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Abstract
Background  Aquatic plants play key roles in ecosystems, serving as primary producers and providing habitat for 
other aquatic life. While many are ecologically important, some invasive species, often introduced through the 
ornamental plant trade, pose threats to various aquatic ecosystems. Although viral infections have been documented 
to some extent in aquatic crops, the viral diversity in wild and ornamental aquatic plants remains largely unexplored. 
Investigating the viral communities of aquatic plants is important, as their direct contact with water allows for the 
potential long-distance transmission of stable viruses released from infected individuals. Invasive aquatic plants 
exacerbate this issue by introducing novel microbes, including viruses, to new regions, increasing the potential threat 
to native plant populations.

Results  Here, we investigated the viral communities of diverse aquatic plants by mining publicly available 
transcriptome data of 79 wild aquatic species and sequencing the RNA from 14 plant species (some of them of 
different ornamental varieties), sourced from hobby aquascaping stores. Plant viruses from various families were 
detected in taxonomically diverse aquatic plants, ranging from algae to angiosperms. Alongside sequences of 
known crop pathogens, such as turnip yellows virus, cucumber mosaic virus, and lettuce chlorosis virus, we identified 
contigs of putative novel viral species belonging to several plant-infecting viral families. Most notably, we discovered 
sequences of known and novel begomoviruses, which may be causing observed ornamental phenotypes in two 
different aquatic plants. Further, we identified a novel potyvirus that appears to be globally present in multiple 
ornamental plants from the genus Sagittaria. We detected it in three plants sourced from online stores in Slovenia, as 
well as six plants intercepted during the import process into the UK.

Conclusions  Our findings expand on the so far limited knowledge of aquatic plant viruses, revealing known and 
putative novel plant viral species across diverse aquatic plant taxa. The detection of crop viruses, including regulated 
pathogens, in ornamental aquatic plants highlights the risks associated with their unregulated global trade. Further 
research into viruses of aquatic plants may provide insights into their role in ecosystems as well as their potential 
impact on agriculture.
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Background
Aquatic plants or macrophytes are multicellular photo-
synthetic organisms inhabiting freshwater and marine 
environments, including streams, slow rivers, wetlands, 
and seasonally flooded areas [1]. They encompass a wide 
range of taxonomically diverse groups, including mac-
roalgae of phyla Chlorophyta, Rhodophyta, Xanthophyta, 
and Phaeophyta, bryophytes (Bryophyta), ferns (Pteri-
dophtya), and seed plants (Spermatophyta) [2]. Essen-
tial to ecosystems, aquatic plants provide habitat for 
other aquatic organisms, impact hydrological regimes, 
and serve as primary producers [1]. In ecology, they are 
often used as biological indicators, offering insights into 
water quality and habitat conditions [3–5]. Some species 
(e.g., rice) are cultivated for consumption, thus also hold-
ing considerable economic value for society. Conversely, 
several aquatic plants, such as the water hyacinth (Eich-
hornia crassipes) [6, 7], rank among the most aggressive 
invasive species worldwide, posing a significant threat to 
freshwater ecosystems [2]. One of the primary sources 
for the introduction of invasive aquatic plants is the 
global trade of ornamental plants used as decorations 
in aquariums and ponds [8]. Several studies have shown 
that these plants are easily obtained through online stores 
and informal marketplaces where their sale remains 
unregulated [9, 10]. Imported plants can carry microbes, 
including viruses, which may survive long distances and 
establish themselves in new environments together with 
their host. This could result in the emergence of novel 
pathogens that threaten native populations of wild and 
cultivated aquatic species [11].

Although aquatic plants dominate numerous water-
related ecosystems [12] and, as such, represent an abun-
dant group of potential viral hosts, our knowledge of the 
viruses that infect them remains limited. Addressing this 
gap is important, as viruses harbored by these plants can 
enter nearby water bodies through roots or surface run-
off during rainfall [13, 14], allowing them to travel over 
longer distances. Extensive research has shown that plant 
viruses are present in diverse types of water bodies [13], 
with some extremely stable viruses persisting in these 
environments over extended periods as infective virions 
[14, 15]. Moreover, experimental evidence suggests that 
healthy plants can be infected through their roots when 
exposed to infected water [14, 16] highlighting the role of 
water as a medium for virus transmission.

To provide a framework for our study, we reviewed the 
existing literature on viral infections in aquatic plants. 
Excluding the well-documented viral pathogens of rice 
(Oryza sativa) [17], we found evidence of 31 viruses 
associated with 18 aquatic plant species (Supplementary 

Table 1), emphasizing the limited understanding of viral 
diversity in this group of organisms. Notably, most of the 
studies have focused on viruses in aquatic crops, espe-
cially rice, which is known to be susceptible to over 25 
viruses that significantly threaten its production [17]. 
Examples that strongly impact rice yields worldwide 
include rice black-streaked dwarf virus (Fijivirus) [18], 
southern rice black-streaked dwarf virus (Fijivirus) [19], 
rice yellow mottle virus (Sobemovirus) [20], and rice 
stripe necrosis virus (Benyvirus) [21]. In water chestnut 
(Eleocharis dulcis), a consumable aquatic vegetable, high-
throughput sequencing (HTS) revealed the presence of 
an ilarvirus (water chestnut virus A) [22] and a soymovi-
rus (water chestnut soymovirus 1) [23], while symptoms 
of chlorosis, mosaicism, and stunting have been linked to 
an infection with cucumber mosaic virus (CMV, Cucu-
movirus) [24]. Similarly, a symptomatic infection with 
CMV has been confirmed in lotus (Nelumbo nucifera) 
[25], which is also susceptible to dasheen mosaic virus 
(Potyvirus) [26] and apple stem grooving virus (Capillo-
virus) [27], both causing mild to severe symptoms. Addi-
tionally, sequences of a potyvirus (sweet potato latent 
virus) and several badnaviruses (lotus badnavirus 1–3) 
were detected in lotus plants with HTS [28].

While viral infections in aquatic crops have been doc-
umented to some extent, viruses of wild aquatic plants 
remain poorly understood. In 1975, a putative tobamo-
virus, termed Chara australis virus, was identified in 
samples of a large charophyte alga Chara australis [29, 
30]. Subsequent analysis with HTS revealed unusual viral 
architecture, with different proteins showing the highest 
similarity to three different, distantly related viral taxa 
[31]. In England, leaf curling in common cordgrass (Spo-
robolus anglicus) was linked to an infection with a potyvi-
rus, spartina mottle virus [32], while common reed plants 
(Phragmites australis) in Turkey with symptoms of mosa-
icism, chlorosis, and streaking were found to be infected 
with three crop pathogens: maize dwarf virus (Potyvirus), 
sugarcane mosaic virus (Potyvirus) and barley yellow 
dwarf virus-PAV (Luteovirus) [33].

The limited understanding of viral infections in wild 
aquatic plants extends to marine species. Seagrasses 
stand as a notable exception, having received more atten-
tion due to their ecological importance. Several seagrass 
viruses were identified through HTS and data mining, 
spanning various viral families such as Alphaflexiviridae 
[34, 35], Amalgaviridae [36], Betaflexiviridae [35, 37], 
Bromoviridae [38], Endornaviridae [38], Rhabdoviridae 
[39] and Virgaviridae [38]. Besides seagrasses, several 
kelp species from the orders Laminariales and Ectocar-
pales [40–42] were shown to harbor viruses from the 
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family Phycodnaviridae, which otherwise mainly infect 
unicellular eukaryotic algae.

To date, only one extensive metagenomic study spe-
cifically focusing on aquatic plant viromes has been con-
ducted. Sampling of aquatic plants from four freshwater 
springs in Florida revealed several putative plant viral 
sequences, with the majority detected in a single species, 
Vallisneria americana. Two known crop pathogens, oat 
blue dwarf virus (Marafivirus) and potato virus Y (Poty-
virus), were identified, while the majority of the remain-
ing contigs belonged to novel members of the Potyviridae 
and Partitiviridae families [43]. Additionally, data min-
ing efforts have contributed to viral discovery in aquatic 
plants to some extent. A key example is the comprehen-
sive study performed by Mifsud et al., which utilized 
the 1000 Plant Transcriptome Initiative data to uncover 
novel viruses across diverse plant species, including some 
aquatic plants [44].

In this study, we aimed to broaden the knowledge of 
aquatic plant viruses and evaluate risks of possible viral 
spread connected to the global trade/transfer of some 
ornamental aquatic species. We used two approaches: (1) 
we mined the data from the 1000 Plant Transcriptome 
Initiative (1KP) to explore the viromes of diverse aquatic 
plants, including algae, non-vascular, and seed plants, 
and (2) we employed high-throughput RNA sequenc-
ing to detect viral sequences in 14 species of decorative 
aquatic plants commonly used in aquascaping.

Methods
Mining of aquatic plant transcriptomes for viral sequences
Collection of 1KP transcriptome data for selected aquatic 
plants
We first searched for viruses associated with aquatic 
plants by mining publicly available RNA sequencing data 
from the 1000 Plant Transcriptomes Initiative (1KP), 
which generated transcriptomes from 1153 plant spe-
cies spanning various levels of diversity [42]. Due to their 
unavailability at the time of this study, 29 transcriptomes 
were not considered. From this dataset, we selected 79 
aquatic plant species for analysis, ranging from macroal-
gae to angiosperms (Supplementary Table 2). The rel-
evant data for chosen samples, including unique 1KP IDs, 
were retrieved from the sample list [42]. The assembled 
contigs generated by the 1KP were downloaded from the 
data repository (accessed 2022-12-07) [45]. The raw read 
data were acquired from the National Center for Biotech-
nology Information Sequence Read Archive (NCBI SRA) 
database using the wget command and data accession 
links (accessed 2022-12-08).

Identification, filtering, and classification of viral sequences
To identify putative viral sequences, the assembled con-
tigs were first compared to the NCBI non-redundant 

(nr) database (accessed 2022-07-16) using DIAMOND 
(v. 0.9.34) [46] with the BLASTX alignment option 
(E-value = 10, word size = 3, matrix = BLOSUM62, gap 
costs = existence: 11 extension: 1). The last common 
ancestor (LCA) based taxonomic classification of DIA-
MOND results was performed using MEGAN6 [47] 
(v. 6.24.20-0, database megan-map-Feb2022). Putative 
viral contigs and their taxon paths were exported from 
MEGAN6 for further analysis. Raw reads were filtered for 
quality (limit = 0.05, maximum 2 ambiguous nucleotides 
allowed) and trimmed to remove the sequencing adapters 
using the CLC Genomics Workbench (CLC-GWB, v.23, 
QIAGEN, USA). Lastly, reads were mapped to assembled 
contigs with CLC-GWB v.23 (length fraction: 0.8, simi-
larity fraction: 0.8) to determine the total mapped read 
count and average coverage, defined as the number of 
times each position in the contig was covered by mapped 
reads, averaged across the contig length.

Putative viral contigs shorter than 500 nucleotides (nt) 
were removed due to the less reliable taxonomical clas-
sification of such short sequences [48]. To ensure the use 
of the most up-to-date databases available at the time of 
analysis, putative viral contigs ≥ 500 nt were re-analyzed 
with a BLASTX similarity search against the NCBI nr 
database (accessed 2024-02-07) using BLAST + com-
mand line utility (v. 2.15.0, parameters: E-value = 10, 
word size = 3, matrix = BLOSUM62, gap costs = existence: 
11 extension: 1). The BLASTX results were taxonomically 
classified with MEGAN7 (beta-release, v. 7.0.9) using 
the latest MEGAN-NCBI nr mapping database (megan-
nr-r1) (Supplementary Table 3). Putative viral contigs 
identified through BLASTX and MEGAN7 were cat-
egorized into four groups according to the International 
Committee on Taxonomy of Viruses (ICTV) [49] host 
assignations: contigs that were classified in viral families 
with only plant hosts, in viral families with diverse hosts 
including plants, in viral families with non-plant hosts, 
and those that could not be classified to the family level. 
The families corresponding to each category are listed in 
Supplementary Table 4. The results were visualized using 
RStudio (v. 2024.09.1 + 394) and Corel Draw X7.

Contigs with similarity to members of viral families that 
infect only plants or those that have diverse hosts, includ-
ing plants, were considered as putative plant viral contigs 
and were analyzed further. If multiple contigs produced 
identical first BLASTX hits and shared overlapping iden-
tical regions, these regions were aligned using MEGA11 
[50] (v.11.0.13), and manual assembly was attempted 
to obtain longer sequences. For successfully re-assem-
bled contigs (scaffolds), read mapping, BLASTX, and 
MEGAN7 analyses were repeated as described above. 
Final contig/scaffold sequences and the results of the 
BLASTX analysis are reported in Supplementary Table 
5. Contigs/scaffolds likely representing complete or 
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near-complete viral genomes were identified by compar-
ing their length to the expected genome sizes for the rele-
vant viral genus or family. For these contigs, an additional 
search with the BLASTN against the NCBI core nucle-
otide database (accessed 2024-10-16) was performed 
(E-value = 0.05, word size = 11, gap costs = existence: 5 
extension: 2). Pairwise identities between each contig 
and their closest BLASTN hit were calculated using SDT 
(v1.2) [51] to determine whether they represent known 
or putative novel viral species (Supplementary Table 6). 
The type of sequence used for SDT (nucleotide/protein, 
complete sequence/specific gene product), and the clas-
sification requirements were based on the species demar-
cation criteria for each genus or family, as reported by the 
ICTV [49].

Detection of viruses in ornamental aquatic plants using 
high-throughput sequencing
Collection and processing of aquatic plants, selected for 
sequencing
To explore the presence of viruses in globally traded 
aquatic plants, we acquired 17 different ornamental 
aquatic plants belonging to 14 species, either from online 
stores or from a home aquarium (Table 1). For three spe-
cies, two variations per species were included: a ‘wild-
type’ variation without any obvious ornamental patterns 
(Hygrophila polysperma, Alternanthera reineckii ‘mini’, 
Echinodorus cordifolius) and a variation that exhib-
ited ornamental patterns resembling symptoms of viral 

infections (Hygrophila polysperma ‘rosanervig’, Alternan-
thera reineckii ‘rosanervig’, Echinodorus cordifolius ‘mar-
ble queen’). For each sample, 500–1000 mg of fresh leaf 
material was collected. In case of evident algae growth, 
the surface of the leaves was gently cleaned with a clean 
paper towel beforehand.

RNA extraction, library construction, and sequencing
RNA extraction was performed from the collected leaf 
material for downstream analysis. Leaf tissue was homog-
enized using the FastPrep-24 lysis system (MP Bio-
medicals, USA), and RNA was isolated from each plant 
sample using the RNeasy Plant Mini Kit (QIAGEN, USA) 
according to the manufacturer’s instructions. Quality and 
quantity of the RNA were checked using Nanodrop ONE 
spectrophotometer (Thermo Fischer Scientific, USA) and 
QUBIT3 fluorometer (Invitrogen, USA), using the High 
Sensitivity RNA kit (Thermo Fischer Scientific, USA).

Extracted RNA was sequenced, either in the form of 
pooled samples (AQ1-AQ4) that contained up to four 
individual plant RNA extracts or in the form of individ-
ual RNA extracts (AQ5-AQ7). The exact composition 
of samples and the origin of plants are listed in Table 1. 
Sample pool AQ1 consisted of plants from a home aquar-
ium that contained various other organisms, such as 
snails, fish, and flatworms. Sample pools AQ2-AQ4 and 
samples AQ5-AQ7 contained plants that were bought 
from aquaristic stores, where they were either grown in 
soil or sterile tissue cultures. The total RNA extracted 

Table 1  List of sequenced aquatic plants. Variation, botanical family, and inclusion in a corresponding sequencing sample are given, 
along with information about the source of plants and observed phenotypes. Sample pools AQ1 – AQ4 contained up to four plant 
species, while the remaining samples contained only a single species. Plants marked with an * were grown in tissue culture under 
sterile conditions before purchase
Species Variation Family Corresponding 

sample / sample pool 
designation

Source Ornamental pat-
terns / viral-like 
symptoms

Anubias barteri Araceae AQ1 home aquarium none
Lemna minor Araceae AQ1 home aquarium none
Cryptocoryne sp. Araceae AQ1 home aquarium none
Lindernia rotundifolia Linderniaceae AQ2 online store vein yellowing
Echinodorus cordifolius marble queen Alismataceae AQ2 online store a marbling pattern 

of darker and lighter 
green patches

Hygrophila polysperma rosanervig Acanthaceae AQ2 online store vein yellowing
Alternanthera reineckii rosanervig Amaranthaceae AQ2 online store vein yellowing
Alternanthera reineckii* mini Amaranthaceae AQ3 online store none
Hygrophila polysperma Acanthaceae AQ3 online store none
Echinodorus cordifolius Alismataceae AQ3 online store none
Bacopa monnieri Plantaginaceae AQ4 online store none
Eleocharis acicularis* Cyperaceae AQ4 online store none
Lobelia cardinalis* mini Campanulaceae AQ4 online store none
Myriophyllum sp.* Guyana Haloragaceae AQ5 online store none
Sagittaria subulata* Alismataceae AQ6 online store none
Ludwigia repens Onagraceae AQ7 online store none
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from Phaseolus vulgaris co-infected with Phaseolus vul-
garis alphaendornaviruses 1–3 was used as an alien con-
trol [52].

The sample pools and samples were sent to Novogene 
(China) for library preparation and high-throughput 
sequencing. There, total RNA was first depleted of ribo-
somal RNA, followed by sequencing library preparation 
using TruSeq RNA Library Prep Kit (Illumina, USA). 
Libraries were shotgun sequenced using the Novaseq X 
Plus platform (Illumina, USA).

Contig assembly, classification, and characterization of 
putative viral sequences
To identify viral sequences in the samples, reads were 
assembled into contigs and analyzed. Following adapter 
trimming and quality filtering with CLC-GWB v.23 
(QIAGEN, USA), the assembly of reads was performed 
with SPAdes [53] (v. 3.15.5) using the rnaviralspades.py 
mode. Using the same pipeline and criteria as described 
in the data mining section of Methods, putative viral con-
tigs longer than 500 nt were identified (Supplementary 
Table 8) and grouped into four categories based on fam-
ily-level classification. Relative abundance of reads for 
each viral family was calculated for each sample based on 
the number of reads mapping to contigs longer than 500 
nt (Supplementary Table 8). This value was calculated 
by dividing the sum of reads mapped to such contigs 
for each viral family by the total number of reads in the 
sample. Using the approach outlined above, contigs from 
plant-associated viral families were examined in detail. 
Contigs with identical BLASTX hits were aligned in the 
overlapping regions with MEGA11 [50] (v.11.0.13), and 
manually reassembled, when overlapping to obtain lon-
ger scaffolds. The final list of putative plant virus contigs/
scaffolds is reported in Supplementary Table 9.

To further characterize putative plant virus contigs, 
open reading frames (ORF) were predicted using Snap-
Gene (v. 6.1.2.) with the following conditions: minimum 
length = 75 amino acids; START codon required, except 
at DNA ends. To determine whether the contigs contain 
complete coding sequences (CDS), the predicted ORF 
structure was compared to the genome organization of 
the members of the families into which they were clas-
sified. For contigs with complete CDS, an additional 
BLASTN search and pairwise analysis with SDT (v1.2) 
[51] were performed as described in the data mining sec-
tion of Methods, to determine whether they represent 
known or putative novel viral species (Supplementary 
Table 6) [49]. The polyprotein amino acid sequence of 
Sagittaria virus A (SgVA) was aligned with that of potato 
virus A using MEGA11 [50] (v.11.0.13) to predict poly-
protein cleavage sites and the associated mature proteins, 
using UniProt [54] entry Q85197 as reference.

Screening of imported Sagittaria plants for viruses
In addition to ornamental aquatic plants acquired online, 
19 plants from the genus Sagittaria were intercepted 
upon import by UK Plant Health and Seed Inspectors at 
Manchester airport and sent to Fera Science Ltd for test-
ing (Supplementary Table 11). The samples were screened 
by ELISA for various viruses and tested positive for poty-
virus. For ELISA testing, samples were tested in duplicate 
wells on Nunc Maxisorp microtitre plates (Merck, Ger-
many), following the manufacturer’s instructions. As no 
uninfected Saggittaria material was available, petunia 
leaves were used as the negative control. ELISA reactions 
were assessed using a spectrophotometer microplate 
reader (Thermo Fischer Scientific, USA) at λ = 405  nm 
(A405). Samples were considered positive when the mean 
absorbance values were greater than three times the A405 
of the negative control. To identify the virus, nucleic 
acids were extracted using Invimag Virus RNA/DNA 
Mini-kit (Invitek GmbH, Germany) and tested by RT-
PCR for potyviruses using primers developed by Van der 
Vlugt et al. (1999) [55]. (Supplementary Table 10). The 
resulting PCR products of positive samples were sent for 
Sanger sequencing (MWB GmbH, Germany). Two of the 
positive samples were also tested by HTS using a TruSeq 
kit on the Illumina MiSeq as described in Fowkes et al. 
(2021) [56].

DNA sequencing of plants with detected begomoviral 
sequences
To obtain complete genomic sequences of begomoviruses 
detected in the sample pool AQ2, DNA sequencing was 
performed on individual plants from this pool. Follow-
ing the homogenization with the FastPrep-24 lysis system 
(MP Biomedicals, USA), DNA was extracted from frozen 
plant tissue with QuickPick™ SML Plant DNA kit (Bio-
Nobile, Finland) and KingFisher mL Purification System 
(Thermo Fischer Scientific, USA) [57]. DNA extracts of 
individual plants (L. rotundifolia, E. cordifolius ‘marble 
queen’, H. polysperma ‘rosanervig’, A. reineckii ‘rosa-
nervig’) were used for library preparation and sequenc-
ing, performed by Novogene (China) using the NovaSeq 
X Plus platform (Illumina, USA), yielding 6–55  million 
150 bp long paired-end reads per sample. Quality filter-
ing of raw reads and adapter trimming were performed 
using CLC-GWB v.23 (QIAGEN, USA). The reads were 
assembled into contigs with SPAdes [53] using default 
settings (v. 3.15.5) and further manual corrections as 
described in the data mining section of the Methods.

Detection of plant viruses in individual ornamental aquatic 
plant samples
To identify potential host plants, PCR assays were devel-
oped for putative plant virus contigs with complete 
CDS using the Primer3 web tool [58] (v. 4.1.0). PCRs 
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were performed on extracted nucleic acids of individual 
plants from the sample pools in which such viruses were 
detected. Additionally, two more Sagittaria plants were 
acquired (S. terres, S. subulata ‘pusilla’) from a different 
online store and tested for SgVA using the designed PCR 
assay for this virus. PCR cycling conditions and primer 
sequences for each assay are listed in Supplementary 
Table 10. For RNA viruses, RT-PCRs were performed 
on extracted RNA with the OneStep RT-PCR kit (QIA-
GEN, USA) on the ProFlex PCR system (Thermo Fisher 
Scientific, USA) following the manufacturer’s instruc-
tions. Positive controls (PKI-1, PKI-2) consisted of DNA 
extracted from Chenopodium quinoa leaves infected 
with Schlumbergera virus X amplified with virus-specific 
primers. For begomoviruses, PCRs were performed on 
extracted DNA using the Platinum Taq DNA polymerase 
(Thermo Fisher Scientific, USA) and the GeneAmp PCR 
System 9700 (Thermo Fisher Scientific, USA) according 
to the manufacturer’s instructions. A PCR assay using 
SPG1/SPG2 universal begomoviral primers [59] and the 
DNA extracted from tomato leaf curl New Delhi bego-
movirus was used as a positive control (PKI-3). Three 
additional PCR assays for begomoviruses recommended 
in EPPO PM7/152 were also performed. The procedures 
were adapted from Wyatt and Brown (1996), Li et al. 
(2004), and Saison and Gentit (2015) [59–61]. Amplicons 
were visualized using agarose electrophoresis in a 1% 
agarose gel stained with ethidium bromide.

Rolling circle amplification and restriction digestion analysis
To confirm that begomoviruses, their satellites and defec-
tive molecules are present in plants in episomal circular 
form, a rolling circle amplification (RCA) was performed 
on DNA extracted from plants associated with begomo-
viral sequences using the TempliPhi Amplification kit 
(Cytiva, USA) as per the manufacturer’s instructions. 
The pUC19 vector provided in the kit was used as a 
positive control. DNA concentration after the RCA was 
measured using the Nanodrop ONE spectrophotometer 
(Thermo Fischer Scientific, USA). Restriction digestion 
of RCA products was performed to verify the presence 
of the expected begomoviral sequences. Enzymes with a 
single restriction site per viral or satellite sequence were 
selected to produce linearized products correspond-
ing to the full genome size (EcoRI for Lindernia rotun-
difolia extracts and HindIII for Alternantherea reineckii 
‘rosanervig’ extracts). Restriction reactions were prepared 
in a total volume of 50 µl, consisting of 5 µl of enzyme-
specific buffer (EcoRI: 10 x NEBuffer EcoRI for EcoRI, 
HindIII: 10 x rCutSmart), 1 µl of enzyme, 2 µl of ampli-
fied DNA, and 42  µl of nuclease-free water. Digestion 
was performed at 37  °C for 15  min, followed by heat 
inactivation for 20  min at 65  °C (EcoRI) or 80  °C (Hin-
dIII). Digested fragments were visualized on Agilent 

TapeStation Agilent Tape Station (Agilent Technologies, 
USA), using the D5000 ScreenTape Assay according to 
the manufacturer’s instructions.

Transmission electron microscopy (TEM)
Visualization of SgVA virions was performed with TEM 
on leaf tissue from plants infected with SgVA. Leaves 
showing disease symptoms were selected, and approxi-
mately 3  mm pieces were excised and transferred to 
tubes with 300  µl of 0.1  M phosphate buffer (40 mM 
NaH2PO4 × 2H2O, 50 mM Na2HPO4, 2% PVP-10.000, 
pH 6.8). The tissue was homogenized using a plastic rod 
and incubated at room temperature for 5  min. To pre-
pare the grid, 20 µl of a sample was applied to a freshly 
glow-discharged copper grid (400 mesh, formvar-carbon 
coated) for 5  min, then washed, and stained with one 
droplet of 1% (w/v) water solution of uranyl acetate. Two 
grids were prepared and observed with a transmission 
electron microscope TALOS L120 (Thermo Fisher Scien-
tific, USA), operating at 100 kV. Analysis was performed 
on 5–10 grid squares which were analyzed at various 
locations, with micrographs taken randomly with the 
Ceta 16 M camera (Thermo Fisher Scientific, USA).

Phylogenetic analysis of selected putative novel viruses
Phylogenetic analysis was performed to determine the 
phylogenetic relationships of two newly discovered 
viruses with their closely related species.

For SgVA, the ICTV Virus Metadata Resource Table 
was used (VMR, v.21-221122_MSL37) to identify spe-
cies from the Potyvirus genus (exemplar isolates) with 
complete coding sequences available in the NCBI Virus 
RefSeq database. The list was further expanded by per-
forming BLASTX as described above and adding the hits 
that were missing from the VMR. The polyprotein amino 
acid sequences of the four SgVA isolates were aligned 
with those of the viruses in the compiled list, using rye-
grass mosaic virus (Rymovirus) as an outgroup. The align-
ment was performed in MEGA11 [50] (v.11.0.13), using 
the MUSCLE plug-in, followed by trimming with TrimAl 
[62] (v.1.4, method automated1). The trimmed alignment 
is available in Supplementary File 1. Using the alignment, 
a maximum likelihood tree was constructed using IQ-
TREE [63] (v.2) with the automatically determined best-
fit substitution model (LG + F + I + G4) and the ultrafast 
bootstrap approximation with 1000 replicates [64]. The 
tree was visualized with iTol (v.6) [65]. Using SDT [51] 
(v1.2), the pairwise identity for polyprotein amino acid 
sequences was calculated for the four SgVA isolates (NIB, 
1KP, FERA-1, FERA-2) and the most closely related poty-
viruses from the tobacco etch virus (TEV) clade.

For Lindernia rotundifolia yellow vein virus (LRYVV), 
phylogenetic analysis was performed as described 
in Brown et al., 2015 [66]. A BLASTN search of the 
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complete DNA-A sequence of LRYVV against the NCBI 
nr nucleotide database (accessed 2024-07-24) was first 
performed to select the closely related viruses for phy-
logenetic analysis. The first 100 hits were extracted and, 
in case of multiple hits for the same virus (e.g., different 
isolates), the one with the highest percentage identity 
to LRYVV was selected. The alignment was performed 
in MEGA11 [50] (v.11.0.13) with the MUSCLE plug-in 
using the DNA-A sequence of LRYVV and those of its 
closest BLASTN hits. The complete alignment is avail-
able in Supplementary File 2. This alignment was then 
used to construct the phylogenetic network using Split-
sTree [67] CE (v. 6.3.32) with the P distance [68] and 
Neighbor-Net [69] methods with default parameters. The 
bootstrap splits method with default options was applied 
to calculate bootstrap supports [70]. Additionally, pair-
wise identities were calculated for the complete DNA-A 
nucleotide sequences of LRYVV and its closest BLASTN 
hits using SDT [51] (v1.2).

Results
Transcriptome mining reveals the presence of viral contigs 
across taxonomically diverse aquatic plants
We searched for viral sequences in the transcriptomes 
of 79 aquatic plants spanning a broad taxonomic range, 
from algae to angiosperms (Supplementary Table 2). A 
total of 746 contigs were classified as viral with MEGAN, 
out of which 280 were longer than 500 nucleotides and 
were analyzed further (Supplementary Table 3, Fig.  1). 
Viral contigs were present in 76% of the analyzed tran-
scriptomes (Fig. 1a), encompassing all groups of aquatic 
plants except clubmosses, for which no viral sequences 
were detected.

Contigs that MEGAN classified into families with 
non-plant hosts were identified in most groups and were 
particularly prevalent in algae (Fig.  1b). Similarly, con-
tigs that could not be assigned to a viral family were also 
detected across all groups, with several classified only at 
the domain (Viruses) or realm (Riboviria) level (Fig. 1b, 
Supplementary Table 3).

Fig. 1  Detection of viral contigs in aquatic plant transcriptomes from the 1000 Plant Transcriptome Initiative (1KP). a) Number of species with (purple por-
tion) and without (black portion) detected viral contigs (longer than 500 nt) per plant group. The sum of both sections reflects the total number of species 
analyzed per plant group. b) A graphical representation of plant species with detected viral contigs (longer than 500 nt) across viral families for each plant 
group. Numbers in squares and the heatmap color code represent the number of analyzed species per plant group in which viral contigs (> 500 nt) were 
detected. The colors of taxons on the y-axis represent four categories, into which viral contigs (> 500 nt) were sorted based on family-level taxonomic clas-
sification with MEGAN: those from families with exclusively plant hosts (light green), those from families with diverse hosts, including plants (dark green), 
those from families with non-plant hosts (blue) and those not classified to family level (grey). The four categories are also distinguished by dotted lines
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Transcriptomes from all groups of analyzed aquatic 
plants contained viral contigs, which were classified 
into families with exclusively plant hosts using MEGAN 
(Fig.  1b). They were most prevalent in angiosperms, 
where they were detected in 25% of analyzed species. 
Similarly, contigs from families associated with diverse 
hosts, including plants, were also most frequently found 
in angiosperms (45% of analyzed species), followed by 
algae (29% of analyzed species) (Fig. 1a, b). A substantial 
fraction of algae transcriptomes contained contigs with 
the highest identities to members of the Phycodnaviri-
dae family, including several that were classified into the 
genus Phaeovirus. The protein sequence identities to the 
closest BLASTX hits for Phycodnaviridae contigs were 
relatively low (13–66%), suggesting that these represent 
novel viral species (Supplementary Table 3).

Despite examining only a few transcriptomes of ferns, 
liverworts, and mosses, we detected putative plant virus 
contigs in almost all of them (Fig.  1a). In heart-leaved 
spearmoss Calliergon cordifolium, several contigs were 
taxonomically placed with MEGAN as ‘unclassified Bun-
yavirales’ (recently promoted to class Bunyaviricetes 
[71]) (Supplementary Table 3). Five of those were highly 
similar to known viruses (Heart-leaved spear-moss bun-
yaviruses 1–5), previously discovered by Mifsud et al. in 
the same dataset [44]. The remaining sequences (N = 25) 
exhibited the highest similarity to several viruses from 
the Bunyavirales order, which were previously identi-
fied in the transcriptomes of a liverwort (Odontoschisma 
prostratum) and two mosses (Aulacomnium heterosti-
chum, Syntrichia princeps) [44]. In BLASTX analysis, 
the amino acid identities of these contigs to their closest 
hits ranged from 31 to 84% (Supplementary Table 3). The 
closest hits include brown screw moss bunyavirus, Aula-
comnium heterostichum bunyaviruses 1, 2, and 4, and 
liverwort-associated bunyaviruses 2–4.

Aquatic plant transcriptomes contain sequences of known 
plant viruses as well as several putative novel plant viruses
In line with the objectives of this study, we primarily 
focused our investigation on viruses with the potential to 
infect plants. We detected either partial or complete cod-
ing sequences of known and possible novel plant viruses 
in the transcriptomes of various aquatic plants. Key 
examples of viral sequences that were classified at least 
to the family level are detailed below. A complete over-
view of putative plant virus contigs, along with the results 
of read mapping and the BLASTX analysis, is reported in 
Supplementary Table 5.

In the transcriptomes of non-flowering plants, we 
uncovered an array of viral sequences, providing insights 
into potential plant viruses associated with this group. 
Several plant virus contigs were detected in the tran-
scriptome of the liverwort Scapania nemorosa. Among 

them, one (contig ID 2153071_2144868_2164019, Sup-
plementary Table 5) exhibited high similarity to common 
milkweed potyvirus (GenBank accession OX380443, 
genus Potyvirus, family Potyviridae) with 99.9% iden-
tity in the aligned region of the polyprotein amino acid 
sequence. Common milkweed potyvirus was first iden-
tified through data mining in the angiosperm Asclepias 
syriaca, utilizing the same 1KP dataset as examined here 
[44]. In the transcriptome of the moss Scuoleria aquatica, 
we detected a sequence (contig ID 2010568, Supplemen-
tary Table 5) that shared 61% amino acid identity in the 
aligned region of the RNA-dependent RNA polymerase 
(RdRp) gene to the goldenrod fern yue-like virus (Gen-
Bank accession OX380389, family Yueviridae), which was 
originally detected in the 1KP transcriptome of the fern 
Pityrogramma trifoliata [44]. In the dataset from the fern 
Pilularia globulifera, we identified a contig correspond-
ing to the known crop pathogen, turnip yellows virus 
(GenBank accession JQ862472, genus Polerovirus, fam-
ily Solemoviridae) [72]. The results of the SDT analysis 
confirmed its classification within the same viral species, 
Polerovirus TUYV (Supplementary Table 6).

The greatest richness of viral sequences with puta-
tive plant hosts was observed in angiosperms (Table 2). 
In the transcriptome of the seagrass Posidonia australis, 
we detected the complete coding sequence of a putative 
novel member of the Betaflexiviridae family (contig ID 
2013547) (Supplementary Table 6). In BLASTX analy-
sis, the contig had 46% amino acid identity in the aligned 
region to the RdRp gene sequence of banana mild mosaic 
virus (Table  2). In the transcriptome of seaside arrow-
grass Triglochin maritima, we identified several contigs 
with the highest identities to cryptic viruses of the Par-
titiviridae family (Table  2). Two of those represented 
complete RNA1 (contig ID 2002317) and RNA2 (contig 
ID 2002316) coding sequences of putative novel viruses 
(Supplementary Table 6), while one partial contig (con-
tig ID 2084669_208467) had 99% amino acid identity in 
the aligned region to the RdRp gene of beet cryptic virus 
1 (genus Alphapartitivirus, family Partitiviridae) based 
on the BLASTX analysis. We discovered the complete 
genome of the orchid pathogen, Cymbidium mosaic virus 
[73] (contig ID 2004053_2003800, genus Potexvirus, fam-
ily Alphaflexiviridae) (Table  2, Supplementary Table 6), 
in the dataset from Cyperus papyrus. Furthermore, a par-
tial sequence was detected in Myriophyllum aquaticum 
(contig ID 2022808), which exhibited 100% amino acid 
identity in the aligned region of the minor coat protein 
to lettuce chlorosis virus, a known crop pathogen (genus 
Crinivirus, family Closteroviridae) (Table  2). The tran-
scriptome of Sagittaria latifolia revealed several putative 
plant virus contigs, including the complete genome of 
Schlumbergera virus X (contig ID 2008980, genus Potex-
virus, family Alphaflexiviridae) (Table 2, Supplementary 
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Table 6). In the same plant, we detected two partial 
sequences resembling members of the Rhabdoviridae 
family (contig IDs 2006917_2002862_2002861, 2006916) 
(Table 2). Finally, we also discovered a sequence of a puta-
tive novel potyvirus, designated Sagittaria virus A (isolate 
1KP, contig ID 2008219, GenBank accession PV019449) 
(Table  2, Supplementary Table 6) in S. latifolia. The 

sequence of Sagittaria virus A had 48% amino acid iden-
tity in the aligned region of the RdRp gene to its closest 
BLASTX hit, potato virus A (genus Potyvirus, family 
Potyviridae).

Table 2  Putative plant virus contigs/scaffolds detected in angiosperm transcriptomes and the results of the BLASTX analysis. Scaffolds 
that were manually re-assembled from contigs to obtain longer sequences are marked with combined IDs (e.g. 2028716_2143514), 
denoting the original sequences. a denotes viruses lacking the ICTV taxonomic classification
plant species contig ID contig 

length
closest BLASTX hit accession 

number of the 
closest BLASTX 
hit

% identity to 
the closest 
BLASTX hit

MEGAN LCA-
based taxonomic 
classification

Bacopa caroliniana 2177945 505 carnation etched ring virus NP_612577 79.52 Caulimovirus
Bacopa caroliniana 2039416 569 carnation etched ring virus ABX80504 75.00 Caulimovirus
Bacopa caroliniana 2017771 1559 carnation etched ring virus CAH68829 74.86 Caulimovirus
Bacopa caroliniana 2039415 1401 cauliflower mosaic virus BAO53218 76.04 Caulimovirus 

tessellobrassicae
Bacopa caroliniana 2019346 1671 soybean Putnam virus YP_006607893 37.38 Caulimovirus
Ceratophyllum 
demersum

2005427 957 grapevine Roditis leaf discolor-
ation-associated virus

AMN88380 49.47 Badnavirus

Cyperus papyrus 2004053_
2003800

6238 Cymbidium mosaic virus QQY02623 98.87 Potexvirus cymbidii

Hydrocotyle umbellata 2028716_
2143514

13,181 Hydrocotyle umbellata 
endornavirus

QPO25406 98.81 Hydrocotyle umbellata 
endornavirusa

Myriophyllum 
aquaticum

2013022 1593 Cucumis virus 1 DAZ90697 41.67 unclassified 
Rhabdoviridae

Myriophyllum 
aquaticum

2022808 2655 lettuce chlorosis virus QHB15134 100.00 Crinivirus lactucachlorosi

Posidonia australis 2013547 7627 banmivirus BanMMV WAB21307 46.29 Banmivirus musae
Posidonia australis 2060969 1455 Dactylorhiza cryptic virus 2 QED42874 50.13 Dactylorhiza cryptic 

virus 2a

Sagittaria latifolia 2006917_
2002862_
2002861

7093 Bacopa monnieri virus 2 YP_010798893 45.93 Rhabdoviridae

Sagittaria latifolia 2006916 1403 Cuscuta virus 1 DAF42410 42.34 Rhabdoviridae
Sagittaria latifolia 2008219

(GenBank: 
PV019449)

9616 potato virus A QPC97649 48.10 Potyvirus atuberosi

Sagittaria latifolia 2008980 6573 Schlumbergera virus X AJF19167 97.61 Potexvirus 
ecschlumbergerae

Triglochin maritima 2085810 1503 Amaranthus tuberculatus 
amalgavirus 2

DAZ90991 61.69 Amalgavirus

Triglochin maritima 2084669_
2084671

1388 beet cryptic virus 1 YP_002308574 99.13 Alphapartitivirus betae

Triglochin maritima 2002317 1996 beet cryptic virus 1 YP_002308574 82.96 Partitiviridae
Triglochin maritima 2002316 1722 carrot cryptic virus YP_009508045 62.08 Partitiviridae
Triglochin maritima 2015565 1328 Fragaria chiloensis cryptic 

virus
QZN83647 81.57 unclassified Partitiviridae

Triglochin maritima 2018869 1213 Fragaria chiloensis cryptic 
virus

YP_001274393 63.96 unclassified Partitiviridae

Triglochin maritima 2085303 846 Rhodiola cryptic virus 1 QED42887 67.16 Rhodiola cryptic virus 1a

Triglochin maritima 2085775 1377 Rhodiola cryptic virus 1 QED42887 48.20 Rhodiola cryptic virus 1a

Triglochin maritima 2018450 1426 Rose cryptic virus 1 YP_001686788 57.57 unclassified Partitiviridae
Triglochin maritima 2007048 575 Rose partitivirus ANQ45204 60.34 Partitiviridae
Utricularia sp. 2135711 641 Heterobasidion partitivirus 3 YP_009508058 67.65 Partitiviridae
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Ornamental aquatic plants used in aquascaping contain 
various viral nucleic acids, including those from known and 
novel plant viruses
Next, we explored the viromes of ornamental aquatic 
plants through high-throughput sequencing, focusing on 
globally traded species used for decorative purposes in 
aquariums and ponds. We sequenced 7 samples contain-
ing 17 different plants commonly used in aquascaping. A 
summary of sequencing data, including raw and trimmed 
read counts, total and viral contig numbers, and percent-
ages of viral reads per sample, is listed in Supplementary 
Table 7. Sequencing resulted in 18,052,640–55,249,032 
150  bp long paired-end reads per library. Mapping of 
reads to viral contigs revealed, on average 1.99% viral 
reads per sample, ranging from 0.0001 to 11.57%. Apart 

from the alphaendornaviruses known to be present in 
the sample, no other viral contigs were assembled from 
the alien control sequencing data, indicating an absence 
of cross-contamination. Out of the 596 putative viral 
contigs initially detected across samples, 192 remained 
after filtering (> 500 nt) and additional BLASTX analysis. 
We categorized these contigs into four groups based on 
MEGAN family-level classification and predicted host 
ranges as described in Methods (Fig. 2a, b, Supplemen-
tary Table 8).

Similar to the outcomes of data mining, contigs that 
were classified into families with predicted non-plant 
hosts were identified in most samples (Fig. 2a, b). Addi-
tionally, contigs that could not be classified at the fam-
ily level were identified in four of the analyzed samples 

Fig. 2  Composition and distribution of viruses detected in ornamental aquatic plants with high-throughput sequencing. a) Viral family richness across 
analyzed samples. Stacked bar plots represent the number of viral families detected per sample based on the classification of contigs (> 500 nt) with 
MEGAN, including only the contigs that were classified at least to the family level by MEGAN analysis. Colors correspond to the three host-based cat-
egories inferred by host associations of corresponding families (families with members associated with exclusively plant hosts - light green, families with 
members associated with diverse hosts, including plants - dark green and families with members associated with non-plant hosts - blue). The origin and 
number of plant individuals for each sample or sample pool are noted above the graph with grey plant icons and explained in the legend above the 
plot. b) Relative abundance of reads mapped to viral contigs (> 500 nt) across samples and viral families. Each square represents the percentage of reads 
mapped per viral family, with color intensity reflecting logarithmically transformed values. Viral family names on the left are color-coded according to the 
three host-based categories described in a), with grey representing taxonomic bins for contigs that could not be classified to family level with MEGAN. 
c) Overview of detected viral contigs representing complete coding sequences from known and putative novel plant viruses. Associations of detected 
viruses with predicted plant hosts, as determined with PCR tests for each of the listed viruses on individual plant nucleic acid extracts, are shown as line 
connections
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(Supplementary Table 3). In particular, pooled sample 
AQ1 contained a large fraction of reads that mapped to 
viral contigs, which were assigned only at the Riboviria 
realm level (“unclassified Riboviria” category) (Fig. 2b).

Putative plant virus contigs, identified by their clas-
sification into families with exclusively plant hosts using 
MEGAN, were detected across all samples. A detailed 
overview, along with the results of the BLASTX analysis 
and read mapping, is provided in Supplementary Table 9. 
Viral contigs that were classified into the Caulimoviridae 
family were detected in three samples, with the highest 
abundance of mapped reads observed in AQ3. High read 
abundance was also observed for contigs classified into 
the Bromoviridae family in pooled sample AQ4 and the 
Closteroviridae family in pooled sample AQ2 (Fig. 2b).

Among the putative plant virus contigs listed above, 
several were found to contain the complete coding 
sequences (CDS) (Table  3; Fig.  2c). BLASTN analy-
sis revealed that several contigs detected in datasets 
of pooled samples AQ2 and AQ4 had high nucleotide 
sequence identities to two known crop pathogens with 
segmented genomes, lettuce chlorosis virus (isolate 
NIB-1, GenBank accessions PV019450- PV019451) 
and cucumber mosaic virus (isolate NIB-1, GenBank 
accessions PV019452- PV019453) (Table  3). Their clas-
sification within the respective viral species was further 

supported by SDT analysis (Supplementary Table 6). 
With PCR testing, we confirmed the presence of lettuce 
chlorosis virus in RNA extracts of Alternanthera reineckii 
‘rosanervig’ (Fig. 2c, Supplementary Fig. 2.1) and cucum-
ber mosaic virus in those of Lobelia cardinalis ‘mini’ 
(Fig. 2c, Supplementary Fig. 2.2).

We also detected several contigs with complete CDS, 
which were determined to represent putative novel viral 
species. In pooled sample AQ2, we identified a putative 
novel virus of the Tombusviridae family (Supplementary 
Table 6), exhibiting the highest genome-wide identity 
to Colocasia umbra-like virus (Table  3, Supplementary 
Fig.  1.1). PCR testing on individual RNA extracts from 
pooled plants revealed the presence of this virus in 
Echinodorus cordifolius ‘marble queen’ (Fig.  2c, Supple-
mentary Fig. 2.1), prompting the name Echinodorus virus 
1 (GenBank accession PV019455). In the same dataset 
(pooled sample AQ2), we identified several contigs that 
were classified into the genus Begomovirus, a discovery 
that is further discussed in the next section.

In pooled sample AQ3, we discovered a putative novel 
caulimovirus (Supplementary Table 6), and using PCR 
analysis, we detected its presence in the RNA extracts of 
Hygrophila polysperma, prompting the name Hygrophila 
virus 1 (GenBank accession PV019457) (Table 3; Fig. 2c, 
Supplementary Fig. 1.2, 2.1). Similarly, in pooled sample 

Table 3  Detected plant virus contigs/scaffolds with complete coding sequences and the results of the BLASTN analysis. Scaffolds that 
were manually reassembled from contigs are marked with joined IDs (e.g., AQ2_12346_58280), denoting the original sequences that 
were combined. a indicates contigs of known plant viruses
contig ID virus name virus family contig 

length
closest BLASTN hit accession 

number of 
the closest 
BLASTN hit

% identity to 
the closest 
BLASTN hit

E-value

AQ2_124
_73867

lettuce chlorosis virus a Closteroviridae 8653 Lettuce chlorosis virus (RNA1) NC_012909 99 0.0

AQ2_91 lettuce chlorosis virus a Closteroviridae 8603 Lettuce chlorosis virus isolate BR (RNA 2) MN216392 98 0.0
AQ4_745 cucumber mosaic virus a Bromoviridae 3321 Cucumber mosaic virus isolate TAA_

CMV (RNA1)
MZ666931 93 0.0

AQ4_991 cucumber mosaic virus a Bromoviridae 3097 Cucumber mosaic virus isolate RP9 
(RNA 2)

KC527693 94 0.0

AQ4_3200 cucumber mosaic virus a Bromoviridae 2220 Cucumber mosaic virus isolate PV-0506 
(RNA3)

KX525736 96 0.0

AQ2_6106 Ageratum yellow vein Sri 
Lanka a virus

Begomoviridae 2752 Ageratum yellow vein Sri Lanka virus 
(DNA-A)

NC_002981 95 0.0

AQ2_
12346_
58280

Lindernia rotundifolia 
yellow vein virus

Begomoviridae 2741 Lindernia anagallis yellow vein virus KC172827 89 0.0

AQ2_
26591

Lindernia rotundifolia yel-
low vein alphasatellite

Alphasatellitidae 1404 Tobacco curly shoot virus associated 
DNA 1

FM212564 90 0.0

AQ6_189 Sagittaria virus A Potyviridae 9653 Malva vein clearing virus strain MVCV-SX MN116683 69 2e-101
AQ2_3721 Echinodorus virus 1 Tombusviridae 2953 Colocasia umbra-like virus isolate PNG K ON086742 67 1e-61
AQ4_2 Lobelia virus 1 Endornaviridae 16,663 Helianthus annuus alphaendornavirus 

isolate BJ
NC_040799 67 9e-84

AQ3_270 Hygrophila virus 1 Caulimoviridae 7825 Figwort mosaic virus NC_003554 71 0–0



Page 12 of 23Vogrinec et al. Environmental Microbiome          (2025) 20:133 

AQ4, we detected a novel virus from the family Endor-
naviridae (Supplementary Table 6) and, with PCR, 
confirmed its presence in the RNA extracts of Lobelia 
cardinalis ‘mini’, thus designating it Lobelia virus 1 (Gen-
Bank accession PV019456) (Table  3; Fig.  2c, Supple-
mentary Fig.  1.3, 2.1). In sample AQ6, which consisted 
solely of Sagittaria subulata, we detected the sequence 
of Sagittaria virus A (isolate NIB-1, GenBank accession 
PV019448) – a novel potyvirus we had initially discov-
ered in the transcriptome of Sagittaria latifolia (isolate 
1KP, GenBank accession PV019449) (Table 3; Figs. 2c and 
5, Supplementary Table 6, Supplementary Fig.  2.1). The 
detailed characterization of this virus is provided in a 
later part of this manuscript.

Identification of known and putative novel begomoviruses 
in two different ornamental aquatic plants
The discovery of begomoviral sequences in the HTS data-
set from the pooled sample AQ2 led us to conduct a more 
detailed investigation, due to their inclusion on the Euro-
pean Union quarantine list: Annex II A of the commis-
sion implementing regulation (EU) 2019/2072 [74]. From 
the RNA sequencing data, we assembled two begomo-
viral contigs: one corresponding to the known monopar-
tite begomovirus Ageratum yellow vein Sri Lanka virus 
(AYVSLV, isolate NIB-1, GenBank accession PV019458) 
and another representing a putative novel begomovirus.

With newly designed virus-specific PCR assays, we 
established the presence of AYVSLV in the DNA extract 
of Alternanthera reineckii ‘rosanervig’ (Figs.  2c and 
3, Supplementary Fig.  2.3), while the putative novel 
begomovirus was detected in the DNA extracted from 
Lindernia rotundifolia, prompting the name Linder-
nia rotundifolia yellow vein virus (LRYVV, isolate 
NIB-1, GenBank accession PV019459) (Figs.  2c and 4, 
Supplementary Fig. 2.3). No product for either virus was 
detected using the PCR tests from the EPPO standard on 
diagnostics (PM7/152).

From the DNA sequencing data of A. reineckii ‘rosa-
nervig’, we assembled the complete genomic sequence of 
AYVSLV (Fig. 3a, Supplementary Fig. 1.4). The sequence 
is 2752 nucleotides long and is 94.6% identical to the 
DNA-A AYVSLV reference sequence (GenBank accession 
NC_002981), assigning it to the same species according 
to the species demarcation criteria for this genus (Sup-
plementary Table 6) [75]. Additionally, another sequence 
that showed similarity to known begomoviruses was 
discovered in the DNA sequencing dataset of the same 
plant. It is approximately half the size of the AYVSLV 
(1352 nt) and exhibits characteristics typical for defective 
DNAs [76–78], prompting the tentative name Ageratum 
yellow vein Sri Lanka virus D-DNA (AYVSLV D-DNA). 
The AYVSLV D-DNA sequence (Fig. 3a, Supplementary 
Fig.  1.5) is largely derived from AYVLSV, featuring an 

additional 301 nt region of unknown origin with low sim-
ilarity to various eukaryotic sequences. It contains two 
short ORFs: ORF1 is homologous to the 5’ end of AYV-
LSV AV2, while ORF2 is partly homologous to the 3’ end 
of the same protein and partly to the 5’ end of the replica-
tion (Rep) protein. ORF1 also encompasses the intergenic 
region with the conserved nonanucleotide sequence (​T​A​
A​T​A​T​T/AC) containing the origin of replication. Nota-
bly, two additional repeats of the intergenic region follow 
the ORF1, starting directly after the nick site.

The putative host plant, A. reineckii ‘rosanervig’, dis-
played vein yellowing, resembling symptoms caused 
by a viral infection (Fig.  3b). Another variety of A. 
reineckii (‘mini’) lacking these patterns was sequenced 
in a separate pooled sample, AQ3, where no begomo-
viral sequences were detected. The episomal nature of 
AYVSLV and its defective DNA was confirmed by restric-
tion digestion analysis of RCA products (Supplementary 
Fig. 2.4).

From the DNA sequencing data of L. rotundifolia, we 
assembled the complete DNA-A sequence of Lindernia 
rotundifolia yellow vein virus (Fig.  4a, Supplementary 
Fig. 1.6). The genome is 2741 nucleotides long and, based 
on SDT analysis (Supplementary Table 6, Supplementary 
Fig.  1.8), shares 88.9% genome-wide nucleotide identity 
with Lindernia angallis yellow vein virus (LAYVV, Gen-
Bank accession AY795900), thus representing a novel 
species in the Begomovirus genus. The genome organiza-
tion is characteristic of monopartite begomoviruses, con-
taining 7 predicted ORFs, including AV2, which is typical 
for the Old World begomoviruses [75]. It also contains 
the intergenic region with the conserved stem-loop form-
ing nonanucleotide (​T​A​A​T​A​T​T/AC) (Fig.  4a). The phy-
logenetic network analysis (Fig.  4b) shows LRYVV and 
LAYVV forming a distinct cluster. In addition to LRYVV, 
a complete genomic sequence of a novel alphasatel-
lite, which we named Lindernia rotundifolia yellow vein 
alphasatellite (LRYVV alphasatellite, isolate NIB-1, Gen-
Bank accession PV019460), was also detected in the data-
set from the same plant (Table 3; Fig. 2c, Supplementary 
Fig. 1.7). According to the SDT analysis (Supplementary 
Table 6), the LRYVV alphasatellite sequence shares 87.4% 
identity with the genomic nucleotide sequence of tobacco 
curly shoot alphasatellite, qualifying it as a novel species 
within the family Alphasatellitidae [79].

Similar to A. reineckii, L. rotundifolia also exhibited the 
pattern of vein yellowing (Fig.  4c), which we speculate 
could be a symptom of infection with LRYVV, possibly 
also in combination with the Lindernia rotundifolia yel-
low vein alphasatellite. Both LRYVV and its alphasatellite 
were also shown to be present in the plant in an episomal 
form (Supplementary Fig. 2.4).
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Discovery of a novel potyvirus by data mining and HTS 
analysis of purchased plants in several species from the 
genus Sagittaria
As noted earlier, we discovered a sequence of a putative 
novel potyvirus, Sagittaria virus A (SgVA, isolate 1KP, 
GenBank accession PV019449), by mining the tran-
scriptome of the aquatic plant, Sagittaria latifolia. We 
later detected a near-identical sequence in the sequenc-
ing library of Sagittaria subulata, an aquatic plant that 

is cultivated and sold for ornamental use. It shared 98% 
identity across the polyprotein amino acid sequence to 
SgVA isolate 1KP and was thus designated SgVA isolate 
NIB-1 (GenBank accession PV019448) (Fig. 5a, d). These 
findings prompted us to conduct a more detailed investi-
gation into the occurrence and diversity of this virus.

S. subulata plants that contained SgVA isolate NIB-1 
were cultivated in an aquarium, where they initially 
showed stunted growth, followed by yellowing and 

Fig. 3  Characteristics of Ageratum yellow vein Sri Lanka virus and its defective DNA. a) Genome organization of Ageratum yellow vein Sri Lanka virus (AY-
VSLV, left) and Ageratum yellow vein Sri Lanka virus defective DNA (AYVSLV D-DNA, right) discovered in Alternanthera reineckii ‘rosanervig’. AV2 - pre-coat 
protein, AV1 - coat protein (CP), AC5 - C5 protein, AC3 - replication enhancer protein (REn), AC2 - transcriptional activator protein (TrAP), AC1 - replication-
associated protein (Rep), AC4 - C4 protein. The colored blocks indicate homologous regions between the two sequences, while the striped pattern de-
notes regions where parts of the sequence are repeated. In AYVSLV D-DNA, the question mark (?) denotes the region of unknown origin. The conserved 
nonanucleotide (TAATATT/AC) is indicated with a stem-loop. b) A sample of A. reineckii ‘rosanervig’ positive for AYVSLV and AYVSLV D-DNA, exhibiting vein 
yellowing (left) and the same plant cultivated in the aquarium (right)
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Fig. 4  Genomic characterization and phylogenetic network analysis of Lindernia rotundifolia yellow vein virus. a) Genome organization of the Linder-
nia rotundifolia yellow vein virus, discovered in Lindernia rotundifolia. AV1 - coat protein (CP), AV2 - pre-coat protein, AC5 - C5 protein, AV3 - V3 protein, 
AC3 - replication enhancer protein (REn), AC2 - transcriptional activator protein (TrAP), AC1 - replication-associated protein (Rep), AC4 - C4 protein. b) A 
specimen of Lindernia rotundifolia, positive for Lindernia rotundifolia yellow vein virus (left), and the same plant grown in an aquarium (right). c) Phylo-
genetic network inferred for Lindernia rotundifolia yellow vein virus and a set of closely related begomoviral sequences using the Neighbor-Net method 
in SplitsTree6. The numbers on the edges represent bootstrap support values for each split. GenBank accession numbers for each sequence are listed in 
brackets next to the virus name
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Fig. 5 (See legend on next page.)
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thinning of the leaves, which appeared several months 
after planting (Fig.  5a). The infected plant tissue prepa-
ration was visualized under an electron microscope and 
revealed flexible filamentous structures typical of potyvi-
ruses (Fig. 5c).

SgVA isolate NIB shares 50.3% amino acid identity in 
the polyprotein sequence with its closest relative, potato 
virus A (Fig. 5d, Supplementary Table 6), supporting its 
designation as a novel species in the Potyvirus genus [80]. 
The genomic sequence is 9.6 kbp long and contains the 
entire polyprotein sequence, including the predicted 
cleavage sites that produce mature proteins (Fig. 5e).

Following this discovery, we explored the possible pres-
ence of SgVA among traded ornamental plants from the 
genus Sagittaria. Six samples that had been imported into 
the UK from Singapore and the Netherlands tested posi-
tive for a potyvirus in ELISA screening (Supplementary 
Table 11). Sanger sequencing of the RT-PCR products 
confirmed the presence of SgVA in all cases. Two of those 
samples, originating from Singapore, underwent additional 
HTS. This resulted in the reconstruction of two more SgVA 
genomic sequences (isolate FERA-1, GenBank accession 
PQ653482, and FERA-2, GenBank accession PQ653481). 
The two FERA isolates shared a 98% identity in the amino 
acid sequence of the polyprotein with each other, as well 
as with SgVA isolate NIB and SgVA isolate 1KP, confirm-
ing they are of the same species (Fig.  5d). The phyloge-
netic analysis revealed that all isolates of SgVA clustered 
together, with the plant isolates representing one group 
and ‘isolate 1KP’ representing a separate group within the 
cluster. They were placed into the tobacco etch virus (TEV) 
clade [75], clustering with tobacco vein mottling virus and 
potato virus A (Fig. 5b). Additionally, we tested two more 
samples acquired through different online stores in Slove-
nia with RT-PCR, and both proved to be positive for infec-
tion with SgVA, pointing to its potential distribution via 
global ornamental plant trade (Supplementary Table 11).

Discussion
Characterization of the underexplored viromes of non-
cultivated and ornamental aquatic plants that we per-
formed in this study revealed a high level of plant virus 

diversity across a range of aquatic plant species, spanning 
from simple multicellular algae to seed plants. While 
the majority of discovered viral sequences likely cor-
respond to novel viral species, we also detected several 
sequences of known crop viruses, including some regu-
lated pathogens.

Within the evolutionary basal aquatic plant groups, we 
examined the transcriptomes of 48 diverse macroscopic 
algae. Among the diverse viral sequences identified in 
these datasets, perhaps the most interesting finding is 
the discovery of 14 viral contigs resembling members 
of the Phaeovirus genus (Phycodnaviridae) in 9 algae 
species (Supplementary Table 5). While members of 
the Phycodnaviridae family primarily infect unicellular 
algae [81], sequences of viruses from the genus Phaeo-
virus have been detected in filamentous brown mac-
roalgae from the orders Ectocarpales and Laminariales 
[40, 41]. Our findings expand the putative host range 
of phaeoviruses to rhodophytes (Pyropia yezoensis and 
Grateloupia filicina), whose viral communities have 
not been extensively studied [82]. To date, only several 
viral sequences resembling members of the order Picor-
navirales [83] and the family Totiviridae [84, 85] were 
detected in these hosts. Similar to algae, only a few stud-
ies [86–88] have explored the viral communities associ-
ated with other non-vascular plants such as liverworts 
and mosses. In one previous study, a comprehensive 
data mining analysis of the 1KP datasets uncovered 
16 bunya-like sequences in libraries derived from five 
moss and liverwort species, forming a new clade within 
the Bunyavirales order [44]. Here, we detected several 
contigs resembling novel members of the Bunyavirales 
order in heart-leaved spearmoss, including five that had 
already been documented by Mifsud et al. in the same 
dataset (heart-leaved spearmoss bunyavirus 1–5) [44], 
expanding on the previously limited understanding of 
viral diversity in mosses.

While investigating the viromes of non-vascular 
aquatic plants provided important insights, we directed 
much of our attention to seed plants, specifically angio-
sperms, given their broad distribution and relevance to 
human food production.

(See figure on previous page.)
Fig. 5  Characterization and phylogenetic analysis of Sagittaria virus A. a) Cultivated Sagittaria subulata plants, infected with Sagittaria virus A – isolate NIB. 
b) A maximum likelihood phylogenetic tree derived from the alignment of the polyprotein sequences from four Sagittaria virus A isolates (NIB, FERA-1, 
FERA-2, 1KP) and selected members of the Potyvirus genus with complete coding sequences available in the NCBI RefSeq database. The tree was con-
structed using the LG+F+I+G4 model. Some clades are collapsed for clarity and are denoted after representative members according to the ICTV tree for 
the family Potyviridae. The number of collapsed sequences for each clade is shown in brackets. The tobacco etch virus (TEV) clade, which includes the 
novel Sagittaria virus A, is shown in green. The numbers next to the branches represent statistical support as determined by the ultrafast bootstrap analy-
sis. The tree was rooted using an outgroup (ryegrass mosaic virus, genus Rymovirus). c) TEM micrograph of S. subulata plant extracts containing Sagittaria 
virus A. d) Heatmap of pairwise identities (%) of the amino acid polyprotein sequences from the four Sagittaria virus A isolates (bolded) and their closest 
relatives from the TEV clade, calculated with SDT. e) Genome organization of the Sagittaria virus A with predicted mature proteins and cleavage sites. P1 
- protein 1, HC-Pro - helper component-protease, P3 - protein 3, 6K1 - 6 kDa peptide 1, CI - cylindrical inclusion protein, 6K2 - 6 kDa peptide 2, VPg - viral 
protein genome-linked, NIa-Pro - nuclear inclusion-a protease, NIb - nuclear inclusion-b protein, CP - capsid protein. The grey coverage plot above the 
genome graph illustrates the read mapping depth across the genome
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The majority of viral sequences detected in angio-
sperms in this study originate from double-stranded 
viruses of the family Caulimoviridae. Several partial 
contigs resembling members of the genera Caulimovi-
rus, Cavemovirus, and Badnavirus were detected in two 
aquatic plant transcriptomes (Supplementary Table 5), 
as well as in four pooled aquarium plant samples (Sup-
plementary Table 9, Fig.  2b), with badnaviruses being 
the most prevalent. Viruses from the Caulimoviridae 
cause some economically important diseases of tropi-
cal and subtropical crops [89, 90], while some can inte-
grate into the host genome, resulting in the formation of 
endogenous viral elements (EVEs) [91, 92]. Thus, some 
sequences identified here may also represent EVEs, 
which warrants further investigation.

We also discovered several partial contigs related to 
members of the Rhabdoviridae family in the transcrip-
tomes of Sagittaria latifolia and Myriophyllum aquati-
cum (Table  2), as well as in the sequencing library of 
Myriophyllum sp. ‘Guyana’ (Supplementary Table 9). This 
discovery reflects the broad host range of the members 
of the Rhabdoviridae family, which are known to infect 
various monocot and dicot plants [93]. Viruses from this 
family have previously been identified in the transcrip-
tomes of several decorative aquatic plants, including 
water hyssop (Bacopa monnieri) [94], water lily (Nym-
phaea alba) [95], and lace plant (Aponogeton madagas-
cariensis) [96], as well as in the seagrass Zostera marina 
[39] (Supplementary Table 1).

Furthermore, we identified several sequences with 
the highest similarity to members of the Partitiviridae 
family in the transcriptomes of seaside arrowgrass, Tri-
glochin maritima, and the seagrass Posidonia australis 
(Table 2). Partitiviruses are characterized by their persis-
tent lifestyle, asymptomatic infections, and their inabil-
ity to transmit horizontally [97, 98]. A similar trend was 
observed in the only other comprehensive study of wild 
aquatic plant viromes performed to date, where cryptic 
viruses from the family Partitiviridae were detected in 
seven aquatic plant species [43]. Out of these, five belong 
to the same order (Alismatales), as Triglochin maritima 
and Posidonia australis. The impact of cryptic viruses on 
plant hosts is largely unknown [98].

While the majority of viral sequences detected in this 
study represent putative novel viral species, as seen with 
other HTS-based studies [99–101], we also identified sev-
eral known crop viruses in different species. We detected 
lettuce chlorosis virus, known to affect crops such as 
lettuce and sugar beet [102], as well as beans [103] and 
tomato [104], in the transcriptome of M. aquaticum 
and in the sequencing library of the ornamental aquatic 
plant A. reineckii ‘rosanervig’. In another decorative plant, 
Lobelia cardinalis ‘mini’, we discovered the complete 
genome of cucumber mosaic virus with high-throughput 

sequencing (Table  3). This virus is known to infect an 
extensive range of plant species, including crops and wild 
plants [105]. This observation supports prior findings 
that cucumber mosaic virus can infect several species 
from the genus Lobelia, including ornamental hybrids 
[106]. Other notable examples detected across transcrip-
tomes of various species include turnip yellows virus, 
Schlumbergera virus X, and Cymbidium mosaic virus 
(Supplementary Table 5), each known to affect a variety 
of economically important plants [73, 107–110]. Our 
findings indicate that aquatic plants could play a role as 
reservoirs for viruses infecting crops, especially given 
their ecological role and broad distribution. We hypoth-
esize that aquatic plants may link aquatic and terrestrial 
environments by acquiring viral particles from the water, 
which can then be spread to nearby vegetation by vectors 
feeding on their emergent parts.

The potential of aquatic plants to harbor possibly 
pathogenic viruses, including such that infect crops, 
raises additional concerns about the unregulated trade 
of ornamental aquatic plants. The commercial trade of 
these plants is known to be a major source of invasive 
species introduction, threatening various freshwater and 
marine ecosystems [10, 11]. Although the sale of some 
exotic species is banned in many countries, studies have 
shown that they are often easily attainable through online 
retailers or informal marketplaces [9, 10, 111]. Such trade 
not only introduces invasive species but also facilitates 
the spread of their microbes, which may spill over to the 
native hosts. Native populations can be less resistant, 
leading to their decline and increasing the fitness of inva-
sive species [112, 113].

We detected numerous viruses in the sequencing 
libraries of ornamental aquatic plants. However, for 
illustration, the risks associated with their trade and 
possible introduction to new ecosystems are discussed 
in-depth for (novel) begomoviruses and a novel potyvi-
rus discovered in this study. Begomoviruses are quaran-
tine pathogens in the European Union [114], the UK, and 
Switzerland [115]. Both A. reineckii and L. rotundifolia 
harboring begomoviral sequences displayed ornamen-
tal patterns of pink or yellow veins, a desirable trait that 
can enhance their sale. The absence of these patterns in 
a different A. reineckii variety (‘mini’), in which no such 
viruses were detected, suggests that the vein yellow-
ing could be caused by a viral infection. This hypothesis 
is further supported by the episomal nature of detected 
begomoviruses, indicating an active replication in the 
host plant. The appealing visual traits associated with 
virus-infected aquatic plants may lead to their selection 
by the growers, potentially contributing to the faster 
spread of these viruses through global trade.

While the detection of begomoviral sequences is 
concerning, the adaptability of these plants to new 
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environments should be considered when evaluating the 
associated risks. Both plant species in which begomovi-
ral sequences were detected are native to warmer regions 
[116, 117], which could, to some extent, limit their estab-
lishment in colder climates. However, the ability of many 
exotic aquatic plant species to adapt to various environ-
ments [118–122] suggests they may also thrive in tem-
perate habitats. Alien aquatic plants have been shown 
to survive in colder climates in ecological niches, such 
as thermal streams [123], with water lettuce (Pistia stra-
tiotes) being a key example [122]. If virus-infected alien 
aquatic plants were to be established in such ecosystems, 
the potential pathways for virus transmission to crops 
should be considered. Begomoviruses are transmit-
ted by the silverleaf whitefly (Bemisia tabaci), which is 
already present in several European countries [124] and 
is predicted to expand further as global temperatures 
rise [125], increasing the risk for virus spillovers to native 
vegetation. For feeding and virus transmission to occur, 
the leaves of infected plants must be accessible to the 
vector. Submerged aquatic plants may emerge from the 
water in response to environmental stress [126] or due to 
water level fluctuations [127, 128], providing an oppor-
tunity for vector feeding and possible transmission of 
viruses to surrounding vegetation.

We also detected a novel potyvirus, Sagittaria virus A, 
in several ornamental aquatic plants from the genus Sag-
ittaria obtained in two European countries, Slovenia and 
the UK. The UK samples were sourced from Singapore 
and the Netherlands, while the Slovenian samples were 
of unknown origin. Several hypothesis, or their combi-
nation, may explain these findings. Firstly, aquatic plants 
in nurseries and stores are often cultivated in shared 
spaces, where water may facilitate the spread of viruses 
between them [14]. Secondly, as implied above for bego-
movirus-infected plants, these specimens might be spe-
cifically selected for their desirable traits, such as stunted 
growth. Finally, despite seemingly different sources, all 
plants may originate from the same cultivation facility 
or are later vegetatively propagated before being distrib-
uted to smaller growers and stores. We also detected the 
sequence of SgVA in the transcriptome of S. latifolia, for 
which no metadata about sample origin was available. 
S. latifolia originates from North America and is widely 
cultivated as an ornamental pond plant in Europe. The 
polyprotein sequences of isolates from ornamental plants 
were found to be slightly more similar to each other than 
to the sequence detected in S. latifolia. These findings 
could point to the common source of ornamental plant 
specimens, but due to the lack of information on the ori-
gin of S. latifolia, definitive conclusions cannot be drawn.

Our findings highlight the great diversity of viral 
sequences in aquatic plants, recovered by data mining 
or analysis of newly generated RNA sequencing data; 

however, certain limitations must be considered. Both 
approaches represent the metagenomics-based discov-
ery of viral sequences, which is a very powerful tool for 
the detection of viruses, but cannot provide informa-
tion about, e.g., viral replication in the associated plant 
samples. Thus, putative host plant associations are neces-
sarily done based on the relatedness of discovered viral 
sequences to sequences of other plant-infecting viruses. 
This is sometimes difficult, especially for highly divergent 
viruses that cannot be classified into known viral fami-
lies, and some of such sequences were also detected in 
this study. Additionally, mining datasets not specifically 
designed for viral discovery can obscure the identification 
of plant viral sequences due to the specific preparation 
of samples that could limit viral detection. Often, meta-
data linked with sample origin and preparation is limited, 
which further hinders the interpretation of data. Reliable 
interpretation of such findings often requires additional 
biological characterization (e.g., infectivity assays), which 
can be particularly challenging in aquatic plants due to 
their requirement for specialized systems for cultivation 
and the poorly understood transmission mechanisms for 
the viruses that infect them. While our study focused on 
high-throughput sequencing approaches to character-
ize the viromes of selected aquatic plants, future work 
could benefit from an in-depth biological characteriza-
tion of some of the interesting findings following a pro-
posed framework [129]. This could involve local and 
global epidemiological surveys, transmission trials and 
further molecular characterizations, such as cloning of 
full-length viral genomes—particularly for circular DNA 
viruses such as begomoviruses—followed by Sanger 
sequencing or additional transmission experiments.

Conclusions

 	• The analysis of publicly available and newly 
generated HTS data has expanded the understanding 
of viruses associated with aquatic plants. Both 
known and novel viruses from two of the largest 
plant viral families, Potyviridae and Geminiviridae, 
were identified, along with viruses from several 
other economically important families, including 
major crop pathogens. The detected viral sequences 
represent a variety of genome types, reflecting the 
diverse viral populations in aquatic plants.

 	• Viral sequences were found across all investigated 
types of aquatic plants, encompassing a range of 
organizational complexities – from evolutionarily 
basal non-vascular algae to economically significant 
angiosperms. Data mining revealed numerous viral 
contigs in the transcriptomes of non-vascular plants, 
adding to the previously limited understanding of 
their viral diversity.
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 	• The discovery of potentially pathogenic viruses 
in ornamental aquatic plants, including regulated 
species, underscores the risks associated with 
global trade in ornamental aquatic flora. To fully 
assess these risks, further research is needed to 
explore the biological properties of the identified 
viruses, particularly their potential for waterborne 
transmission.

 	• Viral infections may induce ornamental phenotypic 
changes that are selectively favored in globally 
traded aquatic plants, potentially aiding their spread. 
The establishment of such exotic plants in new 
ecosystems, along with subsequent virus spillover to 
native vegetation, would depend on several ecological 
factors - conditions that may become more favorable 
with the accelerating pace of global warming.
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