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Summary. Tomato production is an important part of the Swiss vegetable produc-
tion with most tomato crops grown in greenhouses. Tomato plants are vulnerable to
diseases caused by viruses, which can have significant impacts on crop production.
This study reports the first detection of tomato fruit botch virus (ToFBV, Blunervi-
rus solani) in Switzerland, from a tomato production site at the southern part of the
Ticino region. The symptoms observed indicated presence of a viral pathogen, but tests
against the most common tomato viruses were negative. Immunocapture of double-
stranded RNA and its subsequent sequencing on a Flongle flowcell (Oxford Nanop-
ore Technologies) identified the presence of ToFBV and southern tomato virus. The
genome of the Swiss ToFBV isolate was very similar to that available in GenBank.
Datamining of the sequence read archives found the virus in two other countries, with
a highly conserved genome. With this study, there are now 12 near-complete genomes
of ToFBV available, and the virus is recorded from ten countries. This study underlines
the importance of continuous monitoring and research on emerging viruses in tomato
production.
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INTRODUCTION:

Tomato production (Solanum lycopersicum) is an important part of the
Swiss agricultural sector, with more than 40,000 metric tons produced in
2021. Of the production area, 4% was in open fields, and 96% was in green-
houses, with almost 60% using the soilless production systems (Swiss Fed-
eral Statistical Office, 2022). Tomato plants are vulnerable to a range of pests
and diseases, often depending on climate, geographical location, and produc-
tion system. These pests and pathogens include insects, nematodes, fungi,
oomycetes, bacteria, and viruses (Panno et al., 2021). A significant number
of pathogens are well-known, researched, and controlled; however, the indus-
try is also confronted with emerging diseases, many of which are associated
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with viruses. In a recent review, Rivarez et al. (2021) list-
ed more than 312 virus, satellite virus, satellite RNA or
viroid species (in 22 families and 39 genera) associated
with tomato.

In the last decade, tomato brown rugose fruit virus
(ToBRFV) has rapidly spread across 35 countries, and
has had significant impacts on world tomato produc-
tion (Caruso et al., 2022). ToBRFV was reported in Swit-
zerland in 2021, from soil-grown tomato production in
the north-east of the country (Mahillon et al., 2022).
Another, lesser-known symptomatic and emerging virus,
tomato fruit blotch virus (ToFBV, Blunervirus solani),
was identified in 2020 in Italy and Australia (Ciuffo et
al., 2020). ToFBV is in the family Kitaviridae, a group
of plant viruses distantly related to nege-like viruses
that mainly infect invertebrates (Ramos-Gonzalez et
al., 2022). In the past 2 years, the virus was detected in
Spain, Portugal, Brazil, Tunisia and Slovenia (Kitajima
et al.,, 2022; Maachi et al.,, 2021; Nakasu et al., 2022;
Rivarez et al., 2022). The virus was detected from symp-
tomatic tomato plants, and uneven and/or deformed
fruits were indicated when the symptoms were precise-
ly described (Ciuffo et al., 2020; Kitajima et al., 2022;
Nakasu et al., 2022).

The present study reports the first detection of ToF-
BV in Switzerland, and extends the probable distribu-
tion of this virus through mining of publicly available
sequence read archive (SRA) data.

MATERIAL AND METHODS

In August 2022, an inspector from the Ticino Agri-
cultural Advisory Office visited a tomato production
site in the south of the Ticino region (the southern tip
of Switzerland) in response to a request from the pro-
ducer. Tomato plants were grown in soil under plastic
tunnels. Because of the unusual nature of the symptoms
observed, samples were collected for laboratory analysis.
Severe symptoms observed on fruits included chloro-
tic rings and sometimes distortion, and these indicated
presence of a viral pathogen (Figure 1). After confirming
the absence of tomato brown rugose fruit virus (ToBR-
FV) using specific RT-qPCR, samples were tested for 16
additional known virus, viroid or phytoplasma patho-
gens of tomato, using lateral flow devices, ELISA, RT-
PCR and RT-qPCR. All of these tests were negative, and
no particles were observed using a transmission electron
microscope.

A double-stranded RNA (dsRNA) extraction was
prepared by immunocapture (Blouin et al., 2016).
Approximately 3 g of frozen leaf tissue were ground in
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liquid nitrogen and added to 11.2 mL of extraction buff-
er (STE with 0.3% bentonite, 2% PVP, 1.5% SDS and 2%
beta-mercaptoethanol). The extract was then added to 8
mL of phenol in a 50 mL tube. The sample was vortexed
for 1 min, and then centrifuged for 4 min at 2,200 g
From the aqueous phase, 6.4 mL was collected and add-
ed to 5.1 mL of isopropanol in a new tube. The sample
was kept on ice for 10 min, and total nucleic acids were
then precipitated by centrifugation at 17,000 g for 20 min
at 4°C. The resulting pellet was rinsed twice with 75%
ethanol, air dried for 10 min, and then resuspended in 2
mL Tris-buffered saline-tween (TBST, 25 mM Tris, 0.15M
NaCl, pH 7.5 + 0.05% Tween). From the 2 mL, 1.5 mL
were used for the immunocapture, and the remaining
0.5 mL was then kept in a -20°C freezer. Single-stranded
RNA was digested with 187.5 U of RNAse T1 (Thermo
Fisher Scientific) for 1 h at 37°C on a thermal mixer.

Immunocapture of the dsRNA was prepared as
described by Blouin et al. (2016). A total of 10 pL of Pro-
tein L magnetic beads (Thermo Fisher Scientific) was
washed three times in TBST buffered as per the manu-
facturer recommendation. A total of 400 puL of mono-
clonal antibody hybridoma supernatant 2G4 (O’Brien et
al., 2015; UniQuest Pty Limited) was added to the beads,
and these were then incubated at room temperature for
1 h on a rotary mixer. The beads were then washed three
times in TBST, resuspended in TBST and added to the
RNAse T1 digested extract. The sample was then incu-
bated 1 h at room temperature on a rotary mixer. The
beads were then washed three times with TBST buffer,
air dried for a few minutes, and resuspended in 20 pL
of ultrapure water. The cDNA was synthetized from the
dsRNA after an initial heating at 99°C for 2 min of 9
uL of the resuspended beads with 4 pL of linker primer
CGTGGAGACTCTGGNNNNNNNNNNNT at 1 pM.
The sample was then immediately placed on ice, and the
mix was completed with dNTPs (0.5 mM final), 4 pL
of 5x Buffer RT, 1 uL of ultrapure water, 20 U of RNA-
sin® Ribonuclease inhibitor (Promega Corporation), and
100 U of Maxima H Minus (Thermo Fisher Scientific).
The sample was kept on ice for 15 min, then incubated
for 10 min at 25°C, followed by 30 min at 50°C, and the
enzymes were deactivated with a final step of 5 min at
85°C. Remaining RNA was removed by adding 0.75 pL
of RNAse A (20 mg mL') and incubated for 15 min at
22°C and 2 min at 85°C.

The cDNA was then purified with the AMPure XP
(Beckman Coulter) following the manufacturer recom-
mendations, and eluted in 30 pL. PCR was then car-
ried out with the LongAmp Taq 2x Master Mix (New
England Biolabs), with 5 uL ¢cDNA, 5 uL MID primer
(multiplex identifier) AAGGTAGAAGCGTGGAGA-
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CTCTGG, and 10 puL of mastermix. The initial cycle
was 95°C for 5 min, 65°C for 30 min and 75°C for 1
min, then followed by 30 cycles each of 94°C for 30 sec,
50°C for 30 sec and 72°C for 3 min, and a final exten-
sion of 10 min at 72°C. The sample was then loaded on
an agarose gel to visualize the band size. The PCR was
cleaned with the AMPure XP (Beckman Coulter) fol-
lowing the manufacturer recommendations and elut-
ed in 20 uL. A DNA concentration of 55 ng pL! was
measured by Qubit Fluorometric Quantification (Ther-
mo Fisher Scientific), and the median size of the DNA
amplicon was estimated to be 1,200 bp from the aga-
rose gel. A total of 0.65 pL of the cleaned PCR product
was used in the ligation to a concentration of 50 fmol.
The ligation sequencing amplicons (kit SQK-LSK110,
Oxford Nanopore Technologies) was used as recom-
mended by the manufacturer. The sample was loaded
on a Flongle (68 active pores at start) for a 24 h run,
and sequenced alongside with another extract from a
different plant (Vitis vinifera L.), as part of a different
experiment but following the same protocol with a dif-
ferent linker and MID.

Virus sequences were recovered from the data by
mapping against a reference database of plant viruses
using Minimap2 (2.24) plugin (Li, 2021) on Geneious
Prime (v2022.0.2 https://www.geneious.com/). The
presence of ToFBV was confirmed by RT-PCR using
the primers of Nakasu et al. (2022), and a gap in the
RNA3 was filled with the following primers; ToFBV-
RNA3_1823 F (TCTTCGGTCTGCTCGTGATG) and
ToFBV-RNA3_2777 R (CGAAACAGAGACCCGTC-
CAA). Amplicons were Sanger sequenced. Genome
reconstruction was carried out using Geneious Prime.

Datamining was carried out to find additional evi-
dence of the virus, using Serratus (https://serratus.io/)
to screen publicly available SRAs deposited before Janu-
ary 2021 (Edgar et al., 2022). The positive SRA files were
imported in the Galaxy platform (usegalaxy.org, The
Galaxy Community, 2022), where the genomes of ToF-
BV were reconstructed using a combination of de novo
sequencing with rnaviralSPAdes (Galaxy Version 3.15.4;
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Prjibelski et al., 2014; Antipov et al., 2015; Vasilinetc et
al., 2015) and reference mapping (Bowtie2 version 2.5.0;
Langmead et al., 2009).

RESULTS AND DISCUSSION

From the Flongle sequencing run, a total of 160,241
reads were recovered (167 Mb) with a N50 of 895 nt. Five
viruses and one viroid were retrieved from the grapevine
sample. Two non-grapevine viruses were detected from
the tomato sample, and these were : southern tomato
virus (Amalgavirus lycopersici) with 18,835 mapped
reads, 100% horizontal coverage and 99.97% similarity
to isolate Thailand LC487710; and ToFBV, where a total
of 38,090 reads mapped the four RNAs with horizontal
coverage greater than 98% (Table 1).

Southern tomato virus is a seed-borne virus that is
most often asymptomatic. It is widespread, as shown by
the 129 accessions deposited in GenBank to date from
25 countries, including Switzerland (Sabanadzovic et al.,
2009; Turco et al., 2018).

The four almost complete polyadenylated segments
of ToFBV shared the same structure as the other mem-
bers of the species. All segments recovered were contigu-
ous (only the extremities missing), with the exception
of the RNA 3 where a short gap was observed near the
3’ end. This gap was completed by RT-PCR. The larg-
est RNA fragment (5,606 nt) encodes a large polypro-
tein with a methyl-transferase and a helicase recognized
domains, the second RNA (3580 nt) encodes a polypro-
tein with a viral helicase and the RNA-dependent RNA
Polymerase (RdRP) domains. The RNA 3 (2755 nt)
contains five putative ORFs including one coding the
SP24 superfamily motif (putative virion membrane pro-
teins). The RNA 4 (1924 nts) contains two putative ORFs
including one coding a putative movement protein.

The four RNA segments recovered were deposited in
GenBank (0Q849577- 0Q849580). Blast analyses con-
firmed the close relationship among the virus isolates
available. The four Swiss RNA segments closest matches

Table 1. Molecular features of the four RNA segments of tomato fruit blotch virus detected in Switzerland and closest isolate.

Horizontal coverage

Nucleotide identity by Closest accession by

RNA Length (nt) (%) Read mapped nBlast? (%) nBlast (Country)
RNA1 (OQ849577) 5,606 99.3 521 99.42 MZ401001 (Tunisia)
RNA2 (0Q849578) 3,580 99.3 221 99.36 MW546268.1 (Brazil)
RNA3 (0Q849579) 2,755 99.1 10,799 98.44 0L472085.1 (Slovenia)
RNA4 (0Q849580) 1,924 98.4 26,549 99.53 MK517480.2 (Ttalia)

2Query coverage >98% and e-value = 0.
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Figure 1. Tomato fruit symptoms observed from tomato fruit blotch virus infested site in Ticino, Switzerland.

were from four different isolates, with the percentage
identity greater than 98% (Table 1).

ToFBV was also detected by datamining using Ser-
ratus (https:/serratus.io/). The palmID analysis of viral
RdRP identified palmprint with 100% homology to ToF-
BV from two different bioprojects: one SRA from the
bioproject PRINA626066 “Metaviromic analysis of South
Africa sweet potato” (SRR11566106), and three SRAs
from the PRJNA491201 “Tomato fruit inoculated with
various fungal pathogens” (SRR7841169; SRR7841291;
SRR7841300 tomato inoculated with Fusarium acumina-
tum or Rhizopus stolonifer) (Petrasch et al., 2019). Nucle-
otide sequence data reported are available in the Third-
Party Annotation Section of the DDBJ/ENA/GenBank
databases, under the accession numbers TPA: BK063407
to BK063422. All the genomes showed high degrees of
homology, with >95% nucleic acids identity on the four
ToFBV RNA segments.

With the addition of the Swiss isolate and the four
isolates obtained from the SRAs, there are now 12 near-
complete genomes of ToFBV available. Although all
publications of ToFBV to date have reported tomato as
the only host, GenBank accessions of the Tunisian iso-
late indicate that the virus was sequenced from potato
(Solanum tuberosum L.). Similarly, the South African
isolate was reconstructed from SRA originating from
sweet potato (Ipomoea batatas). These two non-tomato
hosts should be confirmed by a complementary assay to
validate the new host-virus associations. Nevertheless, it
is notable that this virus was first described 3 years ago,
but is now present, with a highly conserved genome, in
ten countries across five continents (Australasia, Eurasia,
Africa, North and South America)

This wide distribution resembles that observed for
Physostegia chlorotic mottle virus (PhCMoV, Alphanu-
cleorhabdovirus physostegiae) first reported in 2018 and

then rapidly reported in several countries (Temple et al.,
2022). As with ToFBV, most of the PhnCMoV sequences
in GenBank are almost complete genomes. As diagnos-
tic tools are not yet available, high-throughput sequenc-
ing (HTS) is being used to determine the unidentified
viral pathogens. PhCMoV also has a highly conserved
genome, and the symptoms on the tomato fruits could
be mistaken. However, the occurrence of PhCMoV has
been, to date, restricted to Europe (Temple et al., 2022).

As observed with PhCMoV, ToFBV can remain in
the environment undetected for some time, as suggested
by the 10-year-old isolates sequenced from Italy (Ciuffo
et al., 2020) and Tunisia. The rarity and sporadic detec-
tion of ToFBV contrasts with its worldwide distribution
and its conserved genome, although this has also been
observed with some other members of the Kitaviridae
(e.g., Cileviruses). The improved surveillance and detec-
tion, for example with the rise of HTS technology to
detect plant viruses, can partially explain the wide-
spread detections, although this technology has been
applied in many laboratories for most of the last decade.
Global trade could also explain how the virus and its
suspected mite vector are transported across continents
(Ramos-Gonzalez et al., 2023). The conserved genome of
the virus is also probably the result of better and longer
adaptation to its vector than to its host plants. Kitavir-
ids arise from interkingdom virus transfer (Doljan et al.,
2020). They are the only plant viruses in their phylum
with enveloped virions, and they have molecular and
biological characteristics likely inherited from an ances-
tor shared with the arthropod nege-like viruses. Kitavir-
ids may be well-adapted to their mite vectors, whose fit-
ness can be enhanced upon infection compared to their
plant hosts, where they lack long-distance movement
capability resulting in non-systemic infection (Ramos-
Gonzélez et al., 2023).
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The present study reports the first detection of
ToFBV in Switzerland. Reports of the virus from Italy
and Brazil showed its recurrence on the infested sites
(Ciuffo et al., 2020; Kitajima et al., 2022). The site where
the Swiss isolate was identified will be monitored to
increased knowledge of the epidemiology of the virus.

ACKNOWLEDGMENTS

Silvano Ortelli collected the samples assessed in this
study, and facilitated connection with the tomato pro-
ducer. Jody Hobson-Peter provided the dsRNA antibod-
ies used in this study.

LITERATURE CITED

Antipov D., Korobeynikov A., McLean J.S., Pevzner PA.,
2015. hybridSPAdes: an algorithm for hybrid assem-
bly of short and long reads. Bioinformatics 32(7):
1009-1015. https://doi.org/10.1093/bioinformatics/
btv688

Blouin A.G., Ross H. A., Hobson-Peters J., O’Brien C. A.,
Warren B., MacDiarmid R., 2016. A new virus dis-
covered by immunocapture of double-stranded RNA,
a rapid method for virus enrichment in metagenomic
studies. Molecular Ecology Resources 16: 1255-1263.
https://doi.org/10.1111/1755-0998.12525

Caruso A.G., 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: 258-274.
https://doi.org/10.1111/aab.12788

Ciuffo M., Kinoti W,, Tiberini A., Forgia M., Tomassoli L.,
... Turina M., 2020. A new blunervirus infects tomato
crops in Italy and Australia. Archives of Virology 165:
2379-2384. https://doi.org/10.1007/s00705-020-04760-x

Dolja V.V,, Krupovic M., Koonin E.V.,, 2020. Deep Roots
and Splendid Boughs of the Global Plant Virome.
Annual Review of Phytopathology 58(1): 23-53. htt-
ps://doi.org/10.1146/annurev-phyto-030320-041346

Edgar R. C,, Taylor J., Lin V,, Altman T., Barbera P, ...
Babaian, A., 2022. Petabase-scale sequence align-
ment catalyses viral discovery. Nature 602: 142-147.
https://doi.org/10.1038/s41586-021-04332-2

Kitajima E.W., Nakasu E.Y.T., Inoue-Nagata A. K., Sala-
roli R.B., Ramos-Gonzalez P.L., 2022. Tomato fruit
blotch virus cytopathology strengthens evolutionary
links between plant blunerviruses and insect negevi-
ruses. Scientia Agricola 80: €20220045. https://doi.
org/10.1590/1678-992X-2022-0045

353

Langmead B., Trapnell C., Pop M., Salzberg S.L., 2009.
Ultrafast and memory-efficient alignment of short
DNA sequences to the human genome. Genome Biol-
ogy 10: 1-10. https://doi.org/10.1186/gb-2009-10-3-r25

Li H., 2021. New strategies to improve minimap2 align-
ment accuracy. Bioinformatics 37: 4572-4574. https://
doi.org/10.1093/bioinformatics/btab705

Maachi A., Torre C., Sempere R.N., Hernando Y., Aran-
da M.A., Donaire L., 2021. Use of High-Throughput
Sequencing and Two RNA Input Methods to Iden-
tify Viruses Infecting Tomato Crops. Microorgan-
isms 9: 1043. https://doi.org/10.3390/microorgan-
isms9051043

Mahillon M., Kellenberger I., Dubuis N., Brodard J.,
Bunter M., ... Schumpp O., 2022. First report of
Tomato brown rugose fruit virus in tomato in Swit-
zerland. New Disease Reports 45: €12065. https://doi.
org/10.1002/ndr2.12065

Nakasu E.Y.T., Nagata T., Inoue-Nagata A.K., 2022. First
Report of Tomato Fruit Blotch Virus Infecting Toma-
toes in Brazil. Plant Disease 106: 2271. https://doi.
org/10.1094/PDIS-07-21-1392-PDN

O’Brien C.A., Hobson-Peters J., Yam A. W.Y., Colmant
A. M, McLean B. J,, ... Hall R.A., 2015. Viral RNA
intermediates as targets for detection and discovery
of novel and emerging mosquito-borne viruses. PLoS
Neglected Tropical Diseases 9:¢0003629. https://doi.
org/10.1371/journal.pntd.0003629

Panno S., Davino S., Caruso A.G., Bertacca S., Crnogorac
A., ... Mati¢, S., 2021. A Review of the Most Com-
mon and Economically Important Diseases That
Undermine the Cultivation of Tomato Crop in the
Mediterranean Basin. Agronomy 11: 2188. https://doi.
org/10.3390/agronomy11112188

Petrasch S., Silva C.J., Mesquida-Pesci S.D., Gallegos
K., van den Abeele C., ... Blanco-Ulate B., 2019.
Infection Strategies Deployed by Botrytis cinerea,
Fusarium acuminatum, and Rhizopus stolonifer as
a Function of Tomato Fruit Ripening Stage. Fron-
tiers in Plant Science 10: 223. https://doi.org/10.3389/
fpls.2019.00223

Prjibelski A.D., Vasilinetc 1., Bankevich A., Gurevich A,
Krivosheeva T, ... Pevzner P.A., 2014. ExSPAnder: a
universal repeat resolver for DNA fragment assem-
bly. Bioinformatics 30(12): i293-i301. https://doi.
org/10.1093/bioinformatics/btu266

Ramos-Gonzalez P.L., Kondo H., Morozov S., Vasilakis
N., Varsani A., ... Freitas-Astaa J., 2022. The Border
Between Kitavirids and Nege-Like Viruses: Track-
ing the Evolutionary Pace of Plant-and Arthropod-
Infecting Viruses. Frontiers in Plant Science 13. htt-
ps://doi.org/10.3389/fpls.2022.932523



354

Ramos-Gonzélez P. L., Arena G.D., Tassi A.D., Chabi-
Jesus C., Kitajima E.W., Freitas-Astua J., 2023. Kita-
viruses: A Window to Atypical Plant Viruses Caus-
ing Nonsystemic Diseases. Annual Review of Phy-
topathology 61. https://www.annualreviews.org/doi/
abs/10.1146/annurev-phyto-021622-121351

Rivarez M. P. S., Vucurovi¢ A., Mehle N., Ravnikar M.,
Kutnjak D., 2021. Global advances in tomato virome
research: current status and the impact of high-
throughput sequencing. Frontiers in Microbiology 12:
671925. https://doi.org/10.3389/fmicb.2021.671925

Rivarez M. P. S., Pecman A., Ba¢nik K., Maksimovi¢ O.,
Vucurovi¢ A., ... Kutnjak, D., 2022. In-depth study
of tomato and weed viromes reveals undiscovered
plant virus diversity in an agroecosystem. Microbiome
11(1): 60. https://doi.org/10.1186/s40168-023-01500-6

Sabanadzovic S., Valverde R. A., Brown J. K., Martin R.
R., Tzanetakis, I.E., 2009. Southern tomato virus:
the link between the families Totiviridae and Parti-
tiviridae. Virus Research 140: 130-137. https://doi.
org/10.1016/j.virusres.2008.11.018

Swiss Federal Statistical Office 2022, https://www.bfs.
admin.ch/bfs/fr/home/statistiques/agriculture-syl-
viculture/alimentation/production-primaire.html
accessed July 3rd 2023

Temple C., Blouin A. G., De Jonghe K., Foucart Y., Boter-
mans M., ... Massart S., 2022. Biological and genet-
ic characterization of Physostegia chlorotic mottle
virus in Europe based on host range, location, and
time. Plant Disease 106: 11, 2797-2807. https://doi.
org/10.1094/PDIS-12-21-2800-RE

The Galaxy Community. 2022. The Galaxy platform for
accessible, reproducible and collaborative biomedi-
cal analyses: 2022 update. Nucleic Acids Research 50:
W345-W351. https://doi.org/10.1093/nar/gkac247

Turco S., Golyaev V., Seguin J., Gilli C., Farinelli L., ...
Pooggin, M.M., 2018. Small RNA-Omics for Virome
Reconstruction and Antiviral Defense Characteri-
zation in Mixed Infections of Cultivated Solanum
Plants. Molecular Plant-Microbe Interactions 31: 707-
723. https://doi.org/10.1094/MPMI-12-17-0301-R

Vasilinetc I., Prjibelski A.D., Gurevich A., Korobeynikov
A., Pevzner PA., 2015. Assembling short reads from
jumping libraries with large insert sizes. Bioinformat-
ics 31(20): 3262-3268. https://doi.org/10.1093/bioin-
formatics/btv337

Arnaud G. Blouin et alii



