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Bacteria of the genus Pseudoalteromonas are ubiquitous in the world’s oceans. Marine bacteria have been posited to be associ-
ated with a major ancient branch of podoviruses related to T7. Yet, although Pseudoalteromonas phages belonging to the Corti-
coviridae and the Siphoviridae and prophages belonging to the Myoviridae have been reported, no Pseudoalteromonas podovirus
was previously known. Here, a new lytic Pseudoalteromonas marina phage, �RIO-1, belonging to the Podoviridae was isolated
and characterized with respect to morphology, genomic sequence, and biological properties. Its major encoded proteins were
distantly similar to those of T7. The most similar previously sequenced viruses were Pseudomonas phage PA11 and Salinivibrio
phage CW02. Whereas many elements of the morphology and gene organization of �RIO-1 are similar to those of podoviruses
broadly related to T7, �RIO-1 conspicuously lacked an RNA polymerase gene. Since definitions of a T7 supergroup have in-
cluded similarity in the DNA polymerase gene, a detailed phylogenetic analysis was conducted, and two major DNA polymerase
clades in Autographivirinae and several structural variants of the polA family represented in podoviruses were found. �RIO-1
carries an operon similar to that in a few other podoviruses predicted to specify activities related to �-glutamyl amide linkages
and/or unusual peptide bonds. Most growth properties of �RIO-1 were typical of T7-like phages, except for a long latent period.

Viral particles outnumber bacteria in the world’s oceans by a
factor of about 10:1 and are thought to enforce diversity at the

base of the microbiological community by restraining overgrowth
of any particularly successful microbial species and returning their
biomolecules as nutrients into the water through lysis (1, 2). This
role rests critically on a network of specific host-virus interactions.
Estimates of viral diversity by metagenomics tend to indicate ex-
traordinarily high numbers of viral species (3–5), yet the total
number of sequenced marine bacteriophages as of the last pub-
lished count (6) was only 17. Current marine phage sequencing
initiatives are expected to raise this to only a few hundred.

Two of the earliest marine phages genomically characterized
were the podoviruses roseophage SIO1 (7) and vibriophage
VpV262 (8). These exemplify a group of podoviruses that are
vaguely similar to enterobacterial phage T7 but lack the single-
chain RNA polymerase and have two converging transcription
units rather than one unidirectional transcription unit. It was pos-
tulated that this description represented an ancestral phage type
present in ancient oceans and widespread descendants would be
found in oceanic bacterial species.

Pseudoalteromonas is a genus of gammaproteobacteria with
many species, all found in marine environments. The genus con-
tains specialists for various marine habitats ranging from sea ice
(9) to deep-sea sediments (10). Its species are divided into pig-
mented and nonpigmented species; the former are known for
habitation of marine biofilms and production of antimicrobial
and algicidal substances, while the latter are found living dispersed
in the water column (11). The specific host isolate discussed here
was isolated from open seawater and is of the latter variety. Pseu-
doalteromonas phages isolated thus far include �PM2, a phage
with a small double-stranded circular DNA genome and lipid-
containing virion which is the type phage for the family Cortico-
viridae (12), and �H105/1, a siphovirus (13). Genomic character-
ization has also indicated the presence of myoviral prophages

(13). In this study, we address the apparent absence of podovi-
ruses infecting Pseudoalteromonas by isolating and characterizing
�RIO-1, a podovirus infecting a specific isolate of Pseudoaltero-
monas marina.

The genome of �RIO-1 was analyzed for its relationships to
other known podoviruses and its mosaicism versus that of the
other known podoviruses. Its most closely related relatives are
Pseudomonas phage PA11 (14) and Salinivibrio phage CW02
(15). It contains a suite of genes that have predicted activities
related to synthesizing and breaking unusual peptide linkages,
first discussed by Iyer et al. (16) as possibly being involved in
modifying cell wall metabolism, and that are more fully de-
scribed here. These genes are shared in a variable fashion with
PA11 and CW02 as well as with the LUZ24-like podoviruses
(17). �RIO-1 is like SIO1 and VpV262 in genomic organization
and has genes with divergent similarity to the T7 structure and
morphogenesis genes, as well as the gene for the divergent T7-
like DNA polymerase first described for SIO1. We looked more
extensively at the DNA polymerase due to the proposal that it is
a marker of T7-related phages in general (7). We further looked
at variation in the thumb domain, following up on the obser-
vation that the T7 DNA polymerase had evolved a processivity
domain on the tip of the thumb (18).
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MATERIALS AND METHODS
Seawater samples. The seawater samples from which both �RIO-1 and its
host strain, CL-E25, were isolated were collected on 10 December 2007 in
the East Sea, South Korea (37°54=20�N, 128°49=50�E, 8.4°C, 33.2 practical
salinity units).

Bacterial strains. The host isolation strain, designated CL-E25, was
colony purified on marine agar (Difco) plates. After PCR amplification
with rRNA gene primers 27F and 1492R (19) and DNA sequencing, the
16S rRNA gene of CL-E25 was found to be identical to that of Pseudo-
alteromonas marina mano4T (KCTC 12242T). Pseudoalteromonas marina
mano4T and other strains for host range determination were either ob-
tained from the Korean Collection for Type Cultures (KCTC) or isolated
from various marine environments.

Phage isolation. Seawater was filtered through 0.22-�m-pore-size
membranes (Millipore), and phages were concentrated using Amicon
Ultra-15 centrifugal filter units (Millipore). After spot testing showed lytic
activity against CL-E25, phages were amplified in a liquid culture of CL-
E25, and �RIO-1 was isolated by four rounds of plaque purification.

Transmission electron microscopy. The morphology of �RIO-1 was
examined after negative staining with 2% uranyl acetate by energy-filter-
ing transmission electron microscopy (LIBRA 120; Carl Zeiss, Germany)
at 120 kV at NICEM (Seoul, South Korea).

Biological characterization. All plaque assays were performed with a
0.4% agar overlay on marine agar at 25°C, with plaque development oc-
curring in 1 day, and assays were conducted in triplicate. For thermal or
pH stability measurements, phage at a starting concentration of 108

PFU/ml in marine broth (Difco) was held under the indicated conditions
for 1 h before titers were determined. Chemical sensitivity was tested as
described previously (20). Briefly, the chemical solvent was mixed with
phage at 109 PFU/ml at the indicated ratio, and the mixture was held at
25°C with shaking for 1 h. After centrifugation in the case of immiscible
solvents, the organic solvent was removed by evaporation overnight at
4°C. Burst size, latent time, and adsorption rates were determined as de-
scribed previously (21). For burst size and latent time, the phages were
preadsorbed for 10 min at 25°C; then, unadsorbed phages were removed
by three washes with 1-min spins, and the adsorbed cells were diluted to
50 volumes. The effect of temperature on phage production was deter-
mined as described previously (22). Briefly, 105 cells were infected at a
multiplicity of infection of 0.1, incubated at room temperature for 20 min,
and then grown at the indicated temperature for 6 h prior to determina-
tion of the titer.

Purification of phage and viral nucleic acids. Phages were purified
from a 1-liter overnight culture. Bacteria were removed by centrifugation,
followed by filtering through a 0.22-�m-pore-size membrane (Milli-
pore). Phages were concentrated using Amicon Ultra-15 centrifugal filter
units (Millipore). Purification was as described previously (23), using a
CsCl step gradient (35,000 rpm, 3 h, SW 41 Ti rotor). The phage band was
desalted, put into SM buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris at
pH 7.5) using Amicon Ultra-15 centrifugal filter units (Millipore), and
stored at 4°C. Viral DNA was prepared as described previously (24), using
proteinase K digestion in sodium dodecyl sulfate, followed by phenol-
chloroform-isoamyl alcohol extraction and ethanol precipitation.

Genome characterization. The genome size was first estimated by
pulsed-field gel electrophoresis (CHEF DRIII; Bio-Rad). The genome was
subjected to shotgun sequencing at Macrogen (Seoul, South Korea). Re-
striction mapping with SspI, BssHII, and FspI was initially used to approx-
imately locate the position of the terminal repeats that had overlapped to
produce the circular sequence. Subsequently, a ligation product of blunt-
ended vector and intact viral DNA was PCR amplified to provide template
for sequencing the exact left and right ends.

Bioinformatic analysis. Open reading frames (ORFs) were predicted
using a combination of GeneMark (25) and Glimmer (26) software. Even
very short frames were annotated if they fit reasonably between other
frames and had good ribosome binding site predictions. Hence, the pos-
sibility of missing frames was minimized at the cost of possibly tolerating

some false-positive frame predictions. Translated ORFs were analyzed
through PsiBlast, rpsblast, hmmer3, and hhpred searches as previously
described (27). Mobile introns and tRNA genes were excluded through
Rfam (28) and tRNAScan (29) searches. Graphic analysis among the most
closely related phages was carried out using the b36chain program (27)
and was then followed up with dot plot analysis with NCBI’s blast-two-
sequences tool. b36chain finds distant protein similarities by calculating a
relaxed E value reflecting the likelihood of finding a weak blast match in
the same position relative to surrounding well-matching domains. Dot
plot analysis allows detection of even weaker similarity using a visual
impression of the matching intensity on the long diagonal to the noise
matches scattered off the long diagonal as its significance filter. BLASTP
bit scores for tabulating patterns of similarity across genomes were de-
rived from a combination of local searches with the NCBI blast tool kit
and use of the NCBI blast-two-sequences online tool.

A global alignment of the DNA polymerase sequences including the
thumb domain required special procedures because we could find no
multiple-sequence-alignment program that would align all the sequences
at once all the way through the thumb domain and generate results con-
sistent with the available structural alignments. DNA polymerase align-
ments within closely related groups were carried out using a local imple-
mentation of the sequence alignment and modeling system (30). To align
among groups, each group alignment was converted to an hhpred-style
hidden Markov model, and model-to-model alignment was carried out
using a local implementation of the hhsearch software (31). The bacterial
polymerase with Protein Data Bank (PDB) accession number 3PO4 (32)
and its relatives were found to have the minimal structure. Each group of
sequences was first aligned to the sequences of the members of the family
with PDB accession number 3PO4 using hhsearch. Insertions relative to
the sequence with PDB accession number 3PO4 were manually deleted
from each group alignment, and then the groups were put into a global
alignment. Comparison of the structural alignments of the T7 sequence to
the mitochondrial sequence or the T7 sequence to the sequence with PDB
accession number 3PO4 made in this fashion was performed, and the
sequences were judged to have no more than 10% of residues out of
alignment, mostly as a result of arbitrary decisions about which residues
should begin or end a given insert. The alignment with the insert states
thus removed is available from the corresponding authors. The tree was
created with PAUP (33) using neighbor joining with 100 cycles of boot-
strap analysis. The tree was collapsed to a consensus at the 85% bootstrap
support level, except for the branch relating cellular to phage polymerases,
which was left at 78%.

Nucleotide sequence accession number. The annotated sequence has
been deposited in GenBank with accession number KC751414.

RESULTS
Host range and plaque morphology. As a strategy to increase the
range of phages that might be cultured, both the isolation host and
phage �RIO-1 were derived from the same seawater sample. Sub-
sequent host range determination (Table 1) indicated that
�RIO-1 is highly specific for its locally derived isolation host.
�RIO-1 would not even plate on P. marina mano4T, which is the
Pseudoalteromonas type strain to which the isolation host CL-E25
exhibited a perfect 16S rRNA gene match. Hence, plating of sea-
water samples against preconceived type strains only would un-
derestimate the diversity of coadapted host-phage pairs occurring
in the marine environment. The plaque morphology (Fig. 1A)
consists of a clear center with a turbid halo surrounded by a clear
halo.

Biological properties. The ambient seawater temperature in
the region where the phage was found fluctuates from 2.2°C in
winter to 24.7°C in summer. Temperature and pH survival curves
(Fig. 2) indicated that �RIO-1 has excellent survival up to 30°C
and a relatively narrow pH optimum of about 7. Therefore, the
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phage presumably can range far to the south. Liquid growth ex-
periments (Fig. 3) also indicated that the phage and host have
good growth properties through the range of summer tempera-
tures. At 10°C, phage production was reduced by 2 orders of mag-
nitude, but the phage was clearly able to propagate in rich me-
dium. The phage was found to be stable against exposure to
chloroform and diethyl ether but not acetone or ethanol. The
phage pseudo-first-order adsorption constant was �7 � 10�9 ml/
min. This is close to the estimated diffusion-limited rate (34).
One-step growth curves conducted at 25°C indicated a burst size
of 118 � 8, a latent period of 60 min, and rise of 30 min. These

numbers are typical of podoviruses with typical laboratory hosts
grown at 37°C, except for a lengthened latent period.

Phage morphology. Electron microscopy of �RIO-1 revealed
the classic form of a T7-like podovirus with an icosahedral head of
51 nm in diameter and a short tail of 15 nm in length and 12 nm in
width (Fig. 1B). Phages sharing that morphology include phages
of the subfamily Autographivirinae, including T7, SP6, and
�KMV, as well other podoviruses (35). The goal of the sequence
analysis was therefore to clarify the relationships of �RIO-1 to
these and other podoviruses, including marine phages SIO1 and
VpV262.

Genomic characterization. The �RIO-1 genome was se-
quenced with 10.5-fold coverage and found to be 43,882 bp long,
including 121-bp direct terminal repeats at a fixed genomic posi-
tion. The G�C content was 44.7% without any major blocks of
sequence deviating from the average. This compares to a host
genomic composition with a G�C content of 39.6%. Open read-
ing frames were predicted, and functional assignments were made
(Fig. 4) using the variety of profile sequence searching methods
listed in Materials and Methods. The genome was organized into
two converging transcription units. Inferred functions related to
structure and morphogenesis versus host takeover, replication,
and lysis appeared to segregate cleanly into the right and left arms,
respectively, in the orientation depicted. Phage �RIO-1 exhibited
essentially no BLASTN matches to any other genomes. To bring
out its organizational relationships to other phages, its sequence
was graphically aligned using sensitive protein-protein matching
based on positionally biased BLASTP searches (27). In compari-
son to standard blast and family database searches, this method
provides additional capabilities to discover the similarities of
individual genes as well as to discover the descent or exchange
of multigene modules. An example of how each of these capa-
bilities improves the understanding of the �RIO-1 genome is
given below.

An example of the positionally biased search used to predict the
function of a gene occurs with orf22 and orf23, just downstream of
the encoded DNA polymerase. The sequences of the prospective
translation products of these two ORFs do not match any se-

TABLE 1 Host range of phage �RIO-1

Indicator host Pigmented Plaque

Pseudoalteromonas marina (CL-E25P) � �
Pseudoalteromonas marinaT (	 KCTC 12242T) � �
Pseudoalteromonas translucida (CL-AS1) � �
Pseudoalteromonas arctica (CL-A10) � �
Pseudoalteromonas atlantica (CL-ES1) � �
Pseudoalteromonas paragorgicola (CL-E22) � �
Pseudoalteromonas paragorgicola (CL-E31) � �
Pseudoalteromonas phenolica (CL-TW1) � �
Pseudoalteromonas nigrifaciens (CL-100D-75-1) � �
Pseudoalteromonas nigrifaciens (CL-100D-75-3) � �
Pseudoalteromonas nigrifaciens (CL-D75-3) � �
Alteromonas macleodii (CL-A1) �
Alteromonas macleodii (CL-East 21a) �
Alteromonas marina (CL-East 21) �
Alteromonas tagae (CL-East 47) �
Idiomarina fontislapidosi (CL-MA6) �
Idiomarina loihiensis (CL-I1) �

FIG 1 (A) Plaque morphology of �RIO-1; (B) electron micrograph of
�RIO-1. Bars, 1 mm (A) and 50 nm (B).

FIG 2 Stability of �RIO-1. (A) Temperature; (B) pH.

FIG 3 Phage production at different temperatures. Triangle, initial titer.

Sequence of Pseudoalteromonas Phage �RIO-1
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quences in the protein databases by BLASTP or any profile family
database search. Indeed, by the criteria used in many annotation
pipelines, one or both of these would not be annotated as open
reading frames at all. In the positionally biased search regimen, the
fact that there were well-matched proteins encoded by PA11 (14)
to the left and right of these frames caused a BLASTP search to be
conducted with a database size reduced to just a few PA11 proteins
encoded by genes in that area. This resulted in significant E values
for a match indicating that these two ORFs are a broken version of
a PA11 gene found at the same genomic position. The improved E
value should be understood to be conditional on the assertion that
this string of genes, including the DNA polymerase on the left and
the exonuclease on the right, descended as a module from a com-
mon ancestral phage operon. Subsequent exploration of the PA11
gene revealed it to be a member of a protein family found down-
stream of the DNA polymerase in many podoviruses and indi-
cated to be members of the �KMVgp21 family in Fig. 4. The
�KMVgp21 family has been encountered many times before but
has never been assigned any function by sequence similarity. With
the additional sequences now available to join its sequence profile,
after multiple rounds of PsiBlast we now find similarity to single-
stranded DNA binding protein.

Besides aiding in the functional identification of individual
genes, the positionally biased search algorithm can string together
multigene matches while skipping over insertions or deletions.
Graphing the strings of matched genes brings out the prospective
common ancestry of multigene modules. The matched genes and
inserted or deleted segments are depicted by the string of glyphs in
Fig. 4. Only two other phages were found that could be considered
to have shared a common ancestor end to end with intervening
insertions and deletions. These were Pseudomonas phage PA11
(14) and Salinivibrio phage CW02 (15). The method was also used
to explore the relationship of �RIO-1 to the two marine phages
SIO1 and VpV262, which are known to be organized similarly to

each other but have greatly divergent replicative genes (8).
�RIO-1 was matched broadly to both SIO1 and VpV262 in the
structure and morphogenesis region but only to SIO1 in the rep-
licative region. Only the genes of SIO1 are shown in Fig. 4. The
match of �RIO-1 to PA11 and CW02 differs from its match to
SIO1 by extensive matching to genes to the left of the DNA heli-
case and polymerase genes in PA11 and CW02. That particular
novel module of genes was also found in the LUZ24-like phages
(17), genes for the type phage of which are shown in Fig. 4.

Criteria for functional assignments. For the following en-
coded proteins, functional predictions were ultimately based on
similarity to proteins of known function encoded by T7. The he-
licase/primase, DNA polymerase (including its 3= ¡ 5= exonu-
clease domain), and the stand-alone 5= ¡ 3= exonuclease could be
confidently matched to T7 simply by a BLASTP search of the
NCBI nr database. The major structure and morphogenesis func-
tions, capsid protein, portal, tail tube B, and large terminase sub-
unit were eventually matched to T7 proteins but required multiple
rounds of PsiBlast to do so. Many of the other functions were
assigned on the basis of protein family database matches. In a few
cases, the link to a protein family first required linking to a protein
in another phage by the positionally biased BLASTP approach, as
described above for the homolog of �KMVgp21. Similar circum-
stances occurred for the predicted sigma factor and for the pre-
dicted COOH-NH2 ligase. Finally, a few genes were annotated
using a criterion other than pure sequence similarity. The scaffold
function was assigned due to its coiled coil content and the uni-
versality of its position in T7-related head structure modules and
because PsiBlast was able to detect sequence similarity with other
presumptive scaffold proteins encoded in this position in the
more closely related phages. The gene for small terminase was
assigned on the basis of two properties typically found for small
terminase genes in other phages. One was that it is usually close to
the gene for large terminase. The other was that it is usually con-

FIG 4 Comparative genomic organizations of phages similar to �RIO-1. The scale is in kilobases. Abbreviations for labeled features are as follows: term. rpt.,
terminal repeat; cyclotrans., cyclotransferase; amidotrans., amidotransferase; lig., ligase; pol., polymerase; exo., exonuclease; endo., endonuclease; inh., inhibitor;
Lg., large; Sm., small. The organizations of other phages with genes of similar sequence are drawn under the positions of their proposed �RIO-1 homologs and
shaded as follow: black, a positionally biased BLASTP match found by a phage versus a phage b36chain search (27); gray, an extended similarity found by
gene-versus-gene dot plot matching. Open glyphs do not have sequence similarity to �RIO-1 in any non-profile-based search strategy. Glyphs raised above the
main track of glyphs indicate a longer sequence relative to �RIO-1, and a triangular dipping line indicates a shorter sequence than in �RIO-1. Diagonally hatched
features are group I introns. Three additional genes annotated as amidotransferases in PA11 and CW02 are marked with asterisks. All genes are indicated for PA11
and CW02, except for the indicated number of small presumptive early genes. Only matches are shown for LUZ24 and SIO1. The SIO1 genome map includes
revisions in assembly and annotation previously suggested (8).

Hardies et al.

9192 jvi.asm.org Journal of Virology

http://jvi.asm.org


served in at least some number of closely related phages. orf54 was
the only gene meeting those criteria. orf6 was predicted to encode
a spanin, according to its content of predicted transmembrane
helices on both the N and C termini with an appropriate length to
span from the inner to the outer membrane (36).

Phylogenetic and systematic relationships of �RIO-1. An
early concept about how to classify podoviruses put weight on the
relatedness of the DNA polymerase (7). Later concepts put weight
on the relationships of a greater number of proteins (8) or on
multiple proteins but with special reference to the presence or
absence of the single-chain RNA polymerase (35). The relatedness
of the major �RIO-1 proteins was examined as follows:

(i) DNA polymerase. An alignment of essentially all polA poly-
merases was produced, and their sequence relationships are sum-
marized in a molecular phylogenetic tree (Fig. 5). The root is pre-
sumed to be on one end or the other of the link between cellular
and phage polymerases at the upper left, depending on whether
one imagines that phage polymerase was derived from cellular
polymerase, or vice versa. Due to the idea that SIO1 plus T7 and
possibly other podoviruses might be clustered as a subset of podo-
viruses on the basis of DNA polymerase similarity, the family af-
filiation (podo-, myo-, or siphovirus) was marked for each clade.
Clearly, by the divergence time separating SIO1 and �RIO-1 from
T7, the DNA polymerase has exchanged between podoviruses and
myoviruses.

In consideration of the observation that T7 DNA polymerase
has a processivity domain on the tip of the thumb domain relative
to bacterial DNA polymerase I (pol I) (18), we asked if that might
be a common feature distinguishing phage-encoded polA poly-

merases from cellular polA polymerases. To ask that question, the
sequences were aligned through the thumb region using special
procedures (see Materials and Methods). Including the thumb
domain did not materially alter the tree topology, but it did clarify
the presence or absence and position of thumb domain inserts in
each of the clades of the tree. The bacterial polA polymerases were
indeed devoid of inserts in the thumb domain. Eukaryotic nuclear
polA polymerases were devoid of thumb domain inserts, except
for a late-arising clade. Eukaryotic mitochondrial polA poly-
merases, which are thought to have been phage derived (37), are
known from crystal structure analysis (38) to have large thumb
domain inserts. The phages most similar to mitochondrial polA
polymerases, A-HIS1 and -2 and S-TIM5 (39, 40), also have inser-
tions in that position. Not all phage clades had thumb inserts.
Those that did have inserts in the thumb often had inserts of
different sizes and/or inserts in places different from the locations
observed in T7 DNA polymerase. The location and size ranges of
the inserts in the phage clades are indicated in Fig. 5. Also, in an
attempt to correlate the thumb inserts with other functions, we
indicated the presence or absence of phage-encoded RNA poly-
merase and the type of genome ends in each clade of Fig. 5.

(ii) Global relationships among the podoviruses. The current
subfamily classification within podoviruses groups �KMV-like
phages with T7-, SP6-, and P60-like phages into the subfamily
Autographivirinae. The grouping is based on the content of a gene
for single-chain RNA polymerase and some degree of similarity of
the proteome to T7 (35). Therefore, the finding that �RIO-1 and
SIO1 DNA polymerases were relatively close to the T7 DNA poly-
merase but that the �KMV DNA polymerase was far away was

FIG 5 Tree relating the descent of the polA polymerases with structural changes in the thumb and distribution into different phages. Numbers on the branches
are bootstrap values. The root is presumed to be on one end or the other of the link between cellular and phage polymerases at the upper left, depending on
whether one imagines that phage polymerase was derived from cellular polymerase, or vice versa. The selection of bacterial polymerases used to represent cellular
polA genes was from COG079 in the Cluster of Orthologous Groups (COG) database. The selection of eukaryotic polymerases used was from the theta
polymerase family. h. euk., higher eukaryotes (animals including sea urchins and above); l. euk., lower eukaryotes (plants and animals below sea urchins).
Mitochondrial DNA polymerases (mito. DNA pol.), in parentheses, were not included in the tree-making computation but are marked on the figure in the
position previously determined (39). Each phage is labeled as to family (p, podovirus; s, siphovirus; m, myovirus) either individually or on a branch leading to
a group. The types of ends observed or inferred in each group are indicated as follows: t, short fixed terminal repeats; t*, long fixed terminal repeats; cp, circularly
permuted; it, inverted fixed terminal repeats; cos, cohesive ends. r, the presence of a T7-related single-chain RNA polymerase in a phage or group of phages. The
inset at the upper left shows the thumb domain from the sequence with PDB accession number 3PO4 (a typical bacterial polA polymerase). a, b, and c, three
interhelical regions in which inserted sequences are observed in the phage polymerase alignment. The range of insert sizes in each region is indicated near each
group. The symbol ø emphasizes that a group is essentially devoid of inserts in the thumb.
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somewhat surprising. We asked if the DNA polymerase was un-
usual in this respect or if the other large well-conserved members
of the �RIO-1 proteome clustered with T7 relative to �KMV. In
order to explore this issue, the BLASTP bit scores of the other
proteins that were large enough and conserved enough to have a
measurable bit score among T7, �RIO-1, and �KMV were tabu-
lated (Table 2). The three central rows of Table 2 give the results of
the three-way comparison among �RIO-1, T7, and �KMV, with
the strongest matches given in bold. It can be seen that the mosa-
icism is more complex than just the DNA polymerase gene being
incongruent with the other genes. The order of genes tabulated
corresponds to their order in the �RIO-1 genome. The structure
and morphogenesis genes generally show a closer relationship be-
tween T7 and �KMV, as might be expected from their inclusion in
a common subfamily. However, the helicase/primase function
shows a relationship in which �RIO-1 is closer to T7, much like
the DNA polymerase. The clustering of genes with these two pat-
terns suggests a recombination involving a replicative multigene
module and a structure and morphogenesis multigene module.

In between the major replicative genes and the structure/mor-
phogenesis module, a single gene predicted to encode a 5= ¡ 3=
exonuclease showed yet again a different relationship, in which
�RIO-1 and �KMV were the closest. We asked if this was a sin-
gular instance or if there might be a module of neighboring genes
with a more recent �RIO-1/�KMV common ancestor in the right
part of the replicative module. One such case includes the two
preceding ORFs, which, as mentioned above, encode a broken and
diverged version of �KMVgp21 and for which there is generally an
intact well-conserved version of that gene in �RIO-1’s closest rel-
atives (Fig. 4). As mentioned above, the �KMVgp21 family is now
thought to be a family of single-stranded DNA binding proteins.
As such, �KMVgp21 is an alternative to the T7 single-stranded
DNA binding protein gene. Indeed, �KMVgp21 members appear
in podoviral genomes lacking the more T7-like single-stranded
DNA binding protein, and most podoviruses have a gene from
one or the other of these two families.

A further connection to �KMV in this region was found in
orf30. This gene encodes a protein similar to the endonuclease VII
recombination junction resolvase found in �KMV-like phages
and in some other T7-related phages but not in T7 itself or �RIO-
1’s closest relatives. There is some confusion about the role of
endonuclease VII stemming from examples like that noted in
LUZ24 (Fig. 4), wherein the endonuclease VII gene is carried in a

group I intron in the fashion of a homing endonuclease. Nonethe-
less, endonuclease VII is a structural homolog of the T7 endonu-
clease I resolvase and so may also be considered a �KMV-related
alternative to a T7 function. Finally, the inferred stand-alone 3= ¡
5= exonuclease encoded by orf31 is the only �RIO-1 protein easily
matched to a �KMV protein by BLASTP. This predicted 3= ¡ 5=
exonuclease is in addition to the 3= ¡ 5= exonuclease domain
fused to the DNA polymerase. There is no second T7-encoded
stand-alone 3= ¡ 5= exonuclease. Hence, there is potentially a
module from orf22 to orf31 which has the most recent common
ancestry between �RIO-1 and �KMV and for which the T7 ver-
sions of the contained functions are not clustered.

To support consideration of how �RIO-1 should be classified,
additional lines were added to Table 2. The two phages PA11 and
CW02, found to be organized like �RIO-1 (Fig. 4), were also
found to be most similar to �RIO-1 in each of the tabulated genes.
PA11 and CW02 were consistently closer to each other than to
�RIO-1 (Table 2, bottom three rows). Hence, there are no broad-
scale modular exchanges in evidence in the descent of these three
phages since their common ancestor. To give some sense of scale
for these relationships, we also tabulated the relationship between
T7 and the most divergent of the phages formally included within
the T7-like phage genus, Pseudomonas phage gh-1 (41). The rela-
tionship between PA11 and CW02 was at a level of divergence
similar to that between T7 and gh-1. As an example of a phage
previously studied in comparison to T7 and at a level of divergence
similar to that between �RIO-1 and CW02, the P60-like phage
Syn5 was listed (42). Hence, the ancestor to the �RIO-1/CW02/
PA11 group was at a level of divergence outside the genus level for
the T7-like phages but within the range assigned to the subfamily
Autographivirinae.

Finally, we looked at the divergence relationships in the novel
module in orf8 through orf14 (Table 3). As elsewhere in the ge-
nome, PA11 and CW02 were consistently closer than �RIO-1 and
CW02. The relationship to LUZ24 was much further away.

DISCUSSION

In this study, a new lytic phage infecting the marine bacterium
Pseudoalteromonas marina was characterized. According to the
morphological and genomic features, �RIO-1 is a member of the
family Podoviridae. For most of its proteins, the most similar se-
quence match to a heavily characterized prototypical virus was to
T7, but these matches typically required several rounds of PsiBlast

TABLE 2 BLASTP bit scores among major proteins of selected podoviruses

Phages compared

BLASTP bit score

RNAP Helicase DNA polymerase
5= ¡ 3=
exonuclease Tail tube B Capsid Portal Terminase

T7 and gh-1 1,001 568 786 207 882 385 731 672
T7 and Syn5 228 262 218 73 175 69 282 410
T7 and �KMV 259 
20a 44 
20 160 30 187 240
�RIO-1 and �KMV 
20 27 46 
20 
20 22 37
�RIO-1 and T7 104 172 28 
20 
20 
20 
20
�RIO-1 and CW02 308 143 157 172 198 323 317
�RIO-1 and PA11 349 138 164 150 196 312 328
PA11 and CW02 511 714 208 553 398 511 837
a For weakly matching proteins, the stringency of BLASTP was reduced until at least one high-scoring segment pair was reported. If the reported high-scoring segment pair was not
consistent with the alignment established by PsiBlast, it was regarded as noise and a value of 
20 was entered. This value represents the average bit score associated with noise in
these searches.
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to discover. �RIO-1’s closest sequenced relatives are Pseudomonas
phage PA11 and Salinivibrio phage CW02. The established mea-
sure for grouping podoviruses into a genus is 40% of proteins
matching within a 75 bit score by BLASTP (35). The relationship
of �RIO-1 to any phage is outside that threshold (e.g., 25% to
PA11). The divergence values of individual �RIO-1 proteins were
also beyond the greatest divergence observed within the estab-
lished T7-like phage genus (Table 2). However, we have shown
that there are no broad-scale modular exchanges in the descent
from the common ancestor of �RIO-1, CW02, and PA11. Hence,
their respective biological properties should be similar, except in
those areas commonly modulated by single gene exchanges.
Hence, we suggest stretching the numerical criterion and putting
�RIO-1, CW02, and PA11 into a single genus in the spirit that
classification should reflect commonality of biological properties.

In their broader relationships, the �RIO-1-like phages are mo-
saic, and it becomes necessary to think of the similarity of the
sequence and function of individual modules or clusters of genes
rather than of the genome as a whole. They lack a single-chain
RNA polymerase, share a novel early or intermediate gene module
with the LUZ24-like phages, and have major replicative functions
most like those of T7-like phages but auxiliary replicative and
recombination functions more like those of �KMV-like phages.
�RIO-1 does not have a well-defined lysis module. There is a
potential endolysin encoded by orf33 in a region where lysis func-
tions tend to be scattered in related phages (Fig. 4). However, a
clear holin gene has not yet been identified, and the spanin appears
to be placed in an unusual location with the early genes. The struc-
ture and morphogenesis module is a version of the podoviral form
more divergent than that clustered within the Autographivirinae
(essentially T7 to �KMV).

Putative peptidoglycan modification module. Perhaps the
most interesting of the modules in the �RIO-1-like phages is the
novel collection of genes inferred to encode activities relating to
synthesizing unusual peptide bonds or carrying out chemistry on
�-glutamyl groups (orf8 to orf14). That those genes are engaged in
some common pathway is suggested by the observation that they
are conserved, with some variation in the position, domain orga-
nization, and number of genes, in a series of other phages: entero-
bacterial phage �Eco32 (43), Salmonella phage 7-11 (44), Pseu-
domonas phages PA11 (14), tf (45), MR299-2 (46), LUZ24, and
PaP3 (47), and Salinivibrio phage CW02 (15). Iyer et al. (16),
commenting on three of these genes in �Eco32, proposed that
they functioned to modify the cell wall. This proposal was based
on the observation that the three inferred activities, �-glutamyl
amidoligase, another amidoligase, and the ATP grasp enzyme, are
appropriate to synthesize three of the unusual peptide linkages in
the peptidoglycan peptide side chain. The purpose of the phage-
directed synthesis was posited to be prevention of superinfection.

However, the hypothesis was advanced only in consideration

of �Eco32, which was believed to be a temperate phage wherein
the residence of a prophage over host generations would permit
synthesis of a substantial portion of the cellular peptidoglycan.
Phages �RIO-1, LUZ24, tf, and others that conserve this operon
are believed to be purely lytic phages. So, to keep the peptidogly-
can synthesis hypothesis alive would require some purpose that
could benefit a lytic phage during its brief stay in the cell. We could
suggest that perhaps the minimal amount of peptidoglycan that
turns over during a lytic cycle is replaced with a phage-directed
version to ensure sites for the phage-borne endolysin to act or to
otherwise weaken the cell wall in preparation for lysis.

Besides noting the conservation of the module in lytic phages,
the other observation that we can add is the linkage of two addi-
tional functions with the putative synthetic enzymes, a predicted
�-glutamyl cyclotransferase and a glutamine amidotransferase.
�-Glutamyl cyclotransferases are always associated with the
breakdown of �-glutamate linkages through formation of a cyclic
intermediate. Of the three characterized subgroups of �-glutamyl
cyclotransferases (48), �RIO-1 gp8 belongs to the third subgroup,
which is bacterial. This subgroup is not well characterized as to its
function, but one member is known to remove a �-glutamic acid
by cyclization from a moiety analogous to an ε-lysine during syn-
thesis of an antibiotic (49). Iyer et al. (16) further noted the fre-
quent clustering within the genome of a bacterial �-glutamyl cy-
clotransferase gene with a glutamine amidotransferase gene,
positing a coupling of these two activities to perform some meta-
bolic function. They also noted that when amidotransferases are
not clustered with a cyclotransferase, they were instead clustered
with a peptidase. The phage genomes (Fig. 4) also exhibited this
dichotomy of the function clustered with the amidotransferases.
In most of the phages, the clustered gene encoded a cyclotrans-
ferase, but in PA11, there was instead a peptidase encoded imme-
diately after the ATP grasp gene.

Amidotransferases generally transfer an amide group from the
� group of glutamine. The acceptor of the phage proteins is not
predictable from the sequence. The phage-borne members are
most similar to fructose-6-phosphate transaminases in the N-ter-
minal domain, and some phage-borne members have been mis-
annotated with that designation, but the phage-borne enzymes
clearly are not similar to the C-terminal domains that bind fruc-
tose-6-phosphate. Curiously, the number of annotated amido-
transferases among the related phages is variable, with PA11 hav-
ing three of them. When there are multiple amidotransferases,
they are of divergent families, indicating some long-standing
functional specialization. At least some of them, e.g., PA11 gp1,
match well to family models of both amidotransferase and pep-
tidease_C26 (Pfam accession no. PF07722), indicating that it is
possible that an amidotransferase can be a �-linked peptide bond
peptidase in disguise. This opens the door to the theory that the

TABLE 3 BLASTP bit scores relating the proteins of the putative peptidoglycan modification operon

Phages compared

BLASTP bit score

Cyclotransferase Amidotransferase COOH-NH2 ligase Amidoligase ATP grasp enzyme

PA11 and CW02 NAa 156 264 169 247
�RIO1-CW02 70 131 72 71 212
�RIO1-LUZ24 58 114 65 57 87
a NA, not applicable.
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function collaborated upon by the cyclotransferase and amido-
transferases may be degradative instead of synthetic.

In addition to the phages that are discussed here, one other
phage, Marvin (50), encodes an amidotransferase and an amido-
ligase that are separately derived from host genomes. That sug-
gests that the function embodied in the cyclotransferase and ami-
dotransferase is not just coincidentally associated with the cluster
of amidoligases and the ATP grasp enzyme in �RIO-1-related
phages. If the proposition of involvement of the synthetic func-
tions in cell wall synthesis is correct, then the two additional ac-
tivities could be posited to catalyze some additional modification
to the phage-directed peptidoglycan. Alternatively, one could
imagine these two activities being involved in intercepting the
host-synthesized peptidoglycan monomer and truncating its pep-
tide to allow the phage enzymes to conduct replacement synthesis.

While the peptidoglycan modification hypothesis is attractive
in that it explains the coordinated retention of three enzymes that
synthesize unusual peptide bonds, we caution that alternative
functions have not been ruled out for this cluster of genes. Some of
the enzymes could be involved in recovering from the cell wall
amino acids resulting from either turnover of the host cell wall or
cannibalism of surrounding cell debris. An exploration of the cel-
lular cyclotransferases supports such a role. The number of bac-
terial cyclotransferase genes per bacterial genome is variable, with
a high of 15 found in the genome of Haliangium ochraceum DSM
1436 (51). H. ochraceum is a scavenger of other bacteria, which
might explain a need for degrading a variety of different pepti-
doglycan cross-linkages. However, an alternative, that the multi-
ple cyclotransferase genes are distributed into Haliangium orchar-
ceum on an as yet uncharacterized prophage, has not been
excluded. Finally, it would be difficult to dismiss the possibility
that any or all of these enzymes are involved in host takeover by
modifying or reversing modification of host enzymes.

Main replication module. Figure 5 produced the surprise not
only that �KMV DNA polymerase is far diverged from T7 DNA
polymerase but further that the T7 polymerase processivity do-
main (18) was not uniformly distributed over phage polA poly-
merases. The T7 processivity domain consists of an extension
from the end of the thumb that partially wraps around the newly
synthesized DNA and that recruits thioredoxin to essentially act as
a polymerase subunit completing a ring around the DNA. If a
demand for processivity was the only thing that differentiated the
use of polA in phages versus its role as a repair enzyme in cells, we
would expect a solution of this kind to have arisen early in the
phage polymerase lineage and to have been conserved thereafter.
Instead, we observed numbers of different domain insertions in
the phage polA thumb domain, which might logically be different
solutions to the same problem, and numbers of phage lineages
with no thumb insertions. It is, however, true that the bacterial
lineage has no incidence of thumb insertions, indicating that there
is no selective pressure to revise the polymerase structure so long
as the polymerase is confined to its role in conducting short tracts
of repair synthesis. Within the phages, we note that there is a
correlation between altering the thumb domain and synthesizing
fixed terminal repeats (Fig. 5). Synthesizing fixed terminal repeats
requires restarting synthesis at fixed positions in the concatemer
in coordination with packaging and then stopping within a lim-
ited distance. The mechanism of generating a regulated stop for
end production is unknown but could logically interact with the
provision to maintain processivity. In that view, it could be vari-

ability in the generation of the genomic ends that drives the struc-
tural variability of the phage polA polymerases.

Natural habitat of �RIO-1. The dynamic processes governing
phage persistence in the oceanic environment have been investi-
gated (1, 52). Phage �RIO-1 was isolated from 8.4°C water in
winter, which introduces additional considerations of how the
growth dynamics are modified to deal with the reduced metabolic
activity imposed by low temperature. Host generation times of
marine bacteria may be as long as a month under natural condi-
tions (53, 54). The host strain was found to have a temperature
optimum for replication at 25°C, with a doubling time of 29.2 min
in rich medium, and maintained a generation time of 60 min at
10°C in rich medium (not shown). However, phage production
dropped dramatically even in rich medium at 10°C. Lengthened
latent periods due to poor nutrition have been termed “pseudoly-
sogeny” (55), and such a strategy may be used by �RIO-1 at low
temperature. The triple-zone plaques formed by �RIO-1 indicate
some other form of complexity in its host interaction that is not
understood. There is no indication from the sequence analysis
that �RIO-1 can be temperate; hence, we do not believe that the
turbid zones come from that source. Other precedented causes of
turbid lysis zones include phage-borne or phage-produced en-
zymes that attack host extracellular polymers (56), feeding of
hosts by phage metabolites (57), or lysis inhibition related to su-
perinfection (58).

Phage �RIO-1 was tested against a variety of pigmented and
nonpigmented Pseudoalteromonas species and species from re-
lated genera (Table 1). Some phages are known to infect strains
within multiple genera (reviewed in reference 59). More com-
monly, phages are limited to species within the same genus or even
a single species. The latter may reflect the degree of subdivision of
the genus into species. Within the Pseudoalteromonas genus, the
nonpigmented free-living species are a tightly related cluster by
the criterion of the rRNA sequence (11) and, hence, relatively
finely divided to species. Nonetheless, P. marina phage �RIO-1
has thus far not been found to form plaques on other species of
Pseudoalteromonas. In summary, with the characterization of
�RIO-1, we open the investigation of podoviral involvement in
the host-phage network governing the free-living Pseudoalteromo-
nas species in the marine environment.
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