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A B S T R A C T

RNA viruses are believed to have originated from a common ancestor, but how this ancestral genome evolved
into the large variety of genomic architectures and viral proteomes we see today remains largely unknown.
Tackling this question is hindered by the lack of universally conserved proteins other than the RNA-dependent
RNA polymerase (RdRp) as well as a limited RNA virus sampling. The latter is still heavily biased towards
relatively few viral lineages from a non-representative collection of hosts, which complicates studies aiming to
reveal possible trajectories during the evolution of RNA virus genomes that are favored over others.

We report the discovery of 11 highly divergent lineages of viruses with genomic architectures that resemble
those of the astroviruses. These genomes were initially identified through a sequence homology search in more
than 6600 plant transcriptome projects from the Sequence Read Archive (SRA) using astrovirus representatives
as query. Seed-based viral genome assembly of unprocessed SRA data for several dozens of the most promising
hits resulted in two viral genome sequences with full-length coding regions, nine partial genomes and a much
larger number of short sequence fragments. Genomic and phylogenetic characterization of the 11 discovered
viruses, which we coined plastroviruses (plant-associated astro-like viruses), showed that they are related to both
astro- and potyviruses and allowed us to identify divergent Serine protease, RdRp and viral capsid domains
encoded in the plastrovirus genome. Interestingly, some of the plastroviruses shared different features with
potyviruses including the replacement of the catalytic Ser by a Cys residue in the protease active site. These
results suggest that plastroviruses may have reached different points on an evolutionary trajectory from astro-
like to poty-like genomes. A model how potyviruses might have emerged from (pl)astro-like ancestors in a multi-
step process is discussed.

1. Introduction

RNA viruses utilize a variety of genomic architectures for the ex-
pression of their genes and for regulation of that expression (Dolja and
Koonin, 2018; Koonin, 1991; Maia et al., 1996; Whelan et al., 2004). A
recurrent genomic organization seen in different single-stranded, posi-
tive-sense RNA (ssRNA+) viruses is characterized by two partially
overlapping 5′-proximal open reading frames (ORFs) and one or several
additional ORFs encoded in the 3′ part of the genome. This architecture
is employed by astro- and nidoviruses and members of several other
virus families (Ali et al., 2014; Gorbalenya et al., 2006; Mäkinen et al.,
1995; Willcocks et al., 1994). Genes in the 3′-proximal region, which in
the case of astroviruses contains a single ORF2 that encodes the coat

protein forming icosahedral capsids, are typically expressed via pro-
duction of subgenomic RNA species, while the two ORFs located up-
stream are translated using the genomic RNA as template. The latter are
named ORF1a and ORF1b in the case of astroviruses and encode a
polyprotein with transmembrane, Serine protease and genome-linked
viral protein (VPg) domains and an RNA-dependent RNA polymerase
(RdRp), respectively. Translation of the genomic RNA may stop at the
ORF1a termination codon resulting in polyprotein 1a (pp1a) or con-
tinue after -1 ribosomal frameshifting (RFS) at a slippery sequence lo-
cated in the ORF1a/b overlap to produce pp1ab (Jiang et al., 1993).
The rate of RFS determines the relative amounts of protein expressed
from ORF1a and ORF1b which, together with subgenomic RNA pro-
duction, enables the virus to regulate the intracellular concentrations of
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its gene products (Brierley et al., 1987; Brierley and Vidakovic, 2003;
van Marle et al., 1995). Astroviruses infect various vertebrate species
including humans (Madeley and Cosgrove, 1975; Shi et al., 2018).
Astro-like viruses have recently been detected in invertebrates (Shi
et al., 2016), but it is not known whether similar viruses can infect
fungi, protists or plants.

Another, very different genome architecture is characterized by a
single ORF encoding a large polyprotein. This relatively simple mono-
cistronic organization is employed by many different ssRNA+viruses
including most members of the Potyviridae family (Wylie et al., 2017).
The potyvirus polyprotein is cleaved by a set of virus-encoded proteases
including a Serine-like cysteine protease (PROSer) that is responsible for
processing most of the polyprotein cleavage sites (Carrington et al.,
1989; Gorbalenya et al., 1989; Hellmann et al., 1988; Verchot et al.,
1991). The proteolytic cleavage by PROSer, whose rate is dependent on
the sequence context at the cleavage site (Rodamilans et al., 2018;
Tözsér et al., 2005), presents an alternative means of regulating the
relative concentrations of viral proteins compared to that used by the
astroviruses. Downstream of PROSer, the potyvirus genome encodes an
RdRp domain and a coat protein forming filamentous nucleocapsids of
helical symmetry, and the relative positions of these three proteins in
the viral genome resemble those of their counterparts in astroviruses.
Several additional domains including the other proteases, a VPg and a
helicase are located upstream of PROSer in the potyvirus polyprotein. In
addition, a trans-frame protein (P3N-PIPO), is expressed in low quan-
tities by a transcriptional slippage mechanism (Olspert et al., 2015).
Potyviruses currently constitute the largest family of plant RNA viruses
and include several economically important pathogens (Rybicki, 2015;
Wylie et al., 2017).

If and how transitions from one genome architecture to another
have occurred during RNA virus evolution is poorly understood, and
approaching this delicate question is complicated by our fragmentary
knowledge of the existing genetic diversity of viruses (Rosario and
Breitbart, 2011; Suttle, 2007). To tackle this, extensive next generation
sequencing (NGS)-based virus discovery efforts targeting specific host
taxa or metagenomes have been undertaken during the recent years,
but in the case of eukaryotic viruses, the discovered genome sequences
mostly fall within the genetic diversity of known virus groups, while
novel virus families are reported very rarely (Drexler et al., 2012; Phan
et al., 2011; Shi et al., 2016, 2018). We have recently shown that pri-
mary NGS data from studies unrelated to virus research, which is ob-
tainable in very large quantities from the Sequence Read Archive (SRA)
(Leinonen et al., 2011), can be exploited for discovering unknown
vertebrate viruses including members of novel virus families (Lauber
et al., 2017). We now extended this approach to plant SRA projects in
the current study. We discovered almost a dozen highly divergent viral
genomes that show striking similarities to both astro- and potyviruses,
suggesting unappreciated evolutionary links between these two im-
portant viral families.

2. Materials and methods

2.1. Public sequence data

We utilized unprocessed sequencing data from the Sequence Read
Archive (SRA) hosted by the National Center for Biotechnology
Information (NCBI) (Leinonen et al., 2011). We limited our search to
transcriptome projects studying plants from various taxa (see Section
3.1 for taxonomic details). The NCBI Taxonomy Browser was utilized
for selection of these projects. The SRA data was downloaded to and
temporarily stored at the computing cluster Taurus hosted by the
Centre for Information Services and High Performance Computing
(ZIH) of the TU Dresden, where it was analyzed as described below.

2.2. Discovery of viral sequence fragments in transcriptome data

The SRA data sets were screened for the presence of unknown viral
sequences using either BLAST (Altschul et al., 1990) or HMMER v3.1
(Eddy, 2011), respectively, with RdRp protein sequences of astrovirus
representatives or protein profiles of RdRp alignments as query. Se-
quencing reads of an individual SRA project that were hit with an E-
value below 10 were compared to the non-viral subset of the NCBI
reference proteins (nr) database using blastx, and an E-value cut-off of
10−4 was used to filter out non-viral sequences. The remaining se-
quences were compared to the NCBI viral genomics database using
tblastx and hits with an E-value below 1 were retained for manual in-
spection.

2.3. Genome assembly of discovered viruses

Sequencing adapters and low-quality bases were trimmed using
Cutadapt (Martin, 2011). The assembly of viral sequences was done
using a seed-based approach as implemented in GenSeed-HMM (Alves
et al., 2016). An astrovirus RdRp or plastrovirus pp1b protein profile
was used as seed in the GenSeed-HMM analysis. If a new virus was
detected in several sequencing experiments of the same host species a
super-assembly of the contigs was performed using CAP3. For selected
sequencing experiments an additional, independent de novo assembly of
the full set of reads was performed using SPAdes (Bankevich et al.,
2012) or Trinity (Grabherr et al., 2011). Sequencing reads included in
an assembly were mapped back to the respective contigs using Bowtie2
(Langmead and Salzberg, 2012) and assembly quality was assessed by
visual inspection using Tablet (Milne et al., 2010).

The viral genome sequences were compared to all available non-
vertebrate eukaryotic genome assemblies from the Whole Genome
Shotgun (WGS) database (Benson et al., 2013) to exclude that the dis-
covered sequences represented endogenous viral elements. We em-
ployed blastn with the viral contigs as query and considered hits that
included at least 50 nucleotides of the viral contig termini and showed
at least 95% sequence identity and an E-value of 1×10−3 or better.

2.4. Proteome characterization

ORFs and encoded peptides were extracted using the EMBOSS
package (Rice et al., 2000). Protein domains were annotated using
HHpred (Zimmermann et al., 2017), blastp (Altschul et al., 1990) or
through alignment with homologous astro- and potyvirus proteins by a
human expert. We used the Protein Data Bank (PDB), the Structural
Classification of Proteins (SCOP) and the NCBI Conserved Domains
(CD) as databases during the HHpred searches (Bernstein et al., 1977;
Marchler-Bauer et al., 2017; Murzin et al., 1995). Transmembrane do-
mains were predicted using TMHMM v2.0 (Krogh et al., 2001). Jpred 4
was used for protein secondary structure prediction (Drozdetskiy et al.,
2015).

We used PSI-BLAST (Altschul et al., 1997) with each plastrovirus p2
sequence as query to retrieve viral structural proteins from RefSeq
(Pruitt et al., 2007) that shared significant similarity with the putative
plastrovirus capsid proteins (CPs). The longest hit annotated as a
structural protein was 1218 amino acids in length, and we excluded all
hits above that size threshold as these likely constituted various poly-
proteins. After adding 96 potyvirus CPs obtained from RefSeq to the
sequence collection, we used CLANS (Frickey and Lupas, 2004) to vi-
sualize the pairwise sequence similarities between the viral CPs as a
network graph. In addition, SWISS-MODEL (Waterhouse et al., 2018),
which implements a homology modelling approach based on experi-
mentally determined structures, was used to predict the structural fold
of the plastrovirus p2 sequences.
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2.5. Phylogeny reconstruction

Astro- and potyvirus reference genomes and proteins were obtained
from the NCBI Viral Genomes Resource (Brister et al., 2015). We added
to this collection recently discovered astro- and astro-like vertebrate
and invertebrate viruses (Shi et al., 2018, 2016). Multiple amino acid
alignments were created and visualized with the help of SeaView (Gouy
et al., 2010) which offers access to MUSCLE (Edgar, 2004) and Clustal
(Chenna et al., 2003) for alignment computation. All alignments were
inspected and curated by an expert.

The best fitting amino acid substitution model was selected using
ProtTest v3.4 (Abascal et al., 2005) and used in subsequent phyloge-
netic reconstructions. Maximum likelihood trees were reconstructed
using PhyML v3.0 (Guindon et al., 2010) with 100 bootstrap replicates.
Bayesian trees were reconstructed using BEAST v1.8.0 (Drummond
et al., 2012); two chains were run for 5 million steps using a relaxed
molecular clock approach with log-normal distribution (Drummond
et al., 2006) and a Yules speciation prior. Convergence of the BEAST
runs was verified using Tracer and consensus trees were visualized
using FigTree (tree.bio.ed.ac.uk/software/).

3. Results and discussion

3.1. Discovery of astro-like viral genomes in plant sequencing projects

To test our hypothesis about the existence of astro-like viruses that
infect eukaryotic hosts other than animals, we screened public tran-
scriptome data from various plant studies, obtained as unprocessed
sequencing reads from the SRA. With this approach to virus discovery
we take advantage of the fact that viral genomes will be sequenced as a
by-product to sequencing the organism under study, if that organism
was infected at the time of sampling. The sequence fragments produced
during sequencing can then be assembled to full-length or partial viral
genome sequences, depending on sequence coverage. The sheer number
of data sets in the SRA – exceeding 3.1 million by the time of writing
and originating from a large variety of organisms – offers an un-
precedented resource that can be utilized for discovering unknown
viruses, including those with highly divergent genomes. We have re-
cently shown the value of this approach in a pilot study reporting the
discovery of the non-enveloped nackednaviruses that constitute a so far
unknown sister family to the enveloped hepadnaviruses (Lauber et al.,
2017).

In an initial search for unknown astro-like viruses we employed
tblastn to screen 5577 SRA data sets (referred to as SRA runs from here
on) of land plants (Embryophyta, txid:3193) excluding flowering plants
(Magnoliophyta, txid:3398), by using a representative set of RdRp pro-
tein sequences from 12 astrovirus species as query. We obtained hits in
1567 of these runs from which 269 and 54 had an E-value lower than
0.1 and 0.01, respectively. For the pine tree species Pinus contorta
(SRR073389/90/91; E=0.00013) we succeeded in assembling a
3467 nt contig (PCPLAV-1 in Fig. 1) that showed two longer partially
overlapping ORFs resembling the ORF1a/b architecture seen in astro-
viruses and several other virus families. The most similar sequence in
RefSeq (Pruitt et al., 2007), which included both host and viral se-
quences, was found to be the RdRp of a rat astrovirus (Genbank ac-
cession ADJ38390). This Blast hit was highly significant with an E-
value of 6×10−14 and showed a local amino acid sequence identity of
only 27%, indicating that this contig represented the partial genome
sequence of an unknown astro-like virus. In addition, several SRA runs
from a project about another pine species, Pinus taeda, obtained sig-
nificant hits against the query sequences. From four of these runs
(SRR1276184/88/90/91) we succeeded in assembling two additional
contigs with astrovirus-like ORF1a/b-ORF2 genomic organization
(PTPLAV-1 and PTPLAV-2 in Fig. 1). Although similar in architecture,
the three discovered partial viral genomes showed only low degrees of
sequence similarity between each other (amino acid identity less than

28%), indicating that we had discovered several unknown lineages of
astro-like viruses.

To further increase the sensitivity of our SRA screening we con-
structed a multiple sequence alignment of predicted RdRp sequences of
these three viruses and a multiple alignment of astrovirus RdRp se-
quences. These two alignments were used as query in a profile search
against 6683 SRA runs from studies of seed plants (Spermatophyta,
txid:58024) excluding two highly sampled taxa of flowering plants, the
Gunneridae (txid:91827) and the Poales (txid:38820). This search re-
sulted in 1893 hits from which 822 and 575 showed an E-value better
than 0.1 and 0.01, respectively. We then attempted an assembly for the
most promising hits ranked by E-value and the number of detected
sequencing reads. From this analysis it became evident that we had
accidentally discovered numerous viruses from known plant virus fa-
milies, like for instance potyviruses, partitiviruses and picorna-like
viruses (data not shown). However, among the assembled sequences
were also eight additional genome sequences with astrovirus-like
ORF1a/b-ORF2 architecture (Fig. 1). These included a third virus from
a P. taeda run, three different sequences from data sets of the banana
species Musa acuminata, one sequence each from studies of the fir tree
species Abies nordmanniana and Cunninghamia lanceolata, and the
flowering plants Chelidonium majus, and Clematis apiifolia. Two of the
eleven genome sequences were found to be complete, covered the full-
length coding region, and were 7646 and 6498 nucleotides in length,
while the remaining nine sequences were partial. The eleven viral
genome sequences are provided in Supplementary data file 1 and
their detailed genomic characterization is provided in Section 3.2
below. The mean coverage with sequencing reads per nucleotide posi-
tion varied between the 11 assemblies and was in the range of 12 to
443. The high or very high coverage of> 20 reads per position ob-
served for all except two genomes suggested that the viral genomes
were actively replicating. Moreover, we did not find inactivating mu-
tations resulting in premature stop codons or insertion/deletions and
we also did not obtain significant hits in a comprehensive Blast search
against the WGS database for any of the 11 discovered plastrovirus
genomes (see Section 2.3 for details), showing that we had discovered
exogenous viruses.

We were unable to assemble any contigs longer than few hundred
nucleotides from another two dozen or so SRA runs that obtained
promising hits during our profile search, showing that sufficient se-
quence coverage is essential for successful assembly. Moreover, we did
not include an additional 100,000 SRA transcriptome data sets from
flowering plants available from the SRA in our screens. Together, this
indicated that the number and diversity of members of this new viral
group are likely much larger than reported here.

The low degree of amino acid sequence identity among the new
viruses, i.e. only 20.4–34.7% in the most conserved genome regions, let
us to conclude that we had discovered several highly divergent astro-
like viral lineages. For the sake of brevity, we refer to them as plas-
troviruses (plant-associated astro-like viruses, PLAVs). Although we
found 9 of the 11 viruses in samples of tree species, we cannot exclude
that these viruses infect members of the mycorrhiza or other micro-
organisms rather than the plants, as all samples in which we detected
plastroviruses included material from the roots of the plants. A sum-
mary of the discovered plastrovirus genomes and associated samples is
shown in Table 1.

3.2. Genomic and phylogenetic characterization of plastrovirus genomes

All plastrovirus genomes except for the incomplete genome of
CLPLAV-1 showed a full-length ORF1b-like coding region that partially
overlapped with an upstream ORF1a-like region whose reading frame
was shifted one nucleotide downstream relative to that of ORF1b for
eight of the ten genomes (Fig. 1). Sizes of the overlapping regions of the
eight genomes were in the range of 49 to 310 nucleotides and contained
one or several putative RFS signals (slippery sequences). The two
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remaining partial genomes, CMPLAV-1 and PCPLAV-1, respectively,
showed an unusual shift of ORF1a by one nucleotide upstream (instead
of downstream) relative to ORF1b. We identified additional genomic
features that deviate from those seen in astroviruses for both viruses
(see below).

The 5’ portions of ORF1a were missing for eight of the assembled
sequences, while ANPLAV-1 and MAPLAV-3 showed full-length ORF1a
regions. Downstream of ORF1b, all plastrovirus genomes displayed
ORF2-like coding regions that ended with a termination codon, in-
dicating that the ORF2 regions were of full length. Most notably, ORF1b
and ORF2 counterparts were found to be fused into a single large ORF
in the case of PCPLAV-1. For three of the assembled plastrovirus gen-
omes (ANPLAV-1, MAPLAV-3 and PCPLAV-1) we were able to retrieve
polyA-tailed 3′ genome termini that were separated from ORF2 by short
untranslated regions. In summary, this showed that we had discovered
two nearly complete genomes (ANPLAV-1 and MAPLAV-3) with full-
length coding regions and seven partial PLAV genomes with a genomic
architecture which mirrored that of astroviruses, as well as two partial
genomes with a non-canonical yet similar genomic organization

compared to the former.
In the case of CMPLAV-1, we could verify correctness of the as-

sembly in the unusual 260 nt ORF1a/b overlapping region (contig po-
sitions 727–986) which was covered by>10 sequencing reads per
position including properly paired read mates. It is tempting to spec-
ulate that this virus utilizes transcriptional instead of translational
slippage for ORF1b expression, a mechanism that has been reported for
potyviruses (Olspert et al., 2015) and different negative-sense RNA
viruses (Cattaneo et al., 1989; Sanchez et al., 1996; Thomas et al.,
1988). In this respect, we identified a putative slippage sequence (
AAGAAAA) similar to that used by the potyviruses (GAAAAAA). Al-
ternatively, +1 frameshifting during translation could be mediated
through a second putative signal sequence (CCCCAAAA) in the overlap.

For the second virus with non-canonical ORF1a/b overlap, PCPLAV-
1, we could not verify the assembly in this region, as it was covered
only by two sequencing reads. The most striking feature of its genome,
however, was the fusion of ORF1b- and ORF2-like regions. Through
alignment of the predicted polypeptide (pp) sequence encoded by this
fused ORF with predicted pp1b sequences of the other plastroviruses,

Fig. 1. Phylogenetic clustering and genomic organization of plastroviruses. The phylogeny of astro-, plastro- and potyviruses based on conserved RdRp regions was
reconstructed using a Bayesian approach and rooted by inclusion of hypoviruses as outgroup. Numbers at branching points indicate posterior probability support
values (left, decimal number) and bootstrap support values from an independent maximum likelihood (ML) reconstruction (right, integer) if the corresponding sub-
tree was present in the ML phylogeny; minus signs otherwise. Internal branches are collapsed for four viral reference groups and the number of included viruses per
group is shown in brackets. The scale bar is in average amino acids substitutions per site. To the right of the tree the genomic organizations of the 11 plastroviruses
and a potyvirus (Tobacco etch virus, TEV) and astrovirus (Human astrovirus 1, HAstV-1) reference is shown. The light-gray background indicates coding regions, and
three reading frames are discriminated except for the potyvirus genome. Striped background indicates plastrovirus genomes with incomplete 5′ termini. White
rectangles show ORFs, which are defined here as coding regions flanked by stop codons. Predicted or known (in case of TEV and HAstV-1) protease (PRO), replicase
(RdRp), VPg and capsid proteins (CPs) are highlighted using different shadings of gray, and transmembrane domains (TMs) as black bars. Other protein domains of
astro- and potyviruses are not shown for the sake of clarity. Note that borders of plastrovirus protein domains reflect most conserved regions as predicted by the
sequence homology searches and may actually differ for full-length proteins. Roman numerals indicate three plastrovirus CP types with respect to similarities with
single jelly roll CPs of other viruses.
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we could narrow down the putative junction site to a region of about
100 nucleotides (contig position 1957 to 2058) in the PCPLAV-1
genome. We then assessed for this region the quality of the assembly,
which was built from sequencing reads produced with 454 technology
that had an average length of 543 nucleotides. Although the average
coverage was only four to five reads for this region, these reads showed
100% sequence identity, making an assembly artifact as cause for the
fusion unlikely. PCPLAV-1 and other plastroviruses may thus form a
valuable system for gaining new insights into major changes of genome
architecture during virus evolution (see also Section 3.3 below).

Besides genomic organization, we additionally identified many si-
milarities between astro- and plastrovirus proteomes. We could con-
fidently assign RdRp domains to the ORF1b region of all 11 plastrovirus
genomes using HHpred (probability of 100% for each PLAV, Fig. 1). We
then constructed a multiple RdRp sequence alignment which included
representative sequences from astroviruses as well as related poty- and
hypoviruses (Fig. 2A). This alignment was subsequently used to re-
construct a Bayesian phylogeny for the four groups of viruses (Fig. 1,
Supplementary data file 2). The fungi-infecting hypoviruses formed a
well-supported outgroup to the plastro-, astro- and potyviruses in the
RdRp phylogeny. The plastroviruses constituted at least three highly
divergent lineages. Eight of them formed a monophyletic lineage with
high support that we believe to prototype one or two new viral families.
MAPLAV-2 clustered with the astroviruses that together were posi-
tioned at the root of the astro-/plastro-/potyvirus group. The astro-like
viruses recently reported by Shi and colleagues (Shi et al., 2016, 2018)
branched off next. Most notably, the potyviruses formed a well-sup-
ported monophyletic lineage together with PTPLAV-1 and MAPLAV-3
(Fig. 1) that grouped next to the large plastrovirus cluster composed of
the remaining eight novel viruses. Most of the major branching points
in the phylogeny were supported by an additional tree reconstructed
using the maximum likelihood method, although mostly with only
moderate to low support (Fig. 1). These relative uncertainties can be
attributed to the high divergence of the plastroviruses with only one
genome available per viral lineage. Notably, basal astroviruses (bas-
troviruses) that have recently been discovered from faecal samples of
humans, pigs, bats and rats are most closely related to hepeviruses and
the bastrovirus RdRp in particular shows only remote sequence simi-
larity to the RdRps of plastro-, astro-, poty- and hypoviruses (Fig. S1)
(Oude Munnink et al., 2016). The bastrovirus CP, on the other hand, is
closely related to the CP of astroviruses but shows no significant se-
quence similarity to plastrovirus CPs (see below). In sum, the phylo-
genetic relationship between bastro- and plastroviruses is only remote,
and hence does not provide evidence supporting the hypothesis that
bastroviruses represent contaminants in stool originating from food
plants (Oude Munnink et al., 2016).

An affinity of astro- and potyvirus polymerases has been noted be-
fore (Jiang et al., 1993), but the previous virus sampling limited to
these two viral lineages with no close relatives available by that time
did not allow for drawing major conclusions about a possible common
evolutionary history of these two major ssRNA+virus families. Our
findings brought a first indication that this ancestral virus might have
been more similar to extant astroviruses and that the monocistronic
potyvirus genome encoding a single large polyprotein may have
evolved from a genome with multiple, potentially overlapping ORFs.

In line with this reasoning, we argued that the products encoded by
ORF2 sequences (p2) of the 11 plastroviruses constitute capsid proteins
(CPs), as do their counterparts in astroviruses. Although we were un-
able to identify significant sequence similarities to astro- or potyvirus
CPs in a protein BLAST search, the p2 sequences of plastroviruses re-
sembled those of astroviruses in terms of size, while the potyvirus
capsid sequences were approximately half as long (Fig. 1). In a sub-
sequent HHpred analysis of plastrovirus p2, we obtained hits against
CPs from different reference viruses with moderate to high support for
seven of the eleven p2 sequences (probabilities 66.8–100%). For four
plastroviruses (CMPLAV-1, MAPLAV-3, PCPLAV-1, PTPLAV-3) the mostTa
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similar reference capsids were from tombusviruses, while ANPLAV-1,
MAPLAV-2 and PTPLAV-2 putative CPs, respectively, had an un-
classified RNA virus (Orsay virus, PDB accession 4NWV_B), a sobemo-
virus and a nodavirus as top hit. We could verify theses assignments and
additionally predict the expression of CPs by ORF2 for the remaining
four plastroviruses (CAPLAV-1, CLPLAV-1, MAPLAV-1, PTPLAV-1)
through an all-against-all BLAST search of p2 protein sequences in
which each of the 11 plastroviruses obtained hits against at least two
other viruses (Fig. 3). Eight of them showed one or several strong hits
with an E-value of 1× 10−9 or better, while the putative CPs of

CLPLAV-1, MAPLAV-2 and PCPLAV-1, on the other hand, received only
moderate to low support in the Blast analysis, with E-values in the
range of 0.01 to 0.003.

With the aim to identify additional structural proteins from known
viruses with remote similarities to the putative plastrovirus CPs, we
used PSI-BLAST with each plastrovirus p2 sequence as query to itera-
tively retrieve such entries from RefSeq. This analysis yielded 1241
protein sequences that showed various degrees of pairwise sequence
similarities between each other and to the plastrovirus p2 sequences
(Fig. 4, Supplementary data file 2). Two large clusters - tombus-like

Fig. 2. Sequence alignments of RdRp and PROSer core regions. Residues are colored according to amino acid properties and site conservation. Missing sequence is
shown as X. (A) The RdRp region shown in the alignment corresponds to positions 1094–1318 in pp1ab of HAstV-1 and positions 2441–2656 in the polyprotein of
TEV. Genbank accessions of four reference viruses are NC_001555 (poty/TEV), MG599877 (astro-like/CSALV), NC_030922 (astro/HAstV-1) and NC_041091 (hypo/
CHV-1). An insertion of 125 amino acids in CHV-1 after alignment position 171 was omitted. (B) The protease region shown in the alignment corresponds to positions
452–558 in pp1a of HAstV-1 and positions 2074–2195 in the polyprotein of TEV. The astro- and potyvirus references are the same as in A. Arrow heads indicate the
three catalytic sites of the protease.
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and picorna-like CPs that are known to adopt the single jelly roll (SJR)
fold (Krupovic and Koonin, 2017) - as well as several isolated points or
small groups without any connections to other CPs were evident from
this similarity network. Importantly, six of the plastrovirus p2 se-
quences showed well-supported links with various tombus-like CPs that
also included those from noda-, and recently reported cruciviruses
(Diemer and Stedman, 2012; Quaiser et al., 2016). Also astro- and re-
lated hepevirus as well as luteovirus CPs are distantly related to this
cluster (Fig. 4). These relations indicated that the p2 sequences of six
plastroviruses (ANPLAV-1, CMPLAV-1, MAPLAV-2, MAPLAV-3,
PCPLAV-1 and PTPLAV-3) contain CP domains that adopt the SJR fold,
which we could verify through a homology modelling approach that
utilizes information from viral CPs with resolved ultrastructures.

In contrast, the BLAST-based network analysis could not detect any
sequence similarities to known SJR CPs for the remaining five plas-
trovirus p2 sequences, and we were also unable to determine a SJR fold
for them using homology modelling. Four of them (CAPLAV-1,
MAPLAV-1, PTPLAV-1 and PTPLAV-2) showed significant sequence
similarities between each other while the fifth (CLPLAV-1) constituted a
single point with no connections to other CPs in the similarity network
(Fig. 4).

These results indicated that plastroviruses employ at least three
highly divergent types of capsids from which at least one type adopts
the SJR fold (Fig. 3). Notably, the distribution of these capsid types
among the plastroviruses did not reflect the phylogenetic relationships
of their RdRp sequences (Fig. 1), suggesting different trajectories of
replication and structural modules and a relatively frequent replace-
ment of capsids during the course of plastrovirus evolution, similar to
what has been observed in many other viruses (Koonin et al., 2015;
Krupovic and Koonin, 2017; Roux et al., 2013; Stedman, 2015; Welch
et al., 2018).

The genome sequence of MAPLAV-3 showed an additional putative
ORF3 immediately downstream of ORF2 for which we were unable to

Fig. 3. Sequence similarities between plastrovirus CPs. The 11 plastrovirus CPs
are shown as rectangles that are arranged in a circle; amino (N) and carboxy (C)
sequence termini are indicated. Three CP types are discriminated using dif-
ferent shadings of gray. CP regions predicted by homology modelling to adopt
the single jelly roll (SJR) fold are in black. Curved ribbons connect regions of
the CPs that obtained significant hits in an all-against-all BLAST search of the
plastrovirus p2 sequences with an E-value of 0.1 or below. Note that for the six
CPs of type I most hits involved the predicted SJR domains, while the other
plastrovirus CPs showed the strongest sequence conservation at their C-termini.
The figure was generated using Circos (Krzywinski et al., 2009).

Fig. 4. Sequence similarity network of viral CPs. The viral CPs are shown as black dots and include those from the 11 PLAVs (names in open rectangles), 1241
sequences from RefSeq that showed significant sequence similarity with at least one PLAV CP in a PSI-BLAST search, and 96 potyvirus CPs. Gray edges indicate
significant pairwise sequence similarities with a p-value of 0.001 or below. Major viral groups are indicated by labels.
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detect any similarities in the databases with probability> 50% using
HHpred (Fig. 1). To test whether ORF3 encodes a viral movement
protein of the 30 K superfamily seen in many different plant virus fa-
milies (Melcher, 2000) we performed a secondary structure prediction
for the p3 sequence of MAPLAV-3. In contrast to members of the 30 K
superfamily that are characterized by a core structure composed of a
series of beta sheets with a nearly invariant aspartic acid at its center
(Melcher, 2000; Mushegian and Elena, 2015), p3 was found to be
predominantly composed of alpha helices. This showed that p3 is not a
30 K-like movement protein but likely has a different function that is
yet to be determined. We note, however, that this does not exclude that
plastroviruses express other movement proteins which do not belong to
the 30 K superfamily. In the case of potyviruses, for instance, several
proteins have been associated with viral movement, including the viral
capsid (Deng et al., 2015; Dolja et al., 1994; Vijayapalani et al., 2012).

Although the ORF1a regions were incomplete for nine and missing
for one of the assemblies, we could confidently assign the expression of
a proteinase domain in this genomic region. Six of the plastroviruses
(MAPLAV-1, MAPLAV-3, PCPLAV-1, PTPLAV-1, PTPLAV-2, PTPLAV-3)
received strong hits against the Serine-like Cysteine (NIa) protease
(PROSer) of Tobacco vein mottling virus from the Potyviridae family in
an HHpred search (probabilities 84.2–99.9%). Through expert-guided
sequence alignment of the most conserved region spanning the catalytic
triad (His-Asp-Cys/Ser) that involved astro- and potyvirus references
we also detected highly divergent PROSer-like core regions for ANPLAV-
1, CMPLAV-1 and CAPLAV-1 (Fig. 2B). Only for CLPLAV-1 (missing
ORF1a) and MAPLAV-2 (short 112 nt partial ORF1a presumably not
covering the catalytic triad) we were unable to detect a protease do-
main. The plastrovirus PROSer sequences were approximately equidi-
stant to the astro- and potyvirus counterparts and eight out of nine had
a Ser residue at the third catalytic position, as observed for astroviruses
(Jiang et al., 1993). In sharp contrast, the MAPLAV-3 sequence showed
a substitution of the catalytic Ser to a Cys residue, thus resembling
potyviruses (Hwang et al., 2000) and indicating a shift from a canonical
Serine to a Serine-like Cysteine protease in the MAPLAV-3 lineage.
Because a change of Ser to Cys could be obtained by a single point
mutation at the first codon position, we sought to rule out an assembly
artifact as the cause for the observed substitution. Indeed, the Cys
codon in MAPLAV-3 (TGT, contig position 2244–2246) was supported
by>181 sequencing reads, showing that this substitution was genuine.

Besides the catalytic Ser residue of PROSer, the ORF1a sequences of
the two plastroviruses with complete coding regions (ANPLAV-1 and
MAPLAV-3) resembled the astroviruses by encoding, respectively, five
and four transmembrane domains upstream of the protease domain

(TMHMM probabilities 60–100%). In addition, the other two plastro-
viruses for which a major portion of ORF1a was covered by the as-
sembly (PTPLAV-2 and PTPLAV-3) each also showed a transmembrane
domain upstream of PROSer (probability 100%). In contrast, the loca-
tion of the PROSer domain in ORF1a differed from that in astroviruses
by being encoded in the 3′-terminal portion of ORF1a for eight of the
nine plastroviruses for which we detected its catalytic core region
(Fig. 1). Only ANPLAV-1 may express an additional protein domain of
about 240–340 amino acids downstream of PROSer, but we were unable
to define a respective domain border with confidence. The most unu-
sual putative protease domain was again that of CMPLAV-1. It ended
just 8 residues after the predicted catalytic Ser, while the C-terminus of
PROSer was considerably longer in the other plastroviruses and the
astro- and potyviruses. Notably, we identified weak sequence similarity
between the N-terminus of pp1b of CMPLAV-1 and the PROSer C-ter-
minus of other plastroviruses, indicating that production of a full-length
protease might require ORF1a/b frameshifting. The encoding of ORF1b
in the +1 instead of -1 reading frame relative to ORF1a (see above)
already indicated that the pp1ab expression mechanism may be very
unusual for CMPLAV-1.

For five plastroviruses (ANPLAV-1, CMPLAV-1, PCPLAV-1, PTPLAV-
1 and PTPLAV-3) we obtained hits against astro- or potyvirus VPg se-
quences in a Blast search involving the plastrovirus pp1a region up-
stream of PROSer. We note, however, that these predictions should be
treated with caution, due to weak E-values in the range of 0.085 to 0.8,
a biased amino acid composition of astro- and potyvirus VPg sequences
that increases the risk for false-positive hits, and because we could not
verify the inferences in a profile search using an astrovirus and a po-
tyvirus VPg alignment as query. Notwithstanding that, the predicted
positions of putative plastrovirus VPgs upstream of PROSer would cor-
respond to that of VPg in the potyvirus polyprotein (Shahabuddin et al.,
1988).

From the analysis of plastrovirus genomes and proteomes described
above, it became apparent that the highly divergent plastrovirus
lineages may have reached different intermediate positions on an
evolutionary trajectory from astro-like to poty-like viruses. If true, this
argues for an emergence of potyviruses from an ancestral virus with (pl)
astro-like genomic features.

3.3. A model about the emergence of potyviruses from viruses with (pl)
astro-like genomes

Based on our results we propose a model in which potyviruses
emerged from an ancestral virus with astro-like genomic features

Fig. 5. Theoretical model of potyvirus emergence from astro-like viruses. The hypothesized evolutionary transition from a virus with astro-like features (left) to a
poty-like virus (right) involves multiple steps (middle) that do not necessarily need to occur in the presented order. Some of the discovered plastrovirus genomes
resemble genomes at intermediate steps of the model.
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(Fig. 5). Although verification or disqualification of this model will
require further experiments including the discovery of additional
viruses intermediate to the astro-, plastro- and potyviruses as well as
functional assays of proteins expressed by different of these inter-
mediates, the proposed model stimulates future research in these di-
rections. Our model is based on the following key observations and
conclusions:

First, the high similarity of RdRp sequences of astro-, plastro- and
potyviruses shows that these viral groups are relatively closely related
to each other compared to other RNA viruses. We explicitly do not
consider a scenario in which the ancestral potyvirus acquired its poly-
merase from an astro-like virus (or vice versa) as we are not aware of
any example of horizontal gene transfer involving a RdRp between
members from different virus families.

Second, potyviruses are positioned within a major cluster of plas-
troviruses in the RdRp phylogeny (Fig. 1).

Third, we discovered the plastrovirus genomes in plant tran-
scriptome projects, indicating that they likely infect plants or micro-
organisms tightly associated with plants, which would form the basis
for an evolutionary transition to poty-like viruses.

Fourth, an array of three major proteins (PROSer-RdRp-CP) appears
in the same order in the genomes of all three groups of viruses.
Importantly, PROSer and RdRp are separated by additional domains in
astroviruses but not in plastroviruses for which PROSer is encoded in the
very 3′ terminus of ORF1a, thus positioning PROSer and RdRp adjacent
to each other in the expressed 1ab polyprotein and resembling the si-
tuation in the potyvirus polyprotein (Fig. 1).

Fifth, two plastroviruses can be considered as intermediates on a
possible transition from astro-like to poty-like genomes. The fusion of
ORF1b with the subsequent ORF2 in PCPLAV-1 could resemble an early
step towards expression of a single large polyprotein, while the major
change from Ser to Cys at the third catalytic site of PROSer in MAPLAV-
3, which is phylogenetically close to the potyviruses, is also seen in the
potyvirus PROSer (Fig. 2B).

Sixth, the deviation of PCPLAV-1 from other plastroviruses by fu-
sion of ORF1b and ORF2 resembles the differences in genomic orga-
nization between genera of the ssRNA+virus family Caliciviridae.
While members of two calicivirus genera (Vesivirus and Norovirus) en-
code their non-structural proteins and the major CP in two different,
adjacent ORFs (ORF1 and ORF2, respectively), viruses from the three
other genera (Lagovirus, Sapovirus and Nebovirus) use a single ORF for
the expression of these proteins (resembling a putative fusion of ORF1
and ORF2) (Clarke and Lambden, 2000; Liu et al., 1995). Notably, ca-
liciviruses share with (pl)astroviruses the expression of the structural
genes via subgenomic RNAs and their genomes encode the character-
istic array of VPg-PRO-RdRp-CP domains in the same order seen in
poty- and plastroviruses. Moreover, caliciviruses are relatively closely
related to picornaviruses and other families of the order Picornavirales
some of which encode their proteins using a single large ORF, resem-
bling potyviruses in this respect (Le Gall et al., 2008; Zell et al., 2017).
The evolution of these viral groups from a common ancestral genome
may thus have followed a trajectory that is very similar to that proposed
here for (pl)astro- and potyviruses.

And seventh, the relative orientation of ORF1a and ORF1b reading
frames is altered in two of the plastroviruses, indicating a change from
-1 to +1 translational frameshifting or, in the case of CMPLAV-1,
possibly even to transcriptional frameshifting. In the case of transcrip-
tional slippage, which is assumed to add nucleotides to the transcript
(Olspert et al., 2015), it is tempting to speculate that such an elongated
transcript was accidentally encapsidated and has replaced the original
genome, essentially giving rise to a viral variant whose genome encodes
former ORF1a and ORF1b in the same reading frame.

According to our model (Fig. 5), a transition from an astro-like to a
poty-like genome requires at least five steps that do not necessarily
need to occur in the order presented below. Perhaps early on, a fusion
of ORF1b and ORF2 happened and was accompanied by a loss of

subgenomic RNA production, a hallmark of astrovirus ORF2 expression
(Monroe et al., 1993). This putative intermediate virus is resembled by
PCPLAV-1. Next, a similar fusion process at or close to the ORF1a/b
overlap resulted in the expression of PROSer and RdRp domains from
the new elongated ORF. The resulting intermediate virus, for which no
extant virus is present in our data set, lost the ability to regulate the
relative amounts of mature proteins encoded in ORF1a and ORF1b
through ribosomal frameshifting. This may have triggered a switch
from a catalytic Ser to a Cys in the protease active site in a third step,
with MAPLAV-3 resembling this putative intermediate virus. The
changed catalytic residue likely affected cleavage specificity and might
have enabled fine-tuning the relative amounts of mature proteins re-
leased from the polyprotein through regulated proteolytic processing
(instead of frameshifting) whose rate is expected to vary depending on
the sequence context at a cleavage site. It followed a replacement of the
viral coat protein resulting in a switch from icosahedral to filamentous
capsids with helical symmetry. Lastly, additional protein domains, in-
cluding VPg, were inserted or emerged de novo upstream of the PROSer

domain to give rise to the extant potyviruses we see today.
We emphasize that the putative emergence of potyviruses from

astro-like viruses would not be inconsistent with a proposed transition
of an ancestral astrovirus to the progenitor of nidoviruses, the latter
resembling astroviruses in terms of a multi-ORF organization of their
genomes as well as RFS- and subgenomic RNA-mediated gene expres-
sion (Gorbalenya et al., 2006). In this respect, poty- and nidoviruses
may represent the outcomes of two different and independent evolu-
tionary trajectories, highlighting once more the extraordinarily high
capacity of RNA viruses to produce genetic diversity.

4. Conclusions

Here we have shown that the SRA database is a rich source of un-
known viral sequences that can be screened in high-throughput and
with high sensitivity. Consistent with our earlier study (Lauber et al.,
2017) we have demonstrated that our approach to virus discovery is
inexpensive as it does not rely on the acquisition of samples and sub-
sequent sequencing, and it is more comprehensive than any other
current approach due to the millions of data sets from a large variety of
potential host species available from the SRA. By targeting a single
virus family, the Astroviridae, we discovered nearly a dozen highly di-
vergent viral genomes as well as short sequence fragments from an even
larger number of viruses in a minor fraction of available transcriptomes
of diverse plants, indicating that many more related viruses are yet to
be discovered. Two of the viral genomes that we assembled from SRA
data sets had full-length coding regions while the remaining sequences
were partial as we were unable to extend the respective assemblies due
to insufficient sequence coverage. By using a combinatorial approach
these discovered sequences provided novel insights into the evolution
of two major and very different virus families, the astroviruses and
potyviruses, and allowed us to reveal so far unappreciated evolutionary
connections between them. This gain of knowledge would not have
been possible without considering the partial genomes. Future exten-
sion of the search to additional plant taxa, including economically
important species, will show whether the discovered viruses, which we
tentatively named plastroviruses, are a burden for society.
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