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Male-specific single-stranded RNA (FRNA) coliphages belong to the family Leviviridae. They are classified into
two genera (Levivirus and Allolevivirus), which can be subdivided into four genogroups (genogroups I and II in
Levivirus and genogroups III and IV in Allolevivirus). Relatively few strains have been completely characterized, and
hence, a detailed knowledge of this virus family is lacking. In this study, we sequenced and characterized the
complete genomes of 19 FRNA strains (10 Levivirus strains and 9 Allolevivirus strains) and compared them to the
11 complete genome sequences available in GenBank. Nucleotide similarities among strains of Levivirus genogroups
I and II were 75% to 99% and 83 to 94%, respectively, whereas similarities among strains of Allolevivirus genogroups
III and IV ranged from 70 to 96% and 75 to 95%, respectively. Although genogroup I strain fr and genogroup III
strains MX1 and M11 share only 70 to 78% sequence identity with strains in their respective genogroups, phylo-
genetic analyses of the complete genome and the individual genes suggest that strain fr should be grouped in
Levivirus genogroup I and that the MX1 and M11 strains belong in Allolevivirus genogroup III. Strains within each
genus share >50% sequence identity, whereas between the two genera, strains have <40% nucleotide sequence
identity. Overall, amino acid composition, nucleotide similarities, and replicase catalytic domain location contrib-
uted to phylogenetic assignments. A conserved eight-nucleotide signature at the 3� end of the genome distinguishes
leviviruses (5� ACCACCCA 3�) from alloleviviruses (5� TCCTCCCA 3�).

Male-specific RNA (FRNA) coliphages are single-stranded
RNA (ssRNA) viruses that are found throughout the world in
bacterial isolates associated with sewage and feces in mammals
(12). They possess a positive-sense genome ranging from 3.8 to
4.2 kb in size enclosed by a nonenveloped 26-nm icosahedral
capsid (5). The natural host is restricted to gram-negative
bacteria (17) expressing a male factor F�, Hfr, or F� (44). For
successful infection, the host must possess a fertility (F) sex
pilus, coded on the F plasmid of Escherichia coli (28), or
chromosomal marker Hfr (6), as infection occurs by attach-
ment to this receptor site (7).

FRNA phages belong to the family Leviviridae, which is
further subdivided into two genera (Levivirus and Allolevi-
virus). Levivirus is subdivided into genogroups I and II, and
Allolevivirus is subdivided into genogroups III and IV. Histor-
ically, separation into subgroups was based on serological
properties (33), sedimentation, density, and molecular weight
(36). Recently, genomic data have provided an additional sub-
grouping tool (41).

Based on a limited number of completely sequenced FRNA
genomes, four genes were identified (4). These genes code for
an assembly or maturation protein, capsid protein, lysis pro-

tein, and replicase protein in the leviviruses, whereas the lysis
protein is replaced by a read-through protein in alloleviviruses.
Nonstructural and structural proteins are encoded by the Levi-
viridae viral genome (5). Each FRNA virion contains 1 copy of
positive-sense ssRNA, 180 copies of the capsid or coat protein,
1 copy of the assembly or maturation protein, and, in the
alloleviviruses, approximately 15 copies of the read-through
protein (38, 39, 42).

In this study, the complete genomes of 19 FRNA strains
representing the four known genogroups were sequenced and
compared to 11 FRNA sequences available in the National
Center for Biotechnology Information (NCBI) GenBank, for a
total analysis of 30 FRNA genomes. Phylogenetic profiles,
nucleotide sequence similarity, amino acid compositions, open
reading frame (ORF) positions, and subsequent gene locations
were compared. The results of this study will contribute to a
better understanding of the ecology of FRNA coliphages as
well as provide a more substantial genetic database to design
molecular FRNA detection and identification methods.

MATERIALS AND METHODS

FRNA coliphage strains and RNA extraction. FRNA prototype strains used in
this study, MS2, GA, Q�, FI, and SP, were kindly provided by K. Furuse (Tokai
University, Japan). Prototype strain fr was provided by A. Boehm (Stanford
University, Stanford, CA), and prototype strains MX1 and M11 were obtained
from the University of North Carolina, Chapel Hill, collection. FRNA strains
ST4, TW18, VK, and BZ1 were a gift from J. van Duin (Leiden University, The
Netherlands). Field-collected strains BR1, BR8, and BR12 were generously
provided by Brian Robinson (NOAA, Charleston, SC), and strain R17 was
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obtained from the Felix D’Herelle Reference Centre for Bacterial Viruses,
Université Laval, Quebec, Canada. Additional field strains DL1, DL2, DL13,
DL16, J20, T72, DL10, DL20, HL4-9, HB-P22, and HB-P24, collected from
wastewater, surface waters, swine lagoons, and chicken litter, were used in this
study (11). Preliminary subgrouping of all 19 strains was conducted by reverse
line blot hybridization (41).

Each strain was plaque purified and further enriched using Escherichia coli
HS(pFamp)R as the host (41). Aliquots of approximately 1 to 2 ml of the purified
viral supernatant were frozen at �75°C.

Coliphage RNA was extracted from purified virus as described by Stewart et
al. (32) by using a QIAamp viral RNA minikit (Qiagen, Valencia, CA). Purified
RNA was stored frozen at �20°C.

Generating cDNA from polyadenylated RNA. For cDNA synthesis, strain MS2
was used as the positive control. First, viral RNA was 3� polyadenylated with
yeast poly(A) polymerase (USB, Inc., Cleveland, OH) and 25 mM ATP in a 50-�l
reaction volume (USB). The 50-�l reaction volume was prepared with 10 �l of
5� poly(A) polymerase reaction buffer, 10 �l RNA, 2 �l of 25 mM ATP, 0.7 �l
of 600 U poly(A) polymerase, and 27.3 �l nuclease-free water. The mixture was
incubated at 37°C for 5 min and then placed on ice for enzymatic termination.
Polyadenylated RNA was either immediately frozen or used as a template for
cDNA synthesis.

Full-length cDNA was prepared using an oligo(dT) reverse primer supplied
with the reverse transcriptase MonsterScript 1st Strand cDNA synthesis kit
(Epicentre, Madison, WI) as outlined by the manufacturer. The single-stranded
cDNA was used as a template for the PCR. To verify the successful generation
of full-length cDNA, amplification of a small region of the 5� end of strain MS2
was used as a positive control (19).

Primer walking. To amplify the 1-kb region between the replicase gene and
the 3� end of the genome, strain-specific forward primers were designed based on
a 200-nucleotide (nt) region of the replicase gene (41) and utilized along with an
oligo(dT) reverse primer. To amplify the upstream region of the genome, reverse
primers were designed based on the replicase gene sequence of each strain and
forward primers were designed based on available FRNA coliphage sequences in
GenBank. As sequences were generated (Sequetech, Mountain View, CA), re-
verse primers were designed to amplify overlapping sections of the genome. The
majority of the genome was sequenced by primer walking.

5� amplification of cDNA ends. The nucleotide sequence of the 5� region was
determined by rapid amplification of cDNA ends by using a Smart Race cDNA
amplification kit (Clontech, Mountain View, CA) with only minor modifications.
First-strand cDNA synthesis was carried out on ice with a 250-�l thin-walled
PCR tube by combining 3 �l RNA, 1 �l of 10 �M gene-specific reverse primer,
and 1 �l Smart oligonucleotide. The 5-�l reaction volume was briefly centri-
fuged, and the following components were added: 2 �l of 5� First Strand buffer
(Invitrogen, Carlsbad, CA), 1 �l of 20 mM dithiothreitol, 1 �l of 10 mM de-
oxynucleoside triphosphate, and 1 �l SuperScript II (Invitrogen, Carlsbad, CA).
Following a brief centrifugation, the mixture was incubated for 90 min at 42°C.
To dilute the first-strand cDNA, 20 �l of Tricine-EDTA buffer was added, and
the mixture was heated for 7 min at 72°C. The reaction generated double-
stranded cDNA. The cDNA was frozen at �20°C and used for subsequent PCRs.
In all experiments, a spectrophotometer (NanoDrop Technologies, Wilmington,
DE) was used to determine nucleic acid concentrations.

Long template PCR, cloning, and sequencing. The cDNA was amplified by
using Phusion DNA polymerase (New England Biolabs, Ipswich, MA) in a
master mix containing 10 �l of 5� Phusion buffer, 0.2 mM deoxynucleoside
triphosphate, 1 �l of 10 �M forward primer, 1 �l of 10 �M reverse primer, 3%
dimethyl sulfoxide, 2 �l cDNA, and 0.5 �l Phusion Taq in a 50-�l reaction
volume by using the following cycle parameters: one cycle denaturation at 98°C
(1 min) followed by 35 cycles at 98°C (30 s), 48°C (1 min), and 72°C (3 min)
followed by a 10-min extension at 72°C. For each reaction, positive controls were
prepared using primers MJV82 and JV81 for leviviruses and MJV82 and JV41
for alloleviviruses (41). A no-template negative control was included.

PCR products were separated by electrophoresis in a 1.5% agarose gel, stained
with SYBR Gold nucleic acid gel stain (Molecular Probes, Carlsbad, CA), and
visualized under blue light (Dark Reader transilluminators; Clare Chemical
Research, Dolores, CO).

Blunt-end PCR products were excised using a gel extraction tool (USA Sci-
entific Plastics, Ocala, FL) and purified according to the instructions of the
manufacturer (QuickClean 5 M gel extraction kit; GenScript Corporation, Pis-
cataway, NJ).

Gel-purified DNA was cloned using a Zero Blunt TOPO PCR cloning kit
(Invitrogen, Carlsbad, CA). Colonies of transformed E. coli cells were screened
for positive inserts by using whole-cell PCR and Phusion DNA polymerase as
described above with the following cycle modifications: one cycle of denaturation

at 98°C (3 min) followed by 35 cycles at 98°C (10 s), 57°C (30 s), and 72°C (30 s)
followed by a 10-min extension at 72°C. Amplicons were separated by electro-
phoresis in 1.5% agarose gel in 0.5� Tris-acetate-EDTA, stained with 20 �g/ml
ethidium bromide, and visualized under UV light (UVP, Upland, CA). Clones
with the appropriate-size PCR amplicon were selected for plasmid purification
(QIAprep Spin Miniprep kit; Qiagen, Valencia, CA).

Each PCR amplicon was cloned, and three to five clones were sequenced. PCR
products from reactions from 5� rapid amplification of cDNA ends were se-
quenced directly. To achieve publication-quality sequence data, both forward
and reverse strands were sequenced (Sequetech, Mountain View, CA).

To avoid contamination, a PCR hood (AirClean 600; AirClean Systems, Ra-
leigh, NC) located in a designated clean room was used to prepare master mixes.
PCR amplification, electrophoresis, template, and/or viral preparations (35)
were conducted in individual assigned rooms based on designated use.

Sequence analyses. Raw sequences from three to five individual clones were
imported and aligned using BioEdit v7.0.1 (14) followed by Basic Local Align-
ment Search Tool (BLAST; National Center for Biotechnology Information)
analyses for sequence and phylogenetic confirmations. Full-length sequences
from all strains were aligned with those of prototype strains (GenBank) by using
ClustalW.

Similarity analyses were evaluated using SimPlot version 3.5.1 (18). The per-
cent similarity was calculated within a sliding window of 200 bp with a step size
of 20 bp between plots.

Amino acid analysis. Deduced amino acid sequences corresponding to each of
the four genes were determined using a computer-generated DNA-to-protein
translation tool, ExPASY (http://ca.expasy.org/). Predicted protein sequence mo-
tifs were identified by PROSITE (http://ca.expasy.org/prosite/), and protein fam-
ilies and domains were modeled in Pfam (http://pfam.janelia.org). Genetic dis-
tance was calculated for each protein within the respective genogroup by
ClustalW alignment and neighbor-joining analysis.

Phylogenetic analysis. Sequence data were analyzed using BioNumerics soft-
ware, version 3.5 (Applied Maths, Saint-Martens-Latem, Belgium). Phylogenetic
trees were built by global cluster analysis performed on multiple aligned se-
quences and clustered by unweighted-pair group method using arithmetic aver-
ages. A bootstrap analysis, based on 10,000 substitutions, was used to measure
cluster significance. The reliability of each cluster was expressed on a percentage
basis.

Nucleotide sequence accession numbers. The accession numbers of some full-
length Leviviridae sequences (for genogroup I, NC_001417 [MS2], AF195778 [M12],
and X15031 [fr]; for genogroup II, NC_001426 [GA] and AF227250 [KU1]; for
genogroup III, AF052431 [M11], AY099114 [Q�], and AF059242 [MX1]; and for
genogroup IV, X07489 [SP], AF059243 [NL95], and EF068134 [FI]) and a partial
sequence of genogroup II strain TL2 (AB218927) were available in GenBank.

The GenBank accession numbers generated in this study are as follows: for
genogroup I, EF107159 (DL1), EF108464 (DL16), EF108465 (R17), EF204939
(J20), and EF204940 (ST4); for genogroup II, FJ483837 (DL10), FJ483838
(T72), and FJ483839 (DL20); for genogroup III, FJ483840 (TW18), FJ483841
(HL4-9), FJ483842 (BR12), FJ483843 (VK), and FJ483844 (BZ1); and for geno-
group IV, FJ539132 (HB-P22), FJ539133 (HB-P24), FJ539134 (BR1), and
FJ539135 (BR8).

RESULTS

Comparison of full-length genome sequences. Full-length
genome sequences of 19 FRNA strains were determined in this
study and compared to 11 strains previously published in
GenBank (Table 1).

Seven genogroup I strains (DL1, DL2, DL13, DL16, ST4,
R17, and J20) were sequenced and compared to genogroup I
prototype strains MS2, M12, and fr (Table 2). Genogroup I
strains DL2 and DL13 were omitted from Table 2, as they were
�99% identical, differing by only 4 nt from the DL16 genome.
MS2 and ST4 were 98.7% similar to each other. Sequence
similarity among genogroup I strains ranged from 75.3 to
98.7%, with strain fr forming a separate subgroup (Table 2;
Fig. 1).

Sequences of three genogroup II strains (DL10, DL20, and
T72) were compared to the sequences of genogroup II proto-
type strains GA and KU1. Among genogroup II strains, nucleo-
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tide sequence similarities ranged from 83.3 to 93.8%, with
strains DL10, DL20, and GA having the highest sequence
identities (93.4 to 93.7%), whereas strains T72 and KU1
formed a separate subcluster (Table 2; Fig. 1). Strains in geno-
group I had only 50% sequence similarity (range of 46.7 to
53.9%) with strains in genogroup II (Table 2; Fig. 2A). Inter-
estingly, all Levivirus strains (genogroups I and II) had an
identical 8-nt sequence at the 3� terminus, 5� ACCACCCA 3�
(Table 3).

Allolevivirus genogroup III strains formed two different sub-
clusters (Fig. 1). Strains VK, HL4-9, BR12, BZ1, TW18, and
Q�, having nucleotide sequence similarities ranging from 91.9
to 95.7% (Table 2), formed the first subcluster (Fig. 1). The
second subcluster was formed with genogroup III strains MX1
and M11, as these strains shared 87% nucleotide similarity.
The nucleotide similarities of strains between the two geno-
group III subclusters ranged from 69.8 to 71.3% (Table 2).
Genogroup III strains shared �40% sequence identity (29.7 to
39.1%) with Levivirus genogroups I and II (Table 2). All

Allolevivirus strains had an identical 3� terminus signature se-
quence of 5� TCCTCCCA 3� (Table 3).

Sequences of genogroup IV strains BR1, BR8, HB-P22, and
HB-P24 were compared to the sequences of genogroup IV
prototype strains SP, FI, and NL95. Genogroup IV Allolevivi-
rus strains shared nucleotide sequence identities ranging from
74.9 to 95.0%, with the closest identities being 95.0% between
strains BR8 and BR1 (Table 2). Strain HB-P24 shared 90.2%
nucleotide identity with prototype strain NL95, whereas strains
BR8 and BR1 grouped with prototype strain SP (91.1 to
91.7%). In contrast, strain FI formed a unique phylogenetic
subcluster (Fig. 1). Genogroup IV nucleotide sequence iden-
tity was 53.5 to 57.9% with Allolevivirus genogroup III (Table
2; Fig. 2B) and �40% (31.8 to 38.7%) with Levivirus geno-
groups I and II.

ORF analyses. (i) Levivirus. In Levivirus genogroup I, the
ORF start and stop codons were located at nucleotide posi-
tions identical or very similar to those previously reported for
strain MS2 (9). With the exceptions of strain DL1 and fr, all

TABLE 1. Leviviridae strain identifications and ORF positionsa

Group and
strain

Length in nucleotides (amino acids) Accession
no.ORF1 ORF2 ORF3 ORF4 CG

Genogroup I
MS2c 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) 1,761–3,398 (545) 3,569 NC_001417
frc 129–1,310 (393) 1,336–1,728 (130) 1,691–1,906 (71) 1,762–3,399 (545) 3,575 X15031
M12c 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) ND 3,340b AF195778
DL1 131–1,312 (393) 1,336–1,728 (130) 1,679–1,906 (75) 1,762–3,399 (545) 3,570 EF107159
DL2d 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) 1,761–3,398 (545) 3,491b NA
DL13d 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) 1,761–3,398 (545) 3,491b NA
DL16 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) 1,761–3,398 (545) 3,569 EF108464
J20 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) 1,761–3,398 (545) 3,569 EF204939
ST4 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) 1,761–3,398 (545) 3,569 EF204940
R17 130–1,311 (393) 1,335–1,727 (130) 1,678–1,905 (75) 1,761–3,398 (545) 3,569 EF108465

Genogroup II
GAc 136–1,308 (390) 1,325–1,717 (130) 1,717–1,908 (63) 1,749–3,327 (532) 3,466 NC_001426
KU1c 137–1,309 (390) 1,325–1,683 (130) 1,735–1,929 (64) 1,770–3,348 (532) 3,486 AF227250
T72d 137–1,309 (390) 1,325–1,683 (130) 1,735–1,929 (64) 1,770–3,348 (532) 3,393b FJ483838
DL10d 136–1,308 (390) 1,325–1,717 (130) 1,717–1,908 (63) 1,749–3,327 (532) 3,412b FJ483837
DL20 129–1,301 (390) 1,318–1,710 (130) 1,710–1,901 (63) 1,742–3,320 (532) 3,458 FJ483839

Genogroup III
Q�c,d 62–1,324 (420) 1,345–1,746 (133) 1,345–2,334 (328) 2,353–4,122 (592) 4,160b AY099114
M11c 57–1,322 (421) 1,344–1,744 (133) 1,344–2,333 (328) 2,352–4,118 (588) 4,217 AF052431
MX1c 56–1,321 (421) 1,343–1,744 (133) 1,343–2,332 (328) 2,351–4,111 (586) 4,215 AF059242
TW18 62–1,324 (420) 1,345–1,746 (133) 1,345–2,334 (328) 2,353–4,122 (592) 4,218 FJ483840
HL4-9 62–1,324 (420) 1,345–1,746 (133) 1,345–2,337 (329) 2,356–4,125 (592) 4,221 FJ483841
BR12 62–1,324 (420) 1,345–1,746 (133) 1,345–2,334 (328) 2,353–4,122 (592) 4,218 FJ483842
VK 62–1,324 (420) 1,345–1,746 (133) 1,345–2,334 (328) 2,353–4,122 (592) 4,218 FJ483843
BZI 62–1,324 (420) 1,346–1,747 (133) 1,346–2,335 (328) 2,354–4,123 (592) 4,219 FJ483844

Genogroup IV
NL95c 53–1,371 (442) 1,402–1,800 (132) 1,402–2,394 (331) 2,414–4,144 (576) 4,248 AF059243
SPc 55–1,400 (450) 1,427–1,825 (132) 1,427–2,422 (330) 2,442–4,172 (576) 4,276 X07489
FIc,d 55–1,371 (438) 1,392–1,791 (132) 1,392–2,391 (332) 2,406–4,167 (586) 4,184b EF068134
HP-P22 52–1,367 (440) 1,395–1,793 (132) 1,395–2,387 (329) 2,407–4,137 (576) 4,241 FJ539132
HP-P24 53–1,368 (441) 1,397–1,795 (132) 1,397–2,389 (329) 2,409–4,139 (576) 4,243 FJ539133
BR1 52–1,397 (450) 1,424–1,822 (132) 1,424–2,419 (330) 2,439–4,169 (576) 4,273 FJ539134
BR8 52–1,397 (450) 1,424–1,822 (132) 1,424–2,419 (330) 2,439–4,169 (576) 4,273 FJ539135

a The number of amino acids for each gene is in parentheses. Proteins were determined by mapping of ORFs (BioEdit) and translation of nucleotide sequences to
amino acids by using the ExPASY (http://ca.expasy.org/) DNA-to-protein translation tool. CG, complete genome; ND, not determined; NA, not applicable.

b Nearly full-length genome.
c Previously published GenBank genome.
d ORF nucleotide position based on alignment.
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MS2-like strains (DL1, DL2, DL13, DL16, J20, ST4, R17, and
M12) had their four ORFs located at similar nucleotide posi-
tions (Table 1). AUG was found to be the start codon for all
four ORFs within genogroup I with two exceptions: (i) MS2,
ST4, and fr had GUG as the start codon for ORF1, and (ii) the
strain fr lysis gene start codon was UUG (Table 4).

The nucleotide start and stop positions of genogroup II
genes of strains T72 and KU1 were similar to each other,
whereas the nucleotide stop and start positions of strains DL10
and DL20 were similar to those of strain GA (Tables 1 and 4).
The start codon for all ORFs in genogroup II strains GA,
DL10, and DL20 was AUG (Table 4). The lysis gene start
codon in strains T72 and KU1 was UUG (Table 4). In addition,
there was an 18-nt insertion between the capsid gene stop
codon (ORF2) and the lysis gene start codon (ORF3) in strains
T72 and KU1 that was absent in the other genogroup II strains.
However, a translation coupled stop-start codon (UAAUG)
was observed in the lysis protein for genogroup II strains GA,
DL10, and DL20.

(ii) Allolevivirus. The Allolevivirus genome possesses four
genes and three start codons, as the capsid and read-through
genes share a single ORF (ORF2/ORF3) (Table 4). The ORF
alignment positions for all genogroup III strains except MX1
and M11 were very similar if not identical. Although ORFs of
strain Q� aligned perfectly with those of the other genogroup
III strains, the GenBank-acquired Q� sequences were not
complete. Thus, individually mapped ORF positions varied
slightly (Table 1). ORF and Shine-Dalgarno positions of the
assembly, capsid, and read-through genes of MX1 and M11
were similar to those of the other genogroup III strains, but the
replicase gene ORF and Shine-Dalgarno positions differed
(Table 4).

Within genogroup IV, phages BR1, BR8, NL95, and SP
possessed similar ORF positions, whereas strains HB-P22, HB-
P24, and FI possessed similar ORF nucleotide positions (Ta-
bles 1 and 4).

Shine-Dalgarno sequences. In prokaryotes, the Shine-Dal-
garno core consensus sequence (GGAGG) or slight variations
of the core sequence are located upstream from the ORF start
codon (20, 30). Since variations of the core Shine-Dalgarno
sequences were observed in this study, spacing between the
start codon and Shine-Dalgarno sequence was defined as the
number of nucleotides between the last base of the Shine-
Dalgarno sequence and the first base of the start codon. For
Levivirus groups I and II, Shine-Dalgarno sequences were lo-
cated within 4 to 8 nt upstream from ORF1 and ORF2, 8 to 15
nt upstream from ORF3, and 6 nt upstream from ORF4.
Shine-Dalgarno sequences for Allolevivirus groups III and IV
were located 4 or 5 nt upstream from ORF1, 11 nt upstream
from ORF2/ORF3, and 5 to 8 nt upstream from ORF4 (Ta-
ble 4).

Amino acid composition of Levivirus. The maturation/assem-
bly proteins in genogroups I and II were 393 and 390 amino
acids in length, respectively, and the Levivirus capsid protein
was 130 amino acids in length (Table 1). The lysis protein of
strain fr consisted of 71 amino acids, whereas the remaining
genogroup I strains had a lysis protein 75 amino acids in
length. An amino acid deletion was observed in the genogroup
II lysis protein of strains DL10, DL20, TL2, and GA relative to
T72 and KU1 (Table 1). The conserved ssRNA YGDD se-
quence was located in the replicase protein, and the lengths of
these proteins in genogroups I and II were 545 and 532 amino
acids, respectively.

Pfam for Levivirus. Pfam examines species distribution of
the specified protein and to which family or families the pro-
tein structure belongs (10). Levivirus capsid amino acid com-
positions were placed into the “Levi_coat” domain, which in-
cluded all Leviviridae strains from genogroups I, II, III, and IV
and bacteriophage PRR1 in the Pfam species tree. Pfam
searches of genogroup I and II replicase proteins resulted in
phages from the Leviviridae family and the addition of bacte-
riophages PRR1, ZR, and BO1, as well as Acinetobacter phage

TABLE 2. Leviviridae nucleotide percent similarity
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AP205. The replicase protein was placed into the “RNA rep-
licase, beta-chain” domain. The genogroup I lysis protein was
not sorted into a family or domain in a PfamA search. A
subsequent PfamB search for the genogroup I lysis protein
linked it to a lysis domain, and the results matched Levivirus
genogroup I strains fr, M12, MS2, and JP501. A PfamA mat-
uration protein search generated the “phage_mat-A” domain
along with a Pfam species tree including all Leviviridae strains
plus three additional bacteriophages, PRR1, PP7, and AP205.

Protein sequence motifs of Levivirus. Predicted protein mo-
tifs, casein kinase II phosphorylation, cyclic AMP (cAMP)-
and cGMP-dependent protein kinase phosphorylation, protein
kinase C phosphorylation, N myristoylation, N glycosylation,
and tyrosine kinase phosphorylation, occurred frequently in
the FRNA coliphages. Unique to strain fr was the presence of
a leucine zipper in the lysis protein and an amidation motif in
the replicase region. The replicase gene RNA-dependent RNA

polymerase catalytic domain occurred at amino acid positions
243 to 373 and 245 to 375 for groups I and II, respectively.
Common to every genogroup II strain was a prenyl group
binding site (CAAX box) at amino acid positions 529 to 532 in
the replicase region.

Genetic distances of Levivirus. Excluding that of strain fr,
genogroup I amino acid compositions were very conserved, as
the genetic distances were small (data not shown). The capsid
protein was the most conserved (distance of 0.0000 to 0.0411),
followed by maturation protein (0.0046 to 0.0889), replicase
(0.0033 to 0.0887), and lysis protein (0.0000 to 0.3416). The
capsid protein was identical among strains DL1, DL2, DL13,
DL16, and J20. As demonstrated by the distance values (0.2316
to 0.5685), the amino acid compositions of all four proteins in
strain fr were not conserved compared to those of the other
genogroup I strains.

In genogroup II strains, the capsid protein was the most

FIG. 1. Unrooted phylogenetic analysis of full-length nucleotide sequences. Nucleotide percent similarity between each male-specific FRNA
strain (family Leviviridae) is represented on the horizontal axis. The numbers on each node indicate bootstrap values expressed as percentages.
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conserved, with a genetic distance of 0.0135 to 0.1116, followed
by the lysis (0.0000 to 0.1521), replicase (0.0415 to 0.2160), and
maturation (0.0235 to 0.2036) proteins.

Amino acid composition of Allolevivirus. The length of the
maturation proteins of genogroups III and IV ranged from 420
to 450 amino acids (Table 1). Genogroup IV maturation pro-
tein in strains HB-P22, HB-P24, NL95, and FI had a nine-
amino-acid deletion compared to the other genogroup IV
strains. The lengths of the capsid proteins were 133 and 132 for
genogroups III and IV, respectively. Read-through proteins

were 328 to 329 and 329 to 332 amino acids in length for
genogroups III and IV, respectively. The replicase was 576 to
592 amino acids in length and contained the YGDD sequence.

Pfam for Allolevivirus. Similar to the case for Levivirus, a
Allolevivirus maturation protein search generated the “phage_
mat-A” domain, which matched all four genogroups of Levi-
viridae phages described in this study plus the non-FRNA
bacteriophage strains PRR1, PP7, and AP205. The PfamA
capsid protein search resulted in the family “Levi_coat” and
matched all four genogroups in the Leviviridae family, along

FIG. 2. SimPlot nucleotide similarity and genome organization. The vertical axes show percent similarities within a sliding window 200 bp wide
and a step size between plots of 20 bp. The horizontal axes show the approximate nucleotide positions on the genome. (A) Levivirus genogroup
I queried against genogroup II. (B) Allolevivirus genogroup III queried against genogroup IV.
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with FRNA phages ZR, TH1, TL2, SD, f2, and BO1 plus the
Pseudomonas bacteriophage PRR1. Non-FRNA strains PP7
and AP205 were not detected in the capsid search results.

Read-through proteins were grouped as “A1-protein coat
readthrough” with PfamB, generating a five-member FRNA
strain match of SP, Q�, NL95, MX1, and M11. As with the
Levivirus protein, the Allolevivirus replicase protein was sorted
into the “RNA replicase, beta-chain” family, which included
Leviviridae strains of all four genogroups with additional
FRNA strains ZR and BO1 plus non-FRNA bacteriophages
PRR1, PP7, and AP205.

Protein sequence motifs of Allolevivirus. As observed for the
Levivirus genus, the most prevalent protein motifs for Allolevi-
virus were casein kinase II phosphorylation, cAMP- and
cGMP-dependent protein kinase phosphorylation, protein ki-
nase C phosphorylation, N myristoylation, N glycosylation, and

tyrosine kinase phosphorylation motifs. With the exception of
genogroup III strains MX1 and M11 and genogroup IV strain
HB-P24, a cell attachment motif (RGD) was present in the
maturation protein. Genogroup IV strains SP, BR8, BR1, and
HB-P22 had an additional cell attachment motif in the read-
through protein.

The catalytic domain of the RNA-dependent RNA polymer-
ase (replicase protein) was located at amino acid positions 262
to 394 in genogroup III strains, with the exception of strains
M11 and MX1. The M11 and MX1 catalytic domain was lo-
cated at amino acid positions 259 to 391. The catalytic domain
of genogroup IV was located at amino acid positions 259
to 391.

Genetic distances of Allolevivirus. Genetic distances (data
not shown) corresponding to genogroup III proteins were most
conserved in the capsid (distance, 0.0000 to 0.3734) followed

TABLE 3. Characteristics of Levivirus and Allolevivirus

Parameter Levivirus Allolevivirus

Genome size (nt) 3,458–3,575 4,215–4,276
No. of genes 4 4
No. of proteins 4 4
No. of ORF initiation sites 4 3
Protein names Assembly/maturation, capsid, lysis, replicase Assembly/maturation, capsid, read-through, replicase
ORF initiation sites Single start codon for each gene Same for second and third genes
Replicase gene Start codon occurs within lysis gene Single gene
3� signature 5� ACCACCCA 3� 5� TCCTCCCA 3�

TABLE 4. Start codons and Shine-Dalgarno sequences for each FRNA (family Leviviridae) genea

Group and ORF Strain Gene Sequence (5�–3�)

Levivirus genogroup I
1 All I except fr Assembly CCUAGGAGGUUUGACYYRUGCGAGC

fr Assembly GCUAGGGAGCCUCGUGUGCGAAAGU
2 All I except fr Capsid AACCGGAGUUYGAAGCAUGGCUUCU

fr Capsid CCGAAGGGAGAGCCACAUGGCUUCG
3 All I except fr Lysis UGCAAGGUCUCCURAAAGAUGGAA

fr Lysis AACUGGUAACCCAAUUGCAACAGC
4 All I except fr Replicase CAUGAGGAUUACCCAUGUCGA

fr Replicase CAUGAGGAAUACCCAUGUCAA

Levivirus genogroup II
1 All II Assembly AUACCGGAGGADCUAUGUUUCCGA
2 All II Capsid WWAYGGAGUUAGCCAYAUGGCAAC
3 T72, KU1 Lysis GGCGUAGUUCUUCAGCAUUGGGUC

DL10, DL20, GA Lysis CDCAGAGYGGCUUCUACGCGUAAUGGGUC
4 All II Replicase CAUAAGGAAAACCUAUGUUCCGAUUCA

Allolevivirus genogroup III
1 All III Assembly DRGAGGMMAYAUGCCWM
2/3 All III Capsid/readthr UGGGUCAAUUHGAUCAUGGCWAAA
4 All except MX1 and M11 Replicase AGUAACUAAGGAUGAAAUGCAUGUCUA

MX1 and M11 Replicase AGUAACURAAGGAGAUCUGCAUGUCWA

Allolevivirus genogroup IV
1 All IV Assembly CUACAGAGGAGAAUCUAUGCC
2/3 BR1, BR8, NL95, SP Capsid/readthr CUUUGGGUCAAUUYGAUCAUGGCAA

HB-P22, HB-P24, FI Capsid/readthr YUUUGGGUCAAUUYGAUCAUGGCWA
4 BR1, BR8, NL95, SP Replicase CUUAARRGAGRWAGCAUGYCAA

HB-P22, HB-P24, FI Replicase UYAAAGGAGWUWGCAUGUCUA

a Start codons (boldface and underlined) and Shine-Dalgarno sequences (underlined) for each FRNA (family Leviviridae) gene are presented. The alignments of
strains DL1, DL2, DL13, DL16, J20, ST4, R17, M12, and MS2 from Levivirus genogroup I are shown, with data for strain fr shown separately. The alignments of strains
T72, DL10, DL20, KU1, and GA from Levivirus genogroup II, strains TW18, HL4-9, BR12, BZ1, VK, Q�, MX1, and M11 from Allolevivirus genogroup III, and strains
HB-P22, HB-P24, BR1, BR8, SP, NL95, and FI from Allolevivirus genogroup IV are also shown. readthr, read-through.
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by read-through protein (0.0444 to 0.5128) and replicase
(0.0278 to 0.6571), with the greatest genetic distance occurring
in the maturation protein (0.0347 to 0.8289). Strains BR12 and
VK shared identical capsid proteins (distance of 0.0000).

In genogroup IV, the most similar amino acid compositions
were found in the capsid (0.0535 to 0.2569), followed by the
replicase (distance 0.0474 to 0.3382) and the read-through
protein (0.0555 to 0.5072). The greatest genetic distance was
observed in the maturation protein (0.0607 to 0.5646).

Phylogenetic analyses. Phylogenetic trees from nucleotide
sequences for genogroup I strains clustered into two branches,
one branch with nine strains clustered as MS2-like and a sec-
ond branch with strain fr (Fig. 1). For genogroup II nucleotide
sequences, strains KU1 and T72 formed one branch and strains
DL10, DL20, and GA formed a second branch. Genogroup III
nucleotide sequences clustered into two branches, one branch
containing MX1 and M11 and a second branch with Q�-like
strains BR12, VK, BZ1, HL4-9, TW18, and prototype Q�.
Nucleotide sequence analysis revealed three branches in geno-
group IV strains as follows: (i) HB-P24, HB-P22, and proto-
type NL95, (ii) BR1, BR8, and prototype SP, and (iii) proto-
type FI.

Overall, phylogenetic trees from amino acid sequences of
individual proteins were similar to nucleotide phylogenetic
clustering (Fig. 3). For example, each genogroup III protein
formed two branches, (i) MX1 and M11 and (ii) Q�-like (six
strains). Genogroup IV generated three or four subclusters for
each individual protein tree.

Nucleotide SimPlot analysis for all genogroup I and II
strains showed that the replicase genes were most similar (ap-
proximately 0.5 to 0.6, or 50 to 60% similarity), whereas the
assembly or maturation genes were the most dissimilar
(�10%) (Fig. 2A). When full-length nucleotide sequences
were compared between genogroups III and IV, SimPlot
graphs showed similar regions in the capsid (approximately
60%) and the 5� portion of the replicase (approximately 60%)
but increased dissimilarity in the assembly and 3� region of the
replicase (Fig. 2B).

DISCUSSION

We report the characterization of 30 complete FRNA ge-
nomes, 19 of which were newly sequenced in this study. Phy-
logenetic analyses confirmed that the family Leviviridae con-
tains two genera, each with two distinct genogroups. In some
cases, the genetic similarity of FRNA strains collected from
different continents was greater than 90% within each geno-
group, which suggests that geography does not play a signifi-
cant role in sequence variability (37). The sequences showed
great uniformity (i.e., protein length, ORF positions, and rep-
licase catalytic domain) throughout the Leviviridae family (15).
For example, the number of amino acids in the capsid or coat
protein is highly conserved, ranging from 130 to 133 amino
acids, indicating that the size of this protein is apparently
constant in Leviviridae phages (15) and critical for the structure
of proper capsid configuration (25).

Unlike the case for genogroup II, the genogroup I lysis gene
initiation codon was embedded at the 3� end of the capsid
gene. In both genogroups I and II, the lysis gene was out of
frame from the capsid gene and the termination codon was

located at the 5� region of the replicase gene. Subsequently, the
replicase ORF4 initiation codon was embedded in the lysis
gene and also reads out of frame from the lysis gene.

Notably, the genogroup II lysis gene was unique within the
Leviviridae viruses. Genogroup II strains DL10, DL20, and GA
had an overlapping or translational coupled stop-start codon
(UAAUG) (16) in the lysis gene, which was not observed in
other Leviviridae strains. In this case, the frameshifted lysis
start codon was coupled to the capsid stop codon. In compar-
ison, the coupled stop-start codon was disrupted between the
A and U by an 18-nt insertion in strain T72 and resulted in 17
nt between the capsid stop codon lying out of frame with the
lysis start codon. The sequences of strain T72 confirmed an
earlier observation in which strain KU1 also had this 18-nt
insert (13). In addition, the UUG lysis start codon (13) was
unique to strains T72 and KU1 and has been reported to occur
at a rate of approximately 3% as an alternative start codon in
prokaryotes (3). Despite the dissimilarities in the genogroup II
lysis start codon, the translated lysis protein was conserved
(93.8 to 100% amino acid similarity), supporting the findings
that the variability of the start codon was not involved in gene
regulation (13).

All 30 FRNA strains as well as bacteriophages PP7, AP205,
and PRR1 contained the replicase YGDD motif, which is
conserved among all positive-sense ssRNA viruses (27). Inter-
estingly, all Leviviridae genomic sequences possessed a con-
served 8-nt signature at the 3� end of the genome, which
distinguishes alloleviviruses (5� TCCTCCCA 3�) from levivi-
ruses (5� ACCACCCA 3�). This observation confirms and ex-
tends previous reports on a CCCA stretch at the 3� end of the
genome (15).

The Shine-Dalgarno sequence, the initiation codon spacing,
and the secondary RNA structure function to initiate protein
translation by aligning the ribosome with the start codon (30).
In this study, Shine-Dalgarno sequences of FRNA viruses were
located 4 to 15 nt upstream from the start codon(s). In com-
parison to prokaryotes, greater than 80% of these Shine-Dal-
garno sequences occur within 5 to 13 bases upstream (20).

Stop codons, UAG, UAA, and UGA, serve as signals for
peptide chain termination. During translation of the viral RNA
coat protein cistron, the UGA stop codon can be read through,
resulting in an additional translated product (43). In Allolevi-
virus, a read-through protein is translated when a leaky UGA
stop codon is misread as a tryptophan codon (UGG) (39),
thereby influencing regulatory control and efficiency of gene
expression (1). In comparison, alignment of genogroup III
viruses revealed that the Allolevivirus maturation protein stop
codon is also a UGA; however, in this instance, it is a nonleaky
codon. This may occur because the 5� and 3� codons flanking
the UGA stop codon influence translation termination effi-
ciency (2, 23, 31). A study on genogroup III strain Q� pro-
posed that programmed read-through was regulated by the 3�
nucleotides, specifically an A nucleotide, flanking the stop
codon in strain Q� (8). However, alignment of genogroup III
and IV nucleotide data in the present study did not reveal a 3�
flanking pattern downstream of the UGA stop codon, nor was
a 3� nucleotide observed immediately following the stop codon
in all genogroup III strains. Noticeably, Q�-like strains con-
tained the 3� A; however, the 3� A was absent in genogroup III
strains MX1 and M11. Interestingly, in all Allolevivirus se-
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quences, a 5� pattern emerged at the read-through UGA stop
codon but was absent in the maturation gene UGA stop codon.
Beginning 12 nt upstream from the read-through UGA stop
codon, the sequence AAY CCR GCR UAY UGA in geno-
group III and AAY CCW GCN UAC UGA in genogroup IV

was observed. Nucleotides present in both genogroups III and
IV are underlined; these nucleotide triplets coded for the
amino acids LNPAY. These findings suggest the upstream
sequences may reduce translation termination efficiency of the
UGA read-through stop codon in Allolevivirus spp.

FIG. 3. Phylogenetic trees constructed for individual proteins. Amino acid percent similarities for each male-specific FRNA strain (family
Leviviridae) are represented on the horizontal axes. The numbers on each node indicate bootstrap values expressed as percentages. (A) Levivirus
genogroups I and II. (B) Allolevivirus genogroups III and IV.
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A cell attachment motif, Arg-Gly-Asp (RGD), was identi-
fied in the maturation and/or read-through proteins in the
majority of Allolevivirus strains but was absent in Levivirus
strains. The function of the RGD motif in FRNA coliphages
has yet to be experimentally demonstrated but may explain the
fact that Levivirus strains attach to the host’s pili via the mat-
uration protein, whereas in Allolevivirus strains, both the mat-
uration and read-through proteins are required for phage in-
fection (37). For example, the RGD motif was shown to be
involved in cell-to-cell adhesion in ssRNA viruses, such as the
passaged foot-and-mouth disease virus (21), enterovirus, echo-
virus 9 strain Barty, coxsackievirus A9, echovirus 22 (24), and
bluetongue virus (34). In nearly all astroviruses, an RGD or
similar integrin-recognition motif has been identified (40).

In previous reports, ssRNA bacteriophages PP7, PRR1, and
AP205 have been compared to FRNA phages. Pseudomonas
aeruginosa ssRNA phage PP7 shares secondary regulatory
RNA structures with FRNA viruses and has been classified
into the genus Levivirus (39) despite the lack of sequence
similarity (27, 39) and amino acid clustering (29). The Pfam
protein domain profile supports the observation that the lysis
and capsid proteins of phage PP7 do not cluster to these
proteins in leviviruses or the capsid and read-through proteins
of alloleviviruses. However, phage PP7 replicase protein clus-
ters with the replicase protein of the alloleviviruses but not
with the leviviruses. In addition, the maturation protein of
phage PP7 phylogenetically clusters with the maturation pro-
teins of both Levivirus and Allolevivirus.

Phage PRR1 adsorbs to host pili and displays a genetic map
similar to those of viruses of the family Leviviridae (29). Al-
though propagated in Pseudomonas aeruginosa, phage PRR1
has a broad host range (26). Phage PRR1 shared approxi-
mately 43 to 48% sequence identity to other ssRNA Leviviridae
phages but clustered outside the Levivirus and Allolevivirus
genera (29). The PRR1 genetic map was similar to that of
Leviviridae, and subsequently, phage PRR1 was grouped into
the Levivirus genus (29). Our data demonstrate that phage
PRR1 shares Pfam domains with Leviviridae maturation, cap-
sid, and replicase proteins. PRR1 did not share the signature
Levivirus 3� terminus ACCACCCA.

Phage AP205 from Acinetobacter shares Pfam domains in
only the Levivirus and Allolevivirus maturation and replicase
proteins. However, AP205 proteins, including the coat, matu-
ration, lysis, and replicase proteins, clustered outside the Levi-
virus and Allolevivirus phylogenetic tree (29). Although AP205
lacks significant sequence similarity, this phage shares impor-
tant structural features with Leviviridae (15). Like phages
PRR1 and PP7, phage AP205 did not share the Levivirus or
Allolevivirus 3� terminus signature. NCBI GenBank taxonomy
lists bacteriophage PRR1 as “unclassified Leviviridae,” and
bacteriophages PP7 and AP205 were placed into an “unclassi-
fied Levivirus” category. Inclusion of these non-FRNA strains
into the Leviviridae family should be reconsidered.

Originally, four major Leviviridae genogroups, I, II, III and
IV, and subgroups a, b, and c in genogroup III and subgroups
a and b in genogroup IV were assigned to FRNA phages based
on template specificity of RNA replicase (22). To provide
greater clarity in Leviviridae classification, we suggest designat-
ing specific phage type strains and using their names rather
than alphabetical subgroups. The following phages may be

likely candidates for type strain designation: (i) phages MS2
and fr in genogroup I; (ii) phages GA and KU1 in genogroup
II; (iii) phages Q� and MX1 in genogroup III; and (iv) phages
NL95, SP, and FI in genogroup IV. This would result in placing
the phages of genogroup I into MS2-like or fr-like catego-
ries, etc.

In conclusion, the findings of this study agree with previously
determined FRNA features and phylogenetic analyses, which
concluded that viruses in the family Leviviridae contain two
genera and four distinct genogroups. Although genogroup I
strain fr and genogroup III strains MX1 and M11 share only 70
to 78% sequence identity with strains in their respective geno-
groups, our analyses suggest that fr should be grouped into
Levivirus genogroup I and MX1 and M11 should be grouped
into Allolevivirus genogroup III. Within each genus, strains
share approximately 50% sequence identity, whereas between
the two genera, strains have �40% nucleotide sequence iden-
tity. However, strains within each genogroup shared approxi-
mately 70 to 98% nucleotide identity.
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