

28 four isolates from Calabria (‘Roggianese’ pepper) and two from Latium (chili pepper), were 

29 fully sequenced, by genome walking through RT-PCR. In addition, these isolates were 

30 compared with the two Italian isolates (p202/3WT and p105) already fully sequenced, as well 

31 as with complete genome sequences that could be retrieved from GenBank. In addition to 

32 phylogenetic analysis, studies concerning the molecular diversity and 

33 reassortment/recombination events were performed.

34 MATERIALS AND METHODS
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1 Plant material and TSWV isolates

2 During a 2014-2015 survey performed in Calabria and Latium (southern and central 

3 Italy) on viruses affecting pepper crops, plants with typical TSWV symptoms (Figure 1) were 

4 collected. TSWV identification was performed by DAS-ELISA (LOEWE Biochemica GmbH, 

5 Germany). Two and four TSWV isolates from Latium and Calabria, respectively, were chosen 

6 for further analysis and full genome sequencing (Table 1).

7 RNA extraction, RT-PCR assay and sequencing

8 Total RNAs was extracted by grinding 0.5-1.0 gr of leaves in 1 M phosphate buffer pH 

9 7.2 (1:5) in individual plastic bags (Bioreba, Switzerland) and 100 µl of crude extract were used 

10 to extract nucleic acids using "Real Total RNA from Tissue and Cell" kit (Durviz, Valencia, 

11 Spain) according to the manufacturer’s instructions. To obtain the L, M and S segments 

12 separately, total RNA extracts were assayed in one-step RT-PCR using primers by Lee et al. 

13 (2011). Furthermore, an additional primer pair was designed to amplify the L RNA 3' terminal 

14 region (Supplementary Table S1).

15 The one-step RT-PCR assays were performed in a mixture containing 2 µl total RNA 

16 solution, GoTaq buffer 1X (Promega, Madison, WI, USA) 2.5 mM of each dNTP, 4 µM of each 

17 primer, 1.2 U of AMV RT (Promega), 20 U of RNaseOUT (Invitrogen, Carlsbad, CA, USA), 

18 0.75 U of Taq polymerase-Go (Promega) and RNase-free water to the final volume of 25 µL. 

19 RT-PCR was performed at 46 °C for 30 min for the cDNA synthesis, followed by 95 °C for 5 

20 min for denaturation and 35 cycles of amplification (94 °C for 1 min, 53 °C for 1 min and 72 

21 °C for 1 min), and a final extension at 72 °C for 10 min. The amplified PCR products were 

22 visualized on 1% agarose gel by SYBR Safe - DNA Gel Stain (Thermo Fisher Scientific). To 

23 obtain the 3’ and 5’ un-translated regions (UTR) a rapid amplification of cDNA ends (RACE) 

24 was performed using a 5’/3’ RACE Kit, 2nd Generation (Roche).  PCR products of the expected 

25 size were purified using an Amicon®Ultra (Millipor, Billerica MA USA) purification kit, and 

26 cloned by the use of pGEM-T Easy Vector (Promega), following manufacturer’s instruction. 

27 The obtained plasmids were sequenced in both directions using universal primers T7 and SP6 

28 (Bio-Fab Research, Rome, Italy).

29 Sequence comparison and phylogenetic analysis 

30 Alignments and nucleotide comparisons of entire segments (L, M, S), including the 

31 intergenic regions (IGRs), of all the isolates sequenced in this study were performed by BLAST 

32 and Clustal W software (Thompson et al., 2002) included in MEGA 7 package (Tamura et al., 

33 2007; Kumar et al., 2016). 
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1 Phylogenetic analysis and tree reconstruction were performed for all the concatenated 

2 segments (LMS) and for each ORF in each genome segment of all the Italian isolates obtained 

3 in this study, including other TSWV full genome sequences retrieved from GenBank. In 

4 particular, the two Italian isolates p105 and p202/3WT, previously identified as A-like and D-

5 like isolates, respectively (Margaria et al., 2014b), were included. Aiming to increase the 

6 robustness of the above reported results and tree topologies, analysis were conducted using 

7 independently three different methods; phylogenetic trees were generated in parallel through 

8 the Neighbor-Joining (NJ) and Maximum Likelihood (ML) methods, each with 1000 bootstrap 

9 replications and included in MEGA7 software (Tamura et al., 2007), and by SplitsTree 4.14.4 

10 software, using the uncorrected P characters transformation (Huson and Bryant 2006) for the 

11 creation of a network visualization. 

12 Recombination Analysis 

13 Potential genetic exchanges among the sequenced isolates included in this study and 

14 other isolates retrieved in GenBank were analysed using Recombination Detection Software 

15 v.4.72 (RDP4) (Martin et al., 2010). The analysis was performed using the TSWV full-length 

16 concatenated segments of RNA L, RNA M and RNA S. RDP4 implements seven different 

17 algorithms to detect recombination events: RDP, Chimaera, BootScan, 3Seq, SiScan, 

18 GENECONV and MaxChi. Only recombination events detected by at least five out of seven 

19 methods, with a probability value of 0.05 threshold, were considered. RDP4 provides a 

20 consensus recombinant score to distinguish the recombinant and parental sequences for each 

21 recombination event. 

22 RESULTS

23 Sequence analysis

24 The whole genome of the six TSWV isolates, four from Calabria (PepCal) and two from 

25 Latium (Tarquinia and Lazio 17), on ‘Roggianese’ pepper and chili pepper, respectively, were 

26 obtained and deposited in GenBank with the accession numbers as reported in Supplementary 

27 Table S2.  Sequence similarity and sequence alignments of full length of L, M, S segments were 

28 performed by Blast analysis and Clustal X, respectively. Thus, the complete sequences of the 

29 five genes (RdRp, NSm, GnGc, NSs, N) and the intergenic regions (IGRs) in the M and S 

30 segments were obtained. Nucleotide full-lengths of all isolates and of each segment/ORF/IGR 

31 are displayed in Supplementary Table S2.

32 In details, all isolates showed an identical L segment length (8909 nt) with a single ORF 

33 in the antiviral sense of 8640 nt in length (position 8876 – 237) encoding the RdRp (2879-aa). 

34 On the contrary, length variability of both the M and S segments was observed: from 4763 nt 
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1 (PepCal 12) to 4772 nt (Lazio 17) and from 2879 nt (PepCal 10) to 2961 nt (PepCal 12) 

2 respectively. Anyhow, analysis of each coding ORF showed identical size for the corresponding 

3 gene among the isolates. In particular, in the M segment, the ORF in the viral sense (909 nt) 

4 encoded for NSm (302 aa), the ORF in the complementary-sense (3408 nt) encoded for GnGc 

5 (1135 aa). The S RNA segment encoded for N protein (259 aa) by an ORF in complementary-

6 sense (777 nt) and for NSs (468 aa) by ORF in viral sense (1404 nt). In addition, IGR lengths 

7 between NSm and GnGc (IGRM on segment M) and between the NSs and N (IGRS on segment 

8 S) were reported in Supplementary Table S2.

9 Pairwise nucleotide sequence identities of the six Italian isolates obtained in the present 

10 study, determined by ClustalW alignment, ranged from 95.41% to 99.88% for segment L, from 

11 95.74% to 99.29% for segment M and 93.85% - 99.43% for segment S (Supplementary Table 

12 S3). In addition, the nucleotide percentage identities of the intergenic regions IGRM and IGRS, 

13 and in each single ORF were calculated and summarised in Supplementary Table S4. In details, 

14 IGRM and IGRS ranged from 82.76% to 98.85% and from 79.74% to 99.81, respectively, 

15 showing the highest identity between PepCal 12 and PepCal 24 isolates. Regarding the ORFs, 

16 NSm gene showed the highest nucleotide identity (99.98%) between PepCal 22 and PepCal 24 

17 isolates whereas the lowest nucleotide identity was found in the NSs gene between the PepCal 

18 10 and PepCal 24 isolates (92.95%) (Supplementary Table S4). 

19

20 Phylogenetic relationships of TSWV isolates

21 To determine the phylogenetic relationships among the six TSWV isolates sequenced 

22 in this study, including other Italian isolates and full genome sequences retrieved from 

23 GenBank, a phylogenetic tree was obtained concatenating sequences of RNA L, RNA M and 

24 RNA S (Figure 2). The tree was constructed by MEGA software, using Neighbour-Joining 

25 method, including Bootstrap test (1000 reps). The tree topology confirmed the presence of two 

26 well distinct clades corresponding to A-like and D-like subgroups (Finetti-Sialer et al., 2002) 

27 and specifically including in the A-like clade some TSWV isolates reported to be able to break 

28 Sw5 gene resistance (Margaria et al., 2015; Debreczeni et al., 2015). As shown in Figure 2, the 

29 Italian isolates from Calabria and Latium grouped separately into two distant clades. In 

30 particular, isolates from Latium (Lazio 17 and Tarquinia) clustered in the A-like subgroup along 

31 with Chinese sequences in a well-supported subclade A1, distinct from the representative P105 

32 isolate subclade A2, whereas isolates from Calabria (PepCal 10, 12, 22 and 24) joined the D-

33 like subgroup forming a specific evolutionary subclade D2 more close to p202/3WT isolate 

34 (subclade D1) than Korean isolates (subclade D3). 

Page 6 of 23Annals of Applied Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

7

1 Further, for each segment (L, M, S) and ORF thereof identified, phylogenetic analyses 

2 were performed by Neighbour Joining method including sequences retrieved from GenBank of 

3 full-length genome and available genes of TSWV isolates, from Italy, Mediterranean countries 

4 and worldwide (Figure 3). 

5 Tree topologies obtained by each ORF using Maximum Likelihood analysis 

6 (implemented in MEGA software), for the TSWV segments L, M and S (Supplementary Figure 

7 S1), confirmed the above reported clear demarcation in three main clades, except for the RdRp 

8 tree. In fact, in this phylogenetic tree (Supplementary Figure S1 L) Italian isolates were 

9 confirmed to join the D-like group, as reported in RdRp NJ analysis, without the clear 

10 demarcation of isolates from Calabria and from Latium. In particular, by both phylogenetic 

11 analyses, the tree topology of segment L, including available RdRp sequences, showed an 

12 overall division in two main clades: in the first one there were gathered the Italian A-like p105 

13 isolate, others from USA, South Korea, one isolate from Spain (PVR) but none of the isolates 

14 here sequenced. The second clade included the Italian reference D-like p202/3WT isolate 

15 together with all the Calabrian isolates (PepCal 10, 12, 22 and 24), other isolates from Spain, 

16 Australia and South Korea. In addition, the two isolates from Latium (Lazio 17 and Tarquinia) 

17 clustered with BR-01 isolate from Brazil (Figure 3, L, Supplementary Figure S1, L). However, 

18 a well distinct group, formed close to the D-like clade, was obtained only in NJ analysis).

19 Segment M phylogenetic trees, both by NJ and ML methods, constructed for ORFs 

20 coding GnGc and NSm proteins, respectively, showed a similar topology consisting of the two 

21 main clades according the TSWV subgroups. The D-like clade included the Italian p202/3WT 

22 together with TSWV-D, Br01, Australian, Brazilian, South Korean and Spanish isolates; the A-

23 like clade included all the four Calabrian isolates together with p105 and TSWV isolates from 

24 the USA and South Korea; isolates from Latium grouped in a distinct subclade with Chinese 

25 isolates, close to A-like clade (Figure 3, M, Supplementary Figure S1, M). 

26 The tree topology obtained analysing the S segment in both genes N and NSs, and with 

27 both NJ and ML methods, showed relevant differences between the two ORFs. In phylogenetic 

28 tree constructed with N gene sequences, it is possible to identify a third main clade other than 

29 those identified as A-like and D-like subgroup for the presence of the reference Italian isolates, 

30 p105 and p202/3WT, respectively. Calabrian isolates split into two different clades, with 

31 PepCal 12 and PepCal 24 joining the Italian isolate p202/3WT and TSWV-D in D-like 

32 subgroup, whereas PepCal 10 and PepCal 22 clustered together with the other Italian isolates 

33 p105 and BR-01 in the A-like subgroup. The third clade, gathering Lazio 17 and Tarquina, was 

34 clearly separated by the other two. The analysis performed using gene NSs showed a tree 
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1 topology similar to that observed for the RdRp gene, where two subclades could be identified 

2 for the D-like subgroup. Further, Calabrian isolates grouped in different clusters compared to 

3 the above analysis as PepCal 22 remains together with PepCal 12, PepCal 24 and p202/3WT in 

4 D-like, while PepCal-10 joined p105 and BR-01 in the A-like subgroup. Lastly, the isolates 

5 from Latium confirmed the close genetic relationship with isolates from China in a distinct sub-

6 clade close to D-like group (Figure 3, S Supplementary Figure S1, S).

7 The networking analysis performed by SplitsTree software, generally confirmed what 

8 obtained using NJ and ML methods as phylogenetic tree reconstruction analysis. In particular, 

9 in both LMS concatenated segment and each ORFs included (Supplementary Figure S2 and 

10 S3), a clear separation in three main groups could be observed. In LMS and L segment 

11 reconstructions was confirmed that Calabrian isolates clustered in D-like clade along with 

12 p202/3WT, well distinct from A-like ones. Isolates from Latium (Lazio17 and Tarquinia) joined 

13 a distinct group along with Chinese isolates, confirming the analysis performed by NJ method 

14 (Figure 3, L). The SplitsTree analysis of the M segment showed a three-way network pattern, 

15 confirming the shift of Calabrian isolates with the other Italian isolates p105 (A-like). Lazio17 

16 and Tarquinia still clustered separately. In S segment, again the grouping in three separated 

17 clades was confirmed in both N and NSs genes, with isolates from Latium clearly distinct. 

18

19 Recombination analysis

20 The recombination/reassortment analysis performed by Recombination Detection 

21 Program 4.16 (RDP4) software were conducted on the six Italian isolates of this study and all 

22 the fully sequenced isolates retrieved from GenBank, using as input file the Clustal W 

23 alignment of the concatenation of L, M, S genomic segments as reported in Lian et al. (2013). 

24 The analysis results are reported in Table 2, where for each putative event information is shown. 

25 The identification of the reassortment or recombination, position, size of segment, and if other 

26 isolates occurred to the same event as major/minor parental. Additional information is reported 

27 in Supplementary Table S5 including the consensus obtained by each of the six different 

28 algorithms (GENECONV, Bootscan, Chimaera, MaxChi, SiScan, 3Seq and RDP).

29 The analyses identified three putative reassortment events and four putative 

30 recombination events. Among the putative reassortment events, 2 out of 3 involved the Italian 

31 isolates obtained in this study. In details, in the first putative event PepCal 12, and the other 

32 Calabrian isolates, resulted in a reassortment of segment M (positions 8769-13748 nt), 

33 confirmed by all algorithms, with p105 (A-like) and K3-CY-CN as major and minor parental, 

34 respectively. In addition, confirmed by all algorithms, PepCal 10 and PepCal 22 showed a 
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1 second putative reassortment event in segment S (pos. 13801-16868 nt), with p105 as major 

2 and PepCal 24 as minor parental. Tarquina and Lazio 17 showed a putative recombination event 

3 in segment L (pos. 2085-2234 nt), confirmed by 7/7 algorithms, with Chinese group and 

4 Australia sequences as major and minor parental, respectively. Furthermore, Lazio 17 showed 

5 a second putative recombinant event in the S segment (15791-16062 nt) again with Chinese 

6 group as putative major parent and with South Africa isolate as putative minor parent. This 

7 event was confirmed only in 5 out of 7 algorithms. Other two putative recombination events 

8 occurred in the Calabrian isolates, one in PepCal 22 in segment S (pos. 14015-14904 nt) (major: 

9 PepCal 10; minor: PepCal 12) and one in segment L (pos. 8666-8768 nt) in all the isolates from 

10 Calabria (major: p202/3WT; minor: Chinese group). These putative events were confirmed by 

11 7/7 and 4/7 algorithms, respectively. 

12

13 DISCUSSION

14 TSWV is an important re-emerging plant virus, occurs in a great number of crops, and 

15 represents for most of them a major constraint (Lian et al., 2013). TSWV intrinsic features (such 

16 as the multipartite genome), allowing full-length genomic segment exchange among isolates, 

17 highlight phylogenetic variability among the three RNA segments (Temchev et al., 2011), 

18 indicating the occurrence of genomic reassortment. This is known to play an important role in 

19 TSWV evolution (Margaria et al., 2015), in particular in view of the emerging of resistance 

20 breaking strains, capable to overcome Tsw and Sw5 resistance genes in pepper and tomato, 

21 respectively. 

22 In view of the reassortment role of segment M in resistance breaking (Hoffmann 2001), 

23 there is the need of studies regarding TSWV populations and dynamics. Previous studies 

24 reported the presence in Italy of isolates belonging to the two strains (Finetti-Sialer et al., 2002; 

25 Margaria et al., 2014b) associated to subgroups D and A (Jahn et al., 2000). 

26 In this study, the whole genome sequences of six TSWV isolates detected in pepper 

27 plants from two Italian regions (Latium and Calabria, from chili and sweet pepper, respectively) 

28 were determined. Comparative analysis of whole-genome sequences indicated a clear 

29 demarcation among isolates from Latium (chili pepper) and Calabria (sweet pepper). 

30 Further, these isolates were compared to other TSWV isolates retrieved from GenBank, 

31 from Italy, Mediterranean basin and worldwide. In particular, Italian and Spanish isolates 

32 representatives of either subgroup D (namely D-like) or subgroup A (namely A-like) (Margaria 

33 et al., 2015; Debreczeni et al., 2015), responsible for breaking resistance in tomato (Sw5) and 

34 pepper (Tsw), respectively, were included. The phylogenetic analyses of each ORF in L, M and 
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1 S segments, obtained independently applying different software and algorithms (NJ, ML and 

2 SplitsTreee), confirmed what was reported in Debreczeni et al. (2015), with an overall clear 

3 topology, with two main clades associated to subgroup D and A (Margaria et al., 2015), each 

4 including the Italian reference p105 and p202/3Wt isolates, respectively. 

5 Italian isolates obtained in this study showed a different grouping depending on the 

6 segment analysed. In all tree topology reconstruction methods (NJ, ML and SplitsTree), Latium 

7 isolates confirmed to cluster separately, along with isolates from China, suggesting a different 

8 origin from the other Italian isolates included in this study, and therefore forming a sub-clade, 

9 clearly visualized in SplitsTree LMS tree (Supplementary Figures S2 and S3). 

10 This “Chinese” TSWV flow gene hypothesis could be strengthened by reports of 

11 emerging viruses on chili pepper cultivation in Latium as pepper vein yellows virus (PeVYV) 

12 and chili veinal mottle virus (ChiVMV) (Tomassoli et al., 2016; Tiberini et al., 2017). In both 

13 cases, phylogenetic analysis revealed a Chinese origin, probably due to the fact that tomato and 

14 pepper production, breeding and genetic improvement of major companies are based in China. 

15 In addition, recent introduction and establishment of vegetable and food commodities by 

16 Chinese communities were reported (Tiberini et al., 2017), increasing the risk of introducing 

17 new viruses. 

18 As above reported, confirmed independently by three phylogenetic analysis (NJ, ML 

19 and SplitsTree), despite the fact that Calabrian isolates grouped with Italian isolate p202/3WT 

20 and Pujol1TL3 (Spain) isolates (belonging to D-like group) in concatenated genome LMS, in 

21 L and partially in S segment analysis a clear different clustering was observed in M segment. 

22 In fact, all the Calabrian isolates joined the A-like group along with p105 and PVR (Spain). 

23 This shifted phylogenetic relationship occurred in both M segment ORFs (GnGc and NSm), 

24 suggesting a hypothetical reassortment of the segment M in Calabrian isolates (PepCal 10, 

25 PepCal 12, PepCal 22, PepCal 24). In addition, a putative reassorment and recombination event 

26 could be also predicted for the S segment for PepCal 10 and PepCal 22, respectively; in fact, 

27 PepCal 10 clustered in A-like clade in both ORFs phylogenetic trees reconstruction, whereas 

28 for PepCal 22 occurred only in N protein ORF tree (Figure 3, S, Supplementary Figures S1 and 

29 S3).

30 These events, deducted from tree topology, were confirmed by recombination analysis 

31 using RDP4 software using as input file the full-length concatenated L, M and S segments. The 

32 accordance among three different tree reconstruction methods and recombinant analysis 

33 confirmed that L, M and S segments of Italian isolates obtained in this study could have 

34 different origins, implying the occurrence of frequent reassortment during virus evolution. In 
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1 particular, Latium isolates could have a similar origin to the Chinese isolates, thereof origin 

2 was demonstrated to be derived from American and secondary European isolates (Turina et al., 

3 2012); on the contrary, the Calabrian population could have passed from a bottleneck of other 

4 indigenous (different natural hosts) or foreign populations. 

5 Moreover, these data suggest genetic exchanges between Asiatic and European TSWV 

6 populations. In fact, the recombination analysis showed additional few recombination events 

7 for both isolates from Calabria and Latium. In literature, it is reported how almost all 

8 recombination events were mainly detected in the 5′ half of the sense RNAs. As previously 

9 reported by Zhang et al. (2016) the reason for this preference is not clear. One possibility is that 

10 RdRp firstly bound RNA template, synthesized complementary strands and then had chance to 

11 facilitate recombination among different complementary strands (Lian et al., 2013). In this case, 

12 the reassortment/recombination occurred in M and S segments, this is particularly relevant in 

13 view of emerging new resistance breaking isolates. Segment M resulted highly involved in Sw5 

14 resistance overcome in tomato along with the NSs gene of RNA S reported as silencing 

15 suppressor (Pappu et al., 2009; Webster et al., 2015; Turina et al., 2016) and virulence 

16 determinants in the interaction with Tsw resistance gene in pepper (Zhang et al., 2016). This is 

17 particularly relevant for PepCal 10, where a reassortment occurred not only in segment M but 

18 also in segment S, highlighted by its clustering in A-like clade, along with isolates reported to 

19 be able to break resistance in pepper (PVR from Spain).

20

21 CONCLUSION

22 These results highlight a constant evolving situation in TSWV population dynamics, 

23 especially in Italy, where it was possible to observe the formation of a new, formerly 

24 undetected, distinct sub-clade composed mainly by isolates from Latium, along with Chinese 

25 isolates. Genetic reassortment was confirmed to be fundamental in TSWV evolution and to 

26 overcome resistance genes in tomato and pepper (Turina et al., 2016). More studies should be 

27 done to associate this selective pressure to emergence of resistance breaking, focusing mainly 

28 on PepCal 10 isolate, according to its clustering in M and S segments, along with PVR isolate, 

29 reported to have a key role in resistance breaking and silencing suppression in pepper. TSWV 

30 full-genome sequence analysis performed in this study adds useful information to better 

31 understand the evolution of new virus isolates and provide a new update of the Italian and 

32 Mediterranean TSWV population evolution. 

33
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1 Figure 1. TSWV symptoms on ‘Roggianese’ pepper and ‘Habanero Francisca’ chili pepper on left and right panel, 

2 respectively.

3 Figure 2. Phylogenetic tree of full-length TSWV isolates constructed by MEGA software (Tamura et al., 2007), 

4 using Neighbour-Joining method, with Bootstrap test (1000 reps). The whole-nucleotide sequences were obtained 

5 concatenating RNA L, RNA M, and RNA S sequences of the six TSWV isolates (two from Latium: Lazio 17 and 

6 Tarquinia; and four from Calabria: PepCal 10, 12, 22 and 24) sequenced in this study and other full genome 

7 sequences retrieved from GenBank. PepCal 10 (L: MH763621; M: MH756624; S: MG989673); PepCal 12 (L: 

8 MK348941; M: MH756625; S: MG989674); PepCal 22 (L: MH763622; M: MH756626; S: MG989675); PepCal 

9 24 (L: MH763623; M: MH756627; S: MG989676); Tarquinia (L: MK348942; M: MG983522; S: MG983521); 

10 Latium 17 (L: MK348943; M: MG983520; S: MG983519).

11 Figure 3. Phylogenetic trees of TSWV ORFs (RdRp, GcGn, NSm, N and NSs) located in RNA L, RNA M, and 

12 RNA S segments constructed by MEGA software (Tamura et al., 2007), using Neighbour-Joining method, with 

13 Bootstrap test (1000 reps). The sequences of the six TSWV isolates (two from Latium: Lazio 17 and Tarquinia; 

14 and four from Calabria: PepCal 10, 12, 22 and 24) were assembled in this study and the others retrieved from 

15 GenBank.
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Table 1- Italian region and type of pepper (Capsicum annuum L. and Capsicum chinense) where TSWV isolates were detected.

N° Name of Isolate Pepper biotype or variety Species Geographic origin

1 Lazio 17 Chilli pepper (Habanero Red) C. chinense Latium-Roma (RM)

2 Tarquinia Chilli pepper  (Habanero Francisca) C. chinense Latium- Viterbo (VT)

3 PepCal 10 Elongated pepper ‘Roggianese’ C. annuum L. Calabria – Roggiano Gravina (CS)

4 PepCal 12 Rounded pepper ‘Roggianese’ C. annuum L. Calabria – Roggiano Gravina (CS)

5 PepCal 22 Elongated pepper ‘Roggianese’ C. annuum L. Calabria – Roggiano Gravina (CS)

6 PepCal 24 Elongated pepper ‘Roggianese’ C. annuum L. Calabria – Roggiano Gravina (CS)
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Table 2. Recombination/reassortment putative events identified by Recombination Detection Program 4.16 (RDP4) software in this study. RDP4 implements seven different 
algorithms to detect recombination events: RDP, Chimaera, BootScan, 3Seq, SiScan, GENECONV and MaxChi. For each putative event is reported type of event 
(reassortment/recombination), other isolates involved, parental (major and minor), position and segment involved. In addition, the last column is reported how many algorithms 
confirmed independently the putative event.

Event Isolate Reass*/Rec+ Other 
Isolates

Parental Position Segment Coverage

1 PepCal 12 *Reass PepCal 10

PepCal 22

PepCal 24

Major: p105

Minor: K3-CY-CN

8769-13748 M 7/7

2 PepCal 10 *Reass PepCal 22 Major: p105

Minor: PepCal 24

13801-16868 S 7/7

3 p202/3WT *Reass TSWV_12

TSWV_17

SouthAfrica

Australia

Major: TSWV_6

Minor: PA (p105-like)

8972-14010 M 5/7

5 Tarquinia +Rec Latium 17 Major: Chinese group

Minor: Australia

2085-2234 L 7/7

6 PepCal 22 +Rec - Major: PepCal 10

Minor: PepCal 12

14015-14904 S 7/7

12 PepCal 24 +Rec PepCal 10

PepCal 12

Major: p202/3WT

Minor: Tarquina 

8666-8768 L 4/7

Page 22 of 23Annals of Applied Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

3

PepCal 22 (Chinese group)

13 Latium 17 +Rec Major: Chinese group

Minor: SouthAfrica

15791-16062 S 5/7

Page 23 of 23 Annals of Applied Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


