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M I C R O B I O L O G Y

Expansion of known ssRNA phage genomes:  
From tens to over a thousand
J. Callanan1,2*, S. R. Stockdale1*, A. Shkoporov1, L. A. Draper1, R. P. Ross1,2,3, C. Hill1,2†

The first sequenced genome was that of the 3569-nucleotide single-stranded RNA (ssRNA) bacteriophage MS2. 
Despite the recent accumulation of vast amounts of DNA and RNA sequence data, only 12 representative ssRNA 
phage genome sequences are available from the NCBI Genome database (June 2019). The difficulty in detecting 
RNA phages in metagenomic datasets raises questions as to their abundance, taxonomic structure, and ecological 
importance. In this study, we iteratively applied profile hidden Markov models to detect conserved ssRNA phage 
proteins in 82 publicly available metatranscriptomic datasets generated from activated sludge and aquatic envi-
ronments. We identified 15,611 nonredundant ssRNA phage sequences, including 1015 near-complete genomes. 
This expansion in the number of known sequences enabled us to complete a phylogenetic assessment of both 
sequences identified in this study and known ssRNA phage genomes. Our expansion of these viruses from 
two environments suggests that they have been overlooked within microbiome studies.

INTRODUCTION
Viruses, particularly bacteriophages targeting prokaryotes, are the 
most diverse biological entities in the biosphere (1, 2). Currently, there 
are 11,489 genome sequences available in the NCBI (National Center 
for Biotechnology Information) Viral RefSeq database (version 94). 
The vast majority of known phage have a double-stranded DNA 
(dsDNA) genome (3, 4). Recent metagenomic analysis of 145 marine 
virome sampling sites identified 195,728 DNA viral populations, 
highlighting that only a fraction of Earth’s viral diversity has been 
characterized (5). An additional expansion of known phage popula-
tions by Roux et al. (6) revealed that not only dsDNA phages but 
also single-stranded DNA Inoviridae are far more diverse than pre-
viously considered. The rapid expansion in viral discovery through 
metagenomics is enabling a greater understanding of their roles 
within environments and their evolutionary relationships, which is 
subsequently causing a revolution in phage taxonomy (7).

Despite the identification of single-stranded RNA (ssRNA) phages 
over 50 years ago (8), there are few representative sequences avail-
able. The International Committee on Taxonomy of Viruses (ICTV) 
has currently categorized approximately 5500 viruses (9). Yet, their 
classification only applies to 25 ssRNA phage sequences (complete 
or partial) across two genera, Levivirus and Allolevivirus, and an ad-
ditional 32 sequences unclassified below a family taxonomic rank 
(10). Historically, methods for classifying Leviviridae depended on 
molecular weight, density, sedimentation, and serological cross-
reactivity (11). A subsequent classification method separated the 
two genera, with the Alloleviviruses containing a fourth unique gene 
predicted to encode a lysin (12). Recently, an analysis of the evolu-
tion origin of all currently known RNA viruses by Wolf et al. (13) 
suggested that ssRNA phages may actually be two distinct lineages, 
which they termed Leviviridae and “Levi-like” viruses.

The ssRNA phage MS2 is a non-enveloped virus with a positive-
sense monopartite genome of 3569 nt and was the first biological 

entity to have its entire genome sequenced (14). MS2 and its relatives 
were assigned to the family Leviviridae and were generally isolated 
against Proteobacteria. With additional studies, we can anticipate 
that ssRNA phages will be found, which target additional bacterial 
phyla. Genomes of ssRNA phages encode a maturation protein (MP) 
responsible for host recognition, a coat protein (CP) for genome 
encapsulation, and an RNA-dependent RNA polymerase (RdRp) 
required for viral replication. During the phage replication process, 
there is a negative-sense template produced for genome replication, 
although it does not persist and no negative-sense ssRNA phages 
have been isolated or characterized to date (15).

An analysis of the evolution of all RNA viruses recently proposed 
their primordial origin from reverse transcriptases. ICTV has recently 
established a new viral realm, Ribovira, to incorporate all known RNA 
viruses, as they all encode an RdRp for replication (16). The origin of 
ssRNA phages followed the acquisition of a CP, potentially allowing 
them to survive ex vivo and prey on the first cellular microbes (13). 
Despite their small genome size (encoding only three or four genes), 
ssRNA phages have served as models for understanding some of 
nature’s most widespread fundamental processes, including genome 
secondary structure to mechanisms of controlling gene expression 
and genome replication (17, 18).

Identification of phages was traditionally dependent on culture-
based methods (19). In recent years, there has been a shift to culture-
independent metagenomic approaches that aim to capture all 
microbial genomes within a given environment (20). An analysis 
by Krishnamurthy et al. (21) identified 158 ssRNA phage sequences 
(complete and partial), remarkably expanding the previously recog-
nized diversity of this group. A more recent study by Starr et al. (22) 
demonstrated that metatranscriptomics will advance ssRNA phage 
discovery, with 1338 ssRNA phage RdRp sequences detected in soil. 
Metatranscriptomics is indeed well suited to capturing ssRNA phage 
sequences in complex biological samples, given that their genomes 
resemble the mRNA transcripts that are targeted by this method.

The actual abundance and diversity of ssRNA phages have re-
mained unknown despite recent advancements to better study the 
phage populations of different environments. Databases are domi-
nated by DNA phage genomes, and novel ssRNA phages may not be 
recognized. Isolation and purification techniques for phages, such as 
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caesium chloride (CsCl) gradient purification and polyethylene glycol, 
are biased toward isolating specific phage types (23). Even accepting 
that specific metatranscriptomic approaches will introduce their own 
biases in the process of removing ribosomal RNA (24), it is likely to 
be more representative of the RNA composition of a specific micro-
biome, including the RNA viral contingents.

RNA phages have served as key models in understanding some 
of biology’s most intricate pathways such as gene regulation. These 
phages also offer a potential option in terms of phage therapy, as 
they have been isolated against many pathogenic bacteria including 
Acinetobacter and Pseudomonas. Fundamentally, the expansion in 
ssRNA phage genomes reported here demonstrates that their con-
tributions to the diversity of ecological niches and their impacts on 
their associated hosts may have been underestimated. Given that 
we are just starting to explore Earth’s “viral dark matter” through 
metagenomics, it seems fitting that a portion of this unexplored viral 
diversity is represented by phages that are not encoded by DNA.

In this study, we report the identification of 15,611 near-complete 
and partial ssRNA phage sequences. Of these, 1015 were defined as 
near complete in that they encode all three MP, CP, and RdRp genes 
that form the recognized ssRNA phage core genome. The identifi-
cation of ssRNA phage sequences was performed by iteratively de-
veloping and applying hidden Markov models (HMMs) based on 
conserved ssRNA phage proteins. We applied these HMMs to ever-
increasing samples from 70 activated sludge and 12 aquatic envi-
ronments. This expansion in the number of ssRNA phage genomes 
enabled us to examine the phylogenetic relationships between se-
quences identified in this study and known sequences and perform 
a preliminary investigation of phage-host interactions.

RESULTS AND DISCUSSION
Expansion of known ssRNA phage sequences
We collected 193 identifiable unique partial ssRNA phage genome 
sequences from publicly available databases and relevant studies (fig. 
S1). An additional 67 Levi-like sequences, described by Shi et al. (25), 
were used to validate the identification of ssRNA phages from an RNA 
viral database (see Materials and Methods). We predicted the encoded 
proteins of the 193 ssRNA phage genomes and used a graph-based 
clustering method to build a database of HMM sequence profiles 
representative of their protein sequences (see fig. S2 and Supplemen-
tary Text). Four subsequent HMM iterations were built, each using the 
previous HMM output, and were applied to a final total of 82 pub-
licly available environmental metatranscriptome samples generated 
from globally sourced activated sludge and aquatic samples. A final 
manually curated HMM, designated 5-MC, was developed by re-
moving all partial protein sequences.

In total, we identified 15,611 ssRNA phage genomes or partial se-
quences (Fig. 1B). This represents an approximately 60-fold increase 
in the number of partial genome sequences. Of the 15,611 identified 
sequences, there were 5387 ssRNA phage sequences, which had a 
minimum length of 750 base pairs (bp) and included at least one core 
gene (MP, CP, or RdRp), 2987 included two core genes, and 1848 had 
sequences from all three core genes. Of these, 1015 are predicted to 
encode full-length core genes (see Supplementary Text). Only 29 of 
the currently publicly identifiable 193 ssRNA phage sequences meet 
this same criterion (fig. S1D).

Significantly more ssRNA phage sequences were detected in acti-
vated sludge than in aquatic samples (Kruskal-Wallis, P = 1.847 × 10−6; 

Fig. 1C). It is possible that activated sludge provides an environ-
ment in which proteobacteria, the only known hosts for ssRNA 
phages, can grow and support phage enrichment. The higher levels 
of detection could also be due to a variety of technical factors such 
as increased sequencing depth, microbiome complexity, and meta-
transcriptome sampling protocols. Our ability to detect longer ssRNA 
phage sequences correlates with metatranscriptome sequencing 
depth (Fig. 1E).

Examination of genome-associated proteins 
and architecture
The 15,611 ssRNA phage sequences encoded 24,419 proteins that 
could be grouped into three MP, eight CP, and two RdRp clusters 
(Fig. 2A and fig. S2). It is evident that the RdRp is the most conserved 
protein, forming only two clusters, whereas the CP is the most diverse 
of the ssRNA phage–associated core protein, splitting into eight clus-
ters. We next examined all 2987 ssRNA sequences encoding at least 
two core proteins, which revealed two highly distinct groups (Fig. 2B). 
Only 5 of the almost 3000 assembled sequences bridge the two groups, 
and these were investigated further (see Supplementary Text). Briefly, 
the five outliers only encode partial rather than complete proteins, and 
their relatedness to a specific protein cluster may be driven by local 
rather than global sequence similarity.

We analyzed all 1015 near-complete ssRNA phage genomes and 
observed strictly conserved protein associations (Fig. 2C). In contrast 
to other viruses, there are no obvious instances of homologous re-
combination and mosaicism among the identified ssRNA phages. Both 
mosaicism and horizontal gene transfer are well noted for dsDNA 
phages, with single genes and whole modules exchanged (26, 27). 
Recombination frequencies of RNA viruses are reported to vary mark-
edly during coinfection, influenced by various factors such as sequence 
identity, kinetics of transcription, and RNA genome secondary struc-
ture (28). We only recorded eight protein connection profiles between 
the three MP, eight CP, and two RdRp protein clusters of ssRNA 
phages. If their genomes underwent extensive recombination events, 
then it would be expected that the number of core-protein connection 
profiles would be closer to the theoretical maximum of 48 (3 MP × 
8 CP × 2 RdRp). However, as our ssRNA phage discovery pipeline 
is restricted to finding viruses encoding core proteins similar to those 
previously identified, future studies with less stringent search criteria 
may uncover additional unexplored biodiversity.

With such a tremendous expansion in the quantity of identifi-
able complete ssRNA phages, we undertook an examination of their 
genome structure. First, we investigated the specific order of MP, CP, 
and RdRp core proteins. Notably, on no occasion did we identify 
the recognizable CP situated either before the MP- or after the RdRp-
encoding genes. In all 1015 instances, a CP was situated between the 
MP and RdRp genes. We noted that hypothetical proteins could 
exist before the MP, after the CP, or following the RdRp (Fig. 2D). 
In 20 instances, there were two hypothetical proteins situated be-
fore the MP. We termed the locations the alpha position (closest to 
the 5′ terminus), the beta position (between the CP and RdRp), and 
the gamma position (closest to the 3′ terminus). We labeled any 
hypothetical immediately preceding the MP gene as the alpha 1 po-
sition, and if a second hypothetical was identified, then it was deemed 
to occupy the alpha 2 position.

Further investigation revealed that hypothetical genes predicted 
to follow the RdRp often had weak similarity to the native RdRp 
termini. Therefore, these proteins annotated as hypothetical could 
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be an artifact of stop codons inadvertently introduced during meta-
transcriptome assembly, or alternatively, RNA phages are known to 
bypass stop codons as part of their replication (29). The hypotheti-
cal genes located upstream of the MP and between the CP and RdRp 
were also analyzed. These genes encode proteins with high sequence 

diversity, and hence, they did not generate clusters. However, several 
isolated ssRNA phages are known to contain a gene encoding a lysin 
in these positions (12, 30). These hypothetical genes may encode this 
and/or other putative functions, which may be revealed in future 
studies through biochemical analysis.
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Fig. 1. Identification of ssRNA phages in metatranscriptome samples. (A) The total number of redundant contigs detected per HMM search. (B) The manually curated HMM 
5-MC detected 15,611 nonredundant ssRNA phage sequences. Boxplot displays the median value within the 25th and 75th quartiles, with whiskers representing the inter-
quartile range of ±1.5. (C) The number of contigs (near complete or partial) detected per assembly in activated sludge and aquatic samples. Boxplot horizontal lines indicate the mean, 
while the gray boxes represent 95% highest-density intervals. (D) Two-dimensional ordination of ssRNA compositional abundance across different geographical locations using the 
Bray-Curtis Dissimilarity index. The colors and shapes of individual samples differentiate study location and environment, respectively. PC, principle component. (E) Linear model 
of metatranscriptome sequencing coverage and contig length. Contigs included are of minimum length of 750 bp, and the number of core proteins encoded is indicated.
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Phylogenetic assessment of near-complete ssRNA  
phage genomes
Comparisons of RNA viruses infecting all kingdoms of life have pre-
viously been undertaken using the RdRp protein (13). For greater 

resolution, we estimated the evolutionary relatedness of ssRNA phages 
using all three core proteins. We included the 29 publicly identifiable 
complete ssRNA phage sequences with the 1015 identified in this study. 
Through phylogenetic analysis, we observed the higher-level taxon-
omy of ssRNA phages that follow the clustering of the RdRp and CP 
(Fig. 3A). Lower-level taxonomy of ssRNA phages was performed 
using pairwise identity comparisons (fig. S5). A potential restructur-
ing of ssRNA taxonomy is outlined in (fig. S6).

The phylogenetic divergence of ssRNA phages by their core pro-
teins supports the hypothesis of Wolf et al. (13) that the current 
Leviviridae family is two distinct lineages. However, our analysis 
further classifies ssRNA phages into eight subfamilies (currently de-
noted A to H) based on CP clustering. While this suggested that clas-
sification system can be applied to previously identified ssRNA phages, 
it does not support the current Levivirus and Allolevivirus taxonomic 
division (Fig. 3 and fig. S6).

Correlation analysis between the newly proposed taxa and the 
source locations identified a possible link. The ssRNA subfamilies 
were statistically different by geographical location (Kruskal-Wallis 
test; P < 0.001). This may signify that specific ecological niches are 
occupied by specific phage taxa. For example, CP A was strongly 
associated with ssRNA phages identified from the Illinois study site 
(254 of 1015; 25.0%), whereas it was infrequently observed among 
Singapore-associated phages (0.5%). A specific global distribution 
of dsDNA phages was recently detailed for crAssphage (31). How-
ever, because of the inherent differences introduced through dif-
ferent study protocols and sequencing methodologies, a single study 
investigating multiple geographical locations is necessary to confirm 
the potential global localization of specific ssRNA phage taxa.

Examination of phage-host interactions
In an attempt to further elucidate ssRNA phage interactions with 
their host bacteria, we examined bacterially encoded CRISPR systems 
and also examined the phage receptor binding protein, MP. CRISPR 
systems have recently been identified to target RNA phages (32); how-
ever, actively transcribed CRISPR spacers were only found against a 
handful of viral RefSeq database sequences in this study (see fig. S7B 
and Supplementary Text). No CRISPR spacers were identified to tar-
get ssRNA phage sequences. A similar observation was noted by Silas 
and colleagues (33). Therefore, advances in alternative techniques 
may be required to identify ssRNA phage–host partners, as has been 
demonstrated for dsDNA phages using Hi-C sequencing and single-
cell viral tagging (34, 35).

Our expanded number of host-recognizing MP protein sequences 
allowed for a comparative structural analysis. Focusing on the MP 
cluster A, we revealed three variable regions associated with the MP 
-binding region (fig. S8). Conserved and variable regions of MP pro-
teins were previously highlighted during an analysis of ssRNA phage 
AP205 (36). Structural analysis of cluster A host-recognizing MP pro-
teins also revealed the association of different sections with various vi-
ral components, with the conserved -helical domain interacting with 
the CP subunits and the viral genome. The identification of variable 
ssRNA phage genomic regions through multiple sequence compari-
sons will further reveal areas under evolutionary selective pressure.

CONCLUSION
In summary, we iteratively optimized an HMM-based ssRNA phage 
discovery pipeline. Through intensive data mining of multiple 
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metatranscriptomic datasets from just two environmental ecosystems, 
we identified 15,611 near-complete and partial genomes. These sam-
ples originated from America, Austria, Japan, and Singapore, high-
lighting the global distribution of these viruses. This represents an 
approximate 60-fold expansion of previously known genome se-
quences. Phylogenetic comparison of 1044 near-complete genomes 
allowed us to construct a robust, yet elastic, taxonomic scheme that 
provides a hierarchal foundation, which will accommodate the ex-
pected increase in ssRNA phage discoveries. Given the amount of the 
ssRNA phages identified in this study from two environments, we 
suspect that their low abundance in metagenomic studies of other 
ecosystems may be attributed to a variety of factors, including isola-
tion protocols and computational shortcomings.

MATERIALS AND METHODS
Assembly of metatranscriptome samples
The assembly of metatranscriptome samples is portrayed in fig. S2A. 
Fastq raw reads were downloaded from the NCBI Sequence Read 
Archive (SRA) database using accession numbers provided in the 
Supplementary Materials, with files separated into forward and re-

verse reads using the “--split-files” option. Illumina adapter sequences 
were removed using Cutadapt [version 1.9.1; (37)]. The overall read 
quality was improved using Trimmomatic [version 0.32; (38)], prun-
ing sequences where the read quality dropped below a Phred score 
of 30 for a 4-bp sliding window. Reads less than 70 bp were discarded, 
with surviving reads assembled using rnaSPAdes [version 3.12.0; (39)]. 
Only metatranscriptome sample SRR5466337, which generated an 
error during rnaSPAdes assembly, was assembled differently using 
MEGAHIT [version 1.1.1-2; (40)]. This one sample, of the total 82 sam-
ples, failed to assemble using rnaSPAdes. The reasons were not 
investigated further. All contig assemblies less than 500 bp were dis-
carded. Only the rnaSPAdes “hard filtered transcript” outputs were 
examined for the presence of ssRNA phages.

Generation of profile HMMs
The pipeline for generating profile HMMs is depicted in fig. S2B, 
with the numerical breakdown of the HMM building and testing 
stages depicted in fig. S2 (D and E), respectively. To generate the 
first HMM, “HMM 1,” all ssRNA phage near-complete and partial 
genome sequences were downloaded from the NCBI Taxonomy 
database (October 2018) and previous published studies (21). The 
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ring depicts current ICTV taxonomy. A green arrowhead represents AVE006, which encodes a unique RdRp and CP association. Bootstrap support values shown are for 
100 iterations.



Callanan et al., Sci. Adv. 2020; 6 : eaay5981     7 February 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 8

encoded proteins of all identifiable ssRNA phage sequences (n = 193) 
were predicted using Prodigal with the “-p meta” option enabled for 
small contigs, and “-n” option was specified to do a full motif scan per 
nucleotide sequence [version 2.6.3; (41)]. Predicted proteins were 
clustered using OrthoMCL using a BLASTp all-v-all E value of 1 × 10−5 
and default settings [version 2.0; (42)]. Clusters of ssRNA phage 
proteins with 10 or more sequences were aligned using MUSCLE 
[version 3.8.31; (43)] and used to generate HMMs via hmmbuild 
[version 3.1b1; (44)]. Multiple HMMs were combined into a single 
HMM search tool through hmmpress (version 3.1b1).

The number of samples tested by each HMM iteration is outlined 
in fig. S2C. HMMs 2 to 5 were built in a similar fashion to HMM 1 
with the following alterations. Subsequent to the detection of contigs 
in metatranscriptome samples encoding two or more functionally 
distinct ssRNA phage proteins (hmmscan score of 50 or greater), 
the predicted proteins were combined with those from the initial 
193 ssRNA phage sequences, obtained from NCBI and a previous 
publication (21). Using a BLAST all-v-all approach, the proteins used 
to generate HMMs 2 to 5 were made nonredundant at 70% amino 
acid identity, removing the shorter of two protein sequences when 
the overlap exceeded 70%. Before the generation of HMM 5-MC, pro-
teins were manually curated to remove sequences encoded at the edge 
of contigs (termed “edge proteins”).

Validating HMM detection of ssRNA phages
The metatranscriptome sample SRR1027978, which was an activated 
sludge sample previously shown by Krishnamurthy et al. (21) as con-
taining ssRNA phage sequences using a tBLASTn approach, was 
downloaded as a positive control and examined for the presence of 
ssRNA phage proteins. Briefly, a random subset of 10 million reads 
was extracted from the SRA file with the seqtk “sample” command 
[version 1.0-r31; (45)] using a user-defined seed (“-s13”). Adaptor and 
read trimming was performed as described above, with surviving 
reads assembled using MEGAHIT. Proteins were predicted in all 
contigs greater than 500 bp, using options “-p meta -n”, before scan-
ning with HMM 1.

After manual curation of ssRNA phage hits, it was decided to 
adopt a conservative approach for the remainder of the study. Only 
hmmscan hits with a score of 50 or greater were considered during 
the generation of HMM iterations, with hmmscan scores of 30 further 
investigated during metatranscriptome sample analyses. Future studies 
may benefit from less stringent ssRNA phage discovery cutoffs, by 
lowering the hmmscan score requirements and/or using rnaSPAdes 
“soft filtered transcripts.” However, results would need to be treated 
cautiously to avoid false positives.

A comparison between a BLAST and an HMM-based approach 
to identify ssRNA phages was performed using the complete ssRNA 
phage proteins, which built the final HMM model 5-MC. The BLAST 
and HMM approaches were applied to the 2308 unique viral se-
quences described by Shi and colleagues (25). This database contains 
67 ssRNA Levi-like viruses. Using a relaxed BLASTp E value of 1 × 10−5, 
78 viral sequences were considered ssRNA phages (11 false positives). 
However, with a more stringent BLASTp E value of 1 × 10−15, only 
the expected 67 sequences were returned. Using an HMM scan with 
a score of 30 identified the 67 Levi-like viruses without any false 
positives identified.

When the strict BLASTp search approach (E value of 1 × 10−15) 
was applied to the assembled contigs from the metatranscriptome 
sample SRR1027978, 12 ssRNA phages were identified. The HMM-

based approach identified 13 ssRNA phages. Reducing the BLASTp 
stringency to 1 × 10−5 did identify 13 putative ssRNA phages. How-
ever, because of the false positives noted while using a less strict 
BLASTp approach against a curated database, only HMM searches 
were used throughout this study.

Detecting ssRNA within metatranscriptome samples
After confirming that HMM 1 could detect ssRNA phage proteins 
in a positive control sample, HMM 1 was implemented against nine 
previously untested metatranscriptome samples of activated sludge. 
This environment was chosen as Krishnamurthy et al. (21) demon-
strated sewage as a rich source for ssRNA phages (21). These nine 
SRA files analyzed represent three activated sludge samples from 
each of the study locations from Austria, Illinois, and Japan (see the 
Supplementary Materials). The total collection of activated sludge 
and aquatic samples cumulatively analyzed during this study is out-
lined in fig. S2C. The remaining samples tested represent 13 activated 
sludge samples from Austria, 39 activated sludge samples from Illinois, 
9 activated sludge samples from Japan, 4 freshwater aquatic samples 
from Lake Mendota (Wisconsin), 4 aquatic samples from the Mississippi 
river (Louisiana), and 4 freshwater aquatic samples from Singapore.

Analysis of ssRNA phage proteins
Analyses were conducted using the R programming language (ver-
sion 3.5.3) implemented through RStudio (46). Images were generated 
using the “ggplot2” package (47), with additional colors obtained from 
the “RColorBrewer” (48), the “wesanderson” (49), and the “YaRrr” 
package (50). The bipartite network of ssRNA phage proteins, for se-
quences containing two or three core proteins, was generated using the 
“igraph” package (51). The distance between core proteins (squares) was 
automatically calculated on the basis of the number of ssRNA sequences 
(circles) that share similar protein profiles. The ssRNA phage partial 
genomes are colored on the basis of the associated CP. The Sankey 
plot demonstrating the connection patterns of ssRNA phage–encoded 
proteins was illustrated using the R package “networkD3” (52).

Phylogeny of ssRNA phage proteins was performed as follows. 
Proteins fulfilling the same functions among ssRNA phages were as-
signed the name of their originating contig and subsequently aligned 
using MUSCLE. The alignment of the three core proteins were con-
catenated using MEGA [version 10.0.5; (53)]. After the three pro-
teins were concatenated, the MUSCLE alignment was performed with 
default settings—no alignment trimming, all positions were retained, 
and the substitution model was applied to all proteins together. These 
alignments were imported into R using the “seqinr” package (54, 55) 
with “ape” package dependencies (56) before conversion to a phyDat 
format using the “phangorn” package (57). The best evolutionary 
model was estimated using the phangorn “modelTest” function, with 
the model yielding the lowest Akaike Information Criterion score 
selected for maximum likelihood tree construction. Blosum62 was 
determined as the best amino acid substitution model. Phylogenetic 
trees were bootstrapped 100 times and saved using the “treeio” pack-
age (58), before visualization using “ggtree” (59). The R scripts and 
input data used to generate this study’s images and infer results are 
provided in the Supplementary Materials.

Supplementary information
The newly identified unique RNA phage sequences and genomes 
(n = 15,611 and 1015, respectively) and the final ssRNA phage de-
tection tool (HMM 5-MC) are provided in data S1. All the accession 
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number details, raw data, tables, and R scripts used in the analysis 
and creation of images are provided in data S2.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/6/eaay5981/DC1
Supplementary Text
Fig. S1. Workflow depiction of known ssRNA phage sequences.
Fig. S2. Workflow depiction of the study pipeline.
Fig. S3. Identification of ssRNA phage contigs within 82 metatranscriptome samples.
Fig. S4. Genome architecture of ssRNA phages.
Fig. S5. Taxonomic cutoff values for ssRNA phage genera and species.
Fig. S6. Potential taxonomic restructuring for ssRNA phages.
Fig. S7. Analysis of microbial community complexity.
Fig. S8. Structural investigation of ssRNA phage–host interactions.
Data S1. ssRNA phage finding hidden Markov model and associated sequences.
Data S2. Bioinformatic scripts used during data analysis.
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