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Abstract

High-throughput sequencing (HTS) and sequence mining tools revolu-
tionized virus detection and discovery in recent years, and implementing
them with classical plant virology techniques results in a powerful approach
to characterize viruses. An example of a virus discovered through HTS is
Solanum nigrum ilarvirus 1 (SnIV1) (Bromoviridae), which was recently
reported in various solanaceous plants from France, Slovenia, Greece,
and South Africa. It was likewise detected in grapevines (Vitaceae) and
several Fabaceae and Rosaceae plant species. Such a diverse set of source
organisms is atypical for ilarviruses, thus warranting further investigation.
In this study, modern and classical virological tools were combined to
accelerate the characterization of SnIV1. Through HTS-based virome
surveys, mining of sequence read archive datasets, and a literature search,
SnIV1 was further identified from diverse plant and non-plant sources
globally. SnIV1 isolates showed relatively low variability compared with
other phylogenetically related ilarviruses. Phylogenetic analyses showed a

distinct basal clade of isolates from Europe, whereas the rest formed clades
of mixed geographic origin. Furthermore, systemic infection of SnIV1 in
Solanum villosum and its mechanical and graft transmissibility to solana-
ceous species were demonstrated. Near-identical SnIV1 genomes from
the inoculum (S. villosum) and inoculated Nicotiana benthamiana were
sequenced, thus partially fulfilling Koch’s postulates. SnIV1 was shown
to be seed-transmitted and potentially pollen-borne, has spherical virions,
and possibly induces histopathological changes in infected N. benthamiana
leaf tissues. Overall, this study provides information to better understand
the diversity, global presence, and pathobiology of SnIV1; however, its
possible emergence as a destructive pathogen remains uncertain.
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The combination of classical virology techniques, modern high-
throughput sequencing (HTS), and bioinformatics tools provides a
powerful approach to detect, identify, and characterize viruses and
monitor changes in their populations even before they emerge and
cause disease outbreaks (Kumar et al. 2022; Maclot et al. 2020;
McLeish et al. 2021). The COVID-19 pandemic and the persistent
risks posed by plant and animal virus diseases to our food supply
(Meurens et al. 2021; Morens et al. 2020; Ristaino et al. 2021)
have increased interest in viromic surveys of ecosystems and data-
driven virus discovery (Carroll et al. 2018; Lauber and Seitz 2022).
This led to a recent surge in the discovery of viruses and other
virus- or viroid-like agents from various studies (Edgar et al. 2022;
Gregory et al. 2019; Hou et al. 2023; Lee et al. 2023; Mifsud et al.
2022; Neri et al. 2022; Rivarez et al. 2023; Zayed et al. 2022).
As a result, hundreds of thousands of putative novel viruses remain
uncharacterized due to the astounding amount of experimental work
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this requires. For plant virologists, this entails the immense task
of uncovering the biological properties of newly identified plant
viruses and systematically assessing their possible economic and
biosecurity risks (Fontdevila et al. 2023; Hou et al. 2020; Massart
et al. 2017; Rivarez et al. 2021).

Some recent studies combined classical and modern tools and
techniques to characterize recently discovered plant viruses. For
instance, the biological characterization of an emerging pathogen
of tomato, Physostegia chlorotic mottle alphanucleorhabdovirus
(family Rhabdoviridae), was significantly accelerated through an
international collaboration driven by HTS data (Temple et al. 2022,
2023). Recently, mining of thousands of Arabidopsis thaliana pub-
licly available sequence read archive (SRA) datasets uncovered a
novel comovirus (family Secoviridae), Arabidopsis latent virus 1,
which was demonstrated to be mechanically and seed transmitted
but causes no symptoms in A. thaliana (Verhoeven et al. 2023). A
recent study on Prunus-associated luteoviruses (family Luteoviri-
dae) also uncovered a new luteovirus through a search of SRA
datasets (Khalili et al. 2023). Many HTS-based discoveries of crop
and non-crop viruses have also been reported (Gaafar et al. 2020;
Ma et al. 2019; Rivarez et al. 2023; Xu et al. 2017), but only a small
subset of these studies has biologically characterized the identified
viruses (Hou et al. 2020; Rivarez et al. 2021).

Among these newly discovered but marginally characterized
viruses is Solanum nigrum ilarvirus 1 (SnIV1), which was recently
associated with wild, weedy, or cultivated species, primarily from
the Solanaceae family. SnIV1 belongs to the genus llarvirus, which
is the largest genus in the family Bromoviridae, with 22 recognized
species (ICTV 2023), some causing significant economic losses
(Rivarez et al. 2021). Ilarviruses are known to be pollen and/or
seed transmitted (Card et al. 2007; Mink 1993), and their trans-
mission was also reported to be facilitated by thrips or pollinators
(Bristow and Martin 1999). Ilarviruses pose persistent threats to
fruit production, such as for Prunus species (Pallas et al. 2012) or
blackberry (Rubus fruticosus) (Poudel et al. 2014). In recent years,
several ilarviruses were reported to cause problems in tomato in
the United States, including tomato necrotic streak virus (Adkins
et al. 2015; Badillo-Vargas et al. 2016) and tomato necrotic spot
virus (Bratsch et al. 2018, 2019). Other economically important
ilarviruses known to be emerging or endemic pathogens of tomato
include parietaria mottle virus (PMoV) (Aparicio et al. 2018),
tobacco streak virus (TSV) (Sharman et al. 2015), and spinach
latent virus (Vargas-Asencio et al. 2013). TSV and PMoV are
the closest phylogenetically related viruses to SnIV1 (Ma et al.
2020).

SnIV1 was detected in Solanaceae crop and non-crop plants from
France (S. nigrum and S. lycopersicum) (Ma et al. 2020), Slovenia
(Physalis sp.) (Rivarez et al. 2023), South Africa (S. chenopodi-
oides) (Mahlanza et al. 2022), and Greece (Capsicum annuum)
(Orfanidou et al. 2022). A recent report from Greece demonstrated
SnIV1 infectivity in N. benthamiana and C. annuum (Orfanidou
et al. 2022). However, SnIV1 infectivity has not yet been exten-
sively tested for the other crops and wild plants with which it has
been found to be associated. Interestingly, SnIV1 was concurrently
reported under different names (i.e., grapevine-associated ilarvirus,
surrounding legume-associated ilarvirus, and Erysiphe necator-
associated ilar-like virus 1) in viromic studies involving plants
from different botanical families. These studies detected SnIV1
sequences in association with legume (Fabaceae) plants from
Germany (Gaafar et al. 2020) and grapevines (Vitaceae) from Italy
and Spain (Chiapello et al. 2019, 2020). Recently, SnIV1 has also
been reported from Rosaceae fruit trees, such as peaches (Prunus
persica) from the United States (Dias et al. 2022) and apricots
(Prunus armeniaca) from South Africa (Bester and Maree 2023).
Such a diverse list of source materials and potential hosts is unusual
for an ilarvirus because genus members usually have host ranges
limited to species of the same botanical family (Badillo-Vargas et al.
2016).
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In this study, aside from modern HTS and sequence mining ap-
proaches, classical techniques such as experimental host range tests,
extensive geographical surveys, histopathological observations, di-
versity and phylogenetic analyses, and subsequent virus detection
using RT-PCR tests were implemented to characterize SnIV1. The
general aim was to assess its global diversity and distribution and
to characterize some of its biological properties. Specifically, we
aimed to answer the following questions: (i) Can information on
SnIV1 geographic distribution and tentative hosts be expanded us-
ing an HTS-based viromic survey of various plant species and by
searching relevant SRA datasets? (ii) Do global isolates of SnIV1
show distinct phylogenetic clustering, and what is the SnIV1 level
of genetic diversity compared with that of other related species,
such as TSV and PMoV? (iii) Can SnIV1 infect a range of exper-
imental host plants and induce histopathological changes in these
hosts? (iv) What are the potential routes of transmission of SnIV1?
Collectively, the data gathered from this study contribute to a better
understanding of the diversity and pathobiology of this little-known
ilarvirus, which should aid in assessment of its risk and further
spread and emergence as a destructive pathogen.

Materials and Methods

This study was a collaborative effort involving several Euro-
pean partners. The majority of the experiments, including SRA
mining, inoculation, and other greenhouse experiments, were done
at INRAE, whereas additional inoculation experiments, nanopore
sequencing, and electron microscopy were done at NIB. Sepa-
rate HTS-based surveys with PCR confirmation were performed
at ULiege and ILVO. The shared aim was to consolidate informa-
tion on the detections of SnIV1, share genomic sequences for fur-
ther analyses, and perform further biological and epidemiological
characterization.

Plant samples

The following plant species were collected in the INRAE Bor-
deaux research center (Villenave d’Ornon, France), tested for SnIV1
infection, and/or sequenced in the surveys of this study: (i) S. vil-
losum that underwent Nanopore sequencing and RT-PCR testing,
(ii) S. nigrum that underwent RT-PCR testing, (iii) Vitis vinifera
‘Sauvignon’, (iv) V. vinifera ‘Ugni Blanc’, and (v) Daucus carota
subsp. carota that underwent Illumina sequencing and RT-PCR
testing. Samples of S. melongena and S. tuberosum were simi-
larly obtained from selected farms in Belgium, were submitted
for Illumina sequencing, and underwent further RT-PCR testing.
Details on how RNA was extracted and sequenced are presented
below.

Following positive RT-PCR tests for SnIV1, two S. villosum
plants were uprooted from the field, cleaned, pruned, and intro-
duced in an insect-proof greenhouse. Two SnIV 1-positive grapevine
samples (V. vinifera ‘Sauvignon’) were introduced in the same
greenhouse by preparing and transplanting cleaned stem cuttings
from each plant. Both samples were maintained for 3 months in the
greenhouse before retesting them for SnIV1 and utilizing them in
subsequent experiments as described below.

Nucleic acid extraction methods for RT-PCR assays and
lllumina-based HTS

Different methods were used for RNA extraction from field sam-
ples, greenhouse-introduced plants, and inoculated test plants prior
to RT-PCR testing and/or HTS on Illumina platforms.

For total RNA extractions performed in France, a previously de-
scribed method (Foissac et al. 2005) was used for leaves, stems,
seeds, fruits, roots, pollen, and floral parts of S. villosum and for
the pollen of S. nigrum prior to RT-PCR testing. Likewise, this pro-
tocol was used to extract total RNA individually from inoculated
test plants prior to RT-PCR testing. The Spectrum Total Plant RNA
kit (Sigma-Aldrich, France) was used, following the kit instruc-



tions, to extract total RNA from grapevine leaves, petioles, bark,
and phloem scrapings for RT-PCR testing. A previously described
total RNA extraction protocol (Svanella-Dumas et al. 2022) was
used for individual grapevine leaf tissues (for cultivar Ugni Blanc)
or phloem scrapings (cultivar Sauvignon) prior to HTS. Double-
stranded RNA (dsRNA) from 45 pools of carrot plants (50 plants
each) was purified according to a previously described protocol (Ma
et al. 2020) prior to HTS (Schonegger 2023).

Virion-associated nucleic acid (VANA) was purified from pools
of 50 individual samples each for S. melongena and S. tuberosum
from Belgium prior to HTS as previously described (Hammond
et al. 2020; Palanga et al. 2016).

Prior to RT-PCR assays of inoculated test plants from Slovenia,
the RNeasy Plant Mini Kit (Qiagen, U.S.A.) was used to extract
total RNA from all samples following the kit instructions.

RT-PCR assays

Oligonucleotide primers specific for SnIV1 RNA 3 segment or
tomato betanucleorhabdovirus 2 (TBRV2, detected in mixed infec-
tion with SnIV1 in S. villosum) (Supplementary Table S1) were
used in RT-PCR tests conducted in Slovenia using the OneStep RT-
PCR kit (Qiagen) as previously described (Rivarez et al. 2023).
Additional SnIV1 primers targeting RNA 1 and RNA 3 segments
were designed using OligoCalc (Kibbe 2007) and used in two-step
RT-PCR reactions as previously described (Marais et al. 2014) to
test for SnIV1 in different plant samples from France. In each RT-
PCR assay, RNA extracts from SnlV1-positive samples were used
as positive controls, RNA extraction controls and/or healthy plants
as negative controls, and no template (water only) as a blank control.

Nanopore sequencing

A CTAB-based protocol (Chang et al. 1993) was used to extract
total RNA from SnIV 1-infected S. villosum that served as inoculum
and from inoculated N. benthamiana prior to nanopore sequencing.
Details of the nanopore sequencing methods can be found in the
Supplementary Material.

Search for SnlV1 sequences in databases and the literature and
assembly of SnIV1 genomes

Publicly available databases and the literature were searched for
SnIV1 sequences, and a previously described bioinformatic pipeline
was used for the reference-guided assembly of SnIV1 genomes from
HTS data in this study (Pecman et al. 2017; Rivarez et al. 2023).
Details of the methods used can be found in the Supplementary
Material.

Multiple sequence alignments and recombination detection
analyses

To examine the molecular diversity of SnIV1, nucleotide (nt)
sequences were aligned using MUSCLE (Edgar 2004) as imple-
mented in MEGA X (Kumar et al. 2018). To compare SnIV1
diversity with that of other phylogenetically related ilarviruses, se-
quences of isolates of TSV and PMoV were retrieved from GenBank
r.v. 250 and similarly aligned.

Prior to diversity and phylogenetic analyses, possible recombi-
nation events among the SnIV1, TSV, or PMoV sequences were
checked using RDP v. 5 (Martin et al. 2021). A recombination event
was considered significant if ithad a P value less than 10~ in at least
four of the methods used (RDP, GENECONY, Bootscan, Maxchi,
Chimaera, SiSscan, PhylPro, LARD, 3Seq) (de Klerk et al. 2022;
Stewart et al. 2014). Recombinant sequences were removed, and
unaligned ends for each genome segment of the remaining isolates
were manually trimmed.

Nucleotide diversity and genetic variation analyses

The coding regions of the three RNA segments of SnIV1, TSV,
and PMoV were used for subsequent diversity and genetic variation
analyses. The movement protein (MP) and coat protein (CP) open

reading frames (ORFs) from the RNA 3 segment of each viral iso-
late were concatenated into a contiguous sequence. Because most
isolates had a full RNA 3 sequence, their MP and CP were concate-
nated to achieve uniformity in length and retain coding information
for all isolates, which would be useful in the subsequent analyses
in which nucleotide diversity was calculated in codon-based steps
(i.e., step size of 3; see description below). In this way, variable
regions can be easily pinpointed to specific coding regions, not just
in any random portion of the genome. The RNA 1, RNA 2, and
concatenated RNA 3 alignments were then used separately to per-
form pairwise identity and nucleotide diversity analyses. For each
genome segment, pairwise identities were calculated using SDT
v. 1.2 (Muhire et al. 2014).

Genome-wide polymorphisms were detected, and nucleotide di-
versities (pi [t]) and molecular genetic variation (theta [6], based
on 7t and finite sites model) (Subramanian 2016) were calculated
with DnaSP v. 6 (Rozas et al. 2017) using a sliding window of 30
bases and a step size of 3. Overall genetic distances were calculated
in MEGA X (Kumar et al. 2018) using the same set of alignments.
Overall m is the average probability of observing nucleotide dif-
ferences at a single locus among the sequences or isolates being
compared, overall 0 is a measure of the number of mutations or
mutation rate among the sequences or isolates being compared,
and overall genetic distance is the average of all pairwise genetic
distances among the sequences or isolates being compared.

Phylogenetic analyses

Maximum likelihood phylogenetic analyses were used to ex-
amine the clustering of SnIV1 isolates from diverse sources. The
multiple sequence alignments described above were used as input
for the analyses performed in MEGA X (Kumar et al. 2018). The
most suitable substitution model was selected based on the Bayesian
information criterion, and the analyses were performed with 1,000
bootstrap replicates. iToL v. 6.4 (Letunic and Bork 2021) was used
to visualize and annotate the resulting phylogenetic trees. Bayesian
phylogeographic analysis was done in BEAST v. 2.7.4 (Bouckaert
et al. 2019), as described in detail in the Supplementary Material.

Disinfection of plant tissues and seeds

To remove possible surface contaminants, including pollen grains
possibly carrying SnIV1, plant tissues (including seeds) were sur-
face disinfected prior to RNA extraction. This was done on plant
samples from INRAE, France, including the greenhouse-introduced
S. villosum and grapevine (cultivar Sauvignon) tissues, as well as
leaves of inoculated test plants. Disinfection was done by soak-
ing the tissues in a 5% sodium hypochlorite solution for 10 min
with intermittent agitation, followed by six washes in sterile wa-
ter with blot-drying in between. The sodium hypochlorite solution
and water were replaced for every new tissue fragment being dis-
infected and washed. After the washing, disinfected plant tissues
were air-dried for at least 15 min before proceeding with RNA
extraction.

Preparation of floral parts and pollen for RNA extraction

Individual floral parts and pollen were tested for the pres-
ence of SnIVI. Ten flowers from the greenhouse-introduced,
SnlV1-infected S. villosum plant (described above) were collected.
Pedicels, sepals, pistils, stamens, and petals were dissected and
separately pooled prior to RNA extraction.

Pollen grains were collected from the same S. villosum plant
described above and from S. nigrum inoculated by approach graft-
ing (see details below). Briefly, ripe stamens were separated from
flowers and vortexed in sterile water to liberate and suspend pollen
grains. Stamens were then removed, and the purity and integrity of
pollen grains were verified under an Eclipse Ni-U (Nikon, Japan)
microscope with a dark field condenser in reflection mode. Pollen
grains suspended in sterile water were briefly ground using a sterile
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plastic pestle suitable for 1.5-ml Eppendorf tubes before proceeding
with RNA extraction.

Mechanical transmission tests

The greenhouse-introduced SnIV 1-infected S. villosum was used
as the inoculum source for the mechanical inoculations. Twenty in-
dividuals per plant species with three plants for each species kept
as mock-inoculated controls were used as test plants. The inoculum
was prepared by homogenizing 1.0 g of infected tissue with 10 ml
of phosphate buffer (0.02 M, pH 7.8, supplemented with 0.112 g of
sodium diethyldithiocarbamate trihydrate [DIECA] and 0.649 ml of
p-mercaptoethanol per 100 ml of total volume). Activated charcoal
powder (0.1 g per 10 ml of inoculum) was added to the ice-cold
inoculum, which was then used to rub-inoculate plants using ap-
proximately 0.1 ml of inoculum on the second and third youngest
leaves of plants that were dusted with carborundum. Plants were
maintained in an insect-proof greenhouse with the temperature set
at 20 to 24°C, with a 16/8 h day/night cycle. Samples from individ-
ual plants or pooled equal amounts of uninoculated newly formed
leaves from inoculated plants were tested for SnIV1 presence, up
until 35 days postinoculation (dpi).

Graft transmission tests

The greenhouse-introduced, SnIV 1-infected S. villosum was used
in approach-grafting transmission experiments by using the healthy,
greenhouse-grown S. nigrum plants as recipients (n = 3). Briefly,
about a 2- to 3-cm vertical length of the epidermal-parenchymal
layer was removed on one side of a young stem in both source
and recipient plants. The exposed tissues were joined together and
secured with a perforated adhesive tape.

For chip bud grafting, the same infected S. villosum plant was
used to obtain 2- to 3-cm superficial tissue strip pieces from a young
stem that were joined with the exposed internal tissues of a young
stem of recipient S. nigrum plants (n = 2). The joined tissues were
again secured with perforated adhesive tape. Both approach- and
chip bud-grafted plants were maintained in a greenhouse kept at 20
to 24°C, with a 16/8 h day/night cycle, before RT-PCR testing for
SnIV1 at 5 weeks after grafting.

Seed transmission tests

Seeds were collected from a greenhouse-introduced SnIV1-
infected S. villosum (n = 73) and from two randomly selected S.
nigrum and two S. villosum plants from the field INRAE, Bordeaux,
France) and surface disinfected as described above. A subsample
of these seeds was also tested by RT-PCR to confirm SnIV1 infec-
tion prior to sowing. Seeds were sown in a soil tray and maintained
in the greenhouse, with conditions set at 20 to 24°C, with a 16/8 h
day/night cycle. RT-PCR testing of germinated seedlings for SnIV1
infection was performed at 3 and 5 weeks after sowing.

Microscopic examination of SnIV1 virions and infected leaf tissues

Leaves of the same age and size from mock-inoculated and
SnlV1-infected N. benthamiana plants were sampled at 49 dpi. For
negative staining, leaf tissue homogenates were prepared by macer-
ating them in 1.5-ml Eppendorf tubes containing phosphate buffer
(0.1 M, pH 7.0). The homogenates were applied to Formvar-coated,
carbon-stabilized copper grids and negatively stained with 1%
uranyl acetate (SPI Supplies, U.S.A.) in phosphate buffer (0.1 M,
pH 7.0) before inspection using a Talos transmission electron mi-
croscope (TEM) (Thermo Fisher, U.S.A.).

For preparation of thin tissue sections for light microscopy, small
pieces of the same leaves used for TEM observations were fixated
in 3% glutaraldehyde in phosphate buffer (0.1 M, pH 7.0) for 16 h at
4°C, which was followed by post-fixation in 1% osmium tetroxide in
phosphate buffer (0.1 M, pH 7.0) and embedding in Agar 100 resin
(Agar Scientific, U.K.). Semi-thin sections (0.6 um) were cut with a
Reichert Ultracut S ultramicrotome (Leica, Germany), stained with
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Azure II/methylene blue, and observed with an Axioskop 2 Plus
microscope (Carl Zeiss, Germany).

Results

SniIV1 genome sequences obtained from HTS of different plant
species

SnIV1 genomes were sequenced and assembled in four different
HTS experiments. Nanopore sequencing of rRNA-depleted total
RNA from S. villosum (inoculum source) and inoculated N. ben-
thamiana yielded a mean read depth or average coverage ranging
from 29 to 15,841x with 100% genome coverage in all three
genome segments (Table 1).

[llumina sequencing of dsRNA from wild carrots sampled in
France yielded near-complete SnIV1 genome segments with an
average coverage ranging between 94 and 1,218 x for the three
segments. Positive RT-PCR tests confirmed the presence of SnIV1
in the dsRNA extract of the pooled wild carrot samples.

HTS of a pool of five grapevine (cultivar Sauvignon) phloem
scraping samples yielded 481 reads that mapped on SnIV1 genome
segments. RT-PCR tests confirmed the presence of SnIV1 in two
of the five grapevines. Illumina short-read sequencing of rRNA-
depleted total RNA from two grapevine (cultivar Ugni Blanc) plants
yielded near-complete SnIV1 genomes with average coverage of 16
to 60 x. This detection was later confirmed by RT-PCR tests for both
individual samples.

Illumina sequencing of VANAS from a pool of S. melongena and
S. tuberosum samples collected in Belgium yielded a partial genome
of SnIV1, with only a near-complete RNA 3 segment assembled
from the S. melongena dataset. The detection of SnIV1 in pooled
samples of both species was later confirmed with a positive RT-PCR
test. The amplicon from S. tuberosum was Sanger sequenced and
confirmed to be SnIV1.

RT-PCR detection of SniIV1 in different plant tissues

The presence of SnIV1 was further investigated in different tis-
sues of SnIV1-positive S. villosum and grapevines (cultivar Sauvi-
gnon) that were cleaned before introduced and grown for several
months in the greenhouse. Three cuttings each from the two Sauvi-
gnon grapevines were sampled for bark, phloem, petiole, and newly
grown leaf tissues. All tissues tested negative for SnIV1 at 5 and 8
months post-introduction into the greenhouse (Table 2).

Disinfected tissues of one of the two asymptomatic S. villosum
plants replanted in the greenhouse were also tested 3 months after
introduction into the greenhouse. All S. villosum tissues that were
surface disinfected and tested in pools (i.e., leaf, stem, fruits, root,
flowers, and seeds pools), as well as non-disinfected individual flo-
ral parts and pollen, tested positive for SnIV1. However, because
the individual floral parts were not disinfected and ensured to be
free from pollens, detection of SnIV1 might reflect presence of the
virus in these floral parts or, alternatively, presence of contaminated
pollen grains.

The presence of SnIV1 was also evaluated in pollen from a graft-
inoculated S. nigrum plant (see details below) maintained in the
greenhouse and in seeds from randomly sampled wild S. nigrum and
S. villosum collected from the INRAE Bordeaux research center.
Pollen collected from the graft-inoculated S. nigrum plant tested
positive for SnIV1. RT-PCR tests of surface-disinfected individual
seeds revealed the presence of SnIV1 in seeds from only one of
the two randomly sampled S. nigrum plants from the field, whereas
seeds from two S. villosum plants that were similarly processed
tested negative for SnIV1.

In silico detection of SnIV1 in databases and in the literature
Information on sequences and existing records of SnIV1 were
collected to gain a comprehensive picture of its global diversity
and geographic distribution (Table 3; Supplementary Table S2).
Aside from SnIV1 genomes deposited in GenBank database r.v. 250,



SnlV1 was also detected through BLASTn homology searches in a
publicly available transcriptome shotgut assembly of hop (Humulus
lupulus var. lupulus, family Cannabaceae) from Japan (Natsume
et al. 2015). So far, this is the only detection of SnIV1 sequences
that are linked to samples from Asia with a dataset deposited in
GenBank database. Furthermore, search of SRA datasets through
palmID in Serratus (Edgar et al. 2022) returned 80 datasets with
RdRp ‘palmprint’ sequences that were 100% identical to that of
SnIV1 (103 amino acid residues, E-value < 10~74). These results
included detections of SnIV1 in sequence datasets from China, the
United States, and several European countries.

A literature search identified recent studies that detected SnIV1
sequences that were not yet available in GenBank r.v. 250 at the
time of writing. This search identified four new plant viromic or

disease etiology studies, including two that detected the virus in
South Africa, which represent the first reports of SnIV1 on the
African continent (Bester and Maree 2023; Mahlanza et al. 2022).
The other two studies are viromic studies of peach in the United
States (Dias et al. 2022) and an HTS study of symptomatic pep-
pers (hybrid Arlequin F1) from Greece (Orfanidou et al. 2022).
The study from Greece demonstrated the mechanical transmissi-
bility and infectivity of SnIV1 in N. benthamiana and in the same
genotype of peppers.

In total, 25 independent studies that detected SnIV1 sequences
were identified, 15 of which were gathered through the palmID
search. In terms of timing, the oldest SRA dataset with SnIV1
presence was released in 2013 and is a transcriptomic study of
Medicago truncatula root nodules from France (Roux et al. 2014),

TABLE 1. High-throughput sequencing of plant samples collected from field surveys and those collected from transmission experiments emphasizing the detection
of Solanum nigrum ilarvirus 1 (SnIV1) (and tomato betanucleorhabdovirus 2 [TBRV2]) sequences and its genome assembly

SnIV1 and TBRV2 genome mapping®

Number of reads Consensus
Source plant (family) and Number of Genome mapped (mean genome
Sequencing approach and sequence read archive quality-screened segment read depth or Percent GenBank
reference for assembly and accession number or public reads (min.—max. (for average genome accession
mapping methods repository identifier? read length)® SnIV1) coverage)® covered number?
Nanopore sequencing of Solanum villosum**# 113,093 RNA'1 167 (38x) 100.0 OP561316
rRNA-dep totRNA' (Solanaceae) (100—6,769 nt) RNA 2 106 (29x) 100.0 OP561317
(Pecman et al. 2022) SRR21292491 RNA 3 1,287 (380x) 100.0 0OP56131812
TBRV2 424 (21x) 100.0 OP441765
Nicotiana benthamiana**" 183,605 RNA | 5,687 (933x) 100.0 OP561319
(Solanaceae) (100—4,702 nt) RNA 2 1,449 (317x) 100.0 OP561320
SRR21292490 RNA 3 64,256 (15,841x) 100.0 0OP561321(19
TBRV2 859 (31x) 100.0 OP441766
Illumina sequencing of Vitis vinifera ‘Sauvignon’*& 144,803,940 RNA 1 179 (9.6 %) 72.0 )
rRNA-dep totRNA' (Vitaceae) (100—150 nt) RNA 2 74 (7x) 56.0 =)
(Svanella-Dumas et al. doi:10.57745/ZIXT4A RNA 3 228 (11.4x) 66.0 -)
2022) TBRV2 =) =) =)
Vitis vinifera ‘Ugni Blanc’*8 41,648,925 RNA 1 564 (20x) 98.6 =)
(Vitaceae) plant 1 (60—150 nt) RNA 2 362 (16x) 97.4 -)
doi:10.57745/ZIXT4A RNA 3 410 (23x) 96.6 0P5613257
TBRV2 0 0 =)
Vitis vinifera ‘Ugni Blanc’*2 46,064,375 RNA 1 900 (34x) 98.2 OP561326
(Vitaceae) plant 2 (60—150 nt) RNA 2 854 (41x) 99.0 OP561327
doi:10.57745/ZIXT4A RNA 3 1,008 (60x) 98.4 OP561328©
TBRV2 0 0 =)
Illumina sequencing of Daucus carota subsp. 9,823,623 RNA 1 5,270 (172x) 97.4 OP561322
dsRNAJ carota®* (100—114 nt) RNA 2 2,314 (94x) 94.7 OP561323
(Schonegger 2023) (Apiaceae) RNA 3 24,549 (1,218x%) 99.0 0OP561324®
doi:10.57745/Z1XT4A TBRV2 0 0 =)
Tllumina sequencing of Solanum melongena* & 2,441,462 RNA'1 357 (16x) 86.2 -)
VANA! (Solanaceae) (150 nt) RNA 2 70 (4x) 42.4 -)
(Buzkan et al. 2019) SRR21292489 RNA 3 887 (59%) 96.7 OP561329?
TBRV2 0 0 =)
Solanum tuberosum®* &-X 8,599,952 RNA 1 Not assembled ) -)
(Solanaceae) (150 nt) RNA 2 Not assembled -) -)
Dataset not deposited RNA 3 54 (4x) 26.3 0OP967014™
TBRV2 0 0 (=)

o

o

= > oq O

i
k
1

High-throughput sequencing detections confirmed by RT-PCR in individual plants are marked by an asterisk (*) for SnIV1 and hashtag (#) for TBRV2.

Number of valid reads after quality screening and trimming of barcodes. The numbers in parentheses represent the range of read length in number of nucleotides.
One of the SnIV1 genomes in GenBank (a.n. OL472060 to OL472062) and the TBRV2 genome (a.n. OL472116) were used in reference-based genome assembly
in CLC-GWB, with at least 90% identity and coverage threshold. These genomes were also used to determine the percentage of genome (or genome segment)
covered by the mapping.

Accession numbers deposited in GenBank as third-party annotations (TPAs), with superscript numbers in parentheses corresponding to each SnIV1 RNA3 genome
segment that was used in the phylogenetic tree construction for Figure 1 and Supplementary Figure S2.

On average, number of times each locus in a reference genome is covered by the mapped reads.

Ribosomal RNA-depleted total RNA.

Samples collected from the field or introduced into the greenhouse.

This is from a 33 dpi sample of an individual plant that was mechanically inoculated with infected tissues from greenhouse-introduced Solanum villosum.

(-) indicates sequence was not deposited because only partial or fragmented genome was assembled or the typical open reading frames were not found, were
problematic, or indicated that information is not available.

Double-stranded RNA.

This consists of 50 plants of the same species pooled into one composite sample, prior to dsSRNA extraction.

Virion-associated nucleic acid.

™ Sequenced amplicon from the RT-PCR detection of SnIV1 in a composite S. tuberosum sample from Belgium.
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whereas the most recent study concerns the viromic exploration of
wild Solanum species (Mahlanza et al. 2022) and apricots (P. arme-
niaca) (Bester and Maree 2023) in South Africa. The geographic
origin of the biological samples from these studies spanned five out
of the six habitable continents, or 11 countries, including eight inde-
pendent studies conducted in the United States. Seventeen studies
involved sequencing of plant samples, including seven that involved
sequencing of members of Solanaceae family. Of the seven studies
that utilized non-plant samples, four involved the sequencing of bee
species (Apidae). These in silico searches highlighted associations
of SnIV1 with 12 different plant species of economic importance
(e.g., crop, medicinal, ornamental, or fuel feedstock), six non-crop
or wild plant species, and five animal species.

SnlV1 genomes assembled from global SRA datasets

SnIV1 genomic sequences were also assembled from the repre-
sentative SRA datasets identified above. In this effort, only a small
subset of the 80 palmID search hits were used, with the assumption
that SnIV1 isolates are possibly not significantly diverse within a
single study that analyzed samples collected in the same year and
country by the same research team. SnIV1 genome segments were
reconstructed by reference-guided assembly, yielding average cov-
erages ranging from 4 to 77,350x. In total, 59 of the 63 genome
segments (representing 21 isolates) were successfully reconstructed
and deposited in GenBank.

TABLE 2. RT-PCR detection of Solanum nigrum ilarvirus 1 (SnIV1) in different
tissues from greenhouse-introduced plants or from plants growing in the field

Number of
SnIVI1(+)/
number of
Place of collection or samples
sample description Plant species Plant tissue tested
Greenhouse- Vitis vinifera Leaves (plant 1) 0/3
introduced or ‘Sauvignon’® Petioles (plant 1) 0/3
greenhouse-grown Bark (plant 1) 0/3
plants Phloem (plant 1) 0/3
Leaves (plant 2) 0/3
Petioles (plant 2) 0/3
Bark (plant 2) 0/3
Phloem (plant 2) 0/3
Solanum villosum® Leaves 4/4
Stems 5/5
Fruits 4/4
Roots 1/1
Flowers 1/1
Pedicels 171
Sepals 11
Pistils 171
Stamens 1/1
Petals 1/1
Seeds 8/10
Pollen® (plant 1) 171
Pollen® (plant 2) 171
S. nigrumd Pollen 171
Field (growing in S. nigrum Seeds (plant 1) 5/10
the wild) Seeds (plant 2) 0/10
S. villosum Seeds (plant 1) 0/10
Seeds (plant 2) 0/10

2 This represents testing of cuttings from two SnIV 1-positive plants introduced
as eight stem cuttings each in the greenhouse and tested 4 and 8 months after
transplanting.

b This represents results from a single SnIV1(+) plant introduced in the green-
house and tested 3 months later. This plant also tested positive for tomato
betanucleorhabdovirus 2 (TBRV2). Multiple samples from S. villosum repre-
sent tissues that were collected from different parts (i.e., older stems/leaves,
younger stems/leaves, and so on).

¢ Pollen was collected from the two S. villosum plants maintained in the green-
house and tested separately.

4 This plant is one of the three approach-graft inoculated plants and tested
positive for SnIV1.
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Phylogenetic clustering and pairwise identity comparisons of SniV1
global isolates

No recombination was detected in the alignment of concatenated
MP and CP ORFs (RNA 3 segment); thus, this was used to recon-
struct a maximum likelihood phylogenetic tree of the global isolates
of SnIV1 (Fig. 1). Four major clades or lineages were observed, in-
cluding two distinct basal lineages: one comprising four isolates
from Belgium (n = 2, from eggplant [a.n. OP561329] and from
honeybees [a.n. BK061661]), Germany (n = 1, from a Fabaceae
weed [a.n. MN412727]), and Greece (n = 1, from pepper [a.n.
OP066716]), forming a monophyletic clade with 99% bootstrap
support (b.s.), and the other basal lineage consisted of a single iso-
late from Slovenia (from Physalis sp. [a.n. OL472062]). Isolates
from elsewhere in the world collectively formed a poorly supported
clade (60% b.s.), with the Slovenian isolate as the basal lineage. The
rest of the isolates formed phylogenetic clusters of mixed country
or continental origin. However, Bayesian phylogeographic analysis
resulted in uniformly low probabilities for all ancestral locations
near the root (Supplementary Fig. S2), reflecting a high degree of
uncertainty surrounding the geographic origin of SnIV1.

In terms of percent pairwise nucleotide identity based on con-
catenated MP-CP ORFs (RNA 3), isolates of the basal European
lineages were 94.5 to 96.6% identical to other isolates, whereas
the rest of the isolates were 96.2 to 100% identical to each other
(Supplementary Fig. S1). When the other genome segments were
analyzed, isolates of the basal European lineage (Belgian, Greek,
and German isolates only) were only 90.8 to 92.2% identical to
the rest of the isolates using RNA 1 (methyltransferase-helicase
[ORF 1a]) and 92.1 to 93.3% identical when using RNA 2 (RdRp
and viral suppressor of RNA silencing proteins [ORFs 2a and 2b]).
Likewise, patterns of phylogenetic clustering similar to that of the
RNA 3 phylogenetic tree were observed in the RNA 1 and RNA 2
phylogenetic trees with the distinct basal lineage of European origin.

Diversity of SnIV1 compared with closely related ilarviruses

The recombination-free alignments of SnIV1 isolates and iso-
lates of its two phylogenetically closest species (TSV, with a wide
host range, and PMoV, with a narrow host range) were used to
perform comparative diversity analyses (Fig. 2A to C). It is worth-
while to note that the number of available sequences varies among
the three species. TSV has the highest number of sequences across
the three genome segments, closely followed by SnIV1, whereas
PMoV has the lowest number of sequences available. Inspection of
T (nucleotide diversity) along the coding regions of each genome
segment indicated that SnIV1 populations generally have lower
1t when compared with TSV, which has the highest overall 7 in
any genome segment, even though they have a comparable num-
ber of isolates. This is obvious when examining genome-wide 7
for RNA 2. For TSV and PMoV, & values reach up to 27 to 37%
probability of observing nucleotide differences at a single locus for
any pairwise sequence comparison. However, the highest 1 values
for any segment of SnIV1 are around 0.11 only (or 11% proba-
bility of observing single nucleotide differences). When overall m,
molecular genetic diversity (6), and overall genetic distance, were
compared among the three viruses, TSV stood out with the high-
est values in all three segments when compared with those of both
PMoV and SnIV1 (Fig. 2D).

Transmission and experimental host range of SnIV1

Approach and chip-bud grafting experiments demonstrated that
SnIV1 can be transmitted through these methods from S. villosum
to healthy S. nigrum plants. Newly formed leaves of plants inocu-
lated by both grafting methods developed symptoms such as mild
vein yellowing and slight leaf crinkling (Fig. 3F and G) and tested
positive for SnIV1 at 18 and 27 dpi (Table 4).

Eight plant species were mechanically inoculated, seven of which
are Solanaceae members, including two cultivars of S. lycoper-
sicum. Three solanaceous species (N. benthamiana, N. occiden-



TABLE 3. Solanum nigrum ilarvirus 1 (SnIV1) genome assembly from selected publicly available global sequencing data

SnIV1 genome mapping®

Number of Number of reads
Sequencing data quality-screened mapped (mean read GenBank
accession number reads (average read Genome depth or average Genome accession
Associated literature® (year released) length)® segment coverage)® covered (%) number?
(Howe et al. 2023) SRR10849159 156,095,145 RNA 1 4,323 (188x) 99.7 BK061616
(2020) (148 nt) RNA 2 2,986 (157x%) 99.9 BK061617
RNA 3 3,639 (240x) 99.8 BK0616183%
SRR10376303 119,872,896 RNA 1 3,154 (136 %) 99.8 BK061619
(2020) (147 nt) RNA 2 2,071 (108x) 99.9 BK061620
RNA 3 4,709 (308 x) 99.9 BK0616216%
SRR10849156 188,311,868 RNA 1 12,127 (527 %) 99.9 BK061622
(2017) (149 nt) RNA 2 7,173 (378 %) 100.0 BK061623
RNA 3 10,526 (694 x) 100.0 BK0616243D
(Mahlanza et al. 2022) SRR 15040766 40,658,793 RNA 1 648 (28x) 98.9 BKO061666
(2021) (150 nt) RNA 2 360 (19x%) 98.3 BK061667
RNA 3 480 (31x) 100.0 BK06166817
(Tauber et al. 2022) SRR 12659856 72,394,575 RNA 1 185 (8x%) 98.8 BK061649
(2020) (149 nt) RNA 2 297 (16x) 97.6 BK061650
RNA 3 341 (23x) 99.6 BK0616516?
(Sproviero et al. 2021) SRR12387953 57,174,266 RNA 1 3,650 (80x%) 99.7 BK061652
(2020) (76 nt) RNA 2 3,015 (80x) 99.8 BK061653
RNA 3 2,301 (77x) 99.6 BK06165437
(Auber et al. 2020) SRR10758312 32,532,748 RNA 1 174,712 (7,584 x) 100.0 BK061625
(2020) (149 nt) RNA 2 223,487 (11,767 %) 100.0 BK061626
RNA 3 1,173,869 (77,350%) 100.0 BK0616275Y
SRR10758313 17,066,352 RNA 1 174,375 (7,570%) 100.0 BK061628
(2020) (150 nt) RNA 2 221,302 (11,653 %) 100.0 BK061629
RNA 3 1,169,597 (77,074 x) 100.0 BK061630%%
(Coady et al. 2020) SRR11680723 23,780,022 RNA 1 5,711 (201 %) 99.7 BK061655
(2020) (141 nt) RNA 2 4,318 (188x%) 99.5 BK061656
RNA 3 2,459 (132x) 99.6 BK061657?%
(Costa et al. 2020) SRR11881307 65,632,030 RNA 1 167 (5x) 93.8 -)
(2020) (98 nt) RNA 2 98 (3x) 87.5 -)
RNA 3 122 (5x%) 92.5 BKO061658
(Chiapello et al. 2020) SRR9995129f 44,182,895 RNA 1 1,528 (43x) 98.8 BK061610
(2019) (101 nt) RNA 2 1,220 (42x) 98.2 BKO061611
RNA 3 1,410 (60x) 98.9 BK061612D
SRR11364885" 139,040,256 RNA 1 3,100 (91x) 99.7 BK061613
(2020) (98 nt) RNA 2 2,451 (87x) 99.6 BKO061614
RNA 3 2,542 (126x) 99.5 BK061615C0
(Deboutte et al. 2020) SRR10418310 11,239,438 RNA 1 4,327 (153 %) 99.8 BK061659
(2019) (113 nt) RNA 2 4,346 (189x%) 97.1 BK061660
RNA 3 12,796 (675%) 99.6 BK0616611
(Arnoux 2019) ERR2576961 29,364,317 RNA 1 3,947 (112x) 98.9 BK061631
(2018) (97 nt) RNA 2 1,672 (57x) 98.4 BK061632
RNA 3 8,478 (361 x) 100.0 BK061633(1®
(Wu et al. 2018) SRR5380917 12,751,998 RNA 1 15,372 (441 x) 100.0 BK061634
(2017) (99 nt) RNA 2 6,581 (229x%) 99.7 BK061635
RNA 3 13,301 (577 %) 99.8 BK061636%®
SRR5380918 11,644,036 RNA 1 593 (18x) 99.3 BK061637
(2017) (98 nt) RNA 2 264 (9%) 99.5 BKO061638
RNA 3 641 (28x%) 99.3 BK061639?%
(Rai et al. 2018) SRR6799516 7,540,310 RNA 1 206 (6x) 98.1 BK061640
(2018) (99 nt) RNA2 351 (12x) 98.2 BK061641
RNA 3 3,178 (138x%) 99.6 BK06164219
(Leddn-Rettig et al. SRR4412518 3,851,029 RNA 1 476 (10x) 97.8 -)
2017) (2016) (75 nt) RNA 2 298 (8x) 96.8 -)
RNA 3 205 (7x) 94.3 BK061662
(Chen et al. 2016) SRR6387685 39,742,426 RNA 1 1,255 (46 %) 99.9 BK061643
(2017) (125 nt) RNA 2 1,569 (69x) 99.9 BKO061644
RNA 3 2,850 (157x) 99.8 BK06164519
(Vannette et al. 2015) SRR1239309 44,453,630 RNA 1 227 (6x) 99.9 BK061663
(2014) (96 nt) RNA 2 254 (9x%) 99.7 BKO061664
RNA 3 105 (4x) 97.3 BKO061665
(Roux et al. 2014) SRR949232 99,084,402 RNA 1 5,038 (73x) 99.9 BKO061646
(2013) (47 nt) RNA 2 6,330 (111x) 99.7 BK061647
RNA 3 2,060 (45x) 98.7 BK061648¢

2 Details of the sequencing metadata from each study can be found in Supplementary Table S2.

b Number of reads after quality screening and trimming of barcodes. The number in parentheses represents the average read length in number of nucleotides.

¢ One of the SnIV1 genomes from GenBank (a.n. OL472060 to OL472062) was used in reference-based genome assembly in CLC-GWB, with at least 90% identity
and coverage threshold for reads mapping.

4 Accession numbers deposited in GenBank as third-party annotations (TPAs) with superscript numbers in parentheses corresponding to each SnIV1 RNA 3 genome
segment that was used in the phylogenetic analyses, with the resulting tree shown in Figure 1 and Supplementary Figure S2. () indicates sequence was not deposited
because partial or fragmented genome was assembled, or the typical open reading frames were not found or were problematic.

¢ On average, number of times each locus in a reference genome is covered by the mapped reads.

f Genomes assembled from the two SRA datasets (SRR9995129, SRR 11364885) and another dataset (SRR9995131) that was used to assemble SnIV 1 isolate DMG
25 (MN520742 to MN520744, deposited with the name “grapevine associated ilarvirus”) came from the same study (Chiapello et al. 2020). However, these genomes
are not 100% identical in all segments (Supplementary Fig. S1) and, thus, can be considered three different isolates.
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talis, and S. nigrum) developed symptoms in their newly formed,
uninoculated leaves and tested positive for SnIV1 at 28 and 35 dpi.
The rest of the mechanically inoculated plant species tested neg-
ative up to 35 dpi. Symptomatic N. benthamiana and N. occi-
dentalis plants showed general stunting and smaller, crinkled, and
chlorotic leaves compared with mock-inoculated plants (Fig. 3A
and B), whereas symptomatic S. nigrum plants showed only sub-
tle interveinal chlorosis in their newly formed uninoculated leaves
(Fig. 3E), which tested positive for SnIV1 at around 18 and 28 dpi.
N. benthamiana plants infected with SnIV1 later developed more
deformed leaves with interveinal yellowing (Fig. 3C).
SnlV1-infected N. benthamiana, and N. occidentalis were later
determined to be co-infected with TBRV2 by nanopore sequencing.
Full genome sequences of TBRV2 were recovered from the inocu-
lum source (S. villosum) and inoculated N. benthamiana plants.
These two near-identical sequences are 90 to 95% identical to
TBRV2 genomes deposited in GenBank from a previous study
(Rivarez et al. 2023). This is the first detection of TBRV2 in a

wild S. villosum plant and in France. However, TBRV2 was not
identified from the HTS datasets of the other sequenced samples
discussed above.

A single infection of SnIV1 in a N. Benthamiana plant was
observed in a separate mechanical inoculation experiment, where
the plants showed distinct bending of stems at around 28 dpi
and severely crumpled leaves persisting until around 105 dpi
(Fig. 3D).

Possible transmission of SnIV1 from infected seeds to newly
germinated young plants was demonstrated. Seedlings of both S.
villosum and S. nigrum, tested in pools of 10 leaves from different
plants, tested positive for SnIV1 at 34 days after sowing.

Histopathology of SnIV1-infected N. benthamiana and SnlV1 virion
morphology

Tissues of singly infected N. benthamiana collected at 49 dpi
(plant shown in Figure 3D at 105 dpi) were examined in compar-

ison with those of mock-inoculated plants of the same age grown
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Fig. 1. Phylogenetic clustering, source materials or organism(s), and geographical origins of 34 Solanum nigrum ilarvirus 1 (SnIV1) global isolates. The midpoint
rooted maximum likelihood phylogenetic tree was constructed based on a multiple sequence alignment of concatenated full coding nucleotide sequences of the
movement and coat proteins (RNA 3 segment). The substitution model used was Tamura 3-parameter with discrete Gamma distribution with five rating categories
and by assuming that a certain fraction of sites is evolutionarily invariable. The tree topology shown was inferred after 1,000 bootstrap replicates. Tree nodes/tips
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metadata in Supplementary Table S2 (indicated as the same superscript numbers). The world map was created using MapChart (https://www.mapchart.net/) and
icons were downloaded from PhyloPic (https://www.phylopic.org/).
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Fig. 2. Comparative diversity analyses of global isolates of Solanum nigrum ilarvirus 1 (SnIV1) with those of two closely related ilarviruses, tobacco streak virus
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*viral suppressor of RNA silencing protein.
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under the same conditions. In healthy tissues, normal epidermal and
parenchymal cells and vascular tissues were observed (Fig. 4A to
C), whereas SnIV1-infected tissues and cells were strikingly dis-
torted (Fig. 4D to F). Whereas no viral particles could be observed
when ultra-thin sections were examined by TEM, a high number of
viral particles were readily observed on leaf dip grids with nega-
tive staining prepared using extracts from the same N. benthamiana
leaf (Fig. 4G and H). The virions observed were spherical, and mea-
surements performed on 70 virions yielded an average diameter of
27.6 nm, with a standard deviation of 0.6 nm. Such morphological
properties are consistent with those of some ilarviruses, although
for some members of the genus, unstable particles or particles of
slightly different sizes or with a bacilliform shape were also reported
(Adams and Antoniw 2006; Simkovich et al. 2021).

- SniIV1-
|nQQuIated

s

SnlV1-inoculated §
| (single infection)

inoculated

Discussion

Collectively, we generated novel information on the global dis-
tribution of SnIV1, its genomic diversity compared with other
ilarviruses, and phylogenetic relationships among SnIV1 isolates.
We also generated new information on the biology and epidemiol-
ogy of SnIV1, including its infectivity in various solanaceous plants
and possible transmission through seeds and pollen. These results
contribute to a better understanding of SnIV1’s possible propensity
to emerge as a global crop pathogen.

Expansion of possible hosts and geographic distribution of SniV1
The HTS-based virome surveys implemented in this study un-
covered association of SnIV1 with a new set of plant species from
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Fig. 3. Symptoms observed in inoculated plants. A, Mock- and mechanically inoculated Nicotiana benthamiana plants at 28 days postinoculation (dpi). B, Mock-
and mechanically inoculated N. occidentalis plants at 28 dpi. C, Mechanically inoculated symptomatic N. benthamiana at 47 dpi. D, Mechanically inoculated
symptomatic N. benthamiana at 105 dpi that was confirmed to be singly infected by Solanum nigrum ilarvirus 1 (SnIV1). E, Mock- and mechanically inoculated
Solanum nigrum plants at 35 dpi. F, Graft-inoculated S. nigrum plants at 35 dpi. G, Chip bud graft-inoculated S. nigrum plants at 35 dpi. Red arrows indicate distinct
symptomatic parts of each plant shown. Inoculated plants shown in A and B tested positive for TBRV2, but the rest of the plants shown did not undergo a similar test

for TBRV2.
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France and Belgium. Virome surveys conducted in Belgium de-
tected SnIV1 in S. melongena and S. tuberosum, which are first
detections of the virus in such species and in Belgium. This fur-
ther expanded the number of Solanaceae species that are possi-
ble but still experimentally unverified hosts of SnIV1, a list that
includes both cultivated (i.e., S. lycopersicum) and wild species
(i.e., S. chenopodioides, Physalis sp.). The expanded association of
solanaceous plants with SnIV1 fits very well with the results of the
transmission experiments in this study, where infectivity of SnIV1
was confirmed in several solanaceous plants.

The in silico and literature searches implemented here likewise
contribute additional information on diverse source materials and
possible hosts of SnIV1, especially those that were sampled in
countries outside of Europe. Most of the plant-derived sequencing
datasets with SnIV1 sequences were obtained from metagenomic
or metatranscriptomic sequencing of leaf tissues of plants from dif-
ferent families. Interestingly, SnIV1 was detected in the metatran-
scriptomic sequencing of belowground parts of Fabaceae species
(Medicago truncatula and Arachis hypogaea) (Chen et al. 2016;
Roux et al. 2014) and in Lithospermum erythrorhizon roots (Auber
et al. 2020). The HTS of L. erythrorhizon has the highest number of
SnlIV1 reads among all the datasets. In the present study, systemic
infection of SnIV1 was likewise demonstrated using RT-PCR assays
in different below- and aboveground parts of S. villosum, including
roots, whole flowers, individual floral parts, and pollen. SnIV1 se-
quences were likewise found in a metatranscriptomic sequencing
study of Petunia x hybrida (Solanaceae) flowers (Haselmair-Gosch
et al. 2018). Collectively, such diverse source organisms or materi-
als give an unusual impression of a member of the llarvirus genus
because its members are typically associated with a narrow range
of natural hosts within one or a few families (Badillo-Vargas et al.
2016; Bratsch et al. 2019).

Moreover, SnIV1 was detected in the metatranscriptomic se-
quencing of insect samples from the United States and Belgium

and, interestingly, in whole honeybees (Apis mellifera) (Deboutte
et al. 2020), honeybee intestines (Tauber et al. 2022) and midgut
(Vannette et al. 2015), and in the abdomen of bumblebees (Bom-
bus impatiens) (Costa et al. 2020). This information could imply
the possibility of Apidae species harboring SnIV1 after alighting
and feeding on SnIV 1-infected plants or collecting SnIV 1-infected
pollen from them. Such a scenario has been reported for ilarviruses
associated with bee species (Apidae) and thrips (mostly Thripi-
dae) in several studies (Bristow and Martin 1999; Roberts et al.
2018; Sdoodee and Teakle 1993; Sharman et al. 2015). Furthermore,
the detection of SnIV1 sequences in bees might suggest localiza-
tion of SnIV1, not only in bee integumentary parts, but also in
internal parts such as the gut; however, this needs further exper-
imental verification. The detections of SnIV1 sequences in other
sequenced animal tissues, such as in Daphnia magna and human
blood, are suspicious and remain to be resolved, but it is very possi-
ble that these represent contaminations that occurred in the viromic
experiments.

Itis important to note that these findings from the viromic surveys
and in silico search of SRA datasets do not necessarily imply that
the sequenced materials are true hosts of SnlV1. Although mining
of SRA datasets for viruses provided useful insights, verification of
such sequence mining-derived information using another diagnostic
method is mandatory but difficult (Lebas et al. 2022). Aside from
true virus infection or symbiotic association with a certain organism,
detection of a viral sequence in an HT'S dataset might result from wet
lab contamination, index or barcode hopping, and cross-talk during
sequencing (Lebas et al. 2022). It is likewise possible that other
organisms that are the true hosts of SnIV1 could be present through
an intimate (e.g., pathogen or symbiont) or casual association (e.g.,
as a surface contaminant) with the primary sequenced sample. In
such a case, validation of HTS detection using a second diagnostic
method and infectivity tests (if possible) are recommended (Fox
2020; Kutnjak et al. 2021).

TABLE 4. RT-PCR detection of Solanum nigrum ilarvirus 1 (SnIV1) and tomato betanucleorhabdovirus 2 (TBRV2) in plant samples from the mechanical, seed, and

graft transmission experiments

Individual or Number of Number of
Mode of Plant species and cultivar Symptoms observed in newly pooled SnIVI1(+)/number TBRV2(+)/number
transmission® (if known) formed leaves samples® dpi or das® of samples tested  of samples tested?
Mechanical Chenopodium quinoa Asymptomatic Pooled (4) 20 0/4 0/4
Capsicum annuum Asymptomatic Pooled® (5) 14 0/2 -)
Asymptomatic Individualf 20 0/15 o/#
Nicotiana benthamiana Chlorosis, crinkling, and general  Individual® 28 22/22 21/22
stunting Pooled! (5) 18 4/4 )
Individual? 35 1h72 12
N. glutinosa Asymptomatic Pooled (5) 14 0/2 -)
N. occidentalis Vein yellowing, necrotic spots, Individual® 28 10/10 )
and general stunting Pooledf (5) 18 4/4 4/4
N. tabacum ‘Xanthi’ Asymptomatic Pooled (5) 14 0/2 -)
Solanum lycopersicum ‘M82’ Asymptomatic Pooled (4) 20 0/4 0/4
S. lycopersicum ‘Rudgers’ Asymptomatic Pooled (4) 20 0/4 0/4
S. nigrum Vein yellowing, slight crinkling Individual® 28 171 =)
Pooled! (5) 18 4/4 4/4
Seed S. villosum Asymptomatic Pooled (10) 34 5/5 )
S. nigrum Asymptomatic Pooled (10) 34 717 -)
Graft S. nigrum (approach grafted) Vein yellowing, slight crinkling Individual 27 2/2 =)
S. nigrum (chip bud grafted)  Vein yellowing, slight crinkling Individual 27 3/3 =)

4 Newly formed or uninoculated young leaves were tested in these experiments.

b Numbers enclosed in parentheses () indicate the number of plants that were pooled, prior to RNA extraction, to constitute the composite/pooled samples that were

tested in RT-PCR.

¢ The number indicates the last time point at which RT-PCR testing was done in days postinoculation (dpi) for inoculated plants or days after sowing (das) for seed

transmission experiment.

d (-) indicates not tested. * indicates test for TBRV2 was done in a pool of all the 15 samples collected.

¢ First experiment.

f Second experiment.

€ Third experiment.

" This plant is TBRV2 negative, thus representing a single infection of SnIV 1.
! This plant is SnIV1 negative, thus representing a single infection of TBRV2.
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On the possibility of pollen as a vehicle for SniV1 spread

Several ilarviruses and other members of the family Bromoviri-
dae were shown to be horizontally transmitted through pollen
(Aparicio et al. 1999; Card et al. 2007; George and Davidson 1963;
Gilmer and Way 1960; Greber et al. 1991; Jaspers et al. 2015;
Kawamura et al. 2014; Mink 1993; Sdoodee and Teakle 1988,
1993). In some cases, ilarviruses were also reported to be associ-
ated with pollen surface or exine (Digiaro and Savino 1992; Fetters
et al. 2022; Hamilton 1977). Pollen transmission, whether actively
or passively with the aid of arthropod vectors (Mink 1993), and
the pollen’s inherent ubiquitous presence in the environment could
result in erroneous assignation of the natural host range of a virus,
especially if sensitive diagnostic assays such as HTS or PCR are
used. However, it is still an important horizontal transmission route
that warrants special attention for emerging plant viruses. For in-
stance, PMoV, the closest phylogenetically related virus to SnIV1,
was shown to be pollen-transmitted and thus poses a threat to tomato

. mock-
inoculated
plant

. SnlV1-
inoculated
plant

production, at least in some European countries (Aparicio et al.
2018; Aramburu et al. 2010; Parrella et al. 2020).

Based on the results of this study, it is thus hypothesized that
contamination by SnIV 1-infected pollen might be one of the reasons
(if not the most probable) for the identification of SnIV1 in different
sequencing datasets. Detection of SnIV1 sequences in 39 datasets of
leaf surface or epiphyte RNA sequencing from two Poaceae species
(Panicum and Miscanthus) (Howe et al. 2023) fits well with such
a hypothesis of surface contamination by pollen containing SnIV1.
Thus, it is postulated that infected nearby crops or non-crop plants
(most probably a Solanaceae species) could be a source of SnIV1-
infected pollen that could make its way, passively or assisted by
arthropod vectors, to neighboring plants. However, this hypothesis
will need to be further investigated before it can be fully accepted.

Aside from plant species of the Fabaceae, Rosaceae, and
Cannabaceae, SnlV 1 was also associated with grapevines (infected
with Erysiphe necator and Plasmopara viticola) in two viromic

. mock- mock-
inoculated inoculated
plant plant
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Fig. 4. Solanum nigrum ilarvirus 1 (SnIV1)-infected tissues and virions from mechanically inoculated Nicotiana benthamiana leaves. A to C, Thin sections of mock-
inoculated N. benthamiana leaves for comparison that were taken at different magnifications under a light microscope. D to F, Thin sections of SnIV 1-inoculated
N. benthamiana leaves that were taken at different magnifications under a light microscope. Arrows indicate the nuclei (blue arrows) and chloroplasts (red arrows).
G and H, Transmission electron micrograph of SnIV1 spherical virions from a crude preparation of mechanically inoculated N. benthamiana tissues, shown at 100

and 50 nm scales.
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studies (Chiapello et al. 2019, 2020) and in an additional two
grapevine cultivars (Ugni Blanc and Sauvignon) from France that
were sequenced in this study. However, cuttings from two French
grapevines that had positive HTS and RT-PCR detections did not
show evidence of SnlV1 presence when tested using RT-PCR sev-
eral months after replanting as cuttings. This suggests either a
localized or non-persistent infection in grapevine or, once again,
that the first detection in field samples corresponds to surface con-
tamination. Interestingly, another probable case of contamination
is the detection of SnlV1 in D. carota subsp. carota (wild carrot).
Out of 45 wild carrot populations (composite samples) (Schonegger
2023), only one showed SnlV1 reads, and this population happens
to have been sampled close to the Sauvignon grapevines and SnlV1-
infected S. villosum and S. nigrum plants at the INRAE Bordeaux
research center.

Ilarvirus virions are known to be labile, but ilarviruses are also
known to be pollen transmitted. This suggests that SnIV1 could
potentially be efficiently protected and dispersed by pollen across
distances and in various surface and source materials (Simkovich
et al. 2021).

Patterns of variability and clustering of SnIV1 global isolates

Relatively low diversity was observed among isolates of SnIV1,
across all genome segments, when compared with closely related
ilarviruses, such as TSV, for which a comparable number of se-
quences was available. This result needs to be interpreted carefully
due to the possible uneven sampling (by both number and location)
of the three compared viruses. Moreover, phylogenetic analyses
showed only a partial clustering of SnIV1 isolates based on geo-
graphic origin, with low ancestral location probability when tested
using a Bayesian framework. Although there is a distinct basal clade
of isolates from European countries, no distinct pattern could be ob-
served when the time of sampling (or sequencing) or broad category
of possible hosts or source organism(s) (i.e., plants or animals) was
considered.

Host range and other modes of transmission of SnIV1

Two Solanaceae species were recently shown to be hosts of
SnlV1, C. annuum (hybrid Arlequin F1) and N. benthamiana
(Orfanidou et al. 2022). However, SnIV1 was not successfully
mechanically transmitted to pepper plants in this study. This re-
sult might be explained by differences in inoculation procedures,
inoculum source, or pepper genotypes used in the two studies.
Furthermore, among eight plant species that were mechanically in-
oculated in the present study, infectivity of SnIV1 was demonstrated
in three solanaceous species only: N. occidentalis, S. nigrum, and N.
benthamiana.In a previous study (Ma et al. 2020), SnIV1 sequences
were detected in both tomato and S. nigrum plants. However, in the
present study, SnIV1 was successfully transmitted to S. nigrum but
not to the two tomato varieties (cultivars Rudgers and M82). This
suggests that association of SnIV1 with tomato in the Ma et al.
(2020) study might be a result of surface contamination or, alter-
natively, differences in plant or virus genotype. Nevertheless, the
infectivity of SnIV1 in a genotype of pepper raises the possibil-
ity that SnIV1 could be adapting to cultivated solanaceous hosts.
It is worthwhile to note that both S. villosum and S. nigrum over-
winter in at least some parts of Europe and may serve as reservoir
of the virus during the winter months. Overwintering of SnIV1 is
likely also possible through infected seeds because vertical trans-
mission through seeds of these two wild species was demonstrated
here.

Summary and future perspectives

Overall, the viromic surveys, extensive sequence database ex-
ploration, and literature searches conducted in this study resulted
in the expansion of knowledge on the geographic distribution, pos-
sible hosts or source organisms, and diversity of SnlV 1. In parallel,
classical plant virology techniques facilitated the characterization

of its pathobiology and possible modes of transmission. The prop-
erties of SnIV1 appear to be similar to those of other ilarviruses, but
it is interestingly (and quite unexpectedly) associated much more
frequently with very diverse plant samples and even with animal
species, mostly from Apidae. This raises further questions on un-
explored properties of SnIV1 leading to its propensity to come up
in unexpected HTS datasets. As discussed, many other ilarviruses
are pollen-borne, including some infecting solanaceous species,
although none has been reported in association with grapevines,
despite the heavy HTS sequencing efforts performed in many lab-
oratories around the world on this species. Although the present
work facilitated progress in understanding aspects of the biology
and epidemiology of SnIV1, there is still more information to be
uncovered to fully understand this intriguing virus. Similar work
could be implemented on other plant viruses poorly characterized
but of similar biology and epidemiology to gain a certain level of
preparedness for the possible global spread and disease outbreaks
they may cause in the future.

Data and analyses pipeline availability

The raw sequencing reads generated from this study were sub-
mitted to the NCBI Sequence Read Archive (SRA) collectively
under the BioProject accession number PRINA874692 and to the
Recherche Data Gouv platform (https://entrepot.recherche.data.
gouv.fr/dataverse/inrae) with the persistent digital object identi-
fier (doi) https://doi.org/10.57745/ZIXT4A. All SnIV1 genome
sequences generated from this study were submitted to NCBI
GenBank, under the accession numbers listed in Tables 1 and 3 and
Supplementary Table S2. Details of the bioinformatic pipeline used
for virus genome assembly are available through this link: https:
//gitlab.com/ilvo/phbn-wp2-training/-/tree/master/CLC_NIB_1.
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