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Changes in the composition of the RNA @
virome mark evolutionary transitions in
green plants
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Abstract

Background: The known plant viruses mostly infect angiosperm hosts and have RNA or small DNA genomes. The
only other lineage of green plants with a relatively well-studied virome, unicellular chlorophyte algae, is mostly
infected by viruses with large DNA genomes. Thus RNA viruses and small DNA viruses seem to completely displace
large DNA virus genomes in late branching angiosperms. To understand better the expansion of RNA viruses in the
taxonomic span between algae and angiosperms, we analyzed the transcriptomes of 66 non-angiosperm plants
characterized by the 1000 Plants Genomes Project.

Results: We found homologs of virus RNA-dependent RNA polymerases in 28 non-angiosperm plant species,
including algae, mosses, liverworts (Marchantiophyta), hornworts (Anthocerotophyta), lycophytes, a horsetail Equisetum,
and gymnosperms. Polymerase genes in algae were most closely related to homologs from double-stranded RNA
viruses leading latent or persistent lifestyles. Land plants, in addition, contained polymerases close to the homologs
from single-stranded RNA viruses of angiosperms, capable of productive infection and systemic spread. For several
polymerases, a cognate capsid protein was found in the same library. Another virus hallmark gene family, encoding the
30 K movement proteins, was found in lycophytes and monilophytes but not in mosses or algae.

Conclusions: The broadened repertoire of RNA viruses suggests that colonization of land and growth in anatomical
complexity in land plants coincided with the acquisition of novel sets of viruses with different strategies of infection
and reproduction.
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macroevolution
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Background

The study of plant viruses since the early days has
been dominated by the analysis of pathogens infecting
crop plants. Isolation, characterization, and genome
sequencing of plant viruses was later expanded to
those viruses that have weeds or wild relatives of cul-
tivated plants as their hosts. Viruses and virus-like
replicons in non-agricultural habitats were in the
meantime being discovered serendipitously, for ex-
ample when symptoms suggestive of an infection were
observed in nature, but it was only recently that
technological developments — large-scale sequencing
of cloned DNA at first, and next-generation sequen-
cing in the last decade — allowed virologists to screen
more systematically for the presence of known and
novel viruses in plant populations of choice [1].

These efforts have provided us with a relatively good
understanding of the general landscape of genomic di-
versity in viruses of angiosperm plants. This landscape
appears to be completely devoid of viruses with large
and/or linear DNA genomes, but includes DNA viruses
with small, circular, single-stranded genomes; pararetro-
viruses that encapsidate double-stranded DNA and ex-
press their genome through an RNA intermediate; and a
large variety of viruses with RNA genomes, comprising
viruses whose virions encapsidate positive (+) or nega-
tive (—) sense single-stranded RNAs (ssRNA), double-
stranded RNAs (dsRNA), or ambisense RNA. Sequence
similarity analysis and phylogenetic studies have estab-
lished profound, ancient relationships between each of
these virus groups with viruses that infect fungi and ani-
mals; more recently, such studies have drawn the evolu-
tionary links between these virus lineages and viruses
infecting unicellular eukaryotes, bacteria, and archaea
[2].

Despite this progress in our understanding of plant
virus macroevolution, the sampling of the plant virome
remains biased towards viruses of angiosperms, the most
derived land plants. Interestingly, the only other subset
of green plants with a relatively well-studied virome is
represented by unicellular Chlorophyta [3, 4], which are
thought to be a sister group to all land plants, as well as
to the streptophyte algae. In a few chlorophytes, RNA
virus-like replicons have also been characterized, such as
partitivirus-like elements in the mitochondria and chlo-
roplasts of Bryopsis [5]. On the whole, however, the
profile of genome strategies in viruses infecting unicellu-
lar algae is very different from the viruses infecting flow-
ering plants: the vast majority of viruses isolated from
chlorophytes have large DNA genomes and belong to
the phycodnavirus family [6], which, together with sev-
eral other families infecting animals and various protists,
constitute the apparently monophyletic group of nucleo-
cytoplasmic large DNA viruses (NCLDV) [7, 8].
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Thus, large DNA viruses dominate our view of virus gen-
omic diversity in unicellular chlorophyte algae, whereas
late branching angiosperms are thought to be infected
mostly by RNA viruses and small DNA viruses. Only a few
sequence reports exist for viruses infecting other green
plants, including a (+)ssRNA virus in the multicellular, dif-
ferentiated streptophyte Chara australis [9], a (+)ssRNA
virus related to idaeoviruses that infects Japanese holly fern
Cyrtomium falcatum [10], a nepovirus and a badnavirus
from the gymnosperm Cycas revoluta [11, 12], and en-
dogenous pararetroviruses expressed by genomes of ferns
and gymnosperms [13]. In addition, transcriptionally in-
active remnants of an NCLDV genome have been de-
scribed in the genomic DNA of the green moss
Physcomitrella patens and possibly also in the DNA contigs
from the lycophyte Selaginella moellendorffii [14]. These
examples notwithstanding, the virome of the whole phylo-
genetic expanse of green plant lineages that emerged after
chlorophytes but before flowering plants has not been suf-
ficiently characterized. The questions of the time and place
of the switch between the predominantly-DNA and
predominantly-RNA viromes in the evolution of land
plants and their relatives, as well as the paths by which the
RNA virome in higher plants has diversified to the extent
observed today, remain unanswered.

The current consensus on the phylogeny of green
plants, summarized in references [15] and [16] and in
Table 1, considers chlorophytes and streptophytes to be
two deep clades of green algae. The latter is thought to
be the sister group of land plants (embryophytes),
though considerable uncertainty remains as to which
order within streptophyte algae is the closest to embryo-
phytes [17]. Among the land plants, liverworts (March-
antiophyta) are thought to be the most basal branch,
followed by the split of true mosses, and then of horn-
worts (Anthocerotophyta), which are likely the sister
branch to vascular plants. The latter are divided into the
lycophyte branch and a second branch that consists of
seed plants and monilophytes (i.e., several small lineages
including horsetails, as well as a large diverse fern
lineage). Seed plants have two branches, angiosperms
(flowering plants) and gymnosperms (including cycads,
ginkgo, Gnetales, and conifers).

In this work, we used computational sequence analysis
to detect several virus hallmark genes [18] in a collection
of transcriptomes released in 2014—2015 by the 1000
Plants Genomes Project (1KP), which sampled species
across the phylogenetic breadth of algae and green
plants [15, 19]. We focused our attention on RNA vi-
ruses, even though transcripts from other kinds, such as
ssDNA viruses, may also be found in these libraries. The
1KP data include transcriptome assemblies from 92 spe-
cies of chlorophytes, streptophytes, and land plants. We
selected the non-angiosperm plants, whose viromes are
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Table 1 RNA-dependent RNA polymerases in the land plant transcriptome libraries from the 1000 Plants Genomes Project

Phylum; Class; (group
without taxonomic
rank); Order

1000 Plants Genomes Project
Library name and species

Double-stranded RNA viruses: (—)RNA viruses: phylogeny-  (+) RNA viruses: phylogeny-
phylogeny-based assignment or  based assignment or nearest based assignment or nearest
nearest match-based assignment match-based assignment match-based assignment

Chlorophyta; TNAW Pyramimonas parkeae ~ Basal group in picornavirus-like
(no class assigned); Clade 2, partitivirus
(prasinophytes);

Pyramimonadales

Chlorophyta; Chlamydomonas acidophila ~ Basal group in picornavirus-like
Chlorophyceae; Clade 2
Chlamydomonadales
Streptophyta; AEKF Penium margaritaceum  Unplaced picornavirus-like virus
Zygnemophyceae;
Desmidiales
Streptophyta; JOJQ Cylindrocystis New unplaced clade of
Zygnemophyceae; cushleckae dsRNA viruses
Zygnematales
Streptophyta; HAOX Spirogyra sp. New unplaced clade of
Zygnemophyceae; dsRNA viruses
Zygnematales
Streptophyta; DRGY Chaetosphaeridium New totivirus, sister
Coleochaetophyceae; globosum branch to Saccharomyces
Coleochaetales cerevisiae virus [-A
Streptophyta; QPDY Coleochaete irregularis ~ Totivirus
Coleochaetophyceae;
Coleochaetales
Bryophyta; TFYI Marchantia emarginata  Partitivirus
Marchantiopsida;
Marchantiales
Bryophyta; JPYU Marchantia polymorpha  Partitivirus Potexvirus
Marchantiopsida;
Marchantiales
Bryophyta; NRWZ Metzgeria crassipilis Partitivirus
Jungermanniopsida;
Metzgeriales
Bryophyta; WZYK Bazzania trilobata Partitivirus Bunyavirus Tobamovirus
Jungermanniopsida;
Jungermanniales
Bryophyta; GOWD Sphagnum lescurii Hepevirus, ourmiavirus,
Sphagnopsida; secovirus
Sphagnales
Bryophyta; Bryopsida; ~ JADL Rhynchostegium New clade in
Hypnales serrulatum Rhynchostegium and
Hedwigia
Bryophyta; Bryopsida; QMWB Anomodon Hepevirus, tobamovirus
Hypnales attenuatus
Bryophyta; Bryopsida;  ZACW Leucodon brachypus Potyvirus
Hypnales
Bryophyta; Bryopsida, ~ YWNF Hedwigia ciliata New clade in
Hedwigiales Rhynchostegium and
Hedwigia
Bryophyta; DXOU Nothoceros Totivirus?
Anthocerotopsida; aenigmaticus
Anthocerotales
Bryophyta; TCBC Nothoceros New alphapartitivirus Hepevirus
Anthocerotopsida; vincentianus
Anthocerotales

GAON Huperzia squarrosa

Partitivirus
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Table 1 RNA-dependent RNA polymerases in the land plant transcriptome libraries from the 1000 Plants Genomes Project

(Continued)

Pteridophyta;
Lycopodiopsida;
Lycopodiales
Pteridophyta;
Lycopodiopsida;
Lycopodiales

UPMJ Pseudolycopodiella
caroliniana

Pteridophyta;
Lycopodiopsida;
Selaginellales

ZZ0L Selaginella
stauntoniana

Pteridophyta;
Equisetopsida;
Equisetales

CAPN Equisetum diffusum
Clade 2

Spermatophyta; Partitivirus
Ginkgoopsida;

Ginkgoales

SGTW Ginkgo biloba

Spermatophyta; GTHK Gnetum montanum Mitovirus

Gnetopsida; Gnetales

Spermatophyta; Partitivirus
Pinopsida;

Podocarpales

EGLZ Prumnopitys andina

Spermatophyta; PINU Pinus taeda

Pinopsida; Pinales

Spermatophyta; Partitivirus

Pinopsida; Cupressales

XMGP Juniperus scopulorum

Spermatophyta;
Pinopsida; Cupressales

YFZK Sciadopitys verticillata

Total number of new
viruses

24 (7 assigned, 17 matched)

Ophiovirus Iflavirus, waikavirus

Hepevirus

Basal group in picornavirus-like

Marafivirus, secovirus,
capillovirus

Cilevirus

Varicosavirus

8 (4 assigned, 4 matched) 15 (1 assigned, 14 matched)

the least studied, and downloaded 66 transcriptomes
form the 1KP Data Store hosted by the iPlant Collabora-
tive [16]. As we show below, these libraries contain the
evidence of diverse RNA virus-like replicons.

Results
Viral RNA-dependent RNA polymerases are pervasive in
the transcriptomes of non-angiosperm plants
Viral RNA-dependent RNA polymerases (RARP; EC
2.7.7.48) are a distinct group within the superfamily of
nucleotidyltransferases with the catalytic right-hand
palm domain. This superfamily includes several other
kinds of DNA and RNA polymerases of viral and cellular
origins, as well as more distantly related nucleotidyl-
transferases and nucleotidyl cyclases [20]. Viral RdRPs
are themselves so diverse that establishing the mono-
phyly of the RARP from RNA viruses with different gen-
ome strategies has required sensitive computational
approaches, such as matching of probabilistic models of
previously defined protein families, aided by the argu-
ments from comparative structural biology; nevertheless,
RdRPs are closer to one another than to any other class
of right-hand polymerases [21, 22].

Virus-like RARP-encoding genes are not found in the
DNA genomes of cellular organisms. The closest cellular

homologs of RdRPs are the right-hand RNA-dependent
DNA polymerases, or reverse transcriptases (RTs; EC
2.7.7.49) involved in propagation of retroviruses and retro-
elements, as well as their domesticated derivatives, such
as telomerase and RNA splicing factor Prp8 in eukaryotes.
Notwithstanding the sister relationship between RdRPs
and RTs, these two groups of replication enzymes are
clearly distinguishable in sequence similarity searches and
with phylogenetic inference. Furthermore, viral RdRPs are
not related to the cellular RARPs involved in RNA interfer-
ence, which possess a distinct configuration of conserved
sequence elements and adopt a different double-psi barrel
fold [23]. All this, together with the fact that every autono-
mously replicating RNA virus encodes for a palm-domain
RARP homolog, makes virus RdRPs uniquely suitable as
phylogenetic markers and identifiers of RNA replicons in
sequence databases.

We selected RARP amino acid sequences representing
every RNA virus family recognized by the International
Committee for the Taxonomy of Viruses (ICTV), as well
as the majority of the unclassified RNA viruses that are
included in the ICTV database. These 80 protein queries
were used to interrogate the joint nucleotide database of
66 green plant transcriptomes with the TBLASTN rou-
tine of the BLAST suite of programs [24]. The set of
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query proteins and the 1KP transcriptome libraries se-
lected for analysis are given in Additional files 1 and 2,
respectively. In addition, public nucleotide databases at
the National Center for Biotechnology Information
(NCBI), including the nucleotide NT database that con-
tains the whole genome shotgun (WGS) division as well
as the database of expressed sequence tags (dbEST),
were searched using the same proteins as queries, and
sequences homologous to virus RARP were found in two
algal species, the chlorophyte Chlamydomonas acido-
phila and the streptophyte Penium margaritaceum. The
combined results of these searches are represented in
Table 1, and fuller details on the identity of the contigs
encoding these homologs are available as Additional file
3. Analysis of the data revealed that 1KP transcriptome
libraries, even though constructed without regard to the
possible presence of virus RNAs, in fact contain a wealth
of information about the RNAs encoding novel RdRPs.
In the following, we will to refer to these RNAs as virus-
like replicons, or synonymously as viruses, even though
replication of these molecules or their encapsidation
have not yet been shown.

In total, RARP homologs were discovered in the
transcriptome libraries from 28 species, spanning the
vast “virus desert” between green algae and angio-
sperms. In particular, RNA virus-like replicons are
found in several classes of the chlorophyte algae —
not only Ulvophyceae Ulvophyceae, where they have
been noticed before [5, 25], but also Chlorophyceae
and the prasinophyte Pyramimonas parkeae. Viruses
were also found in streptophyte algae, including the
first sightings in the representatives of classes Coleo-
chaetophyceae and Zygnemophyceae. Among the land
plants, RNA virus-like replicons are seen in two horn-
wort and four liverwort species, and also in several
true mosses, from Sphagnopsida (Sphagnum), to more
derived Bryopsida (Anomodon, Hedwigia, Leucodon,
and  Rhynchostegium). Furthermore, virus RNA
polymerase-encoding replicons are seen in three spe-
cies of lycophytes, in a horsetail Equisetum, and in
several gymnosperms. All these putative viral RdARPs
are novel — their sequences are not found in the nu-
cleotide or protein databases at NCBI, except for the
three ESTs mentioned above.

The lengths of the sequence fragments varied from
31 to 875 amino acid positions alignable with the
closest database homolog (median 133), and the range
of pairwise similarity to the nearest database homolog
was from 19 % to 81 % (median 42 %). Despite this
variation, all matches reported in Table 1 were statis-
tically significant, and many included the characteris-
tic conserved sequence domains — often, the iconic
signature in the nucleotidyltransferase center, the
GDD/SDD/GDN motif, that coordinates the metal ion
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cofactor and is involved in nucleotide
addition [26-28].

We collected all cDNA fragments that showed statisti-
cally significant matches to virus RARP protein se-
quences, and for each such fragment recorded the
identity of its best match in the reverse BLASTX scan of
the protein non-redundant (NR) database at NCBI. Out
of 28 species in which we detected matches to any viral
RdRP, 19 libraries encoded an RARP most similar to a
homolog from a virus with a dsRNA genome, five had
virus replicons most similar to (—)ssRNA viruses, and 10
libraries contained encoded RARP most closely related
to a (+)ssRNA virus homolog (Table 1 and Additional
file 3).

To further validate the virus origin of these contigs, we
performed several tests. In the first test, we asked whether
the similarity in a BLASTX search with default parameters
of these 94 contigs against true viral sequences (protein
NR database subset restricted by NCBI taxid:10239, “Vi-
ruses”) was significantly higher than the similarity to the
best match annotated as non-viral plant sequences (NCBI
taxid:33090, “Viridiplantae”). The distribution of E-values
for the best matches against true viral sequences, although
wide (range O to 4.83-107") was highly skewed towards a
low value, with a median of 1.8-107% In contrast, the
median of the distribution of E-values for the best match
from a plant was 32 orders of magnitude higher, that is,
3.79-107" (range 1.08-107°' to 9.61). Interestingly, all
matches with E-values <107'° in this second search
against “plant proteins only” corresponded either to
proteins already classified as virus-like RARPs (e.g., se-
quence BAA34783.1 from Pyrus pyrifolia or sequence
BAB63954.1 from Bryopsis cinicola) or to unannotated
proteins clearly related more closely to virus RdRPs than
to proteins encoded by plant genomes. Moreover, such
“plant” proteins typically came from cDNA sequencing
projects, often explicitly targeted to recover virus RNA
sequences, and did not appear to be represented in the
genomic databases for the plant species they have been
assigned to, suggesting that the vast majority of them are
virus proteins annotated as host proteins. A paired-
samples ¢ test showed a highly significant difference be-
tween the two distributions of similarities (P=5.7-107),
and the statistic became even more extreme if all such pu-
tative RARPs were removed from the list.

In another test, we used the 94 contigs to interrogate
the entire NCBI nucleotide NT database in a TBLASTX
search (with default parameters), and recorded the iden-
tity of the best matches for all the contigs. In 88 cases,
the top match corresponded to a bona fide viral se-
quence, one case corresponded to a likely misannotated
virus RARP (the above sequence BAB63954.1 from B.
cinicola), and the remaining five corresponded to
uncharacterized proteins. Even allowing that all these six

directly
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proteins are not confirmed to be of viral origin, the dis-
tribution of top matches is clearly dominated by viral se-
quences (binomial test, P < 1071,

Finally, we tested whether our protocols were suited
for recovery of the sequences that are truly encoded by
plant genomes and are distantly related to virus replica-
tion enzymes of the palm-domain superfamily. For that
purpose, several representative sequences from plant
pararetrovirus RT domains were used as queries in the
database searches of plant proteins or translated plant
genomic DNA. When RTs from the pararetroviruses
themselves, as well as from the integrated
pararetrovirus-like sequences [13, 29], were excluded, all
other highly significant matches were from the RTs
encoded by the retroelements of the Ty3/copia class, the
class of retroelements to which retrovirus and pararetro-
virus RTs are most closely related [30].

The results of these tests strongly suggest that our
protocols of sequence comparison identified true mem-
bers of virus RARP superfamily. Our protocols also pro-
vided a clear distinction between, on the one hand,
RNA-encoded virus RdRPs, including those from cryptic
viruses that are found in plant RNA databases but are
not encoded by plant genomes, and, on the other hand,
distantly related palm-domain RTs, whose gene se-
quences are found in RNA databases and also in DNA
genome databases. Therefore, we conclude that the se-
quences listed in Table 1 are bona fide viral sequences,
rather than unrecognized genome-encoded palm-
domain sequences. Contextual information on other
genes, in some cases found in the same libraries, argues
the same (see below).

Simultaneously with this considerable evidence of
virus RARP genes — and, by implication, of RNA virus
replicons in different green plants — this analysis reveals
incompleteness, and perhaps a degree of inaccuracy, of
the transcriptome assemblies in the 1KP project. The
majority of predicted protein products similar to RdRPs
were relatively short, accounting for only a part of the
RdARP core domain; at the same time, the RARP gene
often was the longest and/or the only open reading
frame on the entire assembled contig, and there was no
evidence of nonsense mutations, out-of-frame muta-
tions, or internal deletions within the coding region
(data not shown). Therefore, despite the partial character
of the matches, it seems unlikely that these RdRP-
related sequences reside on aberrant transcripts from
the integrated and pseudogenized DNA copies of virus
genomes. Such fragments of integrated cDNA copies of
non-retroid RNA viruses in any case may be rare in
plants, as has been documented, for example, for grape
genome [31]. Thus, it appears plausible that the proto-
cols of transcriptome sequencing or assembly are produ-
cing only fragments of longer virus replicons. The
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finding of such a slew of partial RARP sequences in the
1KP transcriptome dataset argues for additional efforts
to recover full-length virus RNAs from green algae and
vascular non-angiosperm plants.

The most ubiquitous virus-like elements are related to
the dsRNA partitiviruses

As seen from Table 1, most transcriptomes contain
RARPs whose nearest database homolog comes from a
dsRNA virus. In unicellular and multicellular green
algae, the RARP-like sequences were exclusively of that
origin. Often, the top match of an RNA virus was from
Partitiviridae, a large family that includes viruses infect-
ing plants, fungi, and protozoa. Partitiviruses typically
possess two dsRNA genome segments, one encoding the
RdARP and another encoding the capsid protein. Partiti-
viruses are transmitted by cell division, via plant seeds
or pollen, fungal spores, or by hyphae anastomoses, but
appear to lack the capacity to move from cell to cell via
plasmodesmata, or by vasculature in plants. The vast
majority of partitivirus infections are asymptomatic [32].

A taxonomy revision of partitiviruses, delineating four
genera, has been proposed recently by the ICTV study
group [33]. At a longer evolutionary span, all partiti-
viruses appear to form one clade (Clade 5) within the
vast tribe of picorna-like viruses. Though that taxon has
not been approved by ICTV, its monophyly is supported
by the partially conserved gene content (i.e., versions of
a characteristic five-gene array) and by the phylogenetic
tree based on the alignment of RARPs themselves [34].
Several groups of fungal dsRNA viruses belong to differ-
ent clades within this tribe, supporting a hypothesis that
dsRNA viruses may have evolved several times inde-
pendently from (+)ssRNA viruses.

In order to place more precisely at least some of the
partial RARP sequences detected in our study onto the
phylogeny of dsRNA viruses, we inferred a phylogenetic
tree, utilizing the partitivirus RARP dataset from Nibert
et al. [33] and a much broader, but less densely sampled,
picorna-like virus RARP dataset from Koonin et al. [34].
The protein sequences in the two datasets were aligned,
the quality of the alignment was verified by the
consistency of the sequence motifs and by superimpos-
ition of the conserved secondary structure, and the novel
RARP sequences predicted by the conceptual translations
of the 1IKP RNAs were aligned to that master alignment.
Many of the sequences recovered by our BLAST
searches were short, and therefore unlikely to contain
enough sites for phylogenetic inference; despite clear
virus origin of such sequences, their phylogenetic place-
ment must await longer alignments. Eight sequences,
however, included substantial portions of the con-
served core of RARP sequence, in particular motifs A
through D [35], and were retained. The final
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Fig. 1 Maximum-likelihood tree of RNA-dependent RNA polymerases (RdRPs) from viruses of the picorna-like tribe. In the large tree (top), numbers
indicate clades defined in Koonin et al. [34], and the bootstrap support is shown by indigo dots for all internal partitions where it was at least 60
%, with the dot size increasing as the values grow to 100 %. The branch lengths in the large tree are not to scale. Green asterisks indicate the pos-
ition of new viruses. a-d The branch lengths of the subtrees are drawn to scale, with the bootstrap support shown for all partitions where it was
higher than 50 %. Novel viruses are marked by green asterisks; their identifiers start with “New” and are followed by the ID of the 1000 Plants Ge-
nomes Project scaffold. Virus names, short descriptions of taxonomic position, and GenBank ID numbers are taken from Koonin et al. [34] and
Nibert et al. [33], except that all sequence identifiers in the latter source referred to the nucleotide sequences and were replaced in this study by
the IDs of their protein products that were actually aligned. a A clade of virus RdRPs from diverse hosts is a deep branch within the picornavirus-like Clade
2. b New alphapartitivirus from Nothoceros vincentianus (left-most branch in Clade 5 on top). ¢ Two sequences from Zygnematales may be distantly re-
lated to picornavirus-like Clade 4. d A totivirus from Chaetosphaeridium globosum

alignment, terminating right after the GDD motif
(motif D), contained 146 aligned amino acid sites and
146 RARP sequences (Additional file 4).

We used the maximum-likelihood phylogenetic infer-
ence approach, implemented on the PhyML algorithm
[36], to infer a phylogenetic tree of RARPs from dsRNA
and (+)ssRNA viruses of the picorna-like tribe. The sup-
port for the partitions of the tree was assessed using
bootstrap resampling of the alignment. The resulting
rootless tree, visualized with the aid of the iTOL server

[37], is shown in Fig. 1 (the tree in Newick format is
available in Additional file 5: source data for Fig. 1).

Five of the six clades proposed in Koonin et al. [34], as well
as the division of partitiviruses into genera according to
Nibert et al. [33], are visible in the tree, though the support
for all clades was weaker than in the original studies, some
of the basal branches had uncertain placement, Clade 6 (pi-
cornaviruses) was nested within Clade 1, and Clade 4 was
split into separate deep-branching totivirus and calicivirus
clades. Despite this loss of precision, which most likely
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occurred because we could use fewer aligned sites for phylo-
genetic inference than in the earlier studies, some phylogen-
etic assignments were possible for the new putative dsRNA
viruses. First, there is a well-supported group of three viruses,
two from chlorophytes and one from Egquisetum, which ap-
pear to be a basal cluster close to Clade 2 (Fig. 1a). Second,
the RARP sequence from hornwort Nothoceros vincentianus
clearly belongs to the genus Alphapartitivirus (Fig. 1b).
Third, two sequences from putative viruses infecting Zygne-
matales are a likely to belong to Clade 4 (Fig. 1c). Fourth, a
fast-evolving sequence from a streptophyte alga Chaetomium
globosum is likely to be a totivirus related to the yeast virus
L-A (Fig. 1d). These observations, together with the nearest-
neighbor information for other dsRNA-related sequences
(Table 1), suggest that the dsRNA virus-like replicons in the
RNA libraries from the 1KP project tend to be closer to ho-
mologs infecting fungi and protists than to those infecting
higher plants.

ssRNA viruses rise with the transition from green algae to
land plants

We found that RNA libraries of land plants also encode
some RARPs whose nearest database neighbors are viruses
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with dsRNA genomes. In addition, we identified other
polymerases that were closer to viruses with ssSRNA ge-
nomes of either positive or negative sense. Sometimes
multiple RARP homologs were found in a library from a
single species, such as a liverwort Bazzania trilobata,
which appears to harbor a dsRNA, a (+)ssRNA, and a
(—=)ssRNA virus (Table 1).

As with putative dsRNA viruses, we attempted to
phylogenetically assign at least some of the RARP genes
from ssRNA viruses. A large-scale sequencing and
phylogenetic inference of viruses with (—)ssRNA ge-
nomes in arthropods has been completed recently,
which revealed a substantial biodiversity, including at
least one new family-level clade [38]. We took advantage
of the sequence library compiled in that study, and
aligned it together with the longest (—)ssSRNA sequences
from the 1KP libraries, as well as putative RdRPs from
two recently identified (—)ssRNA viruses of fungi Botry-
tis cinerea and Macrophomina phaseolina (GenPept IDs
927277835 and 95565978). Phylogenetic inference was
performed on the alignment of 219 sequences that con-
tained 259 sites (Additional file 6). The resulting tree is
shown in Fig. 2 (the Newick-formatted tree is available
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as Additional file 7: source data for Fig. 2). Upon exam-
ination of the tree topology, we were able to assign a
putative virus infecting a gymnosperm Sciadopitys verti-
cillata to the genus Varicosavirus. A group of closely re-
lated viruses in moss Hedwigia ciliata was assigned to a
novel clade that appears to also include the aforemen-
tioned two RdRPs of fungal viruses; this group tenta-
tively clusters with the polymerase of Wuhan insect
virus 3, though without statistical support. These viruses
form one or two clades that are as deep as the adjoining
genera, and may represent a novel virus genus or per-
haps even a family. Other sequences, though quite
clearly related to RdRPs with (—)RNA genomes, were
too short to provide clear phylogenetic assignment,
though partial sequences from the green moss Rhynchos-
tegium serrulatum almost certainly belong to the same
novel clade as its close homologs from H. ciliata (Table 1
and data not shown). We also expect that partial se-
quences in the liverwort Bazzania trilobata and in the
lycophyte  Pseudolycopodiella  caroliniana  will  be
assigned, respectively, to bunyaviruses and to ophio-
viruses after full-length sequencing.
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The picture was qualitatively similar for RARPs from
putative (+)ssRNA viruses: partial sequences were found
in different clades of land plants, with the identity of the
nearest database matches suggesting a variety of virus
families and genera. We were able to assign a partial se-
quence from a gymnosperm Guetum montanum, which
contained a nearly complete RARP domain, to genus
Marafivirus (Tymovirales) (Fig. 3; alignment is available in
Additional file 8; Newick-format tree is available in Add-
itional file 9: source data for Fig. 3).

RNAs encoding for other virus hallmark proteins are
differentially distributed

We examined all cDNA fragments that coded for RdRP,
and found that one of them, the scaffold from Gnetum
montanum GTHK-0070069, also contained a nearly-
complete open reading frame in the same strand, encod-
ing a homolog of the marafivirus capsid protein.
Prompted by this finding, we asked whether any of the
libraries had sequences encoding for virus capsid pro-
teins, another class of virus hallmark genes possessing
spatial folds that are rare in cellular proteins [18]. We
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collected the sequences of representative structural pro-
teins from the virus groups that were suggested by the
RARP nearest-match analysis and searched the 1KP li-
braries. Potential cognate capsid proteins were identified
for some of the virus-like replicons described above,
such as a fragment of an alphapartitivirus capsid protein
in the hornwort Nothoceros vincentianus, capsids of
unassigned partitiviruses in the lycophyte Huperzia
squarrosa and the gymnosperm Prumnopitys andina,
and an ophiovirus-like capsid protein in the lycophyte
Pseudolycopodiella caroliniana (list of queries and
matches is available as Additional file 10). Genomes of
viruses from all these groups are segmented, and their
capsid genes are expected to reside on different scaffolds
than the RARP gene. Hence, it is technically possible that
in some of these cases not one but two related viruses
are present in the same host.

Another class of plant virus hallmark proteins are
movement proteins of the 30 K superfamily [13]. This
superfamily is found in the genomes of different groups
of plant ssRNA viruses, as well as in pararetroviruses
and in bipartite geminiviruses with ssDNA genomes; it
appears to be a stand-alone sequence superfamily with a
putative all-beta fold. Plant genomes do not encode
recognizable 30 K homologs, except for the pararetro-
virus 30 K genes, which are found integrated, together
with the rest of the virus, in the genomes of almost all
angiosperms for which complete sequences are available.
In an earlier work, we noted that sequences homologous
to pararetrovirus 30 K genes were also found in the EST
databases of gymnosperms and ferns, but neither among
the ESTs nor in the completely sequenced genomes of
the green moss Physcomitrella patens and the lycophyte
Selaginella moellendorffii [13]. In this study, we searched
the 1KP transcriptome libraries with representative 30
K-superfamily proteins and detected RNAs encoding
pararetrovirus 30 K movement proteins in several gym-
nosperms, in a fern Pteridium aquilinum, and, interest-
ingly, in two lycopods, Pseudolycopodiella caroliniana
and Dendrolycopodium obscurum (the list of queries and
matches is available in Additional file 11). The transcrip-
tome of P. caroliniana furthermore contains distinct se-
quences related to the 30 K proteins of a (+)ssRNA
capillovirus and of a (—)ssRNA ophiovirus. This extends
the host range of the 30 K protein-encoding plant vi-
ruses to lycopods.

Finally, we asked whether the NCLDV core gene
products [39] could be detected in any of the 1KP
transcriptome libraries. Similarity searches detected
such sequences, closely related to orthologs from phy-
codnaviruses, in the algae Pyramimonas, Penium,
Cylindrocystis, and Chaetosphaeridium, whereas in
land plants all statistically significant matches appear
to belong to transcripts that are paralogous, but not
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orthologous, to NCLDV genes, as judged by reverse
searches (data not shown). An earlier report of
NCLDV DNA fragments integrated into the genome
of the green moss Physcomitrella has concluded that
similar fragments also were present in another related
species of moss but were not transcribed in either of
the two hosts [14]. On the other hand, the purported
occurrence of two short NCLDV-derived integrated
regions in the lycophyte S. moellendorffii [14] is not
supported by phylogenetic analysis: the viral origin of
one of these genes was dismissed in the original publica-
tion itself, whereas the remaining one, the homolog of 5'-
3" exoribonuclease Xrn, appears to be a deep, unresolved
branch in the Xrn family tree, slightly closer to a sequence
encoded by complete genome of the yeast Wickerhamo-
myces ciferrii than to the NCLDV homologs (Additional
file 12). Thus, it is unclear whether NCLDV-derived
genes, or even pseudogenes, occur in land plants beyond a
subset of green mosses.

Discussion

In this study, we have provided the evidence of diverse
RNA plant virus-like replicons in non-angiosperm land
plants and in their algal relatives, that is, throughout the
plant kingdom. The sequence libraries analyzed in our
work have not been targeted towards selective recovery
of virus RNA; the sampling of plant species by the 1KP
project was phylogenetically broad but not particularly
dense, likely affecting the accuracy of tree reconstruc-
tion; virus genes with low similarity to the hallmark se-
quences were most likely missed in our searches; and
most matches to virus genes that we detected were par-
tial and resided on short cDNAs. Despite these
concerns, and notwithstanding that the fern libraries
drew a near-blank, we identified — as far as we know, for
the first time — sequences homologous to various hall-
mark genes of RNA viruses in true mosses, hornworts
(Anthocerotophyta),l and liverworts (Marchantiophyta),
in lycophytes, in a horsetail Equisetum, and in a broader
range of green algae than before. Some of the live plants
used as the source of RNA in the 1KP effort are likely
not to be axenic, so it is possible that some of the virus
replicons seen in our study in fact come not from the
plant cells, but from tightly associated fungi or other eu-
karyotes that may be a part of the plant holobiont. This
possibility requires further examination.

In the earlier studies (e.g., references [33, 34, 40]), the
similarities between plant and fungal dsRNA viruses,
often to the exclusion of animal dsRNA viruses, were
interpreted mostly as the evidence of recent horizontal
exchanges of viruses between multicellular plants and
fungi, perhaps most likely parasitic or endophytic fungi
closely associated with the plant hosts. This hypothesis
is boosted by the recent reports of mycosomes, that is,
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fungal protoplasts capable of invading the plant cell [41],
which may be likely vehicles for virus transfer. Our ob-
servations that the numerous RdRPs genes found in the
RNA libraries from chlorophyte and streptophyte algae
are also related to the homologs from fungal dsRNA vi-
ruses, especially when viewed together with the recent
demonstration that mutualistic relationship between a
chlorophyte and an ascomycete could be established ex-
perimentally [42], suggests that plant—fungal interactions
and viral exchanges may in fact have a much longer
history.

Various dsRNA viruses, all of which belong to the
picorna-like tribe, have been found in four out of five su-
pergroups of protists; it has been suggested that they
evolved from their ancestors with ssRNA genomes in
the “Big Bang” of picornavirus radiation in primitive eu-
karyotes [34]. Despite this postulated ancestral character
of ssRNA viruses, very few ssRNA virus-like replicons
have been characterized in green algae thus far ([9] and
this study), whereas putative dsRNA viruses are found in
multiple lineages of chlorophyte and streptophyte algae.
It remains unclear whether specific ecological factors
impose a constraint on the diversity of RNA viruses in
unicellular eukaryotes, favoring dsRNA replicons over
single-strand ones. Whatever this constraint might be, it
is apparently relieved in multicellular eukaryotes, includ-
ing all land plants: the burst in diversification of genome
strategies in plant RNA viruses is seen in both moss and
vascular plant lineages. Nothing is known about the
manifestation of these virus infections in their hosts,
though it is quite likely that the putative ssSRNA viruses
uncovered in this work are latent or asymptomatic, if
only because symptomless host specimens are more
likely to be chosen for cDNA library construction.

The common ancestor of mosses and vascular plants
may have existed about 475 MYA, in the Ordovician
[43]. Interestingly, this is the time when insect diversifi-
cation was also taking place, and rapid evolution of land
arthropods may have been a factor in the emergence of
novel clades of RNA viruses, especially as recently docu-
mented for viruses with (—)ssRNA [38]. The relative
closeness of some of the (—)ssRNA viruses from mosses
to an orphan insect virus is compatible with the hypoth-
esis of a secondary invasion of land plants with ssSRNA
viruses, mediated in part by insects [38]. On the other
hand, the fact that the same clade includes viruses of
fungi is also notable.

Yet another bias in the virus sequences shown in
Table 1 is that they are dominated by viruses from the
taxa whose full-length genomic or subgenomic mRNAs
are polyadenylated at the 3" end. This is to be expected,
because the cDNA libraries in the 1KP effort were pre-
pared from polyA+ RNA [44]. A putative tobamovirus-
like replicon from the liverwort Bazzania trilobata,
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which is likely to carry a 3" tRNA-like structure instead
of the polyA, is one exception from this trend. Interest-
ingly, the same trend appeared in a pilot bioinformatics
study of virus-derived small RNAs [45], which used
sRNA and miRNA libraries from various land plants
[46]. Thus, targeted discovery of plant RNA virus repli-
cons is needed to provide a more complete picture of
the land plant virome. We feel, however, that the main
conclusion, that is, the presence of dsRNA viruses in the
ancestral lineages of green plants and later stepwise ac-
crual of more diverse viruses, will remain unchanged,
notwithstanding a likely sampling bias mentioned above.

Our analysis also revealed the existence of virus move-
ment proteins from the 30 K superfamily in a lycopod
virome. In contrast, RNA libraries from true mosses,
hornworts, and liverworts showed a wide variety of
RdRP gene products but did not contain their cognate,
or indeed any, 30 K-superfamily proteins. Further ana-
lysis of RNA viromes from mosses and their relatives
will show whether the 30 K proteins have established
themselves throughout the plant viruses, or only among
those viruses that infect hosts with the dominant sporo-
phyte phase.

Conclusions

We found that colonization of land and subsequent
growth in anatomical complexity in plants coincided
with the acquisition or expansion of novel sets of RNA
viruses with different strategies of infection and
reproduction. Evidence of various hallmark genes of
RNA viruses have been found in mosses, hornworts, liv-
erworts, lycophytes, horsetail, and in a broader range of
green algae than before. Analysis of the phylogenetic af-
finities of the putative dsRNA and ssRNA replicons sug-
gests that viruses associated with the evolutionarily
more ancient groups, such as chlorophyte and strepto-
phyte algae, tend to form deeper clades in the phylogen-
etic trees. Conversely, RNA viruses from land plants
more often fall within the families or genera that have
already been established by analysis of viruses infecting
angiosperms and fungi.

Methods

Sequence database searches were mostly performed in
July 2015. The 80 protein queries were RARP sequences
representing every RNA virus family recognized by
ICTV, as well as the majority of the RNA viruses that
are included in the ICTV database but unclassified
(Additional file 1). These 80 queries were used to inter-
rogate the concatenated nucleotide database of 66 non-
angiosperm green plant transcriptomes selected from
the 1KP project [15, 19], which are listed in Additional
file 2. The database consisted of 2,673,061 sequences
with 1,019,254,703 total letters, including internal Ni.
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The nucleotide sequence databases (NT and dbEST) and
the non-redundant protein sequence database (NR) at
NCBI were also searched. All searches were done with
the BLAST family of programs [24] with the SEG filter
(-F option) typically set at false. The information on the
RNA polymerase core domains from the Conserved Do-
mains Database (CDD) database [47] was utilized to trim
the sequences to include only the most conserved do-
mains of RARPs.

All moderately significant matches to RARP proteins in
the 66-species subset of the 1KP transcriptome database
(BLAST E-value < 0.005) were collected and verified by re-
verse BLASTP and BLASTX searches against the NCBI
NR database. The protein alignments produced by reverse
BLAST were inspected for the presence of conserved se-
quence motifs. In these reverse searches, > 91 % of the se-
lected transcriptome library sequences showed statistically
significant matches to the homologs from viral RARP. The
remaining sequences were either closely similar to an un-
related database protein sequence or without homologs in
the database; those were not examined further. One se-
quence from the Penium margaritaceum library (scaffold
AEKF-0068309) was identical to a fragment of RdARP of
Tobacco vein banding mosaic virus, a potyvirus, at both
the nucleotide and amino acid levels; this is the only in-
stance of a likely library contamination that we saw in this
study, and it was also removed from further analysis.

For phylogenetic inference, the partitivirus dataset
from Nibert et al. [33] was downloaded from the
publisher’s website, the “picorna-like” dataset from
Koonin et al. [34] was generously provided by Dr Y.
Wolf, and the (-)ssRNA virus dataset from Li et al.
[38] was generously provided by Dr E.C. Holmes and
Dr M. Shi. In all these cases, protein sequences were
aligned using the MUSCLE program [48], first joining
closely related sequences and then combining those
alignments using the -profile option to obtain a mas-
ter alignment. To obtain the master alignment of
RARPs from (—)ssRNA viruses, the HHPred server
[49] was queried with the polymerase domain of
Sonchus yellow net virus to build a profile Hidden
Markov Model (profile-HMM) and to interrogate the
profile-HMMs generated from the CDD; the automat-
ically generated, highly scoring alignment between
rhabdovirus and bunyavirus RARP models was used as
a guide to trim both ends of the long alignments of
RdARP-containing multidomain proteins of mononega-
virales and bunyavirales, and the two alignments were
aligned together using the -profile option of the
MUSCLE program. Orthomyxovirus replication en-
zymes were excluded from the analysis because they
were much more distantly related to the plant virus
sequences than the other virus clades (data not
shown). The new sequences described in this study
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were first aligned to the protein family to which they
showed the highest similarity in BLAST searches, and
this information was used to remove the distal
portions of the master alignment not shared with the
partial sequences from the transcriptome library. The
alignment of the marafivirus RARP domain was also
obtained using the MUSCLE program and checked
against the alignment of multidomain replicases (J.
Kreuze, pers. commun.) that was submitted to ICTV
in 2006 as part of the proposal that led to establish-
ing the order Tymovirales in 2009.

Phylogenetic inference was done using the PhyML
server [36] with a Le and Gascuel (LG) substitution
model that was selected automatically based on the
data [50], other parameters estimated from the data,
and 1000 bootstrap replicates performed in order to
assess the support of the internal partitions in the
tree. For the largest dataset of (—)ssRNA virus RdRP,
we confirmed the LG model selection with the
PhyML server, but utilized the E-Biothon supercom-
puting platform [51] for shorter computation times.
The iTOL server [37] was employed for tree examin-
ation and visualization.

To reanalyze putative NCLDV sequences thought to
be integrated in the lycopod genome, we could not use
the data from t he original study (Maumus et al., [14]),
which identified a 184-amino-acid EFJ26844 as the puta-
tive NCLDV-derived gene product, but indicated that
their phylogenetic inference used a longer product re-
constructed by screening for overlapping scaffolds, be-
cause the details of that reconstruction are not available.
Therefore, we used another Selaginella moellendorffii
gene product, the 298-amino-acid EFJ10074, which in-
cludes the complete sequence of EFJ26844 with only
three mismatches. The closest 250 BLASTP matches to
EFJ10074 were collected, and each group of sequences
from one genus that had multiple homologs with more
than 95 % identity in the same genus was replaced by
one representative sequence; this mostly concerned yeast
Candida and angiosperms from the core eudicots. The
alignment and tree were constructed as described above.

Endnotes

'Confusingly, the name Japanese hornwort mosaic
virus has been proposed for a potyvirus isolated from
Cryptotaenia japonica (Apiaceae; [52]). This angiosperm
is unrelated to hornworts in a proper sense.

Additional files

Additional file 1: The library of viral RdARP domains used as queries in
this study. (DOC 88 kb)

Additional file 2: The transcriptome libraries of non-angiosperm green
plants used as the search space in this study. (DOC 25 kb)



dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8

Mushegian et al. BMC Biology (2016) 14:68

Additional file 3: 1KP scaffolds with significant similarity to virus RdRP
protein sequences. (DOC 20 kb)

Additional file 4: Alignment (Phylip format) of RdRP from viruses with
dsRNA and related picorna-like viruses. (TXT 33 kb)

Additional file 5: Maximum-likelihood tree (Newick format) of RARPs
from viruses of the picorna-like tribe. (TXT 5 kb)

Additional file 6: Alignment (Phylip format) of RdRP from viruses with
(=)ssRNA. (TXT 146 kb)

Additional file 7: Maximum-likelihood tree (Newick format) of RdRPs
from (-)ssRNA viruses. (TXT 12 kb)

Additional file 8: Alignment (Phylip format) of RARP from viruses in
order Tymovirales. (TXT 11 kb)

Additional file 9: Maximum-likelihood tree (Newick format) of RARPs
from viruses in order Tymovirales. (TXT 1 kb)

Additional file 10: List of capsid proteins from plant and fungal viruses
and of 1KP scaffolds matching one or more of these queries. (DOC 30 kb)

Additional file 11: List of 30 K movement proteins from plant viruses
used as queries in this study, and list of 1KP scaffolds matching one or
more of these queries. (DOC 32 kb)

Additional file 12: Maximum-likelihood phylogenetic tree (Newick
format) of XRN nucleases from Selaginella moellendorffii and its relatives.
(TXT 3 kb)

Acknowledgements

We thank the colleagues at the 1000 Plant Genomes Project for helping us
to access the transcriptomes used in this study via the iPlant Collaborative.
We are grateful to Javier Forment (IBMCP-CSIC), Vincent Lefort (PhyML), and
the E-Biothon team (E-Biothon platform is supported by CNRS, IBM, INRIA,
I'Institut Francais de Bioinformatique and SysFera) for expert help with high-
performance computing; to Yuri Wolf, Jan Kreuze, Eddie Holmes, and Mang
Shi for sharing sequence data and alignments; to Sejo Sabanadzovic, Jan
Kreuze, and the anonymous reviewers for helpful virtual discussions and
critical remarks; and to Natalia Mushegian for technical assistance. SFE was
supported by grants BFU2015-65037P from Spain Ministry of Economy and
Competitiveness and PROMETEQI/2014/021 from Generalitat Valenciana.
ARM is a Program Director at the US National Science Foundation (NSF); his
work on this project was supported by the NSF Independent Research and
Development Program, but the statements and opinions expressed herein
are made in the personal capacity and do not constitute the endorsement
by NSF or the government of the United States.

Authors’ contributions

ARM conceived the study, analyzed the data, and wrote the manuscript. AS
participated in devising the study and revised the manuscript. SFE helped in
design and interpretation of the research, ran some analyses, and drafted
and revised the manuscript. All authors read and approved the final
manuscript for publication and agreed for all aspects of the work in ensuring
that questions related to the accuracy or integrity of any part of the work
are appropriately investigated and resolved.

Competing interests
The authors declare that they have no competing interests.

Author details

"Division of Molecular and Cellular Biosciences, National Science Foundation,
4201 Wilson Boulevard, Arlington, VA 22230, USA. “Department of Biology,
Minot State University, 500 University Avenue West, Minot, ND 58707, USA.
3Instituto de Biologia Molecular y Celular de Plantas, Consejo Superior de
Investigaciones Cientificas-Universidad Politécnica de Valencia, Ingeniero
Fausto Elio s/n, 46022 Valéncia, Spain. “The Santa Fe Institute, 1399 Hyde
Park Road, Santa Fe, NM 87501, USA.

Received: 25 May 2016 Accepted: 25 July 2016
Published online: 15 August 2016

Page 13 of 14

References

1.

23.

24,

25.

26.

27.

Roossinck MJ. Plant virus metagenomics: biodiversity and ecology. Annu
Rev Genet. 2012;46:357-67.

Koonin EV, Dolja W, Krupovic M. Origins and evolution of viruses of
eukaryotes: The ultimate modularity. Virology. 2015;479-480:2-25.

Yamada T, Onimatsu H, Van Etten JL. Chlorella viruses. Adv Virus Res. 2006;
66:293-336.

Van Etten JL, Dunigan DD. Chloroviruses: not your everyday plant virus.
Trends Plant Sci. 2012;17:1-8.

Zhang T, Jiang Y, Dong W. A novel monopartite dsRNA virus isolated from
the phytopathogenic fungus Ustilaginoidea virens and ancestrally related to
a mitochondria-associated dsRNA in the green alga Bryopsis. Virology. 2014;
462:227-35.

Wilson WH, Van Etten JL, Allen MJ. The Phycodnaviridae: the story of how
tiny giants rule the world. Curr Top Microbiol Immunol. 2009;328:1-42.

lyer LM, Balaji S, Koonin EV, Aravind L. Evolutionary genomics of nucleo-
cytoplasmic large DNA viruses. Virus Res. 2006;117:156-84.

Colson P, De Lamballerie X, Yutin N, Asgari S, Bigot Y, Bideshi DK, et al.
"Megavirales”, a proposed new order for eukaryotic nucleocytoplasmic large
DNA viruses. Arch Virol. 2013;158:2517-21.

Gibbs AJ, Torronen M, Mackenzie AM, Wood 2nd JT, Amstrong JS, Kondo H,
et al. The enigmatic genome of Chara australis virus. J Gen Virol. 2011,92:
2679-90.

Valverde RA, Sabanadzovic S. A novel plant virus with unique properties
infecting Japanese holly fern. J Gen Virol. 2009,90:42-9.

Han SS, Karasev AV, leki H, lwanami T. Nucleotide sequence and taxonomy
of Cycas necrotic stunt virus. Brief report. Arch Virol. 2002;147:2207-14.
Lockhart B, Fetzer JL, Olszewski NE. Preliminary characterization of Cycad leaf
necrosis virus, the first badnavirus identified in cycads. Phytopathology. 2006;
96:570.

Mushegian AR, Elena SF. Evolution of plant virus movement proteins from
the 30 K superfamily and of their homologs integrated in plant genomes.
Virology. 2015:476:304-15.

Maumus F, Epert A, Nogué F, Blanc G. Plant genomes enclose footprints of
past infections by giant virus relatives. Nat Commun. 2014;5:4268.

Wickett NJ, Mirarab S, Nguyen N, Warnow T, Carpenter E, Matasci N, et al.
Phylotranscriptomic analysis of the origin and early diversification of land
plants. Proc Natl Acad Sci USA. 2014;111:E4859-68.

Merchant N, Lyons E, Goff S, Vaughn M, Ware D, Micklos D, et al. The iPlant
collaborative: cyberinfrastructure for enabling data to discovery for the life
sciences. PLoS Biol. 2016;14:21002342.

Becker B, Marin B. Streptophyte algae and the origin of embryophytes. Ann
Bot. 2009;103:999-1004.

Koonin EV, Dolja W. A virocentric perspective on the evolution of life. Curr
Op Virol. 2013;3:546-57.

Matasci N, Huang LH, Yan Z, Carpenter EJ, Wickett NJ, Mirarab S, et al. Data
access for the 1000 plants (1KP) project. Gigascience. 2014;3:17.

Makarova KS, Aravind L, Grishin NV, Rogozin IB, Koonin EV. A DNA repair
system specific for thermophilic Archaea and bacteria predicted by
genomic context analysis. Nucleic Acids Res. 2002;30:482-96.

Majumdar I, Kinch LN, Grishin NV. A database of domain definitions for
proteins with complex interdomain geometry. PLoS ONE. 2009;4:e5084.
Cerny J, Cerna Bolfikové B, Zanotto PMA, Grubhoffer L, Rizek D. A deep
phylogeny of viral and cellular right-hand polymerases. Infec Genet Evol.
2015;36:275-86.

lyer LM, Koonin EV, Aravind L. Evolutionary connection between the
catalytic subunits of DNA-dependent RNA polymerases and eukaryotic RNA-
dependent RNA polymerases and the origin of RNA polymerases. BMC
Struct Biol. 2003;3:1.

Altschul SF, Madden TL, Schéffer AA, Zhang J, Zhang Z, Miller W, et al.
Gapped BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res. 1997;25:3389-402.

Koga R, Horiuchi H, Fukuhara T. Double-stranded RNA replicons associated
with chloroplasts of a green alga, Bryopsis cinicola. Plant Mol Biol. 2003;51:
991-9.

Jablonski SA, Morrow CD. Mutation of the aspartic acid residues of the GDD
sequence motif of poliovirus RNA-dependent RNA polymerase results in
enzymes with altered metal ion requirements for activity. J Virol. 1995;69:
1532-9.

Morin B, Whelan SPJ. La protéine L des Mononegavirales. \irologie. 2012;16:
258-68.


dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8
dx.doi.org/10.1186/s12915-016-0288-8

Mushegian et al. BMC Biology (2016) 14:68

28.

29.

30.

31

32.
33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Liang B, Li Z, Jenni S, Rahmeh AA, Morin BM, Grant T, et al. Structure of the
L protein of Vesicular stomatitis virus from electron cryomicroscopy. Cell.
2015;162:314-27.

Chabannes M, Iskra-Caruana ML. Endogenous pararetroviruses — a reservoir
of virus infection in plants. Curr Opin Virol. 2013;3:615-20.

Bousios A, Darzentas N. Sirevirus LTR retrotransposons: phylogenetic
misconceptions in the plant world. Mob DNA. 2013;4:9.

Bertsch C, Beuve M, Dolja W, Wirth M, Pelsy F, Herrbach E, et al. Retention
of the virus-derived sequences in the nuclear genome of grapevine as a
potential pathway to virus resistance. Biol Direct. 2009;4:21.

Roossinck MJ. Lifestyle of plant viruses. Philos Trans R Soc B. 2010;365:1899-905.
Nibert ML, Ghabrial SA, Maiss E, Lesker T, Vainio EJ, Jiang D, et al. Taxonomic
reorganization of family Partitiviridae and other recent progress in
partitivirus research. Virus Res. 2014;188:128-41.

Koonin EV, Wolf Y1, Nagasaki K, Dolja W. The Big Bang of picorna-like virus
evolution antedates the radiation of eukaryotic supergroups. Nat Rev
Microbiol. 2008;6:925-39.

Poch O, Sauvaget |, Delarue M, Tordo N. Identification of four conserved
motifs among the RNA-dependent polymerase encoding elements. EMBO J.
1989;8:3867-74.

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. New
algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Syst Biol. 2010;59:307-21.

Letunic I, Bork P. Interactive tree of life (iTOL) v3: an online tool for the
display and annotation of phylogenetic and other trees. Nucleic Acids Res.
201644(W1):W242.

Li CX, Shi' M, Tian JH, Lin XD, Kang YJ, Chen LJ, et al. Unprecedented
genomic diversity of RNA viruses in arthropods reveals the ancestry of
negative-sense RNA viruses. eLife. 2015,29:4.

Yutin N, Wolf Y1, Raoult D, Koonin EV. Eukaryotic large nucleo-cytoplasmic
DNA viruses: clusters of orthologous genes and reconstruction of viral
genome evolution. Virol J. 2009;6:223.

Liu H, Fu Y, Xie J, Cheng J, Ghabrial SA, Li G, et al. Evolutionary genomics of
mycovirus-related dsRNA viruses reveals cross-family horizontal gene
transfer and evolution of diverse viral lineages. BMC Evol Biol. 2012;12:91.
Atsatt PR, Whiteside MD. Novel symbiotic protoplasts formed by endophytic
fungi explain their hidden existence, lifestyle switching, and diversity within
the plant kingdom. PLoS ONE. 2014;9:95266.

Hom EF, Murray AW. Plant-fungal ecology. Niche engineering demonstrates
a latent capacity for fungal-algal mutualism. Science. 2014;345:94-8.
Magallon S, Hilu KW, Quandt D. Land plant evolutionary timeline: gene
effects are secondary to fossil constraints in relaxed clock estimation of age
and substitution rates. Am J Bot. 2013;100:556-73.

Johnson MT, Carpenter EJ, Tian Z, Bruskiewich R, Burris JN, Carrigan CT, et al.
Evaluating methods for isolating total RNA and predicting the success of
sequencing phylogenetically diverse plant transcriptomes. PLoS One. 2012;7:
€50226.

Kreuze J. siRNA deep sequencing and assembly: piecing together viral
infections. In: Gullino ML, Bonants PJM, editors. Detection and diagnostics of
plant pathogens. Dordrecht: Springer; 2014. p. 21-38.

Chéavez Montes RA, de Fatima R-CF, De Paoli E, Accerbi M, Rymarquis LA,
Mahalingam G, et al. Sample sequencing of vascular plants demonstrates
widespread conservation and divergence of microRNAs. Nat Commun.
2014;,5:3722.

Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY,
et al. CDD: NCBI's conserved domain database. Nucl Acids Res. 2015:43:
D222-6.

Edgar RC. MUSCLE: a multiple sequence alignment method with reduced
time and space complexity. BMC Bioinformatics. 2004;5:113.

Soding J, Biegert A, Lupas AN. The HHpred interactive server for protein
homology detection and structure prediction. Nucleic Acids Res. 2015;33:
W244-8.

Le SQ, Gascuel O. An improved general amino acid replacement matrix. Mol
Biol Evol. 2008;25(7):1307-20.

Daydé M, Depardon B, Franc A, Gibrat JF, Guillier R, Karami Y, Sutter F,
Taddese B, Chabbert M, Thérond S. E-Biothon: an experimental platform for
bioinformatics. 2015 Computer Science and Information Technologies (CSIT)
2015;1-4.

Okuno K, Hama T, Takeshita M, Furuya N, Takanami Y. New potyvirus
isolated from Cryptotaenia japonica. J Gen Plant Pathol. 2003;69:138-42.

Page 14 of 14

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Viral RNA-dependent RNA polymerases are pervasive in the transcriptomes of non-angiosperm plants
	The most ubiquitous virus-like elements are related to the dsRNA partitiviruses
	ssRNA viruses rise with the transition from green algae to land plants
	RNAs encoding for other virus hallmark proteins are differentially distributed

	Discussion
	Conclusions
	Methods
	Confusingly, the name Japanese hornwort mosaic virus has been proposed for a potyvirus isolated from Cryptotaenia japonica (Apiaceae; [52]). This angiosperm is unrelated to hornworts in a proper sense.
	Additional files
	Acknowledgements
	Authors’ contributions
	Competing interests
	Author details
	References

