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Abstract

Tomato production worldwide is affected by numerous plant virus
species. The early and accurate detection of viruses is a critical step
for disease control. However, the simultaneous detection of the
most known tomato viruses can be difficult because of the high num-
ber and diversity of tomato-infecting viruses. Here, we have identified
four new viruses in Serbia by applying target-independent small RNA
high-throughput sequencing (HTS). HTS was applied on pools of
samples and separate samples, in total comprising 30 tomato samples
that exhibited (severe) virus-like symptoms and were collected in
Serbia during three annual surveys (2011 to 2013). These samples
had previously tested negative for the presence of 16 tomato viruses
using targeted detection methods. Three divergent complete genome
sequences of Physostegia chlorotic mottled virus were obtained from
different localities, indicating for the first time that this virus is wide-
spread in Serbia and might represent an emergent viral pathogen of

tomato. The tomato torrado virus was detected at one locality with
devastating yield losses. The southern tomato virus was detected at
two localities, and the spinach latent virus was detected at one locality.
In addition, we detected the presence of one already-known virus in
Serbia, the tomato spotted wilt orthotospovirus. All the HTS results
were subsequently confirmed by targeted detection methods. In this
study, the successful application of post hoc HTS testing of a limited
number of pooled samples resulted in the discovery of new viruses.
Thus, our results encourage the use of HTS in research and diagnostic
laboratories, including laboratories that have limited resources to
resolve disease etiology.

Keywords: detection, high-throughput sequencing, identification, small
RNASs, tomato, viruses

The tomato is the third most important vegetable in Serbia and is
cultivated on approximately 10,000 ha with yields of 15.9 t/ha (FAO
2016). The Serbian tomato market was worth approximately 24 million
euros in 2018 (PKS 2019). Viral diseases are the major factor limiting
tomato production worldwide, causing severe economic losses of mil-
lions of dollars (Hansen and Lapidot 2012). Because of the high diver-
sity of viruses that infect tomato, their ever-increasing number (Xu
et al. 2017), coinfection with multiple viruses, and the similarity
between virus disease symptoms and physiological or nutritional disor-
ders, a timely and accurate identification of the causal agents using
generic detection methods is necessary (Hanssen et al. 2010; Lievens
and Thomma 2005; Moyer et al. 1999; Wickes and Wiederhold
2018; Xu et al. 2017). The importance of viruses in tomato production
has triggered comprehensive surveys in almost all tomato-growing
localities in the world with the aim to determine the most prevalent
and harmful virus species.
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A previous study on tomato viruses in Serbia indicated the presence of
10 viruses (Mijatovi¢ et al. 2000). However, a comprehensive study on
tomato viruses in Serbia showed a significant shift in population diver-
sity, revealing the presence of only six viruses: cucumber mosaic virus
(CMV), potato virus Y (PVY), tomato spotted wilt orthotospovirus
(TSWYV), alfalfa mosaic virus (AMYV), tomato mosaic virus (ToMV),
and tobacco mosaic virus (TMV); the importance of CMV and PVY
in both single and double infections was highlighted (Nikoli¢ et al.
2018).1In 2019, anew virus infecting tomato, tomato infectious chlorosis
virus (TICV), was reported in Serbia (Vucurovi¢ et al. 2019). In the sur-
veys (Nikoli¢ et al. 2018; Nikoli¢ 2018) conducted from 2011 to 2015 in
Serbia, 26.4% of the samples that exhibited virus-like symptoms
were negative for the presence of 16 viruses. In these studies,
standard targeted virological techniques, i.e., double-antibody sandwich
enzyme-linked immunosorbent assay (DAS-ELISA) or reverse
transcription-polymerase chain reaction (RT-PCR), were used.

However, the aforementioned methods have significant limitations
in regard to their multiplexing levels, as they require specific tests
for one or more targets, which is not feasible in the case of tomatoes
with >130 known viruses (Hanssen et al. 2010). Advances in the field
of sequencing technology have made high-throughput sequencing
(HTS) affordable to a broader user base. HTS has revolutionized virol-
ogy, providing a valuable generic tool for virus detection, discovery, or
diversity studies in, e.g., grapevine and tomatoes (Coetzee et al. 2010;
Ho and Tzanetakis 2014; Visser et al. 2016; Villamor et al. 2019;
Wang et al. 2013; Xu et al. 2017; Zhao et al. 2013), potentially enabling
the simultaneous detection of numerous viruses. Methods based on
HTS were first used for plant virus detection in 2009 (Adams et al.
2009; Al Rwahnih et al. 2009; Kreuze et al. 2009), and these methods
have been progressively reaching the diagnostic field ever since (Mas-
sart et al. 2014), being widely employed for the detection of plant
viruses (Ho and Tzanetakis 2014; Hily et al. 2018; Kutnjak et al.
2014; Massart et al. 2014; Pecman et al. 2017, 2018; Zheng et al.
2017). One of the HTS approaches that is frequently used for plant
virus detection is the sequencing of small (s)RNAs (Kreuze et al.
2009), which enables the detection of RNA viruses, DNA viruses,
and viroids (Itaya et al. 2001; Pecman et al. 2017).
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Here, we used target-independent SRNA HTS to supplement tradi-
tional virus surveys. We explored the yet-unknown part of the tomato
virome in a selected set of the above-mentioned collected symptomatic
samples, which tested negative for the presence of 16 viruses using
targeted detection methods (Nikoli¢ 2018; Nikoli¢ et al. 2018). We
aimed to detect new or unexpected viruses in tomatoes in Serbia
and to resolve some of the unknown etiologies of tomato diseases in
the country.

Materials and Methods

Sample selection. The samples used in this study originate from a
five-year survey (2011 to 2015) conducted at 136 localities in 22 dis-
tricts of Serbia (Nikoli¢ 2018; Nikoli¢ et al. 2018). For this study, we
selected 30 out of 920 samples tested negative for the 16 viruses in the
previous studies (Nikoli¢ 2018; Nikoli¢ et al. 2018; Supplementary
Table S1) collected from 11 localities between 2011 and 2013 (Table
1, Supplementary Fig. S1). The tomato samples selected for this study
exhibited symptoms resembling those caused by viruses, including leaf
mosaic, chlorosis, deformations, blistering, and edge necrosis, and/or
fruit mosaic, marbling, deformations, and necrotic line patterns (Fig.
1). Sample selection was performed by taking into account all the
results obtained by targeted methods in Nikoli¢ (2018) and Nikoli¢
et al. (2018) and photo documentation of symptoms for each particular
sample, excluding the samples in which symptoms could be attributed

Table 1. Tomato samples/pools from Serbia

to nutritional disorders, other pathogens, and influence of the environ-
mental conditions.

Small RNA extraction, pooling, and Illumina sequencing.
Total RNA was extracted from 100 pg of freeze-dried leaf material
from each of the 30 individual samples using TRIzol reagent (Life
Technologies, Invitrogen, Carlsbad, CA) following the manufacturer’s
instructions. A NanoDrop spectrophotometer (ND-1000, NanoDrop
Technology, Wilmington, DE) was used to determine the quality of
extraction and total RNA concentration.

The samples were then pooled according to locality, year of collec-
tion, and symptoms for two localities (Togocevce and Pocekovina)
(Table 1). Six samples were sequenced individually, while 24 were
pooled into five groups and subjected to SRNA HTS (Table 1). The
RNA pools were prepared by mixing equal amounts of RNAs originat-
ing from different samples to ensure a uniform concentration of each
sample in the pool. Total RNAs were sent to SeqMatic LL.C (Fremont,
CA) for library preparation and sequencing, and SRNA libraries (11 in
total) were constructed (TailorMix miRNA Sample Preparation Kit
V2, SeqMatic LLC) and multiplexed in one lane of Illumina HiSeq
2500 (Illumina) in 1 x 50 bp mode.

HTS data processing and detection of viral reads. Raw
sequencing reads were imported to CLC Genomic Workbench version
11.0 (CLC Bio, Qiagen, Aarhus, Denmark). Sequencing adapters were
trimmed from the reads, and quality control of the reads was per-
formed; the number and average length of the sequencing reads for

Confirmation
Sample Sequenced Locality/type Result by RT-qPCR
designation pool Symptoms of production HTS ELISA RT-PCR (Cq value) Sanger
236-11 p_1 Leaf crinkling and deformations  Pocekovina 1/ - s / / /
240-11 Greenhouse / / / /
243-11 / / / /
215-12 NAP Leaf crinkling and deformations ~Mackovac/ - / / / /
Greenhouse
232-11 p_3 Leaf crinkling and mosaic Pocekovina 2/ STV® / + / /
239-11 Greenhouse / - / /
9-12 p_4 Leaf mottling Debre/ ToTV / + + (36.0) /
Greenhouse
10-12 Whitish mottling / + + (33.0) /
11-12 Leaf crinkling and deformations / + + (34.1) /
12-12 Leaf crinkling, deformations, / + +(23.0) +
and mosaic
13-12 Deformations and necrosis / + + (20.3) /
14-12 Deep lobes / + +(33.4) /
15-12 Yellow mosaic / + +(22.3) +
16-12 Shoestring / + + (34.3) /
18-12 Bronzing / + + (21.0) /
19-12 Yellow mosaic / + + (27.4) /
20-12 Deformations and necrosis / + + (32.4) /
210-12 p_5 Stunting Varvarin/ - / / / /
212-12 Open field
328-12 NA Stunting Togocevce 1/ - / / / /
Greenhouse
232-12 NA Leaf mottling, fruit mottling, Medveda/ PhCMoV  EMDV - + / +
and uneven ripening Greenhouse
238-12 NA Leaf mottling, fruit mottling, Pocekovina 3/ PhCMoV ~ EMDV - + / +
and uneven ripening Greenhouse
226-13 p_9 Leaf mottling and deformations  Kupusina/ TSWV, / SpLV — TSWV — /
and ring necrosis on fruits Greenhouse SpLV (neg/neg/34.9%
227-13 / SpLV - TSWYV + (31.6) /
228-13 / SpLV — TSWV + (30.8) /
229-13 / SpLV - TSWV + (32.1) /
230-13 / SpLV + TSWYV + (22.7) /
232-13 / SpLV — TSWV + (32.3) /
200-13 NA Prominent crinkling Donji Tavankut/ - / / / /
Open field
323-12 NA Fruit mottling Togocevce 2/ PhCMoV, EMDV - PhCMoV + / +
Greenhouse STV STV +

#Not tested.

" Not applicable (NA; tested as a single sample).
¢STV, southern tomato virus; ToTV, tomato torrado virus; PhCMoV, physostegia chlorotic mottled virus; EMDV, eggplant mottled dwarf virus; TSWV,

tomato spotted wilt orthotospovirus; SpLV, spinach latent virus.
9RT-qPCR was considered negative because two of three replicates were negative and one was positive but slightly below the Cq threshold.
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every sample sequenced are provided in Supplementary Table S2. We
used a workflow for the detection of plant viruses to further analyze
sRNA sequencing reads (the parameters used in the analyses are pro-
vided in Supplementary Tables S3 to S5), as described by Pecman et al.
(2017). Additionally, we compared all the de novo assembled contigs
produced by the pipeline to all sequences deposited in the National
Center for Biotechnology Information (NCBI) GenBank using
BLASTRn against the nt database (February 2017) and BLASTx against
the nr database (February 2017). To obtain potentially improved
assemblies of viral genomes, we also ran de novo assembly for all
the samples using SPAdes version 3.6.1 (Bankevich et al. 2012) and
the input file of the single-read library and set the k-mer lengths to
15, 17, 19, and 21, with the option —careful.

The construction of viral consensus genome sequences. To
confirm the presence of each virus detected by the used pipeline, we
performed mapping of the reads to the complete viral genome sequen-
ces of the most similar viral isolates from the NCBI GenBank database.
We then visually inspected the individual mappings. Validation of each
corrected consensus genome was performed by mapping all de novo
generated contigs obtained by CLC Genomics Workbench and SPAdes
to the corresponding corrected consensus genome sequences. Visual
inspection of the mapping results was performed to detect possible dif-
ferences between the de novo contigs and the corrected consensus
genome sequence. Discerned conflicts were investigated by inspecting
the mapping of the reads obtained by sequencing.

Confirmation of the HTS results. The detection of viruses by
HTS was confirmed using DAS-ELISA, RT-PCR, and/or reverse tran-
scription quantitative real-time PCR (RT-qPCR).

For RT-PCR and RT-qPCR, the same total RNA extracts were used
as for HTS. RT-PCR was performed using primers designed in this
study for Physostegia chlorotic mottle virus (PhCMoV) (amplifying
a 905-nucleotide [nt] long fragment of the 5" end of the L gene—
RNA-directed RNA polymerase—and 3’ end of the 5’ trailer) or previ-
ously developed primers for tomato torrado virus (ToTV), southern
tomato virus (STV), and spinach latent virus (SpLV) (Supplementary
Table S6).

Fig. 1. Possible disease symptoms on the leaves and fruits of sampled tomato
plants. A, Edge necrosis, deformation, and mosaic (13-12). B, Mosaic, distortion,
and blistering (232-11). C, Marbling (323-12). D, Mosaic and uneven ripening
(232-12). E, Necrotic line patterns and deformations (230-13). F, Chlorosis, necrotic
spots, and blistering (238-12).

RT-PCR reactions were performed using the One-Step RT-PCR Kit
(Qiagen GmbH, Germany) and virus-specific primers and cycling con-
ditions (Supplementary Table S6). The RT-PCR mixture included 400
UM each of the four dNTPs, 0.6 uM viral sense and complementary
sense primers, 5 pl of 5x Qiagen OneStep RT-PCR Buffer, 1 pl of
5% Q-Solution, 1 pl of RT-PCR enzyme mix (Omniscript Reverse tran-
scription, Sensiscript Reverse transcription, and HotStarTag DNA
Polymerase), and 1 pl of extracted RNA. The volume of the mixture
was adjusted to 25 pl by using RNase-Free water. RT-PCR was carried
out in the thermal cycler GeneAmp PCR System 9700 (Applied Bio-
systems). Amplification products, together with the appropriate nega-
tive and positive controls (when those were available), were run in
1% agarose gel stained with ethidium bromide. The sample was con-
sidered positive if a band of the expected size was visualized.

Amplification products of the predicted size of two selected ToTV
and all three PhCMoV isolates obtained by RT-PCR were sequenced
directly after purification with the QIAquick PCR Purification Kit
(Qiagen). Sequencing was performed on an automated capillary DNA
sequencing system (GATC Biotech AG) using both primers. The con-
sensus nucleotide sequences were compiled and determined by using
FinchTV Version 1.4.0. To confirm PhCMoV detection, Sanger sequen-
ces were aligned against the respective PhACMoV genomes obtained by
HTS using MEGA X (Kumar et al. 2018). Partial sequences of two
ToTV isolates covering part of the Vp23 coat protein gene have
been deposited in the NCBI GenBank. Previously developed one-step
RT-gqPCR assays were performed for TSWV and ToTV (Supplemen-
tary Table S6). The RT-qPCRs were prepared in a final volume of
10 pl (containing 2 pl of sample RNA, 900 nM TSWV/500 nM ToTV
primers, and 200 nM TSWV/250 nM ToTV probe) using the AgPath-
ID One-Step RT-qPCR mix (Ambion). The RNA samples were ana-
lyzed either undiluted or 10- or 100-fold diluted for ToTV and 10- or
100-fold diluted for TSWV. RT-qPCR was carried out in 384-well
plates (Applied Biosystems), and the reactions were run in triplicates
on an ABI PRISM 7900HT sequence detection system (Applied Biosys-
tems). The cycling conditions are provided in Supplementary Table S6.
A sample was considered positive for ToTV if it produced an exponen-
tial amplification curve that was distinguishable from the negative con-
trols; in such cases, the quantification cycles (Cq) were determined. For
TSWYV, samples were considered positive if their average RT-gPCR Cq
values were lower than the determined Cq cutoff value of 35. The SDS
2.4 software (Applied Biosystems) was used for fluorescence acquisi-
tion and determination of Cq values. For this, the baseline was set auto-
matically, and the fluorescence threshold was set manually to 0.3 (for
TSWV) or 0.25 (for ToTV), i.e., to a level that was above the baseline
and sufficiently low to be within the exponential increase region of
the amplification curve. If no exponential amplification curve was pro-
duced, a sample was considered negative.

To ascertain that PhCMoV isolates detected in our samples are not
serologically cross-reacting with the closely related eggplant mottled
dwarf virus (EMDV), samples in which the presence of Physostegia
chlorotic mottle virus (PhCMoV) was detected were tested using a
commercial ELISA diagnostic kit (DSMZ, Braunschweig, Germany)
against EMDV, according to manufacturer’s instructions. Both com-
mercial positive (DSMZ, Braunschweig, Germany) and negative
(extracts from healthy tomato leaf tissue and extraction buffer) controls
were included in the test. Samples were considered positive if the
absorbance value was equal to or higher than two times the absorbance
value of the negative control.

Phylogenetic analyses. Phylogenetic analyses were conducted for
STV and PhCMoV, for which complete genome sequences were
derived in this study from single samples and for which there was
enough sequence data of other isolates in the NCBI GenBank for
meaningful analysis. Alignments of complete genome sequences of
STV (two sequences generated in this study and all sequences available
in the NCBI GenBank nucleotide database; see Supplementary Table
S7) and complete amino acid sequences of the polymerase (L) gene
of selected plant rhabdoviruses (three sequences generated in this study
and selected sequences from the NCBI GenBank nucleotide database;
see Supplementary Table S8) were conducted by CLUSTAL W in
MEGA X (Kumar et al. 2018). For the alignment of rhabdoviruses,
ambiguously aligned amino acid residues were pruned by using
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Gblocks (Castresana 2000) with 650 positions remaining in the final
dataset. For both analyses, the most appropriate sequence evolution
model was identified according to the Akaike Information Criterion
and Bayesian Information Criterion ranking using ModelTest imple-
mented in MEGA X. Phylogenetic analyses were conducted using
the maximum likelihood algorithm implemented in MEGA X. The ini-
tial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using a Jones—Taylor—Thornton model and then
selecting the topology with a superior log likelihood value. A discrete
gamma distribution was used to model the evolutionary rate differ-
ences among sites (five categories [+G, parameter = 2.0698]). The
tree with the highest log likelihood was shown. The statistical support
of the branches was evaluated using the bootstrap method based on
1,000 replicates. Intragroup and intergroup diversity values were calcu-
lated as the average genetic distances using the p-distance model in
MEGA X.

Results

HTS data. In this study, we obtained HTS results for selected sam-
ples that we pooled or sequenced separately, finally constructing and
sequencing 11 libraries (Table 1). The libraries generated 13,345,833
to 24,445,608 raw reads each (Supplementary Table S2). After adapter
trimming and filtering SRNAs with lengths of 21 to 24 nt, 1,871,213 to
12,319,941 reads were obtained. For all the samples, the amount of fil-
tered SRNA data was above the potentially limiting data size for plant
virus detection, reported by empirical analysis of rarefied SRNA data-
sets (Pecman et al. 2017). The most abundant class of SRNAs was 23 nt
in length in seven libraries and 22 nt in length in four libraries. Similar
length distributions of SRNA were observed in all the libraries. These
sRNA reads have been deposited in the NCBI Sequence Read Archive
and allocated under accession nos. SRR8237432 to SRR8237442 (Bio-
project No. PRINAS506547).

Virus identification. We detected and confirmed the presence of
one or two viruses in each of the six libraries, of which three were con-
structed from individual samples and three from the pool of samples
(Table 1). In total, we detected five different viral species. In four
libraries, we detected single infections of STV (Amalgavirus; p_3),
ToTV (Torradovirus; p_4), or PhCMoV (Alphaucleorhabdovirus;,
232-12 and 238-12). In p_9, we detected a double infection of
TSWYV (Orthotospovirus) and SpLV (llarvirus), and in 323-12, we
detected a double infection of PhACMoV and STV.

The genome sequences of the identified viruses from all the libraries
have high to moderate (93.6 to 100%) nt sequence identity with the
respective (most similar) isolate genomes from the GenBank database
(Table 2). The use of the reliable, generic detection method of HTS
thus resulted in the novel detection of four viruses in Serbia (ToTV,
STV, PhCMoV, and SpLV). We did not detect the presence of any
virus in 5 of 11 libraries (Table 1).

Complete or near complete genome sequences were covered by
sRNA reads for two STV isolates, one SpLV isolate, one ToTV isolate,
and three PhCMoV isolates. The number of reads corresponding to the
obtained isolates of different viruses and the average coverage in the

final mappings are provided in Supplementary Table S9. Complete
consensus genome sequences were reconstructed for STV, SpLV,
and PhCMoV isolates and were deposited in the NCBI GenBank
(Table 2). Since ToTV was detected in a pool of 11 samples (Table
1), two samples were selected (12-12 and 15-12) from which parts
of the ToTV genome were amplified, Sanger sequenced, and deposited
in the NCBI GenBank (Table 2).

Southern tomato virus (STV, genus Amalgavirus). The presence of
STV was detected in 2 of 11 libraries, p_3 and 323-12. Using RT-PCR,
STV was confirmed in one (isolate 232-11) of two samples pooled in
p_3 and in the single sample 323-12 (Table 1). The sequence of the iso-
late 232-11 exhibited 99.9% nt identity with the STV sequence from
Mexico (EF442780), while 323-12 exhibited 99.9% identity with the
STV sequence from the United Kingdom (KY810783).

A maximum likelihood phylogenetic analysis of the STV isolates
(Fig. 2), based on the Hasegawa—Kishino—Yano model, revealed two
major groups of STV isolates (groups 1 and 2). The STV isolates
from Serbia (232-11 and 323-12) clustered into group 1. Within group
1, isolate 232-11 clustered into a subgroup with an isolate from the
United Kingdom.

Spinach latent virus (SpLV, genus Ilarvirus). We detected SpLV in
one pool of samples (p_9). Using RT-PCR, SpLV was confirmed in
one (isolate 230-13) of six individual samples in this pool (Table 1).
This Serbian SpLV 230-13 isolate exhibited the highest nucleotide
identities with the spinach isolate from the United States
(KY695012-14) in all three segments: RNAI, RNA2, and RNA3
(99.9, 99.8, and 100%, respectively).

Tomato spotted wilt orthotospovirus (TSWV, genus Orthotospo-
virus). Besides SpLV, TSWV also was detected in the p_9 library.
Using RT-gPCR, TSWYV was confirmed in five of six individual sam-
ples in this pool; both SpLV and TSWV were found to be present in
sample 230-13 (Table 1). The Cq values of TSWV-positive samples
ranged from 22.7 to 32.3 (Table 1). SRNA reads mapped to all three
genomic RNAs of TSWV (RNA S, RNA M, and RNA L); however,
we were unable to extract whole genome sequences for any of the
RNAs because of insufficient coverage (Supplementary Table S9).

Tomato torrado virus (ToTV, genus Torradovirus). We detected
the presence of ToTV in the p_4 library. Using RT-PCR and
RT-gPCR, ToTV was confirmed in all of the samples (n = 11) compris-
ing the p_4 pool (Table 1). RT-qPCR ToTV-positive samples had Cq
values from 20.3 to 36 (Table 1). Sanger sequences of a part of the coat
protein gene (Vp23) on RNA2 from both selected individual samples
(12-12 and 15-12) exhibited the highest nucleotide identities (99.82%
with 100% amino acid identity) with two ToTV isolates from South
Africa and Spain (MH587230 and GQ397402, respectively). These
two Serbian isolates were identical in this part of their genomes.

Physostegia chlorotic mottle virus (PhCMoV, genus Alphanu-
cleorhabdovirus). We detected the presence of PhCMoV in 3 (232-
12, 238-12, and 323-12) of 11 libraries; all three libraries represented
individual samples. The obtained sequences of 232-12, 238-12, and
323-12 were 13,318, 13,315, and 13,316 nt in length, respectively.
The isolates 232-12 and 323-12 exhibited the highest nucleotide iden-
tities with the Austrian PhCMoV isolate KY636164 (96.5 and 93.6%,
respectively), while isolate 238-12 exhibited the highest nucleotide

Table 2. Comparison of the whole and partial genome sequences of viruses detected by HTS in tomato samples from Serbia with the most similar reference

sequence available in the NCBI GenBank

Reference sequence

Sequenced Virus NCBI GenBank Genome accession no. Host plant of % of identity
pool detected® accession no. Isolate part (NCBI GenBank)/Origin reference sequence with the reference
p_3 STV MT269808 232-11 Whole KY810783/UK Tomato 99.9
232_12 PhCMoV MT269810 232-12 ‘Whole KX636164/Austria Physostegia 96.5
238_12 PhCMoV MT269811 238-12 Whole KY859866/Germany Tomato 93.6
p_9 SpLV MT269813 230-13 RNAL1 KY695012/U.S.A. Spinach 99.9
MT269814 RNA2 KY695013/U.S.A. Spinach 99.8
MT269815 RNA3 KY695014/U.S.A. Spinach 100
323_12 STV MT269809 323-12 Whole EF442780/Mexico Tomato 99.9
PhCMoV MT269812 Whole KX636164/Austria Physostegia 93.6
p_4 ToTV MT269806 12-12 Vp23 MH587230, GQ397402/ Unknown host,
MT269807 15-12 Vp23 South Africa, Spain black nightshade 99.8

#STV, southern tomato virus; PhCMoV, physostegia chlorotic mottle virus; SpLV, spinach latent virus; ToTV, tomato torrado virus.
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identity with the German PhCMoV isolate KY859866 (93.6%). All
three samples were negative for the presence of EMDV in ELISA
test (Table 1).

A maximum likelihood tree (Fig. 3A) based on the Le_Gascuel_2008
(LG + G) (Le and Gascuel 2008) model, reconstructed based on the
alignment of complete amino acid L gene sequences of three Serbian
PhCMoV isolates and 27 other plant-infecting representatives of Rhab-
doviridae, revealed that PhCMoV isolates are clustered together with
other Alphanucleorhabdovirus species. The PhACMoV cluster was mono-
phyletic and showed close evolutionary relations with the EMDV clus-
ter. The genetic distance between these two clusters was 0.0671 + 0.009,
while the average genetic distance was 0.01 £ 0.003 (PhCMoV) and
0.003 £+ 0.001 (EMDV) within each cluster. The Serbian isolates 238-
12 and 323-12 subclustered with all other sequenced isolates of the spe-
cies with a relatively low bootstrap support, while the Serbian isolate
232-12 represents a separate species group on the tree (Fig. 3B).

Discussion

In this study, we detected the presence of TSWV, which is known to
be present at many localities in Serbia (Krsti¢ and Bulaji¢ 2007), in
addition to other viruses that had never been described in Serbia before:
STV, SpLV, ToTV, and PhCMoV. This was enabled by post hoc anal-
ysis of selected tomato samples from a large survey (Nikoli¢ 2018;
Nikoli¢ et al. 2018) that had tested negative using selective targeted
tests. Thus, we were able to detect known and important pathogens
of tomato (ToTV, TSWV), potential latent viruses (STV, SpLV),
and a discovered, possibly emerging tomato pathogen (PhCMoV).
HTS also enabled rapid sequencing of their genomes.

We detected STV in a single infection in tomato with leaf crinkling
and mosaic. In a report from Germany, STV was detected in tomato
plants showing mottling, yellowing, and/or chlorotic spots in a single
infection (Gaafar et al. 2019). Additionally, we found STV in a mixed
infection with PhACMoV in the sample exhibiting fruit mottling. The

majority of studies regarding STV have reported mixed infection
with other viruses; these studies indicated a possible enhancement in
symptom severity but also indicated an inability to distinguish the
symptoms caused by only STV (Candresse et al. 2013; Iacono et al.
2015; Padmanabhan et al. 2015b; Sabanadzovic et al. 2009). Although
the data on the presence of STV in different countries are available
(Candresse et al. 2013; Gaafar et al. 2019; Iacono et al. 2015; Padma-
nabhan et al. 2015a, b; Verbeek at al. 2015), the foliar or fruit symp-
toms, the relevant damage and potential losses that STV causes in
tomato production, remain to be investigated. The phylogenetic tree
we reconstructed from all the available sequences suggested the exis-
tence of two STV groups. The larger group included Serbian isolates
from this study and isolates from all over the world, which indicates
that the intensive international trade and seed transmission of the virus
can be responsible for its worldwide distribution (Candresse et al.
2013; Padmanabhan et al. 2015b; Sabanadzovic et al. 2009). The sec-
ond group only consisted of three isolates from Switzerland and China.
Simultaneous reports of STV all over the world are probably caused by
both efficient seed transmission and the frequent use of HTS for the
detection of tomato-infecting viruses. In the future, special attention
should be paid to the presence and distribution of this virus in tomato
fields in Serbia because its implications for disease development in
tomato are not yet known.

SpLV was detected in only one of six samples from one locality.
This is the first evidence for the presence of SpLV in Serbia. Although
only a few whole genome sequences of SpLV isolates are available in
the GenBank, the Serbian isolate from tomato is >99% identical with
the spinach SpLV isolate from the United States. SpLV was first
described as a symptomless virus in spinach (Bos et al. 1980); how-
ever, it was later suggested to also be connected with symptoms on
tomato fruits (Lebas et al. 2007). In our study, SpLV was found in a
mixed infection with TSWYV, thus clear association with observed
symptoms is not possible. Because there are only few reports regarding
SpLV in tomato (Lebas et al. 2007; Vargas Asencio et al. 2013), the

33 | NC 011591 Mexico

MG808383 Brazil
— KX949574 USA-Florida
— KX525266 Dominican Republic
— LC429302 Japan

KY228384 China

LC270272 South Korea

— KJ174690 Spain Group 1
KT85257 USA-North Carolina
= _35{— EU413670 USA-Mississippi
MK610257 Canada
—— MT269809 Serbia 323-12
KT634055 Bangladesh
KY810783 United Kingdom
8 MT269808 Serbia 232-11 =
— KT438549 China 1
— MF422617 Switzerland Group 2

T
a

0,0020

g9 | MF422618 Switzerland

Fig. 2. Maximum likelihood phylogenetic tree based on the complete genome sequences of 18 Southern tomato virus isolates. The phylogram was generated with MEGA X
using the Hasegawa-Kishino-Yano model. Bootstrap analysis was performed with 1,000 replicates, and bootstrap values (>50%) are shown next to the branches. The

Serbian southern tomato virus isolates are bolded and underlined.
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virus probably does not represent a significant threat for tomato pro-
duction at the moment, however, its epidemiology in tomato is still
unknown.

TSWYV was present in five of six samples from the same pool/local-
ity as SpLV, indicating that this virus probably causes the symptoms
observed in the plants of this pool, including leaf mottling and defor-
mations and ring necrosis on fruits. The samples of this pool tested neg-
ative for TSWV by ELISA and RT-PCR in a previous study (Nikoli¢
2018; Nikoli¢ et al. 2018). The inability of ELISA and RT-PCR tests to
detect the presence of TSWYV could be caused by low virus concentra-
tions in some samples and/or uneven distribution of TSWYV in infected
plants and leaves (Asano et al. 2017; Deki¢ et al. 2008), because

A 62, MT269812 PhCMoV Solanum lycopersicum 323-12

different leaves were taken from different plant parts for testing with
different methods. TSWV is considered one of the most important
and widespread tomato viruses in Serbia (Nikoli¢. 2018; Nikoli¢ et al.
2018), and our results emphasize the need to change the TSWV screen-
ing test currently used in Serbia.

HTS of the pooled sample from the Debrc locality (p_4) resulted in
the identification of ToTV. ToTV was the only virus detected in a
pooled sample of plants displaying distinct symptoms, such as mot-
tling, yellow mosaic, bronzing, necrosis, crinkling, and shoestring,
symptoms already associated with ToTV (Alfaro-Fernandez et al.
2007; Verbeek et al. 2007, 2008). Outbreaks of ToTV and other torra-
doviruses are common in many regions (Turina et al. 2007; Verbeek
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et al. 2007, 2008). The outbreak of virus-like symptoms in a green-
house at the Debrc locality in 2012 resulted in an almost total yield
loss. The intensive trading of seeds and plant material and abundant
presence of vector species (Trialeurodes vaporariorum) probably led
to the outbreak of ToTV in tomato in Serbia. After the first description
of ToTV in Spain in 2001, the disease was restricted to small geograph-
ical areas, but later on outbreaks have been reported in tomato crops in
Hungary, southern France, Poland, Panama, and Australia (Alfaro-
Fernandez et al. 2008; EPPO 2009; Herrera-Vasquez et al. 2009; Pos-
pieszny et al. 2007; Verdin et al. 2009; Goméz et al. 2012). Successful
eradication of ToTV, in which all infected plants were destroyed, have
been reported in Poland, Hungary (Goméz et al. 2012), Belgium,
France, and the Netherlands (EPPO 2020) and, in the other parts of
Europe, ToTV epidemics were described as transient (Goméz et al.
2012), and the virus was deleted from the EPPO Alert list in 2013
(EPPO 2020). Similarly, in a Serbian greenhouse in which ToTV
was found, the removal and destruction of infected tomato material
was carried out for the eradication of the, at that time, still unknown
causal agent. Since 2012, no similar outbreak with unresolved epidemi-
ology in tomato has been noted during the extensive surveys that have
been regularly performed in Serbia (Nikoli¢ 2018; Nikoli¢ et al. 2018).
We therefore consider the virus eradication to have been successful.
Our novel discovery of ToTV in Serbia using HTS demonstrates
that this method is useful for detecting an economically very important
pathogen.

This study detected for the first time the presence of PhCMoV at
three different localities in Serbia. PhCMoV was detected in the sam-
ples that exhibited leaf and fruit mottling and uneven fruit ripening,
symptoms previously reported in plants infected with PhCMoV (Gaa-
far et al. 2018; Menzel et al. 2016). This virus was first described in
Austria in Physostegia virginiana by Menzel et al. (2016). Later, the
same virus was found to be present in samples of tomato from Ger-
many already from 2003 and later in 2015 to 2016 (Gaafar et al.
2018). The ELISA tests using antibodies for the most closely related
viral species, i.e., EMDV, performed in our current study as well as
the serological tests performed by Gaafar et al. (2018) and Menzel et al.
(2018) showed that the two viruses can be clearly distinguished in sero-
logical tests, which is one of the criteria for species demarcation within
the genus. Our phylogenetic analysis of the three isolates showed
grouping of Serbian PhCMoV isolates with other known PhCMoV iso-
lates available in the GenBank. Considering the potential importance of
PhCMoV, a further characterization of this virus in Serbia is needed to
better understand the epidemiology of the virus and the potential ways
it could be introduced and spread in Serbia. Although Steinmoller and
Ziebell (2017) in the Express pest risk assessment of PhCMoV indi-
cated a low phytosanitary risk for this virus in the European Union,
the results of our current study, along with the severe symptoms on
tomato and other reports on this virus, suggest that PhCMoV could
be considered an emerging tomato-infecting virus. In addition, the abil-
ity of PhCMoV to infect the representatives of two botanically distant
families, P. virginiana (Lamiaceae) and tomato (Solanaceae), suggests
a potential host range expansion and, therefore, a risk to other suscep-
tible crops.

The results of this study represent the first comprehensive analysis
using HTS of the tomato virome in Serbia, complementing the results
obtained in the studies on the presence and distribution of tomato
viruses in Serbia (Nikoli¢ 2018; Nikoli¢ et al. 2018). Considering
the emerging status of ToTV, the description of PhACMoV and STV,
and the poorly understood roles of these viruses in tomato disease
and their potential importance for the tomato industry, further investi-
gations are needed.

HTS is becoming an important virus-detection tool for plant control,
especially for plant import and certification, where it could prevent
pathogen spread by international trade (Villamor et al. 2019). The
results of our study highlight the importance of the application of
HTS in plant virus diagnostics, especially in cases when targeted meth-
ods traditionally used in plant virology do not reveal the cause of the
disease. The sSRNA sequencing method used in this study was shown
to be a suitable approach to identify unexpected viruses in plant sam-
ples with unknown etiology, as already demonstrated before (Kreuze
et al. 2009, Pecman et al. 2017). Other HTS approaches for the

detection of plant viruses, such as sequencing of total RNA (Pecman
et al. 2017) or double-stranded RNA (Gaafar and Ziebell 2020), will
likely bring similar or even slightly superior results regarding the detec-
tion of plant viruses. Our study should encourage the use of HTS for
pathogen detection in other important cultivated plants in smaller lab-
oratories with limited resources, as it demonstrates that the method can
be used on a limited set of samples with a high gain (in terms of detect-
ing new viruses in certain geographical areas) for plant protection
purposes.
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