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ABSTRACT Bacteriophages are considered the most abundant entities on earth.
However, there are merely seven sequenced double-stranded RNA (dsRNA) phages,
compared to thousands of sequenced double-stranded DNA (dsDNA) phages.
Interestingly, dsRNA viruses are quite common in fungi and usually have a life-
style of commensalism or mutualism. Thus, the classical protocol of using double-
layer agar plates to characterize phage plaques might be significantly biased in
the isolation of dsRNA phages beyond strictly lytic lifestyles. Thus, we applied a
protocol for isolating fungal viruses to identify RNA phages in bacteria and suc-
cessfully isolated a novel dsRNA phage, phiNY, from Microvirgula aerodenitrificans.
phiNY has a genome consisting of three dsRNA segments, and its genome sequence
has no nucleotide sequence similarity with any other phage. Although phiNY encodes a
lytic protein of glycoside hydrolase, and phage particles are consistently released during
bacterial growth, phiNY replication did not block bacterial growth, nor did it form any
plaques on agar plates. More strikingly, the phiNY-infected strain grew faster than the
phiNY-negative strain, indicating a mutualistic parasitic lifestyle. Thus, this study not only
reveals a new mutualistic parasitic dsRNA phage but also implies that other virus isola-
tion methods would be valuable to identify phages with nonlytic lifestyles.

IMPORTANCE Viruses with dsRNA genomes are quite diverse and infect organisms in
all three domains of life. Although dsRNA viruses that infect humans, plants, and fungi
are quite common, dsRNA viruses that infect bacteria, known as bacteriophages, are
quite understudied, and only seven dsRNA phages have been sequenced so far. One
possible explanation for the rare isolation of dsRNA phages might be the protocol of
the double-layer agar plate assay. Phages without strictly lytic lifestyles might not form
plaques. Thus, we applied the protocol of isolating fungal viruses to identify RNA phages
inside bacteria and successfully isolated a novel dsRNA phage, phiNY, with a mutualistic
parasitic lifestyle. This study implies that dsRNA phages without strictly lytic life-
styles might be common in nature and deserve more investigations.

KEYWORDS double-stranded RNA bacteriophage, mutualistic parasitic lifestyle,
Cystoviridae family, Microvirgula aerodenitrificans, bacteriophage, dsRNA phage

acteriophages (phages) are bacterial viruses that play important roles in bacterial
biology, diversity, and evolution (1-4). However, the majority of knowledge about
them is generated based on the study of double-stranded DNA (dsDNA) phages, while
double-stranded RNA (dsRNA) phages remain under investigation (5). RNA phages are
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separated into only two families, namely, Cystoviridae with seven sequenced dsRNA
phages (see Table S1 in the supplemental material) and Leviviridae with 38 single-stranded
RNA (ssRNA) phages (6, 7). Recently, a metagenomic sequencing study revealed 122 RNA
phages with partial genome sequences, implying that more unrecognized RNA bacterio-
phages have yet to be discovered (8).

One reason for the lack of dsRNA phages might be the phage isolation method of
employing double-layer agar plates, which can isolate phages with a lytic lifestyle. In
fungi, dsRNA viruses are quite common, and some of these dsRNA viruses have a latent
infection lifestyle, coexisting inside fungi and having minor or moderate impacts on
the host (9-11). Thus, we infer that RNA phages with a lifestyle of commensalism or
mutualism might not be selected by the formation of plaques on agar; rather, they
should be isolated within the bacterium.

RESULTS AND DISCUSSION

In this study, we attempted to isolate RNA bacteriophages inside bacteria using
CF11 cellulose, which is a common method to characterize RNA fungi viruses (12, 13).
The CF11 cellulose column has been used previously to purify dsRNA from phi6-
infected bacteria (14); however, to our knowledge, it has never been used to isolate
RNA bacteriophages from bacterial samples. We first randomly selected dozens of colo-
nies from fermented sour soup samples in Guizhou Province, China. Luckily, we suc-
cessfully isolated and identified three dsRNA segments from one colony (Fig. 1A), indi-
cating the potential presence of dsRNA bacteriophages inside this bacterium.

The host bacterium was classified as Microvirgula aerodenitrificans by 16S rRNA
gene amplification and sequencing and was named strain LH11-4 (Fig. 1B; see also
Table S2 in the supplemental material). The phage particles, which were collected from
the supernatant of the bacterial culture, were enveloped, tailless, spherical, and approxi-
mately 80 nm in diameter. The phage isolated in this study was named phiNY (Fig. 1C).

Phage particles can be detected in the supernatant using transmission electron micros-
copy (TEM) (Fig. 1C) and indicate the release of phages from the bacteria. However, phiNY
did not form any plaque on the host, and the replication of phiNY is consistent with the
growth of bacterium LH11-4 but did not inhibit the growth of the host. (Fig. 1E and F).

To further test the lifestyle relationship between phiNY and the host, we randomly
isolated 93 colonies from L11-4 to select a phiNY-negative strain. We isolated and iden-
tified 9 colonies (Fig. 2) that were negative. Two phiNY-negative strains (LH9 and LH3)
could be reinfected with phiNY and maintained for generations, while others were
phiNY-resistant strains that could not be reinfected. Moreover, the chloroform-treated
phiNY could not infect LH3 (Fig. 1D), indicating that phiNY is sensitive to organic sol-
vents and has a lipid envelope.

More strikingly, phiNY-reinfected strains LH9-NY and LH3-NY and the parent strain
LH11-4 grew faster than phiNY-negative strains LH9 and LH3, indicating that phiNY
improves the growth of bacterial host (Fig. 1G and H), in contrast to other lytic dsRNA
phages. This phenomenon is partly due to the poor lytic efficiency of phage phiNY,
which enables the growth of the host. On the other hand, phiNY might encode a pro-
tein that improves the growth rate of the host, which needs further investigation.

The genome of bacteriophage phiNY was revealed by next-generation sequencing
followed by 5'/3" rapid amplification of cDNA ends (RACE) PCR using virus-specific pri-
mers (see Table S3 in the supplemental material) and was found to consist of segments
L (7,135 bp), M (3,229 bp), and S (2,657 bp) (GenBank accession numbers MW471133,
MW471134, and MW471135, respectively). The genome size was similar to that of other
dsRNA bacteriophages (see Table S4 in the supplemental material). However, BLAST
analysis showed that phiNY had no nucleotide sequence similarity with any other
phage.

Seventeen open reading frames (ORFs) were annotated in phiNY using RAST (15).
Based on amino acid similarity, only 3 ORFs were similar to functionally characterized
genes, whereas 14 ORFs encode hypothetical proteins (Fig. 3A; see also Table S5 in the
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FIG 1 Biological characterization of bacteriophage phiNY and the host bacterium Microvirgula aerodenitrificans strain LH11-4. (A) Agarose gel
electrophoretic profile of the bacteriophage phiNY genome. (B, C) Transmission electron micrographs of the host bacterium, M. aerodenitrificans strain
LH11-4, and bacteriophage phiNY. (D) The presence of double-stranded RNAs (dsRNAs) was detected from the phiNY-reinfected colony, but not the
chloroform-treated phiNY-infected colony. (E) Growth curves of M. aerodenitrificans strain LH11-4 with phiNY (optical density at 595 nm [ODs,], mean =
standard deviation [SD] of three biological replicates). (F) Quantification of phiNY by reverse transcription-quantitative real-time PCR (RT-qPCR) from the
precipitate of M. aerodenitrificans strain LH11-4 (mean = SD of three biological replicates). (G) Growth curves of M. aerodenitrificans strain LH11-4 with
phiNY, phiNY-negative strain LH9, and the phiNY-reinfected strain LH9-NY (OD.,;, mean * SD of three biological replicates). (H) Growth curves of M.
aerodenitrificans strain LH11-4 with phiNY, phiNY-negative strain LH3, and the phiNY-reinfected strain LH3-NY (OD,,;, mean = SD of three biological
replicates).

supplemental material). ORF4 encodes a predicted RNA-dependent RNA polymerase,
P2, which might play an important role in the replication and transcription of the
phage genome (16). ORF6 encodes the predicted major core structural protein, P1. In
addition, ORF17 in segment S encodes a predicted glycoside hydrolase family 73 pro-
tein. The phylogenetic tree also shows that ORF17 of phiNY is evolutionarily related to
the glycoside hydrolase family 73 protein from bacteria and phages, suggesting that
ORF17 of phiNY might be the lysozyme in phiNY and thus might play a key role in
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FIG 2 Investigation of carrier rate of phiNY in M. aerodenitrificans strain LH11-4. (A) The phiNY-
negative colonies were detected using CF11 cellulose extraction followed by gel electrophoresis. (B)
Confirmation of the absence of the phiNY genome in 9 colonies by RT-PCR.

phage infection and host lysis (Fig. 4A). In addition, we found that phiNY and other

dsRNA phages have different conserved sequences at the 5’ and 3’ termini (Fig. 3B).
Structural proteins of phiNY were analyzed by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) followed by high-performance liquid chromatography-
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FIG 3 Bioinformatics analysis of phiNY. (A) Genome maps of L, M, and S segments in the dsRNA phage phiNY. The predicted open reading frames (ORFs)
are numbered, and the annotations are shown above. (B) Alignment of 5 and 3’ termini of the L, M, and S segments in 7 dsRNA phages. Based on the
alignment results, we identified similar sequences at the 5" and 3’ termini of 7 dsRNA phages.
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FIG 4 Phylogenetic relationship of phiNY. (A) Phylogenetic relationships between glycoside hydrolases and lysozymes from bacteria and phages, which
have similarity with ORF17 of phage phiNY. The name of the phage discovered in this study, phiNY, is shown in black. The names of bacterium reference
sequences and phage reference sequences, including both the GenBank accession number and species name, are shown in blue and red, respectively. The
cell wall hydrolase of Bacillus phage BCD7 is selected as an outgroup and is shown in green. (B) Phylogenetic analysis of RNA-dependent RNA polymerases
from phiNY and other dsRNA phages. The phylogenetic tree is constructed based on RNA-dependent RNA polymerase protein alignment. The name of the
phage discovered in this study, phiNY, is shown in black. The names of reference sequences in the genus Cystovirus and unclassified Cystoviridae species,
including both the GenBank accession number and the phage species name, are shown in red and blue, respectively. Wenling crustacean virus 9 of
Bunyavirales, which also has a segmented genome, is selected as an outgroup and is shown in green.

mass spectrometry (HPLC-MS). Structural proteins were detected with molecular weights
of 10 to 100kDa (Fig. 5). Sixteen ORFs were successfully detected by HPLC-MS, including
the predicted major core structural protein P1. Most of the identified proteins are function-
ally unknown and merit further study.

A phylogenetic tree was constructed using the RNA-dependent RNA polymerase
proteins from phiNY and other dsRNA phages and indicated the distant relationships
between phiNY and the other dsRNA phages, demonstrating that phiNY is a unique
dsRNA phage (Fig. 4B).

In summary, we applied a method to characterize fungus viruses to isolate phages
from bacteria and successfully selected a novel dsRNA phage, phiNY, from Microvirgula
aerodenitrificans. phiNY replicates in a way that promotes the growth rate of the bacte-
rium. Bioinformatic analysis reveals that phiNY had no nucleotide sequence similarity
with other phages, implying genetic diversity of dsRNA phages, which might be widely
distributed in microbial communities and could be very difficult to detect by metage-
nomic studies due to their poor sequence similarities. Thus, this study not only reveals
a new dsRNA phage with a mutualistic parasitic lifestyle but also proves the impor-
tance of other virus-characterizing methods in isolating new phages.

MATERIALS AND METHODS

Isolation and purification of dsRNA phage phiNY. Fermented sour soup, which is a traditional fer-
mented condiment of Miao nationalities in Guizhou, China, was collected (without fixative or preserva-
tive) in a volunteer’'s home and transported to the research facility at ambient temperature, avoiding ex-
posure to heat, and stored at 4°C until processed. Single colonies were picked by inoculations of 10-fold
dilutions from the fermented sour soup samples.

Then, we tried to isolate RNA bacteriophages using CF11 cellulose (Sigma, USA) as previously
described (12) with minor modification. Briefly, the pelleted bacterial cells were centrifuged from 5- to
10-ml liquid cultures and ground in liquid nitrogen. The powder obtained was suspended in 0.4 ml
extraction buffer (0.1 M NaCl, 50 mM Tris-HCI [pH 8], 0.5 mM EDTA [pH 8], 1% SDS, 25 mM glycine, and
0.1% 2-mercaptoethanol) and 0.4 ml phenol-chloroform (1:1 [wt/wt]). The suspension was vortexed for
5min, followed by centrifugation at 4°C for 10 min at 12,000 rpm. The collected aqueous phase was
adjusted to a final concentration of 19% ethanol and 0.06 g/ml CF11 cellulose (Sigma), and then chilled
on ice for 30 min. dsRNA was washed twice by adding elution buffer (0.1 M NaCl, 50 mM Tris-HCI [pH 8], and
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FIG 5 (A) SDS-PAGE of phiNY structural proteins. Molecular mass markers are shown on the left. (B) Protein mass spectrometry

results for phiNY.

0.5 mM EDTA [pH 8]). dsRNA was precipitated with 3 M NaOAc (pH 5.5) and cold absolute ethanol at —20°C
for 60 min. Finally, dsRNA was dissolved in 25 u| double-distilled water (ddH,0).

We successfully isolated the dsRNA bacteriophage phiNY from a colony from fermented sour soup
samples in Guizhou Province. The dsRNA bacteriophage phiNY was then freed of contaminating DNA
and single-stranded RNA by treatment with RNase-free DNase | and S1 nuclease (TaKaRa, Dalian, China)
(Fig. 1A).

16S rRNA gene sequencing. The host bacterium M. aerodenitrificans LH11-4 was cultured in Luria-
Bertani (LB) medium at 28°C. Cultures were preserved in glycerol (25%) at —80°C for long-term storage.
The genomic DNA of purified M. aerodenitrificans strain LH11-4 was prepared using a bacterial genomic
DNA extraction kit (Tiangen Biotech, Beijing, China). The primers 27F and 1492R (see Table S3 in the sup-
plemental material) were used to amplify the 16S rRNA gene of the isolated strain LH11-4 (see Table S2
in the supplemental material). The thermocycling conditions were as follows: 94°C for 5 min; 30 cycles of
94°C for 30sec, 55°C for 45 sec, and 72°C for 1 min; and a final extension at 72°C for 5 min. Amplified
cDNA products were then cloned into the pMD18-T vector (TaKaRa, Dalian, China) and sent for Sanger
sequencing.

Transmission electron microscopy. The dsRNA bacteriophage phiNY particles were extracted from
the liquid cultures of M. aerodenitrificans strain LH11-4 after inoculation in LB broth at 28°C. Briefly, the
supernatants of liquid cultures were centrifuged twice at 12,000 rpm for 10 min at 4°C and filtered twice
through a 0.22-um filter membrane. phiNY was purified by precipitation with polyethylene glycol (PEG)
8000, followed by sucrose density gradients (20 to 40%) and centrifugation at 30,000 rpm for 2 h at 4°C.
In addition, the M. aerodenitrificans strain LH11-4 after inoculation was centrifuged at 2,500 rpm for
15 min. The morphology of phage phiNY and the M. aerodenitrificans strain LH11-4 was examined after
negative staining with 2% phosphotungstic acid and using a JEM-2100 transmission electron micro-
scope (Jeol, Japan).

Investigation carrier rate of phiNY in M. aerodenitrificans strain LH11-4. A total of 93 bacterial
colonies were used for the investigate the carrier rate of phiNY in M. aerodenitrificans strain LH11-4 (Fig.
2A). Single colonies were picked when M. aerodenitrificans strain LH11-4 was grown on LB plates at 28°C
for 2 days. Then, the phiNY genome was extracted using CF11 cellulose (Sigma) from 93 colonies using
the procedure described by Peyambari and Roossinck (12). We successfully isolated nine colonies with-
out phiNY, and the absence of phiNY was checked using reverse transcription-PCR (RT-PCR) with
sequence-specific primers (Table S3; Fig. 2B). The thermocycling conditions were as follows: 94°C for
4 min; 30 cycles of 94°C for 30 sec, 55°C for 45 sec, and 72°C for 1 min; and a final extension at 72°C for
5min.

Infection of M. aerodenitrificans strain LH3 with phiNY. Early-logarithmic-phase culture of M. aero-
denitrificans strain LH3 or LH9 was mixed with purified phiNY and incubated at room temperature for
1.5 h. The mixed cultures were plated on the LB plates at 28°C for 2 days. Then, the presence of phiNY in
the colonies was detected using CF11 cellulose (Sigma) followed by gel electrophoresis. The respective
phiNY-infected M. aerodenitrificans strains were named LH9-NY and LH3-NY.

Chloroform-treated phiNY. Chloroform treatment was performed by vigorously shaking a mixture
of 0.5 ml purified phiNY and 0.5 ml chloroform for 1 min. The mixture was centrifuged at 12,000 rpm for
5min. The chloroform-treated phiNY was collected from the aqueous phase. M. aerodenitrificans strain
LH3 (optical density at 595 nm [OD,y] = 0.5) was mixed with the chloroform-treated phiNY and incu-
bated at room temperature for 1.5 h. The mixed cultures were plated on the LB plates. Then, single
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colonies were picked when M. aerodenitrificans strain LH3 was grown on LB plates at 28°C for 2 days,
and the presence of phiNY was determined using CF11 cellulose followed by gel electrophoresis.

Growth curve experiment. A total of 1 ml bacterial culture (OD,,s = 0.6) was added to 100-ml liquid
cultures (n =3). Incubation was continued for 48 h. Samples were taken at different time points to mea-
sure the OD,,. The growth curve was drawn using GraphPad Prism 5.0 software (Fig. 1E, G, and H).

Reverse transcription—-quantitative real-time PCR. The gene-specific primers for reverse transcrip-
tion-quantitative real-time PCR (RT-qPCR) (Table S3) were designed to target segments L, M, and S of
PhiNY. In addition, the 16S rRNA housekeeping gene primers to detect the reference gene for normaliza-
tion are also listed in Table S3. Briefly, a total of 3 ml M. aerodenitrificans strain LH11-4 with phiNY was
added to 300 ml of LB broth, and the mixture was cultured in an incubator (200 rpm, 28°C). Samples
(each 1.5 ml) were taken at the different OD,, (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4). All of the samples
were centrifuged (12,000 rpm, 20 min), and the pelleted cells were collected. The total RNA of the pel-
leted cells was isolated and purified using a Genelet RNA purification kit (Thermo Scientific, Shanghai,
China) following the manufacturer’s instructions. Then, the first-strand cDNA was synthesized using the
Hifair 1l 1st Strand cDNA Synthesis SuperMix for qPCR kit (Yeasen Biotechnology, Shanghai, China).
Finally, the samples (OD,,, = 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4) were detected with SYBR green real-
time PCR (quantitative PCR [gPCRY]) in triplicate on the QuantStudio 3 real-time PCR system (Applied
Biosystems, Thermo, China), and the relative gene expression was analyzed using the comparative
threshold cycle (2-24<T) method (17). The curve of relative DNA quantities based on the OD,; of 0.1 was
drawn in GraphPad Prism 5.0 software.

Proteomic analysis of phage structural proteins. Proteomic analysis was performed as previously
described (18). Briefly, purified particles were denatured with heat and loaded onto a 15% (wt/vol) poly-
acrylamide gel. Proteins were stained with Coomassie brilliant blue R250 dye and washed with metha-
nol-acetic acid-H,O. The protein bands that included all the structural proteins were excised from the
gel for high-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis. HPLC-MS data
were processed using Agilent Spectrum Mill proteomics software to allocate each protein to the corre-
sponding gene.

Bioinformatics analysis. We digested nucleic acids of phiNY by using RNaseA, DNase |, and S1 nu-
clease (all from TaKaRa) and performed agarose gel electrophoresis to determine the type of nucleic
acid present. The NEBNext Ultra Il directional RNA library prep kit (NEB) for lllumina was used for library
preparation. Whole-genome sequencing of phiNY was performed using the MiSeq platform (lllumina,
San Diego, CA). The genome sequence was assembled using SPAdes v3.13.0 software (19). Clones for
the terminal sequences of phiNY were generated by T4 RNA ligase oligonucleotide-mediated amplifica-
tion with sequence-specific primers (Table S3), as described by Lambden et al. (20, 21). Genome annota-
tion was accomplished and amino acid sequences were derived using the online tool RAST (http://www
rast.ampdr.org) (15). To manually verify the predicted ORFs, we performed a BLASTn (https://blast.ncbi
.nlm.nih.gov/Blast.cgi) and Conserved Domain analysis (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) (22). The alignment analysis of segments L, M, and S was performed with CLC Genomics
Workbench 12.0.2 (Qiagen, Hilden, Germany).

The rooted phylogenetic tree based on RNA-dependent RNA polymerase was constructed using the
maximum-likelihood method with a bootstrap assessment of ClustalW in MEGA7 software, based on
1,000 replicates and a random seed. The genome and amino acid sequences of RNA-dependent RNA po-
lymerase used to build the tree were downloaded from the NCBI database. The rooted phylogenetic
tree based on glycoside hydrolase was constructed using the neighbor-joining method in MAGA7.0 soft-
ware, based on 1,000 replicates. We constructed a multiple-sequence alignment of their amino acid
sequences using MAFFT 7.475 (23). For sequence selection of the phylogenetic tree shown in Fig. 4,
ORF17 was compared with the nonredundant (nr) database and virus database (taxonomy identifier
10239) by NCBI BLASTp search, and the sequence with the highest similarity was selected from the
results. The tree was embellished using Evolview (24).

Data availability. The phiNY genomic sequence was deposited in GenBank. The accession numbers
for segments L, M, and S are MW471133, MW471134, and MW471135, respectively.
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