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Abstract: Tomato brown rugose fruit virus (ToBRFV) is an economically important seed and me-
chanically transmitted pathogen of significant importance to tomato production around the globe.
Synergistic interaction with pepino mosaic virus (PepMYV), another seed and mechanically trans-
mitted virus, and long-distance dissemination of these two viruses via contaminated tomato fruits
through global marketing were previously suggested. In 2019, we detected both viruses in several
grocery store-purchased tomatoes in South Florida, USA. In this study, to identify potential sources
of inoculum, co-infection status, prevalence, and genomic diversity of these viruses, we surveyed
symptomatic and asymptomatic imported tomatoes sold in ten different groceries in four cities
in South Florida. According to the product labels, all collected tomatoes originated from Canada,
Mexico, or repacking houses in the United States. With high prevalence levels, 86.5% of the collected
samples were infected with ToBRFV, 90% with PepMV alone, and 73% were mixed-infected. The
phylogenetic study showed no significant correlations between ToBRFV genomic diversity and the
tomato label origin. Phylogenetic analysis of PepMYV isolates revealed the prevalence of the PepMV
strains, Chilean (CH2) and recombinant (US2). The results of this study highlight the continual
presence of PepMV and ToBRFV in imported tomatoes in Florida grocery stores.

Keywords: resistance-breaking virus; inoculum; detection; new primer pairs

1. Introduction

The viruses belonging to the Tobamovirus genus are extremely stable and mechanically
transmitted plant viruses and cause significant economic losses to vegetable and ornamental
crops around the globe, particularly tomatoes. In the last 60 years, diseases caused by
tobamoviruses in tomatoes, such as tobacco mosaic virus (TMV) and tomato mosaic virus
(ToMV), were effectively controlled by using resistance tomato cultivars harboring the
R resistance genes [1-3]. The Tm-22 and other tobamovirus resistance genes (T'm-1 and
Tm-2) were used to protect tomatoes against tobamoviruses until the emergence of tomato
brown rugose fruit virus (ToBRFV), a recently described new tobamovirus species able to
overcome these resistance genes. The pathogen was first detected in 2014 in the Middle
East [2,4]. Shortly after, the spread of ToBRFV expanded globally, and the disease emerged
in tomato production areas in Europe, North and South America, and Asia [5-10]. In
addition to resistance breakage, synergistic interaction between ToBRFV and the potexvirus
pepino mosaic virus (PepMV) was previously demonstrated, resulting in an increase in the
severity of the symptoms by enhancement of PepMYV titers in mixed-infected plants [11,12].
Similar to ToBRFV, PepMYV is a mechanically transmitted, economically important virus,
and its global epidemic has long been established since the first report on pepino (Solanum
muricatum L.) in 1980 in Peru [13-20].

The genome of both ToOBRFV and PepMYV consists of a single-stranded positive-sense
RNA of ~6.4 kb encapsulated in ~300 nm long rod-like particles and 508 nm long filamen-
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tous particles, respectively [2,13]. The ToBRFV virus contains four open reading frames
(ORF) encoding four viral proteins, including two subunits of RNA-dependent RNA poly-
merase (RARp) complex, a movement protein (MP), and a coat protein (CP) [2]. The RNA
genome of PepMYV consists of five ORFs encoding the RdRp, a triple gene block, and a
CP [21].

ToBRFV, PepMYV, and co-infection of both viruses can induce a variety of symptoms
in tomato plants, and the symptom development can be affected by many factors, in-
cluding environmental conditions, virus accumulation, tomato cultivar, and growth stage
of the infected plants [12,22]. Generally, plants infected with ToOBRFV exhibit common
tobamovirus symptoms that are stunted, with leaves showing mosaic or mottling and fruit
bleaching [2,4]. Characteristics of PepMV-induced symptoms are dwarfing, leaf distortions,
mosaics and narrowing of the leaves, fruit discoloration, and the appearance of open fruit
and scars on the fruit surface [11,23,24]. ToBRFV and PepMYV co-infections in tomatoes can
induce severe viral disease symptoms, including scarred or open unripe fruits and narrow
or yellow patched leaves [11].

Currently, PepMYV is classified into six strains/genotypes, including American (US1),
Chilean 2 (CH2), the recombinant (US2) US1/CH1, European (EU), Peruvian (LP), and
new Peruvian (PES) [25]. After the first identification in 2001, all four major genotypes (EU,
US1, US2, and CH2) of PepMV were characterized in tomato plants in Arizona, California,
Colorado, Maryland, New York, Ohio, Oklahoma, and Texas in the U.S. [26,27].

Previous phylogenetic studies of ToBRFV populations have revealed three major
clades, with minor divergence among these clades [28-31]. These findings collectively
highlighted the genetic diversity and potential origins of ToBRFV in various geographic
regions. The detection of ToBRFV in North America was first reported at a California
greenhouse facility and in Mexico in September 2018 [5,7]. Shortly after, the pathogen was
reported in Canada in 2019, and greenhouse tomato production sites in other states in the
U.S., including Arizona, Florida, and New Jersey [7,32]. In Florida, ToOBRFV was detected
in tomatoes grown in the community garden and in tomatoes imported from Mexico for
sale in grocery stores around the same time in 2019 [33,34].

In the United States, California and Florida are the top two fresh tomato producers,
accounting for nearly 75% of total fresh tomato production in the U.S. in the last two
decades [35]. However, about 60% of domestic demand for fresh market tomatoes is
supported by imported tomato fruits, mainly from Mexico and Canada. In 2020, imports
from Mexico accounted for 91% of the total volume of U.S. fresh tomato imports. Canada
was a distant second, accounting for 8% of U.S. imports [36]. From 2000 to 2020, the
volume of tomato imports from Mexico increased nearly threefold, whereas the total U.S.
production plunged 67% within the same timeframe. The imports from Mexico were three
times higher than the total U.S. production in 2020 [36].

After the first disease report associated with ToBRFV in a California greenhouse in
2018, the U.S. Department of Agriculture (USDA) Animal and Plant Health Inspection
Service (APHIS) issued a federal order to control tomato fruit imports from countries with
ToBRFV [37]. Based on the order, fruit entering the United States from key trading partners
such as Canada and Mexico would be visually inspected at the entry ports. All tomatoes
imported from a country where ToBRFV is present must include a phytosanitary certificate
or an inspection certificate documenting that the shipment is free of symptoms of ToBRFV.
However, due to the challenging and unreliable visual symptom determination of viruses
and the presence of asymptomatic fruits, infected tomato fruits may escape from visual
inspection and inadvertently move across national and state borders [38].

To date in Florida, PepMV has not been reported in an open field, but recently, we
detected co-infection with ToBRFV in imported greenhouse tomatoes sold in supermar-
kets [33]. Tomato fruits displaying symptoms consistent with TOBRFV and PepMYV infec-
tions (Figure 1) were observed at several grocery stores in South Florida in the United
States. Based on these observations, we hypothesized that the infectious ToBRFV and/or
PepMYV might still be present in the grocery tomatoes and may contribute to the disease



Viruses 2023, 15, 2305 30f13

dispersal due to their easy transmissibility and extreme durability. While the current status
of open-field infection with PepMYV, ToBRFV, and co-infection in Florida remains to be
investigated, with no reports to date, our study has a twofold objective. First, we aim to
investigate the prevalence of the TOBRFV, PepMYV, and their co-infection status in imported
grocery tomatoes in South Florida by broadening our investigation to encompass a wider
range of grocery stores in the region. Subsequently, we aim to understand the genomic
diversity and the phylogenetic relationship between the origin of the tomato produce sold
in supermarkets.

2. Materials and Methods
2.1. Sample Collection and Virus Source

In 2020 and 2022, tomato fruits sold in several leading chain grocery stores were ran-
domly inspected visually for virus-like symptoms such as necrosis and chlorosis. Suspected
fruit samples with and without obvious virus-like symptoms were purchased from grocery
stores located in four different cities (Arcadia, Hollywood, Immokalee, and Naples) in
South Florida.

2.2. RNA Extraction and Virus Detection

The total RNA was extracted from symptomatic and asymptomatic fruit pericarp
(~50 mg) of tomato plants using the Quick-RNA MiniPrep kit (Zymo Research, Irvine, CA,
USA) according to the manufacturer’s instructions. Extracted RNAs were stored at —80 °C
until needed. cDNAs were synthesized by Superscript II (200 U/ L) reverse transcriptase
(Invitrogen, Carlsbad, CA, USA) using the total RNAs of virus-infected and healthy tomato
fruit samples. The cDNAs were then used in RT-PCR assay and amplification initiated
with ToBRFV- and PepMV-specific and Tobamo- and Potex-degenerate primers targeting
RNA-dependent RNA polymerase (RdRp) or coat protein (CP) [2,7,11,39]. For ToBRFV
detection, in addition to available primers, new primer pairs targeting the partial movement
protein (MP) and complete CP of ToBRFV were designed and compared with others. The
thermocycler program for the new primer pairs consisted of a 2 min denaturation at 94 °C,
followed by 35 cycles of 94 °C for 20 s, 55 °C for 1 min, and 72 °C for 1 min, with final
extension at 72 °C for 7 min. Primers used and designed in this study are summarized in
Table 1.

Table 1. The list of RT-PCR primers used in this study for the detection of tomato brown rugose fruit
virus (ToBRFV) and pepino mosaic virus (PepMV) in tomato fruits.

Primer Name Sequence (5'-3') Target Amplicon (bp) Reference
ToBRFV-F GAAGTCCCGATGTCTGTAAGG rtial CP o1 -
ToBRFV-R GTGCCTACGGATGTGTATGA p

ToBRFV-F5281 AGGACGCAGAAAAGGCAGTT ,

ToBRFV-R6308 CCATACACATTTGTCCCGCG complete CP 1028 This study

F-3666 ATGGTACGAACGGCGGCAG .
R-4718 CAATCCTTGATGTGTTTAGCAC partial RdRp 1052 2]

PVX-UniF ACNTAYGCNGGHTGYCARGG .
PVX-UniR CCATNGTHCCYWANAMCATNAC partial RdRp 1100 [59]

PepMVF GAGCTGTGGATTCCATCC .
PepMVR CAACCTTGTTTAACAAATTGG partial RdRp 835 31

PepMV-F5380 CACCAATAAATTTAGTTTTAGC complete CP 1035 [11]

PepMV-3END ATTTAGTAGATTTAGATACTAAGG

2.3. Sanger Sequencing and Phylogenetic Analysis

The complete CP gene region from representative isolates of 24 ToBRFV and 28 PepMV
were sent for Sanger sequencing (MCLAB, South San Francisco, CA, USA). The phylo-
genetic trees were constructed using a complete nucleotide sequence of CPs of PepMV
and ToBRFV with other available representative isolates from South and North Amer-
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ica, Europe, and Asia retrieved from GenBank (Table 2). All the phylogenetic trees were
constructed using the Tamura-Nei (TN93) genetic distance model using Geneious Prime
(v.2022.2.2) based on PHYML, RAxML, and neighbor-joining methods for ToBRFV and
PHYML method for PepMV [40,41]. Bootstrapping (1000 replicates) was generated to
ensure the confidence of the branches in the phylogenetic trees.

Table 2. The list of complete capsid protein (CP) gene nucleotide sequences of tomato brown rugose
fruit virus (ToBRFV) and pepino mosaic virus (PepMV) isolates used in this study.

Virus (Strain) Origin Host Sample ID Accession Number
United States Solanum lycopersicum L. 20NTTG * OP971908
United States Solanum lycopersicum L. 22NTT13 * 0OPr971931
United States Solanum lycopersicum L. 22NTT14 * 0OP971932
Canada Solanum lycopersicum L. 22NS5 * 0OPr971929
Canada Solanum lycopersicum L. 22NS6 * OP971930
Canada Solanum lycopersicum L. 22NL11* 0OP971925
PepMV (CH2) Canada Solanum lycopersicum L. 22NL12 * OP971926
Canada Solanum lycopersicum L. 22HMF28 * 0OPr971918
Canada Solanum lycopersicum L. 22HMF29 * 0OP971919
Canada Solanum lycopersicum L. 22AS821* 0OP971916
Canada Solanum lycopersicum L. 22AS22 * 0Or971917
Mexico Solanum lycopersicum L. 22A123*% 0OPr971914
Mexico Solanum lycopersicum L. 22A124 % 0OP971915
Mexico Solanum lycopersicum L. 22NNS1 * 0Or971927
Mexico Solanum lycopersicum L. 22NNS2 * 0OP971928
Mexico Solanum lycopersicum L. 22HNS25 * 0OP971920
Mexico Solanum lycopersicum L. 22HNS26 * 0r971921
Mexico Solanum lycopersicum L. 22IL15*% 0Pr971922
Mexico Solanum lycopersicum L. 22IL16 % 0OPr971923
Mexico Solanum lycopersicum L. 221520 * 0OPr971924
PepMV (US2) United States Solanum lycopersicum L. 20NO1 * 0OPr971906
United States Solanum lycopersicum L. 20NO2 * 0OPr971907
United States Solanum lycopersicum L. 20IG1 * OPr971905
United States Solanum lycopersicum L. 20NTTV * OP971909
United States Solanum lycopersicum L. 20NVM1 * 0OP971910
United States Solanum lycopersicum L. 20NVM2 * 0OPr971911
United States Solanum lycopersicum L. 20NVS1 * 0OPr971912
United States Solanum lycopersicum L. 20NVS2 * 0OP971913
Peru Solanum peruvianum L. NA AJ606361
PepMV (LF) Peru Solanum muricatum L. NA AM109896
Peru Solanum lycopersicum L. NA HG000306
PepMYV (PES) Peru Solanum peruvianum L. NA HG313807
Peru Solanum lycopersicum L. NA HQ663890
France Solanum lycopersicum L. NA AJ438767
Spain Solanum lycopersicum L. NA AJ606360
Solanum lycopersicum L. NA NC004067
Hungry Solanum lycopersicum L. NA AM491606
Belgium Solanum lycopersicum L. NA FJ457098
PepMV (EU) United Kingdom Solanum lycopersicum L. NA KJ018164
Netherlands Solanum lycopersicum L. NA FJ940223
Poland Solanum lycopersicum L. NA JN133846
NA JQ314457
United States Solanum lycopersicum L. NA JQQ314459

NA MN395046
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Table 2. Cont.

Virus (Strain) Origin Host Sample ID Accession Number
PepMV (CH2) Belgium Solanum lycopersicum L. NA FJ457097
Italy Solanum lycopersicum L. NA HQ663890
Switzerland Solanum lycopersicum L. NA MF422611
United States Solanum lycopersicum L. NA JX866667
United States Solanum lycopersicum L. NA JX866668
Canada Solanum lycopersicum L. NA JX866665
Canada Solanum lycopersicum L. NA JX866666
PepMV (CH1) Chile Solanum lycopersicum L. NA DQ000984
United States Solanum lycopersicum L. NA JQ314458
PepMV (US1) United States Solanum lycopersicum L. NA KF734961
United States Solanum lycopersicum L. NA AY509926
PepMV (US2) United States Solanum lycopersicum L. NA AY509927
Canada Solanum lycopersicum L. 22NS5 * 0OP971902
Canada Solanum lycopersicum L. 22NS6 * OP971903
United States Solanum lycopersicum L. 22NTT13 * 0OPr971904
Mexico Solanum lycopersicum L. 22IL16 % 0OP971896
Mexico Solanum lycopersicum L. 221117 * 0OP971897
Mexico Solanum lycopersicum L. 221519 * 0OPr971898
Mexico Solanum lycopersicum L. 221520 * 0OPr971899
Canada Solanum lycopersicum L. 22A821 * 0OP971890
Canada Solanum lycopersicum L. 22AS822* 0Or971891
Mexico Solanum lycopersicum L. 22A123 % 0OPr971888
Mexico Solanum lycopersicum L. 22A1.24 % 0OP971889
Mexico Solanum lycopersicum L. 22HNS25 * 0OP97189%4
Mexico Solanum lycopersicum L. 22HNS26 * OP971895
Canada Solanum lycopersicum L. 22HMF28 * 0OP971892
Canada Solanum lycopersicum L. 22HMEF29 * 0OP971893
United States Solanum lycopersicum L. 20IG1 * 0OPr971881
United States Solanum lycopersicum L. 20NO1 * 0OP971882
United States Solanum lycopersicum L. 20NO2 * 0OP971883
United States Solanum lycopersicum L. 20NVS1 * OP971900
United States Solanum lycopersicum L. 20NVS2 * 0OP971901
ToBRFV United States Solanum lycopersicum L. 20NTTG * 0OP971884
United States Solanum lycopersicum L. 20NTTV * OP971885
United States Solanum lycopersicum L. 20NVM3 * OPr971886
United States Solanum lycopersicum L. 20NVM4 * 0OPr971887
Jordan Solanum lycopersicum L. NA KT383474
Israel Solanum lycopersicum L. NA KX619418
Israel Solanum lycopersicum L. NA OM515237
Egypt Solanum lycopersicum L. NA MN882030
Turkey Solanum lycopersicum L. NA MT107885
Greece Solanum lycopersicum L. NA MNS815773
Italy Solanum lycopersicum L. NA MN167466
France Solanum lycopersicum L. NA MW284987
Germany Solanum lycopersicum L. NA MK133095
Switzerland Solanum lycopersicum L. NA OM305070
Netherlands Solanum lycopersicum L. NA OMb515245
United Kingdom Solanum lycopersicum L. NA MN182533
China Solanum lycopersicum L. NA MT018320
Canada Solanum lycopersicum L. NA MN549394
Canada Solanum lycopersicum L. NA MN549395
Canada Solanum lycopersicum L. NA MN549396
Mexico Capsicum annuum L. NA MW349655

* Sequences of samples collected in this study.
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3. Results
3.1. Tomato Brown Rugose Fruit Virus (ToBRFV) and Pepino Mosaic Virus (PepMV) Detection in
Grocery Tomatoes

In 2020 and 2022, a total of 124 symptomatic and asymptomatic tomato fruits under
nine different brands were collected from ten different grocery stores located in four
different cities (Arcadia, Hollywood, Immokalee, and Naples) in South Florida. The country
of origin of the packaged tomatoes was Canada, Mexico, or unknown (i.e., repacked in the
U.S.). Symptomatic tomato fruits were showing common ToBRFV and PepMV symptom:s,
including fruit discoloration, uneven ripening, bright yellow spots, and yellow/green
“marbling” (Figure 1).

Figure 1. Symptoms of grocery store-purchased tomatoes in South Florida. Representative tomato
fruit samples with chlorosis and blotchy symptoms were suspected to be infected with a virus.
(A-G) Fruits with yellow/green “marbling” and bright yellow patches resembling common fruit
symptoms caused by tobamovirus infection. (C-G) Fruit discoloration, and (H) asymptomatic fruit.
(A-E,G,H) tomato fruits co-infected with tomato brown rugose fruit virus (ToBRFV) and pepino
mosaic virus (PepMV), and (F) infected with ToOBRFV alone. The presence of viruses was confirmed
by RT-PCR. All photos courtesy of the author.

Representative 52 tomato fruits were selected and tested for the presence of ToBRFV
and PepMV by RT-PCR using virus-specific and degenerate primers targeting capsid
protein (CP) and/or RNA-dependent RNA polymerase (RdRp) region. Newly designed
ToBRFV-specific primer pair, ToBRFV-F5281/R6308, and previously published PepMV-
F5380/3END, targeting complete CP gene regions showed the highest success rate in
determining the presence of viruses in 45/52 and 47/52 samples, respectively. Whereas
other primers, including ToBRFV-F/R (38/52), ToBRFV-F3666/R4718 (34/52), PVX-UniF/R
(33/52), and PepMV-F/R (34/52), failed to confirm the presence of the viruses in some
positive tomato samples. According to the package labels, all tomato fruits tested positive
for these viruses either originated from Canada and Mexico or were repacked in the United
States without information on their country of origin. Samples representing tomatoes
produced in Florida all tested negative and were consistent with the lack of any virus-like
symptoms at the grocery stores (data not shown). The percent prevalence of viruses in these
fruits showed the presence of ToBRFV, PepMV, and mixed infection with both viruses in
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each origin. Based on the RT-PCR results, overall, 86.5% (45/52) of the tested samples were
found to be infected with ToBRFV, 90% (47/52) with PepMYV, and 77% (38/52) co-infected
with ToBRFV and PepMV (Table 3).

Table 3. Summary of the tomato fruit survey results with the confirmed presence of ToBRFV and
PepMV in fruits sold in South Florida groceries in the USA.

Virus Positive/Total Samples

Collection Location PepMV ToBRFV Co-Infection
Arcadia 4/4 4/4 4/4
Hollywood 5/6 6/6 5/6
Immokalee 9/11 9/11 7/11
Naples 29/31 26/31 24/31
Total 47/52 45/52 40/52

All the tested fruit samples coming from Canada were co-infected by ToBRFV and
PepMYV and, therefore, had the highest incidence levels (100%) of these viruses (Figure 2).
Mexico had the lowest incidence levels of ToBRFV, PepMYV, and co-infection with 66.7%,
80%, and 46.7%, followed by the United States at 89.5%, 89.5%, and 78.9%, respectively
(Figure 2).

100
90

D ~N
o O O

100 100
89.5 89.5

N
o

80
66.7

Infection Rate (%)
= N W a1
o O O o

o

Canada Mexico United States
PepMV = ToBRFV mco-infection

Figure 2. The percent distribution of tomato brown rugose fruit virus (ToBRFV) and pepino mosaic
virus (PepMYV) and their co-infection in tomatoes imported from Canada, Mexico, and the United
States. (The origin of the tomatoes was determined based on the package labels).

3.2. Phylogenetic Analysis of Virus Isolates from Grocery Store Tomato Fruits

To determine the genetic relationship of the PepMV population detected in the tested
fruit samples, the phylogenetic comparison was made using the complete CP nucleotide
sequence of PepMYV isolates obtained from this study and representative isolates for each
genotype from GenBank and potato virus X (PVX; MT752896) as an outgroup (Table 2).
The similarity of PepMV CP sequences determined from grocery samples was found to be
96.2% to 100% identical (up to 27 single nucleotide polymorphisms, SNPs). All the PepMV
isolates from this study clustered with either US2 or CH2 genotype groups (Figure 3). All
the PepMYV isolates coming from tested fruits of Canadian origin were closely linked to the
CH2 genotype, while the majority of PepMYV isolates from Mexico grouped with the US2
genotype, except for two isolates (sample ID: 22AL23 and 22AL24) that were grouped with
the CH2 (Figure 3). Similar to isolates from Mexico, the phylogenetic analysis showed no
uniform grouping pattern for the isolates from United States origin. However, the majority
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of the U.S. isolates (with unknown origin of import) grouped in the US2 genotype except
for three isolates (Sample ID: 22NTT13, 22NTT14, and 20NTTG) that were linked to the
CH2 group (Figure 3).
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®PepMVY | 201G1 | GS-US
®PephY | 20NVMZ | GS-US
®PepMY | 20NC1 | GS-US
PepMV | AY509927 umed Stales (US2)
®Pephy | 20NTTV | us?2
.F'EpMV ”ONVM1 | GS us
PepMV | 2 6 | GS-M
53 56 Pt | S2S a5 SR MR
®PephMY | 22NNST | GS-MX
®PepMY | 22NNS2 | GS-MX
99 ®PepMV | 22IL16 | GS-MX
®PepMY | 22IL15 | GS-MX
®PepMY | 20NO2 | GS-US
65 ®PepMY | 224123 | GS-MX
®PepMY | 22AL24 | GS-MX
58 PepMV | MF422611 | Swnzer\and (CH2)
ePephV | 22HMF29 | G
®PephMY | 22HMF28 Gs CA
®PepMY | 224522 | GS-CA
sPephy | 224521 | GS CA
PepMV | 22NTT1
47 ®PepMY | 22NS6 | GS-CA
yE] ®Pephy | 22NS5 | GS-CA CH2
32— ——8PepMv | 22NLT2 | GS CA
®PepMY | 22NL11 | GS-CA
®PepMY | 22NTT14 | GS-US
®PepMV | 20NTTG | GS-US
53 —— PepMV | HQ663890 | Italy (CH2)
—— PepMV | FJ457097 | Belgium (CH2)
97 PepMV JX866656|Canada (CHZ&
PepMV | ]X866665 | Canada (CH2
PepI\IIV JX866668 | United States (CH2)
—— PepMV | JX866667 | United States (CH2)
PepMV | JN133846 | Poland (EU}

64 S
PepMV J0314459 | United States {EU)
PepMV | MN395046 | United States (EU)
PepMV | JQ314457 | United States (EU)
PepMY | FJ940223 | Nederland (EU} EU

PepMV | AJ438767 |7Fr:mce (EU)
—— PepMV | NC_004067 | Spain (EU)
PepMV | FJ457098 | Belgium (EU)
Pepl\-‘lv AJB063 Spain (EU)
83 PepMV KJ018164 | United Kingdom (EU)
93 PepMV | AM481606 | Hungary (EU}
— PepMV 0 le u (LP)
— o L | LP

PepMV
61 Umu-\d States {us1)

26 | Umtcd States (US1)
I CH1

| PES

91
84 58 | United States (US1) I USl
76 epMV| A
81 £
Loz —— Feottvi i
‘epM !

Figure 3. Phylogenetic analysis of pepino mosaic virus (PepMV). Phylogenetic inferences using
maximum likelihood (PHYML) phylogenetic analysis using Tamura-Nei (TN93) genetic distance
model with uniform rates among sites (1000 bootstrap replicates, only >30% values were shown) by
Geneious Prime® (2022.2.2) software to show the distribution of 27 PepMYV isolates from this study
(red dots) and other genotypes from GenBank representing each phylogroup based on complete CP
gene nucleotide sequences. Phylogroups are presented in blue: US1; red: CH2; pink: EU; turquoise:
LP; green: US1; yellow: CHI; orange; PES black; potato virus X (PVX), outgroup. Isolate names from
this study ending with MX, CA, and U.S,, representing fruits’ origin being from Mexico, Canada, and
the U.S. (with unknown origin of import), respectively.

The nucleotide sequence similarity of ToBRFV CPs from this study was found to
be 97.7% to 100% identical (up to 11 SNPs). To compare ToBRFV isolates, phylogenetic
analyses were initially conducted by using PHYML and RAXML methods, but these results
did not yield a significant distribution among the samples (results not shown). How-
ever, the phylogenetic analysis with the complete CP nucleotide sequences of TOBRFV
isolates made in a neighbor-joining method in a recent study was able to show the isolate
distribution into three different phylogroups [30]. Therefore, phylogenetic analysis with
24 CP nucleotide sequences of ToBRFV isolates from this study and 26 others, includ-
ing tobacco mosaic virus (TMV) as an outgroup from GenBank, were made using the
reported neighbor-joining method. Similar to previous phylogenetic studies, our phyloge-
netic analyses with this method resulted in three distinct phylogroups. The two isolates
(MW284987, MW284988) from France clustered in Group 3, and all other isolates from
Belgium (MZ945419, OM515261, and OM515270), the Netherlands (OM515241, MN882040,
MW314130, OM515239, and MW314119), and the United Kingdom (MN182533) clustered
in Group 2 (Figure 4). All the isolates from this study originated from Canada, Mexico,
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and the United States were clustered in Group 1. No significant correlation was observed
between genomic diversity among the TOBRFV isolates and their origins.
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Figure 4. Phylogenetic analysis of tomato brown rugose fruit virus (ToBRFV) isolates. Twenty-four
ToBRFYV isolates from this study (red dots) and other isolates representing each phylogroup based
on the complete nucleotide sequence of the CP gene from GenBank were used in the phylogenetic
analysis. Neighbor-joining phylogenetic analysis using Tamura-Nei (TN93) genetic distance model
with uniform rates among sites (1000 bootstrap replicates, only >30% values were shown) by Geneious
Prime® (2022.2.2) software was utilized. Phylogroups are presented in orange: Group 1; blue: Group 2;
green: Group 3; and black: outgroup. Isolate names from this study ending with MX, CA, and U.S.
represent fruits origin being from Mexico, Canada, and the U.S. (with unknown origin of import),

respectively.

4. Discussion

During this study, tomato fruits showing symptoms akin to ToBRFV and/or PepMV
infections were consistently observed at various grocery stores in the cities of Arcadia,
Hollywood, Immokalee, and Naples in Florida in both 2020 and 2022. To gain insights
into the virus distribution, genomic diversity, and the phylogenetic relationship between
the viruses and the origin of tomato produce sold in grocery stores, purchased tomato
fruits were tested for TOBRFV and PepMYV infections. Firstly, to validate and improve the
detection of TOBRFV via RT-PCR assays, we designed new primer pairs targeting partial MP
and complete CP gene sequence of the virus (Table 1). Our newly designed primer pair in
this study was found to perform better in detecting ToOBRFV than other widely used primers
by different groups. Tomato fruits purchased from various grocery stores exhibited a high
prevalence of viral infections. TOBRFV was detected in 86% of the tomato fruits, PepMV in
90%, and a significant proportion (77%) showed co-infection of both ToBRFV and PepMV.
Among asymptomatic fruits, three were infected with ToBRFV, two with PepMV, and five
displayed mixed infection. These results indicate that virus-infected tomato fruits with or
without obvious symptoms were shipped thousands of miles from primary production
areas to various consumption sites, albeit without knowing their potential to serve as an
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inoculum source for local production sites throughout the state. Based on the product
labels, grocery store-purchased tomatoes originated from either Canada or Mexico or were
redistributed from packing houses in the U.S.

Various phylogenetic analyses were conducted to better understand the genomic
relationship of the ToBRFV and PepMYV isolates in grocery store-purchased tomatoes
and their origin of production sites. In the absence of a complete genome sequence,
the phylogenetic study of tobamoviruses was often established using the complete CP
sequence [42—44]. Our phylogenetic analysis, incorporating the complete CP gene sequence
of ToBRFYV isolates from this study and representative isolates from GenBank, revealed no
noteworthy association between genomic diversity and geographical origins (e.g., Canada,
Mexico, and the repacked U.S.). Nonetheless, subsequent phylogenetic analysis using
the neighbor-joining method identified three distinct phylogroups among the ToBRFV
isolates. These results were consistent with the results of the recent studies on population
structure and evolutionary analysis of global ToBRFV isolates with distribution to three
main clusters [28,30]. Furthermore, all the TOBRFV isolates from this study are clustered in
one group (Figure 4), suggesting possible descent from a single recent common ancestor.

Previous studies have identified the presence of four major genotypes (EU, USI1,
US2, and CH?2) of pepino mosaic virus (PepMV) in North American greenhouse tomato
facilities [26]. Initially, the EU genotype was predominant in North America, contrary to
the expectation of the US1 and US2 genotypes [26]. However, a significant shift occurred
in 2010, when the CH2 genotype became prevalent, followed by another shift to the US1
genotype in Mexico in 2012 [27]. In our study, phylogenetic analysis indicated that the
PepMYV isolates from grocery store-purchased tomatoes cluster with the US2 and CH2
genotypes. The EU genotype was absent, suggesting no reverse shift to EU genotypes
in North America. Similar findings were observed for PepMYV isolates from Canadian
tomatoes, closely linked to the CH2 genotype. Interestingly, most PepMYV isolates from
Mexico were grouped with the US2 genotype, except for two isolates associated with the
CH2 genotype. However, the determination of how this PepMV genotype shift occurred
in North America is beyond the scope of our current study. Furthermore, most PepMV
isolates from the U.S., with unknown import origins, clustered within the US2 genotype,
suggesting potential sources from Canada and Mexico.

Overall, our study showed the continual presence of PepMV and ToBRFV viruses
in grocery store tomatoes. However, it is less likely that the distribution of such viruses
in greenhouses or open fields in Florida may occur through various scenarios. Here, we
present three possible scenarios to illustrate the potential spread of viruses. Scenario 1,
through personnel: A greenhouse worker acquires tomatoes infected with a viral pathogen
from a grocery store and consumes a sandwich prepared with these contaminated tomatoes
within the working environment without knowledge of the viral infection. Consequently,
the worker’s hands and clothes become contaminated. Following this, the worker gains
access to the greenhouse, unintentionally spreading the viral pathogens to uninfected plants
through physical contact or aerosol transmission. Scenario 2, equipment transmission:
Workers handle a shipment of virus-infected tomatoes in the packing house where tomatoes
are processed and sorted. Due to time constraints or inadequate cleaning practices, the
equipment used in sorting, such as conveyor belts or sorting trays, is not thoroughly
disinfected between batches. As a result, viral particles from the infected tomatoes remain
on the surfaces of the equipment. Subsequently, if these contaminated packaging materials
are reused by growers or greenhouse operators for packaging or storing their own produce,
the viruses can be transferred to their facilities. Scenario 3, environmental transmission:
ToBRFV viral particles originating from grocery store-purchased tomatoes can reach a
community garden. These particles can be carried to a nearby greenhouse or open field
through bumblebees [44] or irrigation water [45]. The viral particles can infect healthy
plants in the new environment, leading to disease outbreaks. It is essential to emphasize
the need for further research or experimentation to confirm these pathways and better
understand pathogen transmission dynamics. Nonetheless, these scenarios are just a
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few examples aimed at illustrating the low-risk but possible pathways established by
existing virus transmission understanding and scientific rationale through which viruses
from infected grocery store-purchased tomatoes could potentially disseminate within
greenhouse or open field environments in Florida.

Although currently, there are enforced pathogen screening and regulations for ToBRFV
at the U.S. borders, our study suggests that these inspections (and regulations) are not
effectively blocking infected tomato fruits from entering the U.S. However, recent path-
way risk assessments by the United States Department of Agriculture, Animal and Plant
Health Inspection Service (USDA-APHIS) suggest that imported fruits are not a primary
introduction source of TOBRFV [46]. While we did detect the virus in imported tomatoes
and have not found any ToBRFV infection in ongoing field surveys in Florida [33,47], our
study supports this assessment and underscores how improved sanitation and disease
management practices in Florida have played a vital role in decreasing the risk of secondary
ToBRFV dissemination through imported produce into tomato growing areas.

In light of these findings, and considering the increased understanding of disease
management globally, there is merit in more carefully evaluating the potential of virus-
infected tomatoes to serve as an inoculum source for Florida production sites in the future.
Such evaluation should, however, be accompanied by comprehensive training and risk
awareness programs targeting stakeholders involved in the production and distribution
of tomatoes. For this to happen in the near future, certain restrictions associated with
ToBRFV and PepMYV research in the U.S. should be revisited. Such consideration could
offer researchers an opportunity to conduct more in-depth studies on these exotic viruses,
facilitating a better understanding of the virus etiology and epidemiology under our
growing practices and field conditions. This will contribute to the development of enhanced
control measures should these viruses be introduced to Florida fields.

Ultimately, a well-informed decision-making process, characterized by collaboration
among regulatory authorities, researchers, growers, and industry experts, will be instru-
mental in striking an appropriate balance between scientific exploration and the protection
of agricultural systems. We can foster a safer and more robust food production and distribu-
tion network by adhering to this approach and understanding the critical factors involved
in introducing and spreading exotic tomato-infecting viruses to production regions through
imported produce.

Author Contributions: O.B. and S.Y. jointly designed this study, conducted experiments, analyzed
data, and drafted the manuscript. S.Y. prepared the figures, while O.B. reviewed and edited the
manuscript. Both S.Y. and O.B. participated in the manuscript’s final review and approval, with
O.B. securing the project’s funding. All authors have read and agreed to the published version of
the manuscript.

Funding: Financial support was provided, in part, by the USDA-ARS National Plant Disease Recov-
ery System award number 58-6034-9-026, the USDA-NIFA award number 2022-68013-36537, and the
Florida Department of Agriculture and Consumer Services, Specialty Crop Block Grant Program
(AM22SCBPFL1125).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data are presented in the manuscript.

Acknowledgments: We thank Elena Karlsen-Ayala for proofreading the manuscript and for her
valuable feedback. We also thank Kseniya Chumachenko for photographing the symptomatic
tomato samples.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2023, 15, 2305 12 of 13

References

1.  Hall, T.J. Resistance at the Tm-2 locus in the tomato to tomato mosaic virus. Euphytica 1980, 29, 189-197. [CrossRef]

2. Luria, N.; Smith, E.; Reingold, V.; Bekelman, I.; Lapidot, M.; Levin, I.; Elad, N.; Tam, Y.; Sela, N.; Abu-Ras, A.; et al. A New
Israeli Tobamovirus Isolate Infects Tomato Plants Harboring Tm-22 Resistance Genes. PLoS ONE 2017, 12, e0170429. [CrossRef]
[PubMed]

3. Hak, H.; Spiegelman, Z. The tomato brown rugose fruit virus movement protein overcomes Tm-22 resistance in tomato while
attenuating viral transport. Mol. Plant Microbe Interact. 2021, 34, 1024-1032. [CrossRef] [PubMed]

4. Salem, N.; Mansour, A.; Ciuffo, M.; Falk, B.; Turina, M. A new tobamovirus infecting tomato crops in Jordan. Arch. Virol. 2016,
161, 503-506. [CrossRef] [PubMed]

5. Cambroén-Crisantos, ].M.; Rodriguez-Mendoza, J.; Valencia-Luna, ].B.; Rangel, S.A.; de Jests Garcia-Avila, C.; Lopez-Buenfil, J.A.
First report of Tomato brown rugose fruit virus (ToBRFV) in Michoacan, Mexico. Mex. J. Phytopathol. 2018, 37, 185-192.

6. Fidan, H.; Sarikaya, P,; Calis, O. First report of Tomato brown rugose fruit virus on tomato in Turkey. New Dis. Rep. 2019, 39, 18.
[CrossRef]

7. Ling, K.-S; Tian, T.; Gurung, S.; Salati, R.; Gilliard, A. First report of tomato brown rugose fruit virus infecting greenhouse tomato
in the US. Plant Dis. 2019, 103, 1439. [CrossRef]

8.  Menzel, W.; Knierim, D.; Winter, S.; Hamacher, ].; Heupel, M. First report of tomato brown rugose fruit virus infecting tomato in
Germany. New Dis. Rep. 2019, 39, 2044. [CrossRef]

9.  Skelton, A.; Buxton-Kirk, A.; Ward, R.; Harju, V.; Frew, L.; Fowkes, A.; Long, M.; Negus, A.; Forde, S.; Adames, I. First report of
Tomato brown rugose fruit virus in tomato in the United Kingdom. New Dis. Rep. 2019, 40, 12. [CrossRef]

10. Yan, Z.;Ma, H,; Han, S.; Geng, C.; Tian, Y.; Li, X. First report of Tomato brown rugose fruit virus infecting tomato in China. Plant
Dis. 2019, 103, 2973. [CrossRef]

11. Klap, C,; Luria, N.; Smith, E.; Hadad, L.; Bakelman, E.; Sela, N.; Belausov, E.; Lachman, O.; Leibman, D.; Dombrovsky, A. Tomato
Brown Rugose Fruit Virus Contributes to Enhanced Pepino Mosaic Virus Titers in Tomato Plants. Viruses 2020, 12, 879. [CrossRef]

12.  Klap, C; Luria, N.; Smith, E.; Bakelman, E.; Belausov, E.; Laskar, O.; Lachman, O.; Gal-On, A.; Dombrovsky, A. The potential risk
of plant-virus disease initiation by infected tomatoes. Plants 2020, 9, 623. [CrossRef]

13.  Jones, R.A.C.; Koening, R.; Lesemann, D.E. Pepino mosaic virus, a new potexvirus from pepino (Solanum muricatum). Ann. Appl.
Biol. 1980, 94, 61-68. [CrossRef]

14.  Wright, D.; Mumford, R. Pepino mosaic Potexvirus (PepMV): First records in tomato in the United Kingdom. In Plant Disease
Notice; Central Science Laboratory: York, UK, 1999; Volume 89, p. 400.

15.  Van der Vlugt, R.A.A; Stijger, C.C.M.M.; Verhoeven, ].T.].; Lesemann, D.E. First report of Pepino mosaic virus on tomato. Plant
Dis. 2000, 84, 103. [CrossRef] [PubMed]

16. Lesemann, D.-E.; Dalchow, J.; Winter, S.; Pfeilstetter, E. Occurrence of Pepino mosaic virus in European tomato crops: Identification,
etiology and epidemiology. Mitt. Biol. Bundesanst. Land. Forstwirtsch. 2000, 376.

17.  French, C.; Bouthillier, M.; Bernardy, M.; Ferguson, G.; Sabourin, M.; Johnson, R.; Masters, C.; Godkin, S.; Mumford, R. First
report of Pepino mosaic virus in Canada and the United States. Plant Dis. 2001, 85, 1121. [CrossRef] [PubMed]

18. Jorda, C.; Perez, A.L.; Martinez-Culebras, P.; Abad, P.; Lacasa, A.; Guerrero, M. First report of Pepino mosaic virus on tomato in
Spain. Plant Dis. 2001, 85, 1292. [CrossRef] [PubMed]

19. Mumford, R.; Metcalfe, E. The partial sequencing of the genomic RNA of a UK isolate of Pepino mosaic virus and the comparison
of the coat protein sequence with other isolates from Europe and Peru. Arch. Virol. 2001, 146, 2455-2460. [CrossRef] [PubMed]

20. Roggero, P.; Masenga, V.; Lenzi, R.; Coghe, F,; Ena, S.; Winter, S. First report of Pepino mosaic virus in tomato in Italy. Plant Pathol.
2001, 50, 798. [CrossRef]

21. Mumford, R.A,; Jones, R.A.C. Pepino Mosaic Virus; AAB Descriptions of Plant Viruses 411 No 11 Wellesbourne, UK: Association
of Applied Biologists. 2005. Awailable online: http://www.dpvweb.net/dpv/showadpv.php?dpvno=411 (accessed on 8
December 2022).

22. Sempere, RN.; Gomez-Aix, C.; Ruiz-Ramon, F.; Gémez, P.; Hasiow-Jaroszewska, B.; Sdnchez-Pina, M.A. Pepino mosaic virus
RNA-dependent RNA polymerase pol domain is a hypersensitive response-like elicitor shared by necrotic and mild isolates.
Phytopathology 2016, 106, 395-406. [CrossRef]

23. Spence, N.; Basham, J.; Mumford, R.; Hayman, G.; Edmondson, R.; Jones, D. Effect of Pepino mosaic virus on the yield and
quality of glasshouse-grown tomatoes in the UK. Plant Pathol. 2006, 55, 595-606. [CrossRef]

24. Hanssen, I; Paeleman, A.; Vandewoestijne, E.; Van Bergen, L.; Bragard, C.; Lievens, B.; Vanachter, A.; Thomma, B. Pepino mosaic
virus isolates and differential symptomatology in tomato. Plant Pathol. 2009, 58, 450-460. [CrossRef]

25. Davino, S.; Panno, S.; Iacono, G.; Sabatino, L.; D’Anna, E; Iapichino, G.; Olmos, A.; Scuderi, G.; Rubio, L.; Tomassoli, L.; et al.
Genetic variation and evolutionary analysis of Pepino mosaic virus in Sicily: Insights into the dispersion and epidemiology. Plant
Pathol. 2017, 66, 368-375. [CrossRef]

26. Ling, K.S.; Wintermantel, W.M.; Bledsoe, M. Genetic composition of Pepino mosaic virus population in North American
greenhouse tomatoes. Plant Dis. 2008, 92, 1683-1688. [CrossRef]

27. Ling, K.S,; Li, R.; Bledsoe, M. Pepino mosaic virus genotype shift in North America and development of a loop-mediated

isothermal amplification for rapid genotype identification. Virol. J. 2013, 10, 117. [CrossRef]


https://doi.org/10.1007/BF00037266
https://doi.org/10.1371/journal.pone.0170429
https://www.ncbi.nlm.nih.gov/pubmed/28107419
https://doi.org/10.1094/MPMI-01-21-0023-R
https://www.ncbi.nlm.nih.gov/pubmed/33970669
https://doi.org/10.1007/s00705-015-2677-7
https://www.ncbi.nlm.nih.gov/pubmed/26586328
https://doi.org/10.5197/j.2044-0588.2019.039.018
https://doi.org/10.1094/PDIS-11-18-1959-PDN
https://doi.org/10.5197/j.2044-0588.2019.039.001
https://doi.org/10.5197/j.2044-0588.2019.040.012
https://doi.org/10.1094/PDIS-05-19-1045-PDN
https://doi.org/10.3390/v12080879
https://doi.org/10.3390/plants9050623
https://doi.org/10.1111/j.1744-7348.1980.tb03896.x
https://doi.org/10.1094/PDIS.2000.84.1.103C
https://www.ncbi.nlm.nih.gov/pubmed/30841211
https://doi.org/10.1094/PDIS.2001.85.10.1121B
https://www.ncbi.nlm.nih.gov/pubmed/30823296
https://doi.org/10.1094/PDIS.2001.85.12.1292C
https://www.ncbi.nlm.nih.gov/pubmed/30831820
https://doi.org/10.1007/s007050170015
https://www.ncbi.nlm.nih.gov/pubmed/11811692
https://doi.org/10.1046/j.1365-3059.2001.00621.x
http://www.dpvweb.net/dpv/showadpv.php?dpvno=411
https://doi.org/10.1094/PHYTO-10-15-0277-R
https://doi.org/10.1111/j.1365-3059.2006.01406.x
https://doi.org/10.1111/j.1365-3059.2008.02018.x
https://doi.org/10.1111/ppa.12582
https://doi.org/10.1094/PDIS-92-12-1683
https://doi.org/10.1186/1743-422X-10-117

Viruses 2023, 15, 2305 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

van de Vossenberg, B.T.; Visser, M.; Bruinsma, M.; Koenraadt, H.M.; Westenberg, M.; Botermans, M. Real-time tracking of Tomato
brown rugose fruit virus (ToBRFV) outbreaks in the Netherlands using Nextstrain. PLoS ONE 2020, 15, e0234671. [CrossRef]
Abrahamian, P,; Cai, W.; Nunziata, S.0.; Ling, K.-S.; Jaiswal, N.; Mavrodieva, V.A ; Rivera, Y.; Nakhla, M.K. Comparative Analysis
of Tomato Brown Rugose Fruit Virus Isolates Shows Limited Genetic Diversity. Viruses 2022, 14, 2816. [CrossRef] [PubMed]
Celik, A.; Coskan, S.; Morca, A.F,; Santosa, A.I; Koolivand, D. Insight into population structure and evolutionary analysis of the
emerging tomato brown rugose fruit virus. Plants 2022, 11, 3279. [CrossRef] [PubMed]

Zhang, S.; Griffiths, ].S.; Marchand, G.; Bernards, M.A.; Wang, A. Tomato brown rugose fruit virus: An emerging and rapidly
spreading plant RNA virus that threatens tomato production worldwide. Mol. Plant Pathol. 2022, 23, 1262-1277. [CrossRef]
Sarkes, A.; Fu, H.; Feindel, D.; Harding, M.; Feng, ]. Development and evaluation of a loop-mediated isothermal amplification
(LAMP) assay for the detection of Tomato brown rugose fruit virus (ToBRFV). PLoS ONE 2020, 15, €0230403. [CrossRef]
Batuman, O.; Yilmaz, S.; Roberts, P.D.; McAvoy, E.; Hutton, S.F; Dey, K.; Adkins, S. Tomato Brown Rugose Fruit Virus (ToBRFV):
A Potential Threat for Tomato Production in Florida. EDIS 2020, 360, 6. [CrossRef]

Dey, K.; Velez-Climent, M.; Soria, P.; Batuman, O.; Mavrodieva, V.; Wei, G.; Zhou, J.; Adkins, S.; McVay, J. First report of Tomato
brown rugose fruit virus infecting tomato in Florida, USA. New Dis. Rep. 2021, 44, €12028. [CrossRef]

USDA National Agricultural Statistics Service (USDA NASS). Quick Stats. Available online: https://quickstats.nass.usda.gov/
(accessed on 12 May 2023).

Huang, KM.; Guan, Z.; Hammami, A. The US Fresh Fruit and Vegetable Industry: An Overview of Production and Trade.
Agriculture 2022, 1210, 1719. [CrossRef]

USDA. Animal and Plant Health Inspection Service USDA APHIS. 2018. Available online: https://www.aphis.usda.gov/import_
export/plants/plant_imports/federal_order/downloads/2020/DA-2020-12.pdf (accessed on 12 July 2023).

Wylie, S.J.; Li, H.; Sivasithamparam, K.; Jones, M.G. Complete genome analysis of three isolates of narcissus late season yellows
virus and two of narcissus yellow stripe virus: Three species or one? Arch. Virol. 2014, 159, 5. [CrossRef]

Mansilla, C.; Sanchez, E; Ponz, F. The diagnosis of the tomato variant of pepino mosaic virus: An IC-RT-PCR approach. Eur. J.
Plant Pathol. 2003, 109, 139-146. [CrossRef]

Guindon, S.; Dufayard, J.E; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307-321. [CrossRef]
Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 2014, 30,
1312-1313. [CrossRef]

Gibbs, A.]. Tobamovirus classification. In The Plant Viruses; Van Regenmortel, M.H.V.,, Fraenkel-Conrat, H., Eds.; Springer: Boston,
MA, USA, 1986; pp. 167-180.

Duarte, L.M.L.; Alexandre, M.A.V,; Rivas, E.B.; Cattai, M.B.; Soares, R M.; Harakava, R.; Fernandes, EM.C. Phylogenetic analysis
of Tomato mosaic virus from Hemerocallis sp. and Impatiens hawkeri. Summa Phytopathol. 2007, 33, 409—413. [CrossRef]

Levitzky, N.; Smith, E.; Lachman, O.; Luria, N.; Mizrahi, Y.; Bakelman, H.; Sela, N.; Laskar, O.; Milrot, E.; Dombrovsky, A. The
bumblebee Bombus terrestris carries a primary inoculum of Tomato brown rugose fruit virus contributing to disease spread in
tomatoes. PLoS ONE 2019, 14, e0210871. [CrossRef]

Mehle, N.; Ba¢nik, K.; Bajde, I; Brodari¢, J.; Fox, A.; Gutiérrez-Aguirre, I; Kitek, M.; Kutnjak, D.; Loh, Y.L.; Vuéurovi¢, A.; et al.
Tomato brown rugose fruit virus in aqueous environments-Survival and significance of water-mediated transmission. Front.
Plant Sci. 2023, 14, 1187920. [CrossRef]

USDA APHIS. Regulatory Options for Tomato Brown Rugose Fruit Virus in the Fruit for Consumption and Plant Propagative
Materials (Including Seeds) Pathways. 2023. Available online: https:/ /www.aphis.usda.gov/import_export/plants/plant_
imports/process/tobrfv-option-paper-2023.pdf (accessed on 12 July 2023).

Yilmaz, S.; Hutton, S.E; Adkins, S.; Batuman, O. Surveys for the resistance-breaking orthotospoviruses in tomato fields in Florida
[Poster presentation]. In Proceedings of the APS-Plant Health 2022 Conference, Pittsburgh, PA, USA, 6-10 August 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0234671
https://doi.org/10.3390/v14122816
https://www.ncbi.nlm.nih.gov/pubmed/36560820
https://doi.org/10.3390/plants11233279
https://www.ncbi.nlm.nih.gov/pubmed/36501319
https://doi.org/10.1111/mpp.13229
https://doi.org/10.1371/journal.pone.0230403
https://doi.org/10.32473/edis-pp360-2020
https://doi.org/10.1002/ndr2.12028
https://quickstats.nass.usda.gov/
https://doi.org/10.3390/agriculture12101719
https://www.aphis.usda.gov/import_export/plants/plant_imports/federal_order/downloads/2020/DA-2020-12.pdf
https://www.aphis.usda.gov/import_export/plants/plant_imports/federal_order/downloads/2020/DA-2020-12.pdf
https://doi.org/10.1007/s00705-013-1969-z
https://doi.org/10.1023/A:1022550502049
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1590/S0100-54052007000400016
https://doi.org/10.1371/journal.pone.0210871
https://doi.org/10.3389/fpls.2023.1187920
https://www.aphis.usda.gov/import_export/plants/plant_imports/process/tobrfv-option-paper-2023.pdf
https://www.aphis.usda.gov/import_export/plants/plant_imports/process/tobrfv-option-paper-2023.pdf

	Introduction 
	Materials and Methods 
	Sample Collection and Virus Source 
	RNA Extraction and Virus Detection 
	Sanger Sequencing and Phylogenetic Analysis 

	Results 
	Tomato Brown Rugose Fruit Virus (ToBRFV) and Pepino Mosaic Virus (PepMV) Detection in Grocery Tomatoes 
	Phylogenetic Analysis of Virus Isolates from Grocery Store Tomato Fruits 

	Discussion 
	References

