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Abstract

Seagrasses are marine angiosperms that form highly productive and diverse ecosystems.

These ecosystems, however, are declining worldwide. Plant-associated microbes affect crit-

ical functions like nutrient uptake and pathogen resistance, which has led to an interest in

the seagrass microbiome. However, despite their significant role in plant ecology, viruses

have only recently garnered attention in seagrass species. In this study, we produced origi-

nal data and mined publicly available transcriptomes to advance our understanding of RNA

viral diversity in Zostera marina, Zostera muelleri, Zostera japonica, and Cymodocea

nodosa. In Z.marina, we present evidence for additional Zostera marina amalgavirus 1 and

2 genotypes, and a complete genome for an alphaendornavirus previously evidenced by an

RNA-dependent RNA polymerase gene fragment. In Z.muelleri, we present evidence for a

second complete alphaendornavirus and near complete furovirus. Both are novel, and, to

the best of our knowledge, this marks the first report of a furovirus infection naturally occur-

ring outside of cereal grasses. In Z. japonica, we discovered genome fragments that belong

to a novel strain of cucumber mosaic virus, a prolific pathogen that depends largely on aphid

vectoring for host-to-host transmission. Lastly, in C. nodosa, we discovered two contigs that

belong to a novel virus in the family Betaflexiviridae. These findings expand our knowledge

of viral diversity in seagrasses and provide insight into seagrass viral ecology.

Introduction

Seagrasses are an integral part of the marine environment. Their leaves support grazing and

herbivory and their meadows form complex ecosystems that enrich biodiversity [1–4]. These

qualities derive from their high productivity and structural complexity, but seagrasses also pro-

vide a number of functions that are important for ecosystem health. Their roots stabilize sedi-

ments and drive nutrient cycling through radial oxygen loss [5, 6], and their canopies improve

water quality and help sequester carbon through particle baffling in the water column [7, 8].

Seagrass die-offs therefore have a negative effect on marine ecosystems. While some regions
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have seen seagrass populations rebound [9, 10], seagrasses are declining worldwide [11, 12].

Seagrass mortality can occur through natural causes like wasting disease [13, 14], but anthro-

pogenic factors (e.g., light limitation from nutrient contamination and algal growth) account

for the majority of seagrass die-offs [15, 16]. In light of their importance, numerous studies

have sought to characterize the seagrass microbiome [17–19]. Notably, however, the vast

majority of these studies have focused on bacteria, which neglects potential impacts from non-

cellular constituents like viruses.

Viruses have an underappreciated role in plant ecology. The majority of research relies on a

limited number of pathosystems, which biases our understanding of virus-host interactions on

a broad scale [20]. In wild plants, viral infections are frequent but often asymptomatic [21],

and they can produce a variety of effects that range from deleterious to beneficial, conferring

advantages like drought/cold tolerance and pathogen exclusion (i.e., mechanisms that prevent

pathogen entry into cells) [22]. Virus research in marine plants is extremely limited, and study-

ing seagrass virology will help us better understand the effect that viruses have on seagrass

ecology. Furthermore, comparisons between virus-host dynamics in marine and terrestrial

plant systems could advance our understanding of plant viruses generally. Recently, several

papers have begun to address the diversity of the seagrass virome [23–28], but the field of sea-

grass virology is still young with a great deal of diversity undiscovered.

In this study, we aimed to broadly survey RNA viruses in four seagrass species: Zostera

marina, Zostera muelleri, Zostera japonica, and Cymodocea nodosa. We prepared viral tran-

scriptomes from leaf tissue collected in the United States, Japan, and New Zealand, and sur-

veyed publicly available transcriptomes from NCBI. Including both original and public data,

we present new genotypes and novel viruses from the families Amalgaviridae, Endornaviridae,

Betaflexiviridae, Bromoviridae, and Virgaviridae.

Materials andmethods

Sample collection

Z.marina and Z.muelleri leaf tissues were collected from three locations: Kochi, Japan; Massa-

chusetts (MA), United States of America (USA); andWhangārei, New Zealand. All tissues

were randomly sampled from ostensibly healthy populations. In Kochi, Japan, leaf tissue from

eight Z.marina plants were collected from the Uranouchi inlet in May 2020. These samples

were stored in RNAlaterTM (InvitrogenTM, USA) and kept at -20˚C before transport to Cornell

University, Ithaca, NY, USA. Ten Z.marina samples from independent plants were also col-

lected fromMA, USA, in West Falmouth Harbor. These were collected in July 2021 and flash

frozen in liquid N2 before transport to Cornell University. A total of 36 Z.muelleri plants were

sampled in Whangārei, New Zealand–six from each of the following field sites: McDonald

Bank, Munro Bay, One Tree Point, Takahiwai, Snake Bank, and Taurikura. These were col-

lected in November 2020 and also stored in RNAlaterTM before transport. After arriving at

Cornell University, all samples were stored at -80˚C until further processing. In addition to

our survey, transcriptomes (C. nodosa–ERR1211085-93 [29], Z. japonica–SRR8149505-10

[30], and Z.marina–SRR4241949-50, SRR4241952-53 [31]) were mined from the NCBI

Sequence Read Archive (SRA).

Sample processing and library preparation

Seagrass tissues were initially thawed on ice. Samples stored in RNAlaterTM were also rinsed

with 0.02 µm filtered phosphate buffered saline (PBS) and combined for library preparation.

The eight samples from Japan were condensed into four libraries, combining tissues from two

plants into each library. Likewise, the libraries from New Zealand (n = 6; one per field site)
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were made using tissue samples from two independent plants. Flash freezing samples allowed

us to collect larger leaf sections, negating the need to combine tissues from the USA. For each

library, approximately 200 mg of tissue was homogenized in 750µL of 0.02 µm filtered PBS for

1 min using ZR BashingBeadTM Lysis Tubes (0.1 and 0.5 mm; Zymo Research, USA) and a

Mini BeadBeater-8. Samples were then centrifuged at 5000 x g for 5 min. The resulting super-

natant was pushed through a 0.2 µm polyethersulfone (PES) filter and treated with 50U of

RNase OneTM Ribonuclease (PromegaTM, USA) and 5U of TURBO™DNase (InvitrogenTM,

USA) for two hours at 37ºC. Immediately following incubation, viral RNA was extracted using

aQuick-RNATM Viral Kit (Zymo Research, USA) in accordance with the recommended proto-

col. After RNA extraction, each sample was filtered through a Zymo-SpinTM III-HRC filter

(Zymo Research, USA) to remove PCR inhibitors and stored at -80ºC until library preparation.

Transcriptome libraries were prepared using a TransPlex1 Complete Whole Transcriptome

Amplification Kit (Sigma-AldrichTM, USA) in accordance with the recommended protocol.

The final PCR products were then cleaned with a Clean and Concentrator1-5 kit (Zymo

Research, USA) and sequenced (2 x 250 paired-end) using an Illumina MiSeq platform at the

Cornell Biotechnology Resource Center, Ithaca, NY. In total, we sequenced four libraries from

Kochi, Japan, five libraries fromMA, USA, and six libraries fromWhangārei, New Zealand.

These libraries can be found in the NCBI SRA database under BioProject PRJNA936818.

Bioinformatics pipeline

Libraries prepared in-house were processed and assembled in groups based on geography. Reads

derived from the SRA were processed and assembled in groups according to their BioProject

accession. Initial library qualities were first assessed using FastQC (v. 0.11.9) and error corrected

using Rcorrector (v. 1.0.4) [32]. Read pairs that were unfixable were discarded. Reads were then

quality controlled and trimmed using Trim Galore (v. 0.6.5) and mapped to an rRNA database

to remove ribosomal sequences. To construct the rRNA database, the SSU and LSU Parc datasets

were downloaded from the SILVA database (132 release) and indexed using Bowtie 2 (v. 2.4.1)

[33]. Lastly, the processed reads were assembled into contigs using Trinity (v. 2.11.0) [34].

Assembled contigs were queried against a custom database of plant viral proteins using Diamond

BLASTx (v. 2.0.4) [35]. To construct the database, viral protein sequences were downloaded

from the NCBI RefSeq database and then indexed using the makeblastdb command in Diamond.

These include proteins from the taxonomic groups Amalgaviridae, Bromoviridae, Caulimoviri-

dae, Closteroviridae, Endornaviridae, Fimoviridae, Geminiviridae, Partitiviridae, Potyviridae,

Rhabdoviridae, Secoviridae, Solemoviridae, Tombusviridae, Tospoviridae, Tymovirales, and Virga-

viridae. Positive hits (E-value< 1e-20) were vetted in a holistic manner based on identifiable

open reading frames (ORFs), protein families, and sequence length. After viral contigs were iden-

tified, their mean depth was calculated using the SAMtools (v. 1.17) coverage command on a

Bowtie 2 generated alignment [36]. Each alignment was generated using the same group of sam-

ples that were used to assemble the contigs. All downstream analyses were performed using Gen-

eious Prime (v. 2021.2.1) and the R programming language (v. 4.2.0) [37].

Contamination control

The viral contigs found in tissues collected for this study were cross-checked based on location

(Japan, USA, and New Zealand) to rule out the possibility of reagent contamination and cross-

contamination between libraries. The ability to control for contamination in publicly available

transcriptomes is limited, unfortunately. However, there is an established precedent for data

mining in virus discovery that includes seagrass viruses [24, 25, 27, 28]. Therefore, viral contigs

with sufficient coverage, identifiable ORFs, and protein coding regions were included.
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Phylogenetics

To construct phylogenies, amino acid or nucleotide sequences were first aligned using the

GUIDANCE2 webserver and MAFFT multiple sequence alignment (MSA) algorithm [38, 39].

With the exception of cucumber mosaic virus (CMV), amino acids were used for each align-

ment. For CMV, nucleotides were used in lieu of amino acids because of the high similarity

between CMV strains. Alignments were exported from the GUIDANCE2 webserver and

imported into Geneious Prime, where they were trimmed to equal lengths and manually

refined. Regions with low confidence GUIDANCE2 scores were removed. Phylogenies were

constructed in Geneious Prime using the PHYML plugin with default settings–an LG substitu-

tion model with Shimodaira–Hasegawa (SH)-like branch support [40].

Protein identification and transmembrane discovery

Protein coding regions were identified using the InterProScan plugin in Geneious Prime [41].

Putative transmembrane protein domains were identified using the CCTOP webserver [42].

Figures

Phylogenies were exported and remade in R (v. 4.2.0) using the following packages–APE (v.

5.6–2), ggtree (v. 3.4.0), and phytools (v. 1.2–0) [43–45]. Circos plots, MSAs, and synteny plots

were made using the circlize (v. 0.4.15), ggmsa (v. 1.2.3), and gggenomes (v. 0.9.5.9000) pack-

ages, respectively [46–48].

Results and discussion

We assembled contigs from four seagrass species (C. nodosa, Z.marina, Z.muelleri, and Z.

japonica) that belong to five viral families: the Amalgaviridae, Endornaviridae, Betaflexiviridae,

Bromoviridae, and Virgaviridae. Table 1 summarizes the viruses found in this study in addition

to previously discovered seagrass viruses. S1 Table summarizes the mean sequencing depth for

viruses presented in this study. Predictably, fragmented genomes with shorter contigs had a

lower mean depth compared to complete or near complete genomes.

Amalgaviridae

We found two amalgavirus genomes in the seagrass Z.marina. The amalgaviruses are verti-

cally transmitted, persistent viruses with no discernible pathology [49]. They have dsRNA

genomes, a single known protein, RNA-dependent RNA Polymerase (RdRP), and may be cap-

sidless [50–52]. Two amalgavirus genomes have been discovered in seagrass previously, Zos-

tera marina amalgavirus 1 (ZmAV1) and Zostera marina amalgavirus 2 (ZmAV2) [24]. The

first genome we found is near-complete and most similar to ZmAV1, and it was assembled

from transcriptomes originally published by Lv et al. [31]. The second genome we found is

partially complete and most similar to ZmAV2, and it was detected in sequence libraries pre-

pared from Japan for this study. Here, we differentiate between genotypes by using the desig-

nations ZmAV1-like Shuangdao genotype (ZmAV1-SD; China) and ZmAV2-like Kochi

genotype (ZmAV2-KG; Japan), both named for their geographic origin.

The ZmAV1-SD assembly produced a single 3,313 nt long contig representing a near com-

plete genome (Fig 1B). This contig has two overlapping ORFs and a +1 ribosomal frameshift

motif, consistent with other amalgaviruses [53]. Its RdRP region is 99.29% similar to ZmAV1

across 282 amino acids and 98.58% identical across 846 nucleotides. ZmAV2-KG consists of

three contigs that are 378, 427, and 804 nt long. All three contigs mapped to unique regions of

the ZmAV2 genome (Fig 1B) and are greater than 90% identical to ZmAV2 at the nucleotide
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level. A complete RdRP domain was found in the 804 nt contig which allowed us to estimate

phylogeny and comply with the ICTV standards for species demarcation (https://ictv.global).

At 93.23% nucleotide identity, ZmAV2-KG falls short of the 25% RdRP divergence criterion to

be considered a new species. Consistent with these results, we found high phylogenetic branch

support for the relationship between ZmAV1/ZmAV1-SD and ZmAV2/ZmAV2-KG (Fig 1A).

The amalgaviruses are known to be persistent viruses, which reside indefinitely within their

host, transmit efficiently by seed, and do not generally cause outward disease symptoms [21,

54]. Amalgaviruses maintain low titers that mitigate host defense systems [55, 56], and with no

recognized movement protein, amalgavirus particles likely spread during mitotic division in

the same way as other persistent viruses [54, 57]. The amalgaviruses are also known to have a

high degree of genetic homogeneity within species, which is consistent with our findings.

Genotypes of southern tomato virus and blueberry latent virus, for example, can share ~ 99%

of their respective genomes within species across a wide geographic area [50, 52]. The geo-

graphic similarity between known ZmAV genotypes and the apparent lack of disease in their

hosts suggests that seagrass amalgaviruses are ecologically similar to their terrestrial counter-

parts, both in transmission and effect on their host.

Endornaviridae

We discovered two alphaendornavirus genomes associated with Z.marina and Z.muelleri.

The Endornaviridae are persistent, capsidless [58], positive-sense ssRNA viruses with two rec-

ognized genera–Alphaendornavirus and Betaendornavirus [59]. The latter is shorter (< 10.7

kb) and is known to infect ascomycete fungi, whereas the former is longer (> 11.9 kb) and is

known to infect plants, fungi, and oomycetes [59]. The genomes that we discovered belong to

the Alphaendornavirus genus. Both are novel to this study and geographically separate from

each other. We refer to these genomes as Zostera marina alphaendornavirus (ZmAEV) and

Zostera muelleri associated alphaendornavirus (ZmuAEV). We found ZmAEV in the same

Table 1. A list of known seagrass viruses and their hosts.

Host Species Virus Genome Study Data Country BioProject

Cymodocea nodosa Cymodocea alphaflexivirus 1 + ssRNA [27] PDG N/K PRJNA275569

Cymodocea nodosa foveavirus 1 + ssRNA [27] PDG N/K PRJNA275569

Cymodocea nodosa betaflexivirus + ssRNA TS PUB ES PRJEB12372

Thalassia testudinum Turtlegrass virus X + ssRNA [26] PDG US N/A

Zostera marina Zostera associated varicosavirus 1 - ssRNA [28] PDG CN PRJNA609020

Zostera marina alphaendornavirus + ssRNA TS NEW JP PRJNA936818

Zostera marina alphaendornavirus 1 dsRNA [24] PDG CN PRJNA235360

Zostera marina alphaendornavirus 2 dsRNA [24] PDG CN PRJNA235360

Zostera marina amalgavirus 1-like SD dsRNA TS PUB CN PRJNA342750

Zostera marina amalgavirus 2-like KG dsRNA TS NEW JP PRJNA936818

Zostera muelleri Zostera muelleri associated alphaendornavirus + ssRNA TS NEW NZ PRJNA936818

Zostera muelleri furovirus + ssRNA TS NEW NZ PRJNA936818

Zostera virus T + ssRNA [25] PDG AU PRJEB9377

Zostera japonica Cucumber mosaic virus + ssRNA TS PUB CN PRJNA503298

The genome column indicates if the virus genome is positive or negative-sense single-stranded (ss) RNA or double-stranded (ds) RNA. TS in the study column indicates

the virus came from this study. A designation of NEW in the data column means the genome came from original data from this study, whereas PUB indicates the

genome came from public transcriptomes. PDG indicates a previously discovered genome. For country of origin, ES = Spain, US = United States, JP = Japan,

CN = China, and AU = Australia. N/K indicates the country is not known. In the BioProject column, N/A (not applicable) indicates that no BioProject is available.

https://doi.org/10.1371/journal.pone.0302314.t001
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libraries as ZmAV2-KG (collected in Japan) and assembled ZmuAEV from leaf tissue from

Whangārei Harbor, New Zealand. Both genomes are complete, or near complete, with respec-

tive lengths of 14,767 and 12,947 nucleotides. ZmAEV and ZmuAEV have similar genetic

architectures but differ in two respects. While each encodes a single ORF with helicase and

RdRP domains from the 5´ to 3´ direction, ZmAEV has viral methyltransferase (MTase) and

UDP-glucosyltransferase domains that are absent in ZmuAEV (Fig 2B). The genomic and geo-

graphic dissimilarity between ZmAEV and ZmuAEV indicates these viruses are not contami-

nants. Their finding, however, is surprising, given our methodology and their capsidless

nature. Residual RNAlaterTM that was used to preserve the original tissues may explain why

these viruses did not degrade.

Our phylogenetic analysis shows that ZmAEV and ZmuAEV are distinguished by host-

defined clades of known viruses (plant and fungal, respectively; Fig 2A), an observation that

led us to append the designation of ZmuAEV with ‘associated,’ signifying its ambiguous origin.

Regarding ZmAEV, our analysis supports the conclusion that it originates from Z.marina tis-

sues and not co-extracted epibionts. Its closest relative is winged bean alphaendornavirus 1,

and both cluster in a larger clade of plant endornaviruses. ZmuAEV, by contrast, is phyloge-

netically more similar to fungal viruses. Its closest relative is a diatom-associated virus, and

both share a common ancestor with Erysiphe cichoracearum endornavirus and grapevine

Fig 1. Phylogeny and contig alignments for new amalgavirus genomes. (A) Phylogenetic placement of Z.marina amalgaviruses using a maximum-likelihood inference.
This phylogeny was constructed with an amino acid alignment of amalgavirus and deltapartitivirus RdRP domains. Numeric values indicate the degree of SH-like branch
support (scale 0–100). (B) Circlize plot of ZmAV1-like Shuangdao genotype (ZmAV1-SD) and ZmAV2-like Kochi genotype (ZmAV2-KG) contigs mapped to Zostera
marina amalgavirus 1 and Zostera marina amalgavirus 2 (ZmAV1/2) genomes. Track 1 represents the complete length of ZmAV1 (top) and ZmAV2 (bottom). Scale
markers on the outside of track 1 are in base pairs. Track 2 represents ZmAV1-SD and ZmAV2-KG contigs and their genomic position relative to ZmAV1 and ZmAV2.
Internal map shows the field site where all Z.marina amalgaviruses were found, and was printed under a CC BY license with permission fromMapbox.

https://doi.org/10.1371/journal.pone.0302314.g001
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endophyte endornavirus. This leaves the possibility that ZmuAEV could derive from an epi-

biont; however, a definitive answer is outside the purview of this study. Roossinck et al. [60]

discuss the modular nature of endornavirus evolution, highlighting the convergence of differ-

ent source-derived domains and propose that fungi could be a vector for horizontal transmis-

sion to plants. In the rice sheath blight fungus Rhizoctonia solani, the horizontal transmission

of an endornavirus between fungi has been established [61].

We found a partial RdRP sequence in the DNA Data Bank of Japan (accession number

AB185249) that mapped to ZmAEV with 98.5% pairwise similarity. The sequence came from a

study of multiple plant species that included Z.marina in Tokyo Bay (Fig 2C) [23]. The simi-

larity between ZmAEV and the partial sequence suggests that the partial sequence may belong

to the same virus. The time elapsed between sampling in the Fukuhara et al. [23] study and

ours is approximately 15 years, which suggests that ZmAEV is relatively stable in Japanese Z.

marina populations. This is consistent with the consensus view that endornaviruses are mostly

non-pathogenic. While there is evidence that endornavirus infections can elicit physiological

changes at the cellular level that resemble acute infections [62], the only observed phenotype

with deleterious effects is cytoplasmic male sterility in Vicia faba [63]. Furthermore, effects, if

any, may be host dependent, including potential benefits. For example, seeds of black turtle

soup that were coinfected with Phaseolus vulgaris endornavirus 1 and 2 germinated faster than

Fig 2. Phylogeny and genomemaps for new alphaendornavirus genomes. (A) Phylogenetic placement of Zostera marina alphaendornavirus (ZmAEV) and Zostera
muelleri associated alphaendornavirus (ZmuAEV) using a maximum-likelihood inference. This phylogeny was constructed with an amino acid alignment of RdRP
domains. Numeric values indicate the degree of SH-like branch support (scale 0–100). Fungi/oomycete/plant labels signify the host type. (B) Genome maps for ZmAEV
and ZmuAEV.White arrows represent a single ORF for both genomes. Colored segments indicate protein coding regions. Scale shows the length in nucleotides. (C) Field
sites in Japan where the partial RdRP fragment [23] and complete genome (this study) for ZmAEV originated. Each label is accompanied by the year that Z.marina was
sampled. This map was printed from under a CC BY license with permission fromMapbox.

https://doi.org/10.1371/journal.pone.0302314.g002

PLOS ONE Diverse RNA viruses discovered in multiple seagrass species

PLOSONE | https://doi.org/10.1371/journal.pone.0302314 August 28, 2024 7 / 18

https://doi.org/10.1371/journal.pone.0302314.g002
https://doi.org/10.1371/journal.pone.0302314


non-infected seeds, giving virus positive cultivars a potential selective advantage [64]. How-

ever, in a similar study in bell peppers, endornavirus positive lines were less likely to germinate

than negative lines [65].

Betaflexiviridae

We discovered two contigs in publicly available transcriptomes that belong to a virus in the

Betaflexiviridae. This family has viruses with linear, positive-sense ssRNA genomes and fila-

mentous, non-enveloped virions [66]. The contigs that we found came from the seagrass C.

nodosa in Cadiz Bay, Spain, and are 5,347 (contig 1) and 2,847 (contig 2) nucleotides long. A

phylogenetic analysis of the RdRP (contig 1) and movement protein (contig 2) strongly sug-

gests that both contigs come from the same virus (S1 Fig), which we refer to as Cymodocea

nodosa betaflexivirus (CNBV). S2 Fig shows that CNBV has three ORFs for replication, move-

ment, and coat formation. ORF 1 encodes viral MTase, endopeptidase, viral helicase, and

RdRP domains, while ORFs 2 and 3 encode the movement and coat proteins, respectively.

Phylogenetically, CNBV does not fall into a clear genus. Based on pairwise distances, CNBV is

most closely related to members of the Prunevirus, Citrivirus, and Foveavirus genera (Fig 3).

Organizationally, CNBVmost resembles members of the Citrivirus genus (S2 Fig).

As of this paper, families in the order Tymovirales have the greatest number of viruses asso-

ciated with seagrass. Goh et al. [25] discovered three contigs from the genus Tepovirus (Beta-

flexiviridae) by mining Z.muelleri transcriptomes from Sydney, Australia. Van Bogaert et al.

[26] discovered a potexvirus (Alphaflexiviridae) in Thalassia testudinum (turtlegrass) from

Tampa Bay, Florida, USA. More recently, Bejerman and Debat [27] discovered an unclassified

Fig 3. Betaflexiviridae phylogeny.Maximum-likelihood tree of the family Betaflexiviridae based on RdRP amino acids. Numeric values indicate the degree of SH-like
branch support (scale 0–100). Known seagrass viruses are colored red.

https://doi.org/10.1371/journal.pone.0302314.g003
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alphaflexivirus and foveavirus (Betaflexiviridae) in C. nodosa through an extensive mining

project. Of those in the Betaflexiviridae, CNBV and the tepovirus Zostera virus T (ZVT) both

have movement proteins from the 30K superfamily but differ with respect to their coat pro-

teins. CNBV’s coat protein belongs to the flexivirus protein family (Pfam: Flexi_CP, PF00286)

while ZVT’s belongs to the trichovirus family (Pfam: Tricho_coat, PF05892). CNBV’s combi-

nation of movement and Flexi_CP domains are atypical. To the best of our knowledge, only

two viruses have a similar configuration, citrus leaf blotch virus and Salvia divinorum RNA

virus 1 (S2 Fig), both of which belong to the Citrivirus genus. Most viruses with the Flexi_CP

domain have triple gene block proteins for cell-to-cell movement. The architecture of the

foveavirus Cymodocea nodosa foveavirus 1 is consistent with this convention (S2 Fig).

Bromoviridae

We assembled nine cucumber mosaic virus (CMV) contigs from publicly available Z. japonica

transcriptomes derived from Pearl Bay, China [30]. CMV is a globally distributed agricultural

pathogen [67, 68]. Furthermore, CMV has an extremely wide host range. As of Yun et al. [69],

CMV has been documented in 1071 plant species across 521 genera and 100 families. Structur-

ally, CMV strains have tripartite, positive-sense ssRNA genomes, and non-enveloped, icosahe-

dral capsids [70]. The 1A and 2A ORFs on RNA 1 and 2 both participate in replication [71],

and ORF 2B is involved in RNA silencing [72]. RNA 3 has two ORFs. The first ORF, 3A,

encodes a movement protein, whereas the second, CP, encodes a coat protein. The contigs that

we assembled map to all CMV ORFs with complete or partial coverage (Fig 4B). Their respec-

tive lengths are 296, 662, 670, 766, 863, 894, 900, 1148, and 1484 nucleotides, and they range

between 83 and 91% similar to the CMV-Fny strain from the NCBI RefSeq database. A partial

alignment of 182 amino acids from the RdRP domain shows that the Z. japonica strain,

CMV-Zja, and CMV-Fny are 95.12% similar.

CMV strains are divided into three subgroups based on serological factors and the phylog-

eny of their coat protein and RNA 3 5´ untranslated region (UTR) [73]. Subgroups IA and IB

are phylogenetically very similar. Subgroup II, however, is more distantly related [73]. We

determined that CMV-Zja belongs to the IB subgroup using a nucleotide alignment of its coat

protein with 53 other CMV strains to create a phylogenetic tree (Fig 4A). This result is consis-

tent with the observation that most IB strains originate from Asia [74]. Our assembly did not

include the 5´ UTR on RNA 3, which means we were unable to use its phylogeny.

CMV-Zja is notable because CMV strains are frequently aphid vectored. Over 80 aphid spe-

cies are known to play a role in CMV transmission, and this relationship can be highly tuned

between the strain of CMV and aphid species [75]. Based solely on its genome, we cannot vali-

date how CMV-Zja was transmitted. Additionally, it is hard to assess whether CMV-Zja was

introduced through contamination because its genome derives from public transcriptomes.

One possibility is that CMV-Zja was transmitted to Z. japonica by an aphid vector during low

tide. CMV-Zja derives from Z. japonica plants that grow in the intertidal zone, which was con-

firmed through personal correspondence with the lead author of Chen et al. [30]. Furthermore,

aphids can travel long distances and inoculate new hosts rapidly [76, 77], which could provide

CMV-Zja an opportunity to infect Z. japonica during low tide. However, this requires further

investigation. Whether CMV can propagate continuously between Z. japonica plants (e.g.,

through seed transmission [68]) or whether Z. japonica becomes a dead-end host is unknown.

Virgaviridae

We discovered a novel furovirus in a survey of multiple Z.muelleri beds in Whangārei Harbor,

New Zealand (S3 Fig). Furoviruses have bipartite genomes with linear, positive-sense ssRNA
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and non-enveloped, rod shaped virions with helical symmetry [78, 79]. The contigs that we

assembled represent a nearly complete genome, comprise both RNAs, and contain all univer-

sally conserved proteins in the Furovirus genus (Fig 5). Two sites, Munro Bay and One Tree

Point, contained reads that successfully mapped to the entire consensus genome. We are call-

ing this virus Zostera muelleri furovirus, or ZmuFV, which, to the best of our knowledge, is

the first instance of a furovirus naturally occurring outside of cereal grasses. Members of the

Furovirus genus are limited, comprising only six species (not including ZmuFV), but known

isolates are highly pathogenic and globally distributed.

The ZmuFV RNA 1 contig is 6,608 nucleotides long and contains three ORFs. At the 5´ end

of ORF 1, ZmuFV encodes a viral MTase and its associated C terminal domain. Further down-

stream, ORF 1 encodes a viral helicase and leaky stop codon that enables the readthrough

translation of an RdRP on ORF 2 [80]. ORF 3 encodes a 30K-like movement protein that facili-

tates cell-to-cell movement post infection (Fig 5A). The RNA 2 contig is 4038 nucleotides long

and encodes three putative coat proteins, one major and two minor [81], and a 19kDa cyste-

ine-rich silencing protein. The first minor coat protein is derived from the initiation of transla-

tion at a non-canonical CUG start codon and terminates at the stop codon following the

major coat protein coding region (Fig 5B). The second is derived from the readthrough of the

same stop codon and initiates at the canonical AUG start codon.

Fig 4. Phylogeny and contig alignments for CMV-Zja. (A) Maximum-likelihood tree of CMV strains. This tree shows the phylogenetic placement of CMV-Zja using a
nucleotide alignment of the coat protein, which is the standard for differentiating subgroups. Numeric values indicate the degree of SH-like branch support (scale 0–100).
CMV-Zja belongs to the 1B subgroup and is colored red. (B) Circlize plot of CMV-Zja contigs mapped to the CMV-Fny strain. Track 1 represents the complete length of
RNA 1, 2, and 3. Scale markers outside of track 1 are in nucleotides. Track 2 shows the relative position of each ORF. Track 3 represents CMV-Zja contigs and their
genomic position relative to CMV-Fny.

https://doi.org/10.1371/journal.pone.0302314.g004
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Phylogenetically, ZmuFV diverges from the base node of the furovirus clade in the family

Virgaviridae (Fig 6). Using RdRP derived branch length estimates, we predict that ZmuFV

RNA 1 is most similar to Japanese soil-borne wheat mosaic virus and oat golden stripe virus.

Our phylogenetic analysis also predicts that ZmuFV is more closely related to some members

of the Pomovirus genus than more distantly related furoviruses, which suggests that ZmuFV

may be closely related to a common ancestor of the Furovirus and Pomovirus genera. These

predictions are consistent with the topology and branch length estimates from multiple coding

regions (S4 Fig).

Regarding transmission, the mechanism by which ZmuFV transmits between plants

remains an open question. From direct and corollary evidence [82–84], terrestrial furoviruses

are believed to be vectored exclusively by Polymyxa graminis, a soil dwelling protist and obli-

gate biotroph that infects root tissue [85]. Virus-vector interactions are highly specific and

strongly conserved, so we speculate that ZmuFV may be vectored by a phylogenetically similar

organism. While a number of plasmodiophorids have been characterized in terrestrial and

freshwater systems, relatively few are known in the marine environment [86]. This is likely

due to sampling bias; however, representatives associated with key marine constituents,

including seagrass, have been documented [87, 88].

One line of evidence supports the potential transmission of ZmuFV by a plasmodiophorid

vector. Plasmodiophorid vectored viruses almost all encode transmembrane proteins in their

Fig 5. Furovirus genomemaps for RNA 1 and 2. (A) RNA 1. (B) RNA 2. White arrows represent ORFs. Colored segments indicate protein coding regions. Leaky stop
codons, which enable the readthrough of ORF 1 for both RNAs, can be found after the viral helicase (RNA 1) and major coat (RNA 2) domains. For all furoviruses except
OGSV, a minor coat protein is predicted to be translated on RNA 2 from the non-canonical start codon CUG. Virus names/abbreviations are as follows–Chinese wheat
mosaic virus (CWMV), Japanese soil-borne wheat mosaic virus (JSBWMV), oat golden stripe virus (OGSV), soil-borne cereal mosaic virus (SBCMV), soil-borne wheat
mosaic virus (SBWMV), sorghum chlorotic spot virus (SCSV), Zostera muelleri furovirus (ZmuFV).

https://doi.org/10.1371/journal.pone.0302314.g005
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coat readthrough domains that enable viral translocation across membrane barriers [89]. This

is supported by experimental and observational evidence [78, 90–92]. With the exception of

oat golden stripe virus (OGSV), furovirus species have two predicted transmembrane

domains, TM1 and TM2, as shown by Adams et al. [89]. However, evidence exists for a vesti-

gial domain in OGSV (S5 Fig). Our analysis of ZmuFV predicts that two transmembrane pro-

teins are conserved in its coat readthrough domain (S5 Fig), which is consistent with

transmission by a plasmodiophorid. However, the mode of transmission for ZmuFV is

unknown; and, importantly, transmission dynamics remains a significant knowledge gap in

seagrass virology.

Conclusions

The ecological and economic significance of seagrasses have inspired a great deal of interest in

their microbiomes. Relatively little is known, however, about the seagrass virome, despite the

important roles of viruses in plant ecology. In this study, we broadly surveyed RNA viruses in

different seagrass species and uncovered a high degree of viral diversity, doubling the number

of known seagrass viruses. In total, we recovered seven partial and complete RNA viruses

across the species Z.marina, Z.muelleri, Z. japonica, and C. nodosa. There is little known,

however, about the effects of seagrass viruses on their hosts and in the greater environment.

We predict that viruses play important roles in seagrass ecology and encourage further

research that explores questions related to their ecological impacts, geographic distributions,

and transmission pathways.

Fig 6. Virgaviridae phylogeny. Phylogenetic placement of Zostera muelleri furovirus (ZmuFV) RNA 1 using an amino acid alignment of Virgaviridae RdRP domains and
a maximum-likelihood inference. Numeric values indicate the degree of SH-like branch support (scale 0–100).

https://doi.org/10.1371/journal.pone.0302314.g006
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Supporting information

S1 Table. The mean sequencing depth for all reported contigs. Contigs are listed in order of

their relative positions in a 5´ – 3´ configuration.

(TIF)

S1 Fig. Betaflexiviridae co-phylogeny.Maximum-likelihood co-phylogenetic tree comparing

amino acid alignments from the RdRP (left; contig 1) and movement (right; contig 2)

domains. Numeric values indicate the degree of SH-like branch support (scale 1–100).

(TIF)

S2 Fig. Genome maps for a subset of viruses in the family Betaflexiviridae.White arrows

represent ORFs. Colored segments indicate protein coding regions. Known seagrass viruses

are colored red. For simplicity, because CNVB was recovered as two contigs, these contigs

were concatenated by a 10-nucleotide linker between the first and second ORF.

(TIF)

S3 Fig. Field sites where Z.muelleri was collected in New Zealand. ZmuFV reads mapped to

our consensus genome from two out of six sites, Munro Bay and One Tree Point.

(TIF)

S4 Fig. Phylogeny for six universally conserved proteins in the Furovirus genus. Each maxi-

mum-likelihood tree was constructed using amino acid alignments. Viral helicase, RdRP, viral

MTase, and movement domains are found on RNA 1. The coat and cysteine-rich domains are

found on RNA 2. Viral helicase, RdRP, and coat phylogenies include members of the Pomo-

virus genus. Branch highlights show congruency between protein coding regions within each

RNA. Virus names/abbreviations are as follows–Furovirus–Chinese wheat mosaic virus

(CWMV), Japanese soil-borne wheat mosaic virus (JSBWMV), oat golden stripe virus

(OGSV), soil-borne cereal mosaic virus (SBCMV), soil-borne wheat mosaic virus (SBWMV),

sorghum chlorotic spot virus (SCSV), Zostera muelleri furovirus (ZmuFV)–Pomovirus–beet

soil-borne virus (BSBV), beet virus Q (BVQ), broad bean necrosis virus (BBNV), Columbian

potato soil-borne virus (CPSBV), potato mop-top virus (PMTV).

(TIF)

S5 Fig. Position and MSA of furovirus transmembrane domains. (A) Genome map of the

furovirus ORF 1 readthrough domain on RNA 2. White arrows represent ORFs. Colored

segments indicate protein coding regions. TM 1 (left) and 2 (right) denote transmembrane

proteins. (B) Amino acid alignments of TM1 (top) and TM2 (bottom). Alignments include

transmembrane and flanking regions. Arrows approximate transmembrane boundaries.

Blue colors signify hydrophilic residues, while red colors signify hydrophobic residues. Pur-

ple residues indicate neutral charges. Virus names/abbreviations are as follows–Chinese

wheat mosaic virus (CWMV), Japanese soil-borne wheat mosaic virus (JSBWMV), oat

golden stripe virus (OGSV), soil-borne cereal mosaic virus (SBCMV), soil-borne wheat

mosaic virus (SBWMV), sorghum chlorotic spot virus (SCSV), Zostera muelleri furovirus

(ZmuFV).

(TIF)
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42. Dobson L, Reményi I, Tusnády GE. CCTOP: a Consensus Constrained TOPology prediction web
server. Nucleic Acids Res. 2015; 43: W408–W412. https://doi.org/10.1093/nar/gkv451 PMID:
25943549

43. Paradis E, Claude J, Strimmer K. APE: Analyses of phylogenetics and evolution in R language. Bioinfor-
matics. 2004; 20: 289–290. https://doi.org/10.1093/bioinformatics/btg412 PMID: 14734327

44. Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y. ggtree: an r package for visualization and annotation of
phylogenetic trees with their covariates and other associated data. Methods Ecol Evol. 2017; 8: 28–36.
https://doi.org/10.1111/2041-210X.12628

45. Revell LJ. phytools: an R package for phylogenetic comparative biology (and other things). Methods
Ecol Evol. 2012; 3: 217–223. https://doi.org/10.1111/j.2041-210X.2011.00169.x

46. Gu Z, Gu L, Eils R, Schlesner M, Brors B. circlize Implements and enhances circular visualization in R.
Bioinformatics. 2014; 30: 2811–2812. https://doi.org/10.1093/bioinformatics/btu393 PMID: 24930139

47. Zhou L, Feng T, Xu S, Gao F, Lam TT,Wang Q, et al. ggmsa: a visual exploration tool for multiple
sequence alignment and associated data. Brief Bioinformatics. 2022; 23: bbac222. https://doi.org/10.
1093/bib/bbac222 PMID: 35671504

48. Hackl T, AnkenbrandMJ. gggenomes: A grammar of graphics for comparative genomics. 2022. Avail-
able: https://github.com/thackl/gggenomes

49. Krupovic M, Dolja VV, Koonin EV. Plant viruses of the Amalgaviridae family evolved via recombination
between viruses with double-stranded and negative-strand RNA genomes. Biol Direct. 2015; 10: 12.
https://doi.org/10.1186/s13062-015-0047-8 PMID: 25886840

50. Sabanadzovic S, Valverde RA, Brown JK, Martin RR, Tzanetakis IE. Southern tomato virus: The link
between the families Totiviridae and Partitiviridae. Virus Res. 2009; 140: 130–137. https://doi.org/10.
1016/j.virusres.2008.11.018 PMID: 19118586

51. Isogai M, Nakamura T, Ishii K, Watanabe M, Yamagishi N, Yoshikawa N. Histochemical detection of
Blueberry latent virus in highbush blueberry plant. J Gen Plant Pathol. 2011; 77: 304. https://doi.org/10.
1007/s10327-011-0323-0

52. Martin RR, Zhou J, Tzanetakis IE. Blueberry latent virus: An amalgam of the Partitiviridae and Totiviri-
dae. Virus Res. 2011; 155: 175–180. https://doi.org/10.1016/j.virusres.2010.09.020 PMID: 20888379

53. Nibert ML, Pyle JD, Firth AE. A +1 ribosomal frameshifting motif prevalent among plant amalgaviruses.
Virology. 2016; 498: 201–208. https://doi.org/10.1016/j.virol.2016.07.002 PMID: 27596539

54. Roossinck MJ. Lifestyles of plant viruses. Philos Trans R Soc Lond B Biol Sci. 2010; 365: 1899–1905.
https://doi.org/10.1098/rstb.2010.0057 PMID: 20478885
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real-time RT-PCR reveals a high incidence of Southern tomato virus (STV) in Spanish tomato crops.
Span J Agric Res. 2018; 16: e1008–e1008. https://doi.org/10.5424/sjar/2018163-12961

56. Elvira-González L, Medina V, Rubio L, Galipienso L. The persistent southern tomato virus modifies
miRNA expression without inducing symptoms and cell ultra-structural changes. Eur J Plant Pathol.
2020; 156: 615–622. https://doi.org/10.1007/s10658-019-01911-y

57. Urayama S, Moriyama H, Aoki N, Nakazawa Y, Okada R, Kiyota E, et al. Knock-down ofOsDCL2 in
rice negatively affects maintenance of the endogenous dsRNA virus,Oryza sativa endornavirus. Plant
Cell Physiol. 2010; 51: 58–67. https://doi.org/10.1093/pcp/pcp167 PMID: 19933266

PLOS ONE Diverse RNA viruses discovered in multiple seagrass species

PLOSONE | https://doi.org/10.1371/journal.pone.0302314 August 28, 2024 16 / 18

https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://www.R-project.org/
https://doi.org/10.1093/nar/gkv318
http://www.ncbi.nlm.nih.gov/pubmed/25883146
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
http://www.ncbi.nlm.nih.gov/pubmed/12136088
https://doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
https://doi.org/10.1093/nar/gki442
http://www.ncbi.nlm.nih.gov/pubmed/15980438
https://doi.org/10.1093/nar/gkv451
http://www.ncbi.nlm.nih.gov/pubmed/25943549
https://doi.org/10.1093/bioinformatics/btg412
http://www.ncbi.nlm.nih.gov/pubmed/14734327
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1093/bioinformatics/btu393
http://www.ncbi.nlm.nih.gov/pubmed/24930139
https://doi.org/10.1093/bib/bbac222
https://doi.org/10.1093/bib/bbac222
http://www.ncbi.nlm.nih.gov/pubmed/35671504
https://github.com/thackl/gggenomes
https://doi.org/10.1186/s13062-015-0047-8
http://www.ncbi.nlm.nih.gov/pubmed/25886840
https://doi.org/10.1016/j.virusres.2008.11.018
https://doi.org/10.1016/j.virusres.2008.11.018
http://www.ncbi.nlm.nih.gov/pubmed/19118586
https://doi.org/10.1007/s10327-011-0323-0
https://doi.org/10.1007/s10327-011-0323-0
https://doi.org/10.1016/j.virusres.2010.09.020
http://www.ncbi.nlm.nih.gov/pubmed/20888379
https://doi.org/10.1016/j.virol.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27596539
https://doi.org/10.1098/rstb.2010.0057
http://www.ncbi.nlm.nih.gov/pubmed/20478885
https://doi.org/10.5424/sjar/2018163-12961
https://doi.org/10.1007/s10658-019-01911-y
https://doi.org/10.1093/pcp/pcp167
http://www.ncbi.nlm.nih.gov/pubmed/19933266
https://doi.org/10.1371/journal.pone.0302314


58. Lefebvre A, Scalla R, Pfeiffer P. The double-stranded RNA associated with the ‘447’ cytoplasmic male
sterility in Vicia faba is packaged together with its replicase in cytoplasmic membranous vesicles. Plant
Mol Biol. 1990; 14: 477–490. https://doi.org/10.1007/BF00027494 PMID: 2102829

59. Valverde RA, Khalifa ME, Okada R, Fukuhara T, Sabanadzovic S, ICTV Report Consortium. ICTV virus
taxonomy profile: Endornaviridae. J Gen Virol. 2019; 100: 1204–1205. https://doi.org/10.1099/jgv.0.
001277 PMID: 31184570

60. Roossinck MJ, Sabanadzovic S, Okada R, Valverde RA. The remarkable evolutionary history of endor-
naviruses. J Gen Virol. 2011; 92: 2674–2678. https://doi.org/10.1099/vir.0.034702-0 PMID: 21775577

61. Zheng L, Shu C, ZhangM, Yang M, Zhou E. Molecular characterization of a novel endornavirus confer-
ring hypovirulence in rice sheath blight fungusRhizoctonia solani AG-1 IA Strain GD-2. Viruses. 2019;
11: 178. https://doi.org/10.3390/v11020178 PMID: 30791630

62. Otulak-Kozieł K, Kozieł E, Escalante C, Valverde RA. Ultrastructural analysis of cells from bell pepper
(Capsicum annuum) infected with bell pepper endornavirus. Front Plant Sci. 2020;11. https://doi.org/10.
3389/fpls.2020.00491 PMID: 32411163

63. Grill LK, Garger SJ. Identification and characterization of double-stranded RNA associated with cyto-
plasmic male sterility in Vicia faba. Proc Natl Acad Sci U S A. 1981; 78: 7043–7046. https://doi.org/10.
1073/pnas.78.11.7043 PMID: 16593124

64. Khankhum S, Valverde RA. Physiological traits of endornavirus-infected and endornavirus-free com-
mon bean (Phaseolus vulgaris) cv Black Turtle Soup. Arch Virol. 2018; 163: 1051–1056. https://doi.org/
10.1007/s00705-018-3702-4 PMID: 29307088

65. Escalante C, Valverde RA. Morphological and physiological characteristics of endornavirus-infected
and endornavirus-free near-isogenic lines of bell pepper (Capsicum annuum). Sci Hortic. 2019; 250:
104–112. https://doi.org/10.1016/j.scienta.2019.02.043

66. King AMQ, AdamsMJ, Carstens EB, Lefkowitz EJ, editors. Family—Betaflexiviridae. Virus Taxonomy.
San Diego: Elsevier; 2012. pp. 920–941. https://doi.org/10.1016/B978-0-12-384684-6.00078–1

67. Tomlinson JA. Epidemiology and control of virus diseases of vegetables. Ann Appl Biol. 1987; 110:
661–681. https://doi.org/10.1111/j.1744-7348.1987.tb04187.x

68. Gallitelli D. The ecology of cucumber mosaic virus and sustainable agriculture. Virus Res. 2000; 71: 9–
21. https://doi.org/10.1016/s0168-1702(00)00184-2 PMID: 11137158

69. Yoon J- Y, Palukaitis P, Choi S- K. Chapter 1: Host range. Cucumber Mosaic Virus. The American
Phytopathological Society; 2019. pp. 15–18. https://doi.org/10.1094/9780890546109.004

70. JacquemondM. Chapter 13—Cucumber mosaic virus. In: Loebenstein G, Lecoq H, editors. Advances
in Virus Research. Academic Press; 2012. pp. 439–504. https://doi.org/10.1016/B978-0-12-394314-9.
00013–0

71. Cillo F, Roberts IM, Palukaitis P. In situ localization and tissue distribution of the replication-associated
proteins of cucumber mosaic virus in tobacco and cucumber. J Virol. 2002; 76: 10654–10664. https://
doi.org/10.1128/jvi.76.21.10654-10664.2002 PMID: 12368307

72. Diaz-Pendon JA, Li F, Li W- X, Ding S-W. Suppression of antiviral silencing by cucumber mosaic virus
2b protein in Arabidopsis is associated with drastically reduced accumulation of three classes of viral
small interfering RNAs. Plant Cell. 2007; 19: 2053–2063. https://doi.org/10.1105/tpc.106.047449 PMID:
17586651

73. Roossinck MJ, Zhang L, Hellwald K- H. Rearrangements in the 50 nontranslated region and phyloge-
netic analyses of cucumber mosaic virus RNA 3 indicate radial evolution of three subgroups. J Virol.
1999; 73: 6752–6758. https://doi.org/10.1128/JVI.73.8.6752-6758.1999 PMID: 10400773

74. Roossinck MJ. Evolutionary history of cucumber mosaic virus deduced by phylogenetic analyses. J
Virol. 2002; 76: 3382–3387. https://doi.org/10.1128/jvi.76.7.3382-3387.2002 PMID: 11884564

75. Palukaitis P, Garcı́a-Arenal F. Cucumoviruses. Advances in Virus Research. Academic Press;
2003. pp. 241–323. https://doi.org/10.1016/S0065-3527(03)62005-1 PMID: 14719367

76. Fereres A, Tjallingii WF, Collar JL, Martin B. Intracellular ingestion and salivation by aphids may cause
the acquisition and inoculation of non-persistently transmitted plant viruses. J Gen Virol. 1997; 78:
2701–2705. https://doi.org/10.1099/0022-1317-78-10-2701 PMID: 9349493

77. Pleydell DRJ, Soubeyrand S, Dallot S, Labonne G, Chadœuf J, Jacquot E, et al. Estimation of the dis-
persal distances of an aphid-borne virus in a patchy landscape. PLoS Comput Biol. 2018; 14:
e1006085. https://doi.org/10.1371/journal.pcbi.1006085 PMID: 29708968

78. Shirako Y, BrakkeMKY. Two purified RNAs of soil-borne wheat mosaic virus are needed for infection. J
Gen Virol. 1984; 65: 119–127. https://doi.org/10.1099/0022-1317-65-1-119

79. AdamsMJ, Antoniw JF, Kreuze J. Virgaviridae: a new family of rod-shaped plant viruses. Arch Virol.
2009; 154: 1967–1972. https://doi.org/10.1007/s00705-009-0506-6 PMID: 19862474

PLOS ONE Diverse RNA viruses discovered in multiple seagrass species

PLOSONE | https://doi.org/10.1371/journal.pone.0302314 August 28, 2024 17 / 18

https://doi.org/10.1007/BF00027494
http://www.ncbi.nlm.nih.gov/pubmed/2102829
https://doi.org/10.1099/jgv.0.001277
https://doi.org/10.1099/jgv.0.001277
http://www.ncbi.nlm.nih.gov/pubmed/31184570
https://doi.org/10.1099/vir.0.034702-0
http://www.ncbi.nlm.nih.gov/pubmed/21775577
https://doi.org/10.3390/v11020178
http://www.ncbi.nlm.nih.gov/pubmed/30791630
https://doi.org/10.3389/fpls.2020.00491
https://doi.org/10.3389/fpls.2020.00491
http://www.ncbi.nlm.nih.gov/pubmed/32411163
https://doi.org/10.1073/pnas.78.11.7043
https://doi.org/10.1073/pnas.78.11.7043
http://www.ncbi.nlm.nih.gov/pubmed/16593124
https://doi.org/10.1007/s00705-018-3702-4
https://doi.org/10.1007/s00705-018-3702-4
http://www.ncbi.nlm.nih.gov/pubmed/29307088
https://doi.org/10.1016/j.scienta.2019.02.043
https://doi.org/10.1016/B978-0-12-384684-6.00078%26%23x2013%3B1
https://doi.org/10.1111/j.1744-7348.1987.tb04187.x
https://doi.org/10.1016/s0168-1702%2800%2900184-2
http://www.ncbi.nlm.nih.gov/pubmed/11137158
https://doi.org/10.1094/9780890546109.004
https://doi.org/10.1016/B978-0-12-394314-9.00013%26%23x2013%3B0
https://doi.org/10.1016/B978-0-12-394314-9.00013%26%23x2013%3B0
https://doi.org/10.1128/jvi.76.21.10654-10664.2002
https://doi.org/10.1128/jvi.76.21.10654-10664.2002
http://www.ncbi.nlm.nih.gov/pubmed/12368307
https://doi.org/10.1105/tpc.106.047449
http://www.ncbi.nlm.nih.gov/pubmed/17586651
https://doi.org/10.1128/JVI.73.8.6752-6758.1999
http://www.ncbi.nlm.nih.gov/pubmed/10400773
https://doi.org/10.1128/jvi.76.7.3382-3387.2002
http://www.ncbi.nlm.nih.gov/pubmed/11884564
https://doi.org/10.1016/S0065-3527%2803%2962005-1
http://www.ncbi.nlm.nih.gov/pubmed/14719367
https://doi.org/10.1099/0022-1317-78-10-2701
http://www.ncbi.nlm.nih.gov/pubmed/9349493
https://doi.org/10.1371/journal.pcbi.1006085
http://www.ncbi.nlm.nih.gov/pubmed/29708968
https://doi.org/10.1099/0022-1317-65-1-119
https://doi.org/10.1007/s00705-009-0506-6
http://www.ncbi.nlm.nih.gov/pubmed/19862474
https://doi.org/10.1371/journal.pone.0302314


80. Firth AE, Wills NM, Gesteland RF, Atkins JF. Stimulation of stop codon readthrough: frequent presence
of an extended 30 RNA structural element. Nucleic Acids Res. 2011; 39: 6679–6691. https://doi.org/10.
1093/nar/gkr224 PMID: 21525127

81. Yang J, Zhang F, Xie L, Song X- J, Li J, Chen J- P, et al. Functional identification of two minor capsid
proteins from Chinese wheat mosaic virus using its infectious full-length cDNA clones. J Gen Virol.
2016; 97: 2441–2450. https://doi.org/10.1099/jgv.0.000532 PMID: 27357465

82. Rao AS, Brakke MK. Relation of soil-borne wheat mosaic virus and its fungal vector, Polymyxa grami-
nis. Phytopathology. 1969; 59: 581–587.

83. AdamsMJ, Jones P, Swaby AG. Purification and some properties of oat golden stripe virus. Annals of
Applied Biology. 1988; 112: 285–290. https://doi.org/10.1111/j.1744-7348.1988.tb02064.x

84. Jianping C. Occurrence of fungally transmitted wheat mosaic viruses in China. Ann Appl Biol. 1993;
123: 55–61. https://doi.org/10.1111/j.1744-7348.1993.tb04072.x

85. Kanyuka K, Ward E, AdamsMJ. Polymyxa graminis and the cereal viruses it transmits: a research chal-
lenge. Mol Plant Pathol. 2003; 4: 393–406. https://doi.org/10.1046/j.1364-3703.2003.00177.x PMID:
20569399

86. Neuhauser S, Kirchmair M, Gleason FH. Ecological roles of the parasitic phytomyxids (plasmodiophor-
ids) in marine ecosystems–a review. Mar Freshw Res. 2011; 62: 365–371. https://doi.org/10.1071/
MF10282 PMID: 22319023

87. den Hartog C. Distribution of Plasmodiophora bicaudata, a parasitic fungus on small Zostera species.
Dis Aquat Org. 1989; 6: 227–229. https://doi.org/10.3354/dao006227

88. Walker A, Campbell J. First records of the seagrass parasite Plasmodiophora diplantherae from the
northcentral Gulf of Mexico. Gulf Caribb Res. 2009; 21: 63–65. https://doi.org/10.18785/gcr.2101.07

89. AdamsMJ, Antoniw JF, Mullins JGL. Plant virus transmission by plasmodiophorid fungi is associated
with distinctive transmembrane regions of virus-encoded proteins. Arch Virol. 2001; 146: 1139–1153.
https://doi.org/10.1007/s007050170111 PMID: 11504421

90. Chen J, MacFarlane SA, Wilson TMA. Detection and sequence analysis of a spontaneous deletion
mutant of soil-borne wheat mosaic virus RNA2 associated with increased symptom severity. Virology.
1994; 202: 921–929. https://doi.org/10.1006/viro.1994.1414 PMID: 8030253

91. Tamada T, Schmitt C, Saito M, Guilley H, Richards K, Jonard G. High resolution analysis of the read-
through domain of beet necrotic yellow vein virus readthrough protein: a KTERmotif is important for effi-
cient transmission of the virus by Polymyxa betae. J Gen Virol. 1996; 77: 1359–1367. https://doi.org/10.
1099/0022-1317-77-7-1359 PMID: 8757975

92. Koenig R. Deletions in the KTER-encoding domain, which is needed for Polymyxa transmission, in
manually transmitted isolates of beet necrotic yellow vein benyvirus. Arch Virol. 2000; 145: 165–170.
https://doi.org/10.1007/s007050050013 PMID: 10664414

PLOS ONE Diverse RNA viruses discovered in multiple seagrass species

PLOSONE | https://doi.org/10.1371/journal.pone.0302314 August 28, 2024 18 / 18

https://doi.org/10.1093/nar/gkr224
https://doi.org/10.1093/nar/gkr224
http://www.ncbi.nlm.nih.gov/pubmed/21525127
https://doi.org/10.1099/jgv.0.000532
http://www.ncbi.nlm.nih.gov/pubmed/27357465
https://doi.org/10.1111/j.1744-7348.1988.tb02064.x
https://doi.org/10.1111/j.1744-7348.1993.tb04072.x
https://doi.org/10.1046/j.1364-3703.2003.00177.x
http://www.ncbi.nlm.nih.gov/pubmed/20569399
https://doi.org/10.1071/MF10282
https://doi.org/10.1071/MF10282
http://www.ncbi.nlm.nih.gov/pubmed/22319023
https://doi.org/10.3354/dao006227
https://doi.org/10.18785/gcr.2101.07
https://doi.org/10.1007/s007050170111
http://www.ncbi.nlm.nih.gov/pubmed/11504421
https://doi.org/10.1006/viro.1994.1414
http://www.ncbi.nlm.nih.gov/pubmed/8030253
https://doi.org/10.1099/0022-1317-77-7-1359
https://doi.org/10.1099/0022-1317-77-7-1359
http://www.ncbi.nlm.nih.gov/pubmed/8757975
https://doi.org/10.1007/s007050050013
http://www.ncbi.nlm.nih.gov/pubmed/10664414
https://doi.org/10.1371/journal.pone.0302314

