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SUMMARY

Double-stranded RNA (dsRNA) can function as ge-
netic information and may have served as genomic
material before the existence of DNA-based life. By
developing a method to purify dsRNA, we have
investigated the diversity of dsRNA in microbial pop-
ulations. We detect large dsRNAs in multiple micro-
bial populations. Analysis of an aquatic microbial
population reveals that some dsRNA sequences
match metagenomic DNA, suggesting that microbes
contain pools of sense-antisense transcripts. In
addition, ~30% of the dsRNA sequences are not pre-
sent in the corresponding DNA pool and are strongly
biased toward encoding novel proteins. Of these
“dsRNA unique” sequences, only a small percentage
share similarity to known viruses, a large fraction
assemble into RNA virus-like contigs, and the re-
maining fraction has an unexplained origin. These
results have uncovered dsRNA virus-like elements
and underscore that dsRNA potentially represents
an additional reservoir of genetic information in
microbial populations.

INTRODUCTION

Microbial communities are important to ecosystems, including
human-associated microbiomes impacting human health (Fal-
kowski et al., 1998, DelLong, 2009, Madsen, 2011; Clemente
et al., 2012, Sommer and Backhed, 2013). Moreover, DNA
sequencing has revealed that microbial communities have
much richer diversity than anticipated (e.g., Pace et al., 1986,
Hugenholtz and Pace, 1996, Venter et al., 2004, Eckburg et al.,
2005, Human Microbiome Project Consortium, 2012). Metage-
nomic analyses allow for the full spectrum of metabolic path-
ways present in a community to be identified, thus increasing
our understanding of ecosystems. To date, metagenomic ana-
lyses of microbial communities have primarily focused on DNA
as the source of genomic information; however, RNA can also
serve as genetic material. Sequencing of microbial metatran-
scriptomes has identified RNAs not observed in the correspond-
ing DNA metagenomes (Frias-Lopez et al., 2008, Shi et al., 2011,
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Baker et al., 20183). Although the significance of this observation
is not clear, one possible explanation is that microbial RNA,
independent of DNA, is serving as genetic material in microbial
populations.

A potential source of genetic material in microbial populations
is double-stranded RNA (dsRNA). dsRNA is used as genomic
material by some viruses that infect bacterial (Mindich, 2006)
and eukaryotic microbial hosts (e.g., Gallimore et al., 1995;
Strauss et al., 2000, Naitow et al., 2001, Jiang and Ghabrial,
2004; Hacker et al., 2005; Fukuhara, et al., 2006). Although
novel dsRNA viruses have been identified by sequencing
of RNA from viral populations (Culley et al., 2006, Djikeng
et al., 2009, Cantalupo et al., 2011, Steward et al., 2013), our
understanding of dsRNA viruses in the environment is far from
complete. Indeed, dsRNA viruses may be underrepresented in
RNA sequencing experiments because many cDNA libraries
are made under conditions that bias against the reverse tran-
scription of double-stranded RNAs. Furthermore, examination
of viral particles does not allow for the detection of dsRNA
viruses that lack an extracellular phase. The prevalence of
such endogenous viruses in microbial communities is not
known, though they are found in fungi where they can be asso-
ciated with satellite dsRNA elements and alter the phenotype of
their hosts (Schmitt and Breinig, 2006, Pearson et al., 2009).
Whether there are additional dsRNA genetic elements in micro-
bial ecosystems, and their diversity, has not been examined in a
systematic manner.

To examine dsRNA in microbial ecosystems, we developed
methods to determine if microbial populations contain dsRNA
and to specifically purify dsRNA from total nucleic acids.
We observe dsRNA molecules in multiple microbial commu-
nities. Sequencing of the purified dsRNA from one microbial
sample demonstrates that approximately one-third of it is
unrelated to the DNA from the same microbial community.
The “dsRNA unique” sequences encode a higher percent-
age of unknown proteins than the DNA pool and have little
overlap with known viral sequences. Moreover, a substantial
fraction of the dsRNA unique sequences can be assembled
into discrete viral-like elements that encode proteins with
no significant similarity to known viruses or to RNA viral
metagenomic sequences. These findings demonstrate that
dsRNA isolated from the cellular fraction of microbial com-
munities represents an unexplored pool of potential genetic
information.
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Figure 1. Biochemical Detection of dsRNA in Microbial Samples
Isolated from Different Aquatic Environments

Western analysis with a dsRNA antibody was used to detect dsRNA in total
microbial RNA.

(A) Detection of dsRNA in a microbial sample isolated from Sweetwater
Wetlands. Total RNA was treated with or without either V1 nuclease, a dsRNA-
specific nuclease, or DNase |, a DNA-specific nuclease, separated by elec-
trophoresis on a polyacrylamide gel, transferred, and then probed with dsRNA
antibody. Approximate size of dsRNA species was determined by comparison
to migration of DNA ladder on same gel.

(B) dsRNA in the wetland microbial sample compared to dilution series of an in-
vitro-transcribed dsRNA.

(C) dsRNA in a microbial sample isolated from a coastal seawater sample
collected at Scripps Institute of Oceanography, La Jolla, CA.

(D) dsRNA in a microbial sample isolated from the artificial ocean at the
Biosphere 2, Oracle, AZ.

RESULTS

Biochemical Detection of dsRNA in Microbial
Populations

To determine if microbial populations contain detectable
dsRNA, we performed western analysis using an antibody that
is specific for dsRNA (Schonborn et al., 1991) on total RNA iso-
lated from microbes collected from a wetland. We prepared
total RNA from the microbial fraction (2.7-0.2 um) and then
analyzed the RNA by gel electrophoresis followed by western
analysis using the dsRNA-specific antibody (Figure 1A). The
majority of the dsRNA ran at the exclusion limit of the gel
>10 kb, although some discrete bands were detected at
approximately 1.5 and 2 kb. Additional evidence that this signal
is due to dsRNA is that it is abolished by treatment with V1
nuclease, which is specific for dsRNA (Lockard and Kumar,
1981), but not by treatment with DNase | (Figure 1A). By com-
parison with known amounts of an in vitro-transcribed dsRNA
(Figure 1B), we determined that ~0.025% of the total RNA
from the wetland sample was dsRNA as detected by western
analysis. dsRNA of similar size distributions was also detected
in the two additional aquatic microbial samples we tested (Fig-
ures 1C and 1D), suggesting that dsRNA is commonly present in
microbial populations.

Identification of dsRNA Sequences that Are Not Present
in Microbial DNA

To analyze the composition of dsRNA in microbial populations,
we developed a method to purify dsRNA from complex biolog-
ical samples. We developed this protocol by using it to purify a
0.9 kb dsRNA expressed in E. coli from a plasmid with conver-
gent T7 promotors. First, we digested total E. coli RNA with
DNase | and RNase | in the presence of 100 mM NaCl, which
limits the digestion of RNA by RNase | to single-stranded
RNA (ssRNA). To specifically enrich for dsRNA, we used the
sequence nonspecific dsRNA binding protein DRB4 fused to
GST as an affinity reagent to select the dsRNA (Kobayashi
et al.,, 2009). Applying this method to samples in which total
RNA from E. coli that express the dsRNA was mixed with a
200-fold excess of total RNA from E. coli that did not express
dsRNA demonstrated that the expected 0.9 kb dsRNA was
recovered efficiently (~50% recovery) from a large excess of
total RNA (Figure S1A). Moreover, RT-PCR using primers com-
plementary to E. coli ribosomal RNA indicated that rRNA was
depleted from the purified dsRNA (Figure S1A). We interpret
these results to indicate that we can specifically purify dsRNA
from a mixed population of nucleic acid, which can then be
used for sequencing. Additional evidence that this method
was effective at purifying dsRNA is the detection of dsRNA ele-
ments by RT-PCR in a purified microbial dsRNA sample (see
below).

Using this method, we purified dsRNA from the wetland micro-
bial community. If the sequences in the dsRNA pool represent
antisense-sense hybrids produced from conventional tran-
scripts from DNA, we would expect the dsRNA sequences to
be present in DNA isolated from the same microbial sample.
Conversely, if the dsRNA represents genetic elements that are
distinct from DNA, then the dsRNA sequence should not be
present in the DNA sequence population. To address this possi-
bility, we sequenced cDNA obtained from dsRNA purified from
the total microbial RNA (Experimental Procedures). We then
comprehensively compared each sequence from the dsRNA
pool (23.3 Mb) to a 900-fold excess of microbial DNA (22.6 Gb)
using a “shared k-mer” analysis (Experimental Procedures;
Hurwitz et al., 2013). This analysis involved comparing all the
20-mers present in each of the dsRNA reads to determine if there
was an exact match to any of the 20-mers present in the DNA. A
dsRNA read was scored as being unique to the dsRNA sequence
pool if none of the 20-mers present in the read matched a 20-mer
in the DNA sequence. This analysis yielded two important
observations.

One interesting finding was that of the 191,299 dsRNA reads,
136,225 (~71%) reads shared at least one 20-mer sequence in
common with the DNA sequence (Figure 2A). Approximately
one-half of these reads are predicted to be rRNA sequences
(Figure S1B), indicating that the dsRNA purification method did
not completely remove ribosomal RNA. Contamination of the
dsRNA with ribosomal RNA is likely due to its high abundance
in total RNA as well as its highly structured nature leading to par-
tial resistance to nuclease treatment. The overlap of the remain-
ing dsRNA reads with the microbial DNA is consistent with this
population of the dsRNA coming from antisense-sense hybrids
of transcripts (e.g., Georg et al., 2009; Raghavan et al., 2012)
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or potentially from extensive stem-loop structures in transcripts
that produce long dsRNA regions (e.g., Morse and Bass, 1999) or
highly structured RNAs (e.g., Weinberg et al., 2009). The pres-
ence of these sequences indicates that some microbes produce
detectable pools of dsRNA that are encoded in their DNA
genomes.

A second and more important observation was that 55,074
(~29%) of the microbial dsRNA reads were determined to be
unique to the dsRNA based on the k-mer analysis (Figure 2A).
We believe that it is unlikely that their absence is simply due
to the DNA pool not having been sequenced deep enough given
that, of the total number of 20-mers present in the DNA
sequence, 85% of the k-mers are represented over 15-fold (Fig-
ure S1C). This argues that the majority of sequences present in
the microbial DNA population are covered in depth in the
sequenced pool. Likewise, although it is possible that some of
the dsRNA sequences appear to be unique to dsRNA because
they are derived from DNA that is rare in the microbial popula-
tion, the observation that 29% of the dsRNA reads do not share
a single 20-mer with the DNA, whereas only 10.5% of the total
20-mers in the DNA population are represented only once in
the DNA (Figure S1C) argues that the dsRNA pool is enriched
for sequences not present in the sequenced DNA pool. It is
therefore likely that at least a substantial fraction of the dsRNA
sequences identified as being unique to dsRNA are not encoded
in microbial DNA.

dsRNA Unique Sequences Are Biased toward Encoding
Unknown Proteins

To characterize the sequences uniquely present in dsRNA, we
submitted the dsRNA sequences to the Metagenomics RAST
server, MG-RAST (Meyer et al., 2008). The MG-RAST server
uses an ab initio gene calling algorithm to identify coding regions
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Figure 2. Analysis of Microbial dsRNA
Sequences

(A) Results of shared k-mer analysis between
dsRNA sequences and DNA sequences obtained
from the same microbial sample.

(B) Flow diagram of the analysis of the dsRNA
reads without a k-mer match to the microbial DNA.
(C) The percentage of reads that were predicted
by MG-RAST to encode protein that either were
similar to known annotated proteins or did not
share similarity to a known protein sequence in
the dsRNA unique reads that did not share any
k-mer sequence with microbial DNA, microbial
DNA reads (lon Torrent) or dsRNA reads that
shared at least one k-mer sequence with the
microbial DNA.

(D) Taxonomic distribution of dsRNA unique reads
with hits to annotated proteins. A pie chart of the
percentage of reads with hits to annotated pro-
teins that were assigned to major taxonomic
groups including eukaryota, bacteria, archaea,
viruses, or other (e.g., vector sequences) by MG-
RAST is shown.

See also Figure S1 and Table S1.
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within sequences and then uses the BLAT similarity search algo-
rithm against the M5 nonredundant protein database to deter-
mine if the potential protein coding sequences resemble known
annotated proteins. MG-RAST also searches for sequences with
similarity to ribosomal RNA using BLAT. For comparison, we
also analyzed a sample of microbial DNA sequences and the
pool of dsRNA sequences that shared a k-mer match with the
microbial DNA.

A striking observation was that the vast majority of the dsRNA
unigue sequences are not similar to known protein or rRNA se-
quences. Of the 42,998 dsRNA unique sequences that passed
the MG-RAST quality control process, 37,136 were predicted
to encode protein (Figure 2B). Of the potential protein coding
reads, only 18% were predicted to encode proteins similar to
annotated proteins, whereas 82% potentially encode unknown
proteins (Figure 2C). In contrast, in the wetland microbial DNA
sample, 49% of the reads predicted to encode protein were
highly similar to known proteins (Figure 2C). The propensity to
encode unknown proteins is not a feature of the microbial
dsRNA per se given that only 56% of the potential protein cod-
ing reads in the dsRNA that shared k-mers in common with the
DNA were predicted to encode unannotated proteins (Fig-
ure 2C). The difference between the dsRNA unique and the
DNA samples in the number of potential coding sequences
that did not share significant similarity to known proteins by
BLAT is highly significant (chi-square test 13,078; p < 0.0001).
A striking difference between the dsRNA unique and the DNA
sequences was also seen when Blastp was used to search for
similarity with proteins in the NCBI nonredundant database.
Only 8.9% of the dsRNA unique sequences shared significant
similarity to known proteins (E value 107%) in contrast to the
57.7% of the DNA sequences that had significant hits. Thus,
in comparison to sequences from the same ecosystem, the



dsRNA unique sequences are biased toward potentially encod-
ing novel or divergent forms of proteins. It should be noted that
although the clear prediction is that these nucleotide reads are
translated into protein in cells, we do not yet have direct mass
spectroscopy data evidence that these sequences are actually
produced into proteins.

Another difference between the dsRNA unique sequences and
the DNA population was that 14% of the dsRNA pool was of
unknown sequences that were not predicted to encode protein
or ribosomal RNA (Figure 2B), whereas only 2% of the microbial
DNA was classified as unknown (Figure S1B). In addition, none of
the dsRNA unique sequences shared similarity to known ribo-
somal RNAs (Figure 2B). Therefore, 85% of the dsRNA unique
sequence pool was composed of previously unrecognized se-
quences underscoring that, relative to the microbial DNA from
the same sample (Figures 2C and S1B), the genetic information
in the dsRNA may be highly diverged or novel compared to
known DNA sequences.

The Majority of dsRNA Unique Sequences with Similarity
to Annotated Proteins Are Not of Known Viral Origin

One possible explanation for reads that are exclusively presentin
dsRNA is that they are derived from RNA viruses. To examine
this possibility, the dsRNA unique reads with BLAT hits to anno-
tated proteins were assigned by MG-RAST to taxonomic groups
based on the annotations of the corresponding hits. This analysis
reveals several important observations. First, most of the se-
quences were associated with cellular organisms (Figure 2D),
with only 2.1% of the dsRNA unique reads with hits to annotated
proteins predicted to encode viral proteins. Moreover, the Blastp
analysis did not significantly increase the number of dsRNA
unique reads with hits to viral proteins, and the hits are primarily
to dsRNA viruses (Table S1). This finding is in contrast to many
RNA viral metagenomes where a high percentage of sequences
with hits to known proteins are to viral proteins (Culley et al.,
2006, Djikeng et al., 2009, Steward et al., 2013). These results
indicate that the vast majority of the sequences that are exclu-
sive to the dsRNA are not similar to known viral proteins and
therefore could come from previously undescribed dsRNA
viruses or other dsRNA elements.

Analysis of dsRNA Elements Assembled from dsRNA
Unique Sequences
To understand what genetic elements might be encoded by
dsRNA isolated from microbes, we used Trinity, a program de-
signed to assemble transcripts from short sequencing reads
(Grabherr et al., 2011), to assemble the dsRNA unique se-
quences into 64 unique contigs from 500 to 4,968 bp in length,
which we refer to as DSREs (dsRNA elements). Using Bowtie2,
a total of 48.1% of the dsRNA unique reads map to the 64
DSREs. Of the reads, 44.6% map to just four of the contigs (Fig-
ure 3A), indicating that these four elements, DSRE1 through 4,
are abundant within the dsRNA unique sequence pool. In
contrast, the remaining DSREs are not highly represented in
the dsRNA unique sequences (Figure 3A, inset).

Examination of these four contigs validates that our analyses
identify dsRNA elements not encoded in DNA. First, we can
PCR amplify DSRE1 through 4 from the purified microbial

dsRNA, but not from the microbial DNA, in a manner that is
dependent on RT (Figures 3B and 3C). Thus, the contigs are pre-
sent as RNA in the purified dsRNA and are not detectable in the
corresponding DNA. Second, 5 RACE products were observed
for both ends of the three contigs we examined, DSRE1 through
3, verifying that they are present as dsRNA (data not shown).
Third, we confirmed the sequences of the contigs by sequencing
the RT-PCR products of DSRE1 though 4 and 5" RACE products
of DSRE1 through 3 and assembling the sequences together.
This analysis revealed that the elements ranged in size from
~0.66 to 6.1 kb.

Examination of the DSRET1, 2, 3, and 4 sequences indicates
that they are not predicted to contain rRNA or tRNA genes but
are predicted to encode a total of 19 proteins ranging in size
from 48 to 652 amino acids (Figure 3D). Each of the elements
potentially encodes multiple protein products with the predicted
protein coding genes being tightly packed along the length of the
elements. In some cases, there is overlap between ORFs in
different reading frames, raising the possibility that longer pro-
tein products are produced from the elements by translational
frameshifting. The tight packing of the ORFs and the observation
that all of the predicted protein coding genes are encoded on a
single strand, suggests that DSRE1, 2, 3, and 4 might represent
unknown dsRNA viruses.

Comparison of the organization of the dsRNA elements and
the genomic structure of known dsRNA virus families revealed
that the elements are organized most similarly to Cystoviridae
(Figure S2A), a family of dsRNA viruses that infect bacteria.
The genomes of Cystoviridae are composed of multiple dsRNA
segments (Figure S2A). The observations that DSRE1, DSRE2,
DSRE3, and DSRE4 all share a similar GC content (58%—-60%),
have similar synonomous codon usage bias (data not shown),
and are all high in abundance in the dsRNA pool (Figure 3A) sug-
gest that they may be components of the same viral genome.

Although DSRE1, 2, 3, and 4 resemble Cystoviridae in their
genetic organization, the potential proteins encoded by these
elements do not show any significant sequence similarity to pre-
viously described Cystoviridae proteins or to any other anno-
tated proteins by Blastp analysis (Experimental Procedures,
E value 1079). In addition, we do not find any significant similarity
(tblastx, E value 10~%) between these DSREs and viral metage-
nomic databases that contain RNA viruses (Experimental
Procedures; Table S2). The simplest interpretation of these ob-
servations is that these elements represent members of one or
more previously undescribed class(es) of dsRNA viruses.

Blast analysis of the potential proteins encoded in the remain-
ing 60 dsRNA contigs revealed that 16 of the DSREs share sig-
nificant similarity to proteins encoded in five different families
of eukaryotic dsRNA viruses including picobirnaviridea, reoviri-
dae, partitiviridae, totiviridae, and endornaviridae (Table 1).
Thus, these DSREs are likely to be new members of known
dsRNA viral families. The identified viruses are not very abundant
in the dsRNA pool given that they contain only 1.5% of the
dsRNA unique reads (Figure 3A, inset). The remaining 44 dsRNA
contigs are also not highly represented in the dsRNA unique se-
quences (Figure 3A, inset), but these DSREs did not share signif-
icant similarity to any known RNA viral protein. These DSREs
may be derived from dsRNA viruses but encode proteins that
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Figure 3. Analysis of Microbial dsRNA Ele-

ments Assembled from dsRNA Unique

- Sequences

(A) Percentage of the dsRNA reads without a
1 k-mer match to the microbial DNA that mapped to

each of the 64 dsRNA elements (DSREs) assem-

bled from the dsRNA unique reads. Inset is blowup

of the data for DSRE5 through DSRE64. DSREs

with sequence similarity to known dsRNA viruses
are highlighted with red asterisks.
(B) RT-PCR analysis of purified microbial dsRNA

using primers corresponding to DSRE1, 2, 3,

61 and 4. The presence or absence of RT in the
reactions is indicated.

(C) PCR analysis of microbial DNA using the same
primers to detect DSRET, 2, 3, and 4 as used in (B)
and universal primers to amplify 16S rDNA se-
quences. The presence or absence of microbial
DNA in the reactions is indicated. A nonspecific
PCR product that has no sequence similarity to
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See also Figure S2 and Table S2.
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are too dissimilar to known viruses to be detected. Alternatively,
they could represent novel nonviral dsRNA genetic elements.
The fact that reads corresponding to the DSRE contigs were
overrepresented in the dsRNA pool led us to consider the diver-
sity of the dsRNA unique sequences and if there were any other
overrepresented sequences in this population that might repre-
sent novel types of dsRNA. Given this, we analyzed the dsRNA
unique sequences, after removal of reads mapping to DSRE1,
2, 3, and 4, by examining the frequency of 20-nt-long k-mers in
the population. This analysis led to two interesting observations.
First, the majority (~76%) of k-mers are unique in this population,
and the remaining k-mers are generally present at fewer than
four copies (Figure S2B). This provides additional evidence
that this dsRNA unique sequence population is a diverse pool
of nucleotide information. Second, we observed that there was
an overrepresented 126 nucleotide sequence, which made up
~0.8% of the total k-mers. This specific overrepresented
sequence (Figure S2C) is not related to any of the primers used
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aw

(data not shown) and its origin will be of
interest in future work.

DISCUSSION

We present evidence that aquatic micro-

bial communities contain dsRNAs. The

key observation is that total RNA samples

isolated from these communities contain

dsRNA as judged by material being de-

tected using a dsRNA-specific antibody, and that material being
sensitive to the dsRNA-specific nuclease, V1 (Figure 1). In each
of the microbial populations, we detect relatively discrete-sized
dsRNA species that likely represent dsRNA viruses infecting
these communities (Figure 1). Interestingly, the majority of the
dsRNA runs near the exclusion limit of the gel used and repre-
sents molecules of >8 kb, which suggests that some of the
dsRNA present in microbes is found in large molecules that
could represent complex genetic elements. dsRNA may be a
common component of microbial populations given that we de-
tected it in all of three of the environmental samples we tested.
To determine the potential types of dsRNA in microbial eco-
systems, we developed a method to isolate dsRNA from total nu-
cleic acids that involved enzymatic removal of ssRNA and DNA
followed by affinity purification of dsRNA using a dsRNA binding
protein. This approach differs from methods commonly used to
identify viruses from plant and fungal samples that use differen-
tial binding of nucleic acid species to cellulose to enrich for



Table 1. Summary of dsRNA Unique DSREs with Similarity to
dsRNA Viral Proteins

No. of DSREs Viral Protein Viral Family

1 RdRp Picobirnaviridea
3 RdRp Partitiviridae

4 polyprotein Endornaviridae
2 RdRp Totiviridae

1 RdRp Reoviridae

3 S2 Reoviridae

1 S3 Reoviridae

1 P3/P4 Reoviridae

Blastx analysis against NCBI nonredundant protein database E
value 1074,

dsRNA (Morris and Dodds, 1979), which we found to be relatively
inefficient at recovering dsRNA (data not shown). In contrast, our
approach allows for the efficient recovery of small amounts of
dsRNA from a large excess of nucleic acid (Figure S1A).
Although ribosomal RNA was not entirely depleted from the
microbial dsRNA sample we analyzed, we believe this method
is effective at enriching for dsRNA for several reasons. First,
sequences derived from the microbial dsRNA sample were
assembled into contigs that encoded proteins with significant
similarity to known dsRNA viruses and are therefore likely to be
derived from dsRNA (Table 1). More importantly, we confirmed
that both strands of three additional contigs, DSRE1, DSRE2,
and DSRES3, were present as RNA in the dsRNA sample. This
result indicates that these contigs, which represent 12% of the
entire pool of dsRNA sequences, are indeed derived from dsRNA
present in the purified microbial dsRNA. Therefore, given that
only ~0.025% of the total RNA from the wetland water sample
was estimated to be dsRNA, our purification method highly en-
riched for dsRNA.

An interesting finding is that ~30% of the microbial dsRNA se-
quences are unique to the dsRNA population and are not seen in
the corresponding DNA metagenome. Strikingly, the potential
protein coding sequences in the dsRNA unique reads are en-
riched in novel proteins, suggesting that dsRNA encodes a
largely previously undescribed pool of potential genetic informa-
tion. Given this, a full understanding of the metagenomics and
metabolic potential of a population will require an analysis of
its unique dsRNA composition.

Through the analysis of the dsRNA unique sequences, we
have identified new members of known dsRNA virus families
as well as elements that potentially represent a previously unde-
scribed class of bacterial dsRNA viruses. A small subset of the
dsRNA unique sequences (1.5%) assembled into contigs that
encode proteins with significant similarity to proteins from fam-
ilies of known dsRNA viruses. These contigs represent new
members of these viral families given that they do not share sig-
nificant similarity at the nucleic acid level to known viruses
(blastN, E value 10~%). In addition, 46% of the dsRNA unique se-
quences assemble into four predominant contigs we refer to as
DSRE1, DSRE2, DSRE3, and DSRE4. Because these elements
contain multiple ORFs that are closely packed and are all en-
coded on one strand, we suggest that DSRE1-4 represent a

new family of dsRNA viruses with an organization most like
Cystoviridae, although the predicted proteins encoded by
these elements do not share any sequence similarity to known
viral proteins including proteins from cystoviruses. Thus, the
sequencing of dsRNA from microbes is likely to identify both
new members of known viral families as well as new dsRNA viral
groups.

Our knowledge of RNA viruses in nature is far from complete
(Lang et al., 2009). However, recent analysis indicates that the
abundance of RNA viruses may equal or exceed the number of
DNA viruses in coastal seawater samples (Steward et al.,
2013), suggesting that RNA viruses may have a significant
impact on ecosystems. The analysis of microbial dsRNA could
enhance our understanding of viral ecology and diversity in
two ways. First, viral sequences in microbial dsRNA could reflect
RNA viruses that are actively infecting their microbial hosts. In
addition, several families of dsRNA viruses that infect fungi and
other microbial eukaryotic hosts often do not have free viral
forms, and thus would not be present in viral particle prepara-
tions. Interestingly, nine of the 16 DSREs that encoded proteins
with significant similarity to known viruses were related to parti-
tiviridae, totiviridae, and endornaviridae that frequently, or in the
case of endornaviridae, totally lack extracellular viral forms.
Thus, the analysis of microbial dsRNA provides a means to
reveal classes of viruses that would be otherwise missed by
the analysis of viral particles alone. Both approaches would
complement each other in obtaining a more thorough under-
standing of the impact of RNA viruses on ecosystems.

The analysis of dsRNA isolated from microbial populations
may also reveal novel dsRNA elements that are not of viral origin.
In addition to the sequences that are likely derived from dsRNA
viruses, approximately one-half of the dsRNA unique sequences
are of unexplained origin some of which potentially encode pro-
teins with similarity to cellular proteins (Figure 2D). Several pos-
sibilities exist for the source of these dsRNA unique sequences.
First, until we understand their source, it cannot be formally ruled
out that they are encoded by DNA in the population and such
DNA was either not represented in the sequenced DNA pool,
or the dsRNA was extensively edited after transcription. Second,
these dsRNA sequences could be derived from as yet uncharac-
terized viruses. Finally, a speculative possibility is that dsRNA
genetic elements, rather than DNA, encode these predicted
cellular components, in some microbial organisms. At a mini-
mum, examining dsRNA isolated from the cellular fraction of nat-
ural microbial communities will lead to a better understanding of
the impact of dsRNA viruses in ecosystems and in the future may
reveal other types of dsRNA elements if they exist.

EXPERIMENTAL PROCEDURES

Sample Collection

Twenty liters of water collected from the surface of a reclaimed water wetland
(Sweetwater Wetlands, Tucson, Arizona, USA latitude +32.278983, longitude
—111.021591) was filtered using a Whatman GF/D (2.7 pm) filter. Cells
were collected from the filtrate by centrifugation in 500 ml tubes in GSA rotor
6,800 x g 20 min. The majority of water was removed, and cells were resus-
pended in a total volume of ~700 ml of remaining water, and then the sample
was filtered a second time using a Whatman GF/D (2.7 um) filter. Microbial cells
were collected by tangential flow on Memteq CT40 (0.2 um) filter units,
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recovered in 10 mM Tris-Cl (pH 7.5), collected by centrifugation at 13,000 x g,
and stored at —80C.

Total RNA Isolation and Detection of dsRNA by Immunoblotting with
dsRNA Antibody

Microbial cells were resuspended in sucrose lysis buffer (50 mM Tris-Cl [pH 8],
40 mM EDTA, 0.75 M sucrose) containing 1 mg/ml lysozyme, incubated for
10 min at room temperature, and then lysed using Trizol LS (Invitrogen).
RNA was isolated following the manufacturer’s protocol except an additional
chloroform extraction and ethanol precipitation was used to remove residual
Trizol. RNA was resuspended in 10 mM Tris-Cl (pH 7.5). Aliquots of 1 ug total
RNA were treated with either 0.05 U/ul DNase | (Ambion) in 10 mM Tris-Cl
(pH 7.5), 2.5 mM MgCls,, 0.5 mM CaCl, and 50 mM NaCl or 0.0025 U/pul RNase
V1 (Ambion) in 10 mM Tris-Cl (pH 7.5), 0.3 mM MgCl,, and 100 mM NaCl
at 37°C. Treated and untreated samples of total microbial RNA and were
separated on 5% nondenaturing acrylamide gels and transferred to Nytran
in 0.5 x TBE at 0.5 Amps for 3 hr. Gels included a dilution series of an in-vitro-
transcribed ~0.9 kb dsRNA produced from plasmid L4440-Y75B7AL.4, which
contains converging T7 promotors. J2 dsRNA monoclonal antibody (English &
Scientific Consulting Kft) was used to detect dsRNA by immunoblot essentially
as described in Schonborn et al. (1991) except 1 x PBS with 5% nonfat dry
milk and 50 pg/ml salmon DNA in 1 x PBS was used as a blocking solution,
and goat anti-mouse HRP antibody (Sigma A4416) was used as a secondary
antibody.

Microbial dsRNA Purification

dsRNA was purified from 100 pg total microbial RNA by treatment with
0.008 U/pl DNase | (Ambion) DNase | and 0.2 U/ul RNase | (Ambion) in 0.1 M
Tris-Cl (pH 7.0), 0.1 M NaCl, 10 mM MgCl, at room temperature for 20 min fol-
lowed by affinity purification using GST-DRB4* as described in Kobayashi
et al. (2009). The eluted dsRNA was concentrated using RNA Clean-Up and
Concentration Micro Kit (Norgen Biotek). The amount of dsRNA recovered
was estimated to be 12 ng based on immunoblotting using the dsRNA anti-
body and comparison to a dilution series of an in vitro-transcribed dsRNA.

dsRNA Amplification and Sequencing

The dsRNA was amplified using a TransPlex Complete Whole Transcriptome.
Ampilification Kit (WTA2, Sigma) following the manufacturer’s protocol except
the dsRNA was denatured at 95°C for 2 min, a lower amount of library synthe-
sis primers was used by making a one-eighth dilution of the Library Synthesis
Buffer in 5 mM dNTP mix and 23 cycles of amplification were performed. The
WTA2 PCR product was purified using QIAquick PCR Purification kit
(QIAGEN). The dsRNA cDNA was sequenced at the University of Arizona
Genetics Core using an lon Torrent Personal Genome Machine (PGM) system
and the lon Sequencing 200 kit (Life Technologies) resulting in a library of
297,397 reads with a mean length of 163 bp for a total of 48.6 Mb.

The dsRNA cDNA reads were processed and filtered as follows: primer se-
quences introduced during the whole-transcriptome amplification procedure
were removed from the 5 and 3’ ends of reads using TagCleaner (http://
tagcleaner.sourceforge.net) (Schmieder et al., 2010). Reads were trimmed
from the 3’ end if mean quality score was less than 15 using a sliding window
size of 2 bp and a step size of 1 bp and reads with mean quality score below 15
or that were less than 15 bp were removed using PRINSEQ (http://prinseq.
sourceforge.net) (Schmieder and Edwards, 2011). Contaminating sequences
from the plasmid vector used to express GST-DRB4* were identified by blastN
and removed. The resulting dsRNA cDNA library contained 201,865 reads with
a mean length of 121 bp for a total of 24.4 Mb. After the k-mer comparison of
the dsRNA cDNA sequences with the microbial DNA (see below) contami-
nating sequences derived from BL21 E. coli used to express GST-DRB4*
were identified using Bowtie2 and removed resulting in 55,076 reads with
average length of 122 bp for a total of 6.75 Mb in the dsRNA without a match
to DNA pool and in 136,225 reads with average length of 122 bp for a total of
16.7 Mb in the dsRNA with a match to DNA pool.

Microbial DNA Isolation and Sequencing

DNA was isolated from microbial cells using a PowerWater DNA Isolation kit
(Mo Bio), and the manufacturer’s protocol except an aliquot of cells was resus-
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pended in PW1 and disrupted in a 2 ml tube containing 0.1 m beads (Mo Bio)
by vortexing horizontally for 10 min. An aliquot of the microbial DNA was
sequenced at the University of Arizona Genetics Core using an lon Torrent Per-
sonal Genome Machine (PGM) system and the lon Sequencing 200 kit (Life
Technologies) producing a library of 375,426 reads, mean length 195 bp for
a total of 73.2 Mb. To compare the lon Torrent microbial DNA library to the
dsRNA cDNA library, the reads were processed and filtered using PRINSEQ,
and sequences similar to BL21 E. coli were removed as described above for
the dsRNA cDNA reads resulting in a library of 341,374 sequences with a
mean length of 192 bp for a total of 65.6 Mb. For the k-mer comparison be-
tween the dsRNA cDNA library and microbial DNA, another aliquot of DNA
was sequenced at the Tufts University Core Facility using a HiSeq 2500 system
(Mumina) to obtain single-end 100 bp reads resulting in a library of 226,542,350
reads with mean length of 100 bp for a total of 22.6 Gb. The lllumina HiSeq DNA
library was processed and filtered using components of the SolexaQA pack-
age (solexaga.sourceforge.net); DynamicTrim using the default settings was
used to trim the reads, and LengthSort was used to remove any reads less
than 75 bp in length.

K-mer Comparison between the Microbial dsRNA and DNA
Sequences

The 20-mers present in the dsRNA cDNA reads were compared to those pre-
sent in the lllumina HiSeq DNA read data set by Bonnie Hurwitz at the Univer-
sity of Arizona using vmatch version 2.1.5 (http://www.vmatch.de/) similar to
what is described in Hurwitz et al. (2013). Briefly, mkvtree was used to create
a suffix array of all 20-mers present in each read in both of the samples.
vmerstat was then used to search for the frequency of 20-mers between
each of the data sets, a frequency of 1 for a 20-mer indicates that it was
only found in one data set and not the other. A PERL script was then used
to parse the vmatch data to determine for each read in the dsRNA library
the mode k-mer frequency of all its 20-mer subsequences. A mode frequency
of 1 for a dsRNA read indicates that all of the 20-mers present in its sequence
were only present in the dsRNA k-mer set and not in the DNA data set. The
dsRNA cDNA reads were then sorted into different pools based on whether
they had a mode k-mer frequency of 1 (dsRNA without match to DNA) or
greater than 1 (dsRNA with match to DNA).

Analysis of Metagenomic Sequences

The dsRNA sequences with no k-mer match to the microbial DNA, dsRNA se-
quences with a k-mer match to the microbial DNA, and the processed lon
Torrent microbial DNA sequences were uploaded to the MG-RAST server
(Meyer et al., 2008), and the default parameters were used for the taxonomic
and functional assignments of reads.

In addition, Blastp was used to search for similarity between the predicted
protein coding sequences in the dsRNA unique reads identified by MG-
RAST and the NCBI nr database using soft masking and an E value 1072,
The MEtaGenome Analyzer (MEGAN version 4.64.1) was then used to assign
dsRNA unique reads with Blastp hits to annotated proteins to taxonomic
groups (Huson et al., 2011).

k-mer analysis of the dsRNA unique reads that did not map to DSRE1,
2, 3, or 4 was performed using tallymer (Kurtz et al., 2008) from http://
genometools.org.

Contig Assembly and Analysis of dsRNA Elements
Trinity RNA-Seq assembler r2012-10-05 (Grabherr et al., 2011) was used to
assemble contigs with a minimum length of 500 bp from the dsRNA unique
reads that had no match to the microbial DNA. Contigs that overlapped
were manually assembled for a total of 64 unique contigs ranging in size
from 500 to 4,968 bp. Blastx was used to search for significant similarity
(E value 104 between the contig sequences and known proteins in the
NCBI nr database. Bowtie2 v2.0.2 (Langmead and Salzberg, 2012) was
used to map the dsRNA reads with no match to microbial DNA to the contigs.
Four contigs with the highest number of reads mapped were selected for
further study.

To test whether the four contigs were present in microbial dsRNA and/or
DNA, purified dsRNA was reverse transcribed using random hexamer primers
and Superscript lll First Strand Synthesis Kit (Life Technologies) following the
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manufacturer’s protocol except the dsRNA was denatured at 95°C for 2 min.
Nested PCR of the dsRNA cDNA and the microbial DNA was then performed
using the primers listed in Table S3. The sequence of DSRET1, 2, and 3 was
determined by sequencing their RT-PCR and 5’ RACE (5’ RACE v2.0 kit, Life
Technologies) products after cloning (Topo TA, Life Technologies). The full-
length of DSRE4 was not determined by 5 RACE, but its internal sequence
was confirmed by sequencing its RT-PCR product.

Potential protein coding genes in the dsRNA elements were identified using
a combination of three gene calling algorithms Glimmer v3.02 (Delcher et al.,
2007) at http://www.ncbi.nlm.nih.gov/genomes/MICROBES/glimmer_3.cgi,
Metagene (Noguchi et al., 2006) at http://weizhong-lab.ucsd.edu/
metagenomic-analysis/server/metagene/, and Prodigal (Hyatt et al., 2010) at
http://prodigal.ornl.gov/server.html. Blastp was used to search for similarity
between the predicted proteins and the NCBI nr database using an E value
of 1073, Workflows on Camera 2.0 (https://portal.camera.calit2.net) were
used to screen the dsRNA elements for the presence of rRNA (Huang et al.,
2009) and tRNAs (Lowe and Eddy, 1997) genes. tBlastx was used to search
for similarity between the dsRNA elements and metagenomic data sets con-
taining RNA viral sequences (Table S2) using an E value of 107°.

ACCESSION NUMBERS

The MG-RAST ID numbers for the dsRNA sequences with no k-mer match to
the microbial DNA, dsRNA sequences with at least one k-mer match to the
microbial DNA, and the microbial DNA sequences obtained by lon Torrent
sequencing are 451675.3, 4520281.3, and 4517766.3, respectively. The
NCBI SRA accession number for the microbial DNA obtained by lllumina HiSeq
sequencing is SRR1068156. The dsRNA elements DSRE1 through DSRE64
were deposited as a Whole Genome Shotgun project. This Whole Genome
Shotgun project has been deposited at DDBJ/EMBL/GenBank under the
accession number JFZNO0OOOOOOQO. The version described in this paper is
version JFZN01000000.
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