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Coliphage N4 is a lytic bacteriophage discovered nearly half a century ago, and it was considered to be a “genetic orphan” until
very recently, when several additional N4-like phages were discovered to infect nonenteric bacterial hosts. Interest in this genus
of phages is stimulated by their unique genetic features and propagation strategies. To better understand the ecology of N4-like
phages, we investigated the diversity and geographic patterns of N4-like phages by examining 56 Chesapeake Bay viral commu-
nities, using a PCR-clone library approach targeting a diagnostic N4-like DNA polymerase gene. Many new lineages of N4-like
phages were found in the bay, and their genotypes shift from the lower to the upper bay. Interestingly, signature sequences of
N4-like phages were recovered only from winter month samples, when water temperatures were below 4°C. An analysis of exist-
ing metagenomic libraries from various aquatic environments supports the hypothesis that N4-like phages are most prolific in
colder waters. In particular, a high number of N4-like phages were detected in Organic Lake, Antarctica, a cold and hypersaline
system. The prevalence of N4-like phages in the cold biosphere suggests these viruses possess yet-to-be-determined mechanisms
that facilitate lytic infections under cold conditions.

As the most abundant microbial form, viruses play important
roles in shaping host population structures, mediating ge-

netic exchange between hosts, and modulating trophic transfer in
marine food webs (1–3). Marine viral metagenomic studies sug-
gest that viruses encompass the largest genetic repertoire in the
ocean (4, 5), yet the functions of �70% of the putative genes
identified in viral metagenomic studies remain unknown (6). Re-
cently, several novel phages infecting dominant marine bacteria
have been isolated from the ocean (7, 8). Both cultivation tech-
niques and molecular approaches suggest that a great many ma-
rine viruses await discovery.

Bacteriophage N4 was first isolated from sewer waters using
Escherichia coli as a host nearly half a century ago (9) and remained
a “genetic orphan” for decades, as no other genetically similar
phages were characterized. Phage N4 has several unique features
with regard to its morphology, physiology, and genome that have
made it a focus of study. It has a 70-nm isocahedral capsid, and its
genome size is 70 kb. More remarkably, N4 is the only known
phage that does not rely on host RNA polymerase for early tran-
scription (10, 11). Instead, it contains a DNA-dependent virion-
encapsidated RNA polymerase (vRNAP), which is coinjected with
viral DNA into its host and initiates transcription (12). The phage
also exhibits a lysis-inhibited infection cycle and an extremely
large burst size (ca. 3,000 phages per cell), suggestive of a novel
mechanism of cell lysis regulation (13, 14).

The recent renewed interest in the ecology of N4 was prompted
by the isolation from a coastal estuary of two new N4-like phages,
which infect bacteria of the marine Roseobacter lineage (15). Ro-
seobacters are a widely distributed and abundant group of marine
bacteria (16). Thus, the finding of Roseobacter N4-like phages
demonstrated that the phage genus is not restricted to E. coli or
other enteric bacteria and suggested that the marine environment
might be an important reservoir for this group of viruses. Subse-
quent studies have described the isolation and characterization of
additional N4-like phages that infect a variety of bacterial species,
including Vibrio, Pseudomonas, Salmonella, and Achromobacter
spp. (17–23). With the exception of Enterobacter phage EcP1
(NC_019485), which has a relatively small capsid and genome, all

N4-like phages characterized to date share morphologies, genome
sizes, and genomic architectures similar to those of coliphage N4
(24). Given the recent successes in isolating N4-like phages from
phylogenetically diverse bacterial taxa, we were motivated to bet-
ter understand the distribution of this phage group in natural
systems. The conservative nature of N4-like genomes allowed the
design of molecular tools diagnostic for group members, which
facilitated the isolation-independent assessments of the distribu-
tion and diversity of N4-like phages over space and time presented
here.

MATERIALS AND METHODS
Sample collection and preparation. Chesapeake Bay viral community
(VC) samples were collected in 2004 and 2005 from multiple stations in
the bay during research cruises for the Microbial Observatories Viral Ecol-
ogy project. Viral DNA was prepared following methods described previ-
ously (25). Briefly, 50 liters of water was filtered through glass fiber filters
(type A/E) and then 0.45-�m-pore-size polycarbonate filters. The viral
fraction was then concentrated to �500 ml by ultrafiltration through a
30-kDa-cutoff filter cartridge. These concentrated VCs were further pre-
cipitated with polyethylene glycol 8000 powder at a final concentration of
100 g liter�1 and then resuspended in SM buffer (100 mM sodium chlo-
ride, 10 mM magnesium sulfate [heptahydrate], 50 mM Tris-HCl, pH
7.5). The concentrated VCs were boiled to release viral DNA, which was
used as a DNA template for PCR.

A total of 56 archived viral DNA samples were analyzed for the pres-
ence of N4 phages. These samples were collected from 9 different stations
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across the whole bay during 2005 and from a subset of 5 of the stations
during 2004 (Fig. 1). Samples were collected in four seasons (winter [Feb-
ruary], spring [May], summer [August], and fall [October]).

PCR primers and amplification. A set of degenerate primers were
designed based on available DNA polymerase (pol) genes of N4-like
phages in the NCBI database through 2011, including Enterobacteria
phage N4 (NC_008720), roseophage DSS3 �2 (NC_012697), roseophage
EE36 �1 (NC_012696), Roseovarius Plymouth podovirus 1 (FR719956),
Roseovarius sp. strain 217 phage 1 (FR682616), Enterobacter phage
EcP1 (NC_019485), Pseudomonas phage LIT1 (NC_013692), Pseudomo-

nas phage LUZ7 (NC_013691), and Sulfitobacter phage pCB2047-B
(HQ317387). The forward primer was N4-DNAP-F (5=-GGI ACI ATI
ACI TTY TGY TGG-3=), and the reverse primer was N4-DNAP-R (5=-
RTA RTT ICC IGC RAA TYC YTG-3=). The expected PCR product size
was ca. 400 bp. The PCR conditions were optimized for the template DNA
and the primer concentrations, annealing temperature, magnesium chlo-
ride concentration, and cycle number.

All the PCRs were performed in 25-�l volumes containing 1� reac-
tion buffer, 2 mM MgCl2, 200 �M deoxynucleoside triphosphate (dNTP),
2 �M each primer, 1 U of Platinum Taq DNA polymerase (Invitrogen,
Carlsbad, CA, USA), and 4 �l DNA templates. The PCR was performed
with the following steps: denaturation for 10 min at 94°C and 35 cycles of
denaturation (30 s at 94°C), annealing (1 min at 50°C), and extension (1
min at 72°C), with a final extension for 10 min at 72°C. The DNA of
roseophage DSS3 �2 was used as a positive control, and a series of dilu-
tions of the positive-control DNA were employed to determine the
threshold of detection.

Clone library, sequencing, and phylogenetic analysis. Five winter
PCR amplicons, two from the upper bay (84504 and 84505), one from the
middle bay (83405), and two from the lower bay (70704 and 70705), were
selected to construct clone libraries (Table 1). The PCR products were
purified with the QIAquick gel extraction kit (Qiagen, Venlo, The Neth-
erlands) and cloned using the TOPO TA pcr4.0 cloning kit (Invitrogen,
Carlsbad, CA, USA). Colonies were randomly picked from each clone
library and sequenced using an ABI 3100 genetic analyzer (PE Applied
Biosystems, Foster City, CA, USA). Homology searches (BLASTx) were
performed against the NCBI database. If the top hit of the sequences was
an annotated, known N4-like phage from amino acid position 206 to 317
in the N4 phage DNA polymerase (NC_008720), we identified it as an
N4-like phage sequence.

DNA pol partial gene sequences were translated into putative protein
sequences and aligned with Clustal W (26) using default parameters. A
neighbor-joining (NJ) phylogenetic tree was built using MEGA 5.0 (39)
and the p-distance model. Bootstrap values were determined from 1,000
resampling events.

Diversity indices and metagenomic analysis. The operational taxo-
nomic units (OTU), Chao index, evenness, and Shannon diversity index
of each library were measured using the mothur suite of programs (27)
and were based on DNA sequences at 2% divergence. Selected translated
amino acid sequences from each subcluster were searched against the
CAMERA portal (28) by tBLASTn with an E value threshold of �1E�10
and an alignment length of �80 amino acids. Three ocean metagenomic
databases were chosen for N4-like phage recruitment, the Global Ocean
Survey (GOS) microbial metagenomic database (29, 30), the Broad Phage
metagenomic database (http://www.broadinstitute.org/annotation/viral
/Phage/Home.html), and the Pacific Ocean Virome database (5). We also
recruited N4-like phages from all CAMERA portal metagenomic libraries
available by the end of 2013, including the Antarctica Aquatic Microbial
Metagenome, Chesapeake Bay Virioplankton Metagenome, Chicken Ce-
cum Microbiome, and Wastewater Metagenome from Mallard Creek (all
available at http://data.imicrobe.us/project/view/104) and the Human
Microbiome Project (http://hmpdacc.org/catalog/). The sequences that

FIG 1 Collection locations of the winter Chesapeake Bay samples that were
positive for N4-like specific DNA pol PCR products. The positive samples from
the winters of both 2005 and 2004 are represented by black circles. The white
circles represent the positive samples from only 1 year. The samples from
stations 908, 834, 804, and Poto, which stands for Potomac River (gray
circles), were available only in 2005 and not in 2004. The figure was mod-
ified from an image by Tracy Saxby and Kate Boicourt, Integration and
Application Network, University of Maryland Center for Environmental
Science (http://ian.umces.edu/imagelibrary/).

TABLE 1 Environmental and community parameters at sampling stations

Station Time
Temp
(°C)

Salinity
(psu)

Bacterial abundance
(105 cells/ml)

Viral abundance
(105 VLPsa/ml)

NO2
� and NO3

�

concn (�M)

707 February 2004 3.8 15.4 8.61 9.6 12.3
707 February 2005 2.9 18 12.3 87.1 9.03
845 February 2004 1.2 9.6 10.4 31.2 15.9
845 February 2005 3.9 7.5 12.3 100 32.7
834 February 2005 3.2 7.4 9.82 46.6 40.8
a VLPs, virus-like particles.
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were related to N4-like phages and fully overlapped our clone sequences
were included in a phylogenetic analysis.

Nucleotide sequence accession numbers. All sequences have been
deposited in GenBank with accession numbers KM527952 to KM528122.

RESULTS AND DISCUSSION
Detection of N4-like phages in the Chesapeake Bay. Given that
the first two marine N4-like phages were isolated from Chesa-
peake Bay waters, we sought to determine the prevalence and di-
versity of these phages over space and time in this coastal estuary.
To do this, we screened a library of viral concentrates collected
from the Chesapeake Bay over the course of 2 years (2004 and
2005) through the Microbial Observatory for Virioplankton Ecol-
ogy Project (http://www.virusecology.org/MOVE/Home.html)
using a PCR primer set targeting conserved regions of the DNA pol
genes of N4-like phages. The DNA pol gene is one of the 14 con-
served core genes of N4-like phages (24), making it a valuable
diagnostic marker for culture-independent surveys. A total of 56
viral samples, which cover four seasons and the full transect of the
Bay, were tested. Twelve of 14 winter samples yielded a PCR prod-
uct of the expected size, but none of the viral samples from other
seasons (spring, summer, and fall) yielded positive results. These
products were sequenced and confirmed to be N4-like DNA pol
gene homologs.

The 12 PCR-positive samples were collected during the winter
in two consecutive years and represent samples spanning the
breadth of the Chesapeake Bay watershed (Fig. 1) when water
temperatures were below 4°C. It is surprising that none of the viral
samples from spring, summer, and fall were PCR positive. Al-
though no quantitative measurements have been performed to
compare the abundance of N4-like phages in the winter and other
seasons, the endpoint PCR results obtained here imply that N4-
like phages in other seasons are either absent or below the current
detection limit. It is unlikely that negative PCR results that oc-
curred in other seasons were due to poor quality of the same viral
DNA samples, because control reactions targeting DNA pol of
cyanobacterial podoviruses (31) yielded positive results.

The Chesapeake Bay is a dynamic ecosystem. It has been re-
ported that bacterial communities in the bay exhibit distinct sea-
sonal patterns (32, 33). N4-like phages are generally thought to
have a narrow host range (18). Indeed, the shift in bacterial pop-
ulations and different bacterial metabolisms from cold to warm
may be driving the distinct occurrence of N4-like phages observed
in this study. However, an important caveat is that we cannot
exclude the possibility that N4-like phages are present during
other (spring, summer, and fall) seasons. It is possible that the
concentration of N4-like phages in the Chesapeake Bay during the
warmer seasons is below the limit of detection of the PCR assay,
which was determined to be approximately 100 viruses per ml
(data not shown) using DNA isolated from the positive-control
roseophage DSS3 �2. Furthermore, not all N4-like phages have
been isolated from cold environments (34).

N4 phages are diverse in the Chesapeake Bay. Five of 12 pos-
itive amplicons from the Chesapeake Bay samples were selected
for clone library analysis. The selected samples represent viral
communities from the upper (station 845), middle (station 834),
and lower (station 707) bay during the winter of 2005. Two addi-
tional samples collected from the upper (station 845) and lower
(station 707) bay from the winter of 2004 were chosen to assess
annual variation. All five samples were collected when the water

temperature was between 1 and 4°C and represent a wide range of
salinity and nutrient gradients (Table 1).

A total of 204 clones randomly selected from these five clone
libraries were sequenced. Among them, 24 clones contained non-
translatable or nonspecific sequences and were not included in
subsequent analyses. The DNA pol phylogeny based on the phage
isolates and clonal sequences divided N4-like phages into at least
15 distinct clusters with an 80% amino acid sequence identify
cutoff for each cluster (Fig. 2).

For characterized N4-like phages, the N4-like DNA pol phylog-
eny indicates general agreement with the host phylogeny. For ex-
ample, all five N4-like phages isolated on E. coli hosts fall into
cluster II. Similarly, all N4-like phages isolated from Roseobacter
hosts fall into cluster IX. N4-like phages that infect Vibrio spp.,
Salmonella spp., and Pseudomonas spp. also cluster with the host
species. Overall, the phylogeny of N4-like phage genotypes based
on the DNA pol gene is concordant with that previously reported
based on concatenated core genes of N4-like phages (24). The
congruency between the DNA pol phylogeny and the host taxon-
omy suggests N4 phages originated from a common ancestor and
coevolved with their hosts.

Of the 180 Chesapeake Bay-derived N4 DNA pol sequences, the
majority fall into 11 clusters (clusters I to X and XVIII) (Fig. 2).
Among these 11 clusters, 8 clusters do not contain any cultured
representatives. Indeed, the vast majority of bay clones do not
cluster with N4-like DNA pol sequences that were obtained from
cultured isolates. One environmental clone (845.04.08) does fall
into cluster II, which contains several N4-like phages infecting
various E. coli strains, and another clone (845.05.29) is closely
associated with N4-like phages that infect marine Roseobacter
strains. N4-like phages that infect Vibrio, Salmonella, and Pseu-
domonas spp. belong to clusters XI, XII, XIV, and XIX; no Chesa-
peake Bay clones mapped to these clusters.

The compositions of N4-like phages differ between the lower
and upper bay. Several clusters (I, III, VI, VII, and VIII) contain
only clonal sequences from either the upper or lower bay, indicat-
ing that unique genotypes of N4-like phages occupy specific
niches in the Chesapeake Bay. Meanwhile, some clusters (X and
XVIII) have been detected in both upper- and lower-bay samples
(Table 2 and Fig. 3). In short, Chesapeake Bay viral communities
contain diverse N4-like phage sequences in winter, and different
N4-like phage genotypes were found in the upper and lower bay.

We believe that the number of environmental clones used in
this study is sufficient to uncover the diversity of major popula-
tions of N4-like phages, as most clone libraries were well sampled
(see Fig. S1 in the supplemental material). High-throughput se-
quencing could potentially yield more clusters for minor N4-like
phage populations, but that is beyond the scope of this work. The
presence of 11 distinct clusters of N4-like phages in the Chesa-
peake Bay alone suggests that N4-like phages can infect a much
broader bacterial community than originally thought.

Identification of N4-like phages in cold environments. The
unexpected and apparent restriction of Chesapeake Bay N4-like
phages to colder waters prompted a more global survey of their
distribution and diversity. To that end, we surveyed available met-
agenomic libraries for N4-like DNA polymerase homologs. Rep-
resentative DNA pol amino acid sequences from all subclusters
were searched against the database, with an E value threshold of
�1E�10 and an alignment length of �80 amino acids. The 206
homologous sequences identified were included in a DNA pol
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FIG 2 Neighbor-joining phylogenetic relationships of translated DNA pol gene sequences recovered from the clone libraries, known N4-like phages, and
metagenomic databases. The tree is based on the aligned amino acid sequences (ca. 130 residues). The sequences of 24 N4-like phages and 2 outgroup sequences
are shown in black. The sequences recovered from metagenomic searches and upper, middle, and lower Chesapeake Bay are in green, red, purple, and blue,
respectively. The clusters were defined as sequences that share greater than 80% amino acid identity. The bootstrap value was calculated with 1,000 replications.
Bootstrap values of �50% are shown at the nodes. The scale bar represents 0.1 amino acid substitution.
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phylogenetic tree (Fig. 2). These environmental sequences form 7
unique clusters (XIII, XV, XVI, XVII, XX, XXI, and XXII), and the
majority do not overlap Chesapeake Bay clones or isolated N4-like
phages, suggesting that a great diversity of N4-like phages exist in
other freshwater and marine environments.

Consistent with our PCR-based survey of seasonally represen-
tative Chesapeake Bay samples, nearly all (97%) of the meta-
genome-derived DNA pol sequences were recovered from colder
environments, including the Southern Ocean and sea ice (Ross
Sea). Indeed, most (91%) of the metagenomic reads were re-
trieved from Organic Lake in Antarctica (Fig. 4). The majority
(97%) of Organic Lake hits (188 in total) were classified into two
narrow clusters (XVI and XVII), suggesting a relatively limited
number of potential hosts in the system. It is possible that a few
major bacterial populations contribute to the production of these
N4-like phages. Intriguingly, these two major clusters appear to be
related to cluster XVIII, which contains the largest number of the
Chesapeake Bay N4-like phage sequences. Together, our results
suggest that N4-like phages can thrive in cold environments. For
the purposes of this discussion, we define “cold” as water masses
with temperatures of �10°C and “warm” water masses as those
with temperatures of �10°C. When considering the metagenomic
library analysis, N4-like phages in cold waters are significantly
more abundant than those in warm waters (t test; P � 0.01). Un-
fortunately, there are not presently sufficient environmental data
for the metagenomic libraries to delineate the relationships be-
tween the distribution of N4-like phages and environmental pa-
rameters.

Antarctica’s Organic Lake is a shallow, hypersaline lake and
contains the highest concentration of dimethylsulfide reported in

natural water environments (35). The water temperatures are be-
low �10°C, and the salinity exceeds 160 psu (practical salinity
units) (36). Consequently, the abundance of bacteria and viruses
is lower than in the oligotrophic ocean (typically, both are less
than 105 ml�1), and the virus-to-bacteria ratio is approximately 1
(36). It is intriguing that a high number of N4-like phage se-
quences were recruited from this system despite the low viral
abundance. It has been reported previously that members of the
classes Alphaproteobacteria and Gammaproteobacteria dominate
the bacterial composition of Organic Lake (36), and they may
represent presumptive hosts for these phages.

The prevalence of N4-like phages from cold, saline waters sug-
gests at least some of the phages may be adapted to environments
with these characteristics. It could be hypothesized that the unique
features of N4-like phages, especially the presence of an encapsu-
lated RNA polymerase (37), may allow them to tolerate and rep-
licate at cold (or even freezing) temperatures and under saline (or
hypersaline) conditions. Indeed, it has been previously reported
that the RNA polymerase in E. coli phage N4 can tolerate high-salt
conditions (38). Further studies on cultured N4-like phages are
necessary to ascertain whether cold tolerance is a defining feature
of this phage class.

Conclusions. N4-like phages are a group of bacteriophages
that are unique in terms of their genomes, phylogeny, taxonomy,
and ecology. This study shows that diverse N4-like phages are
present in nature and that they exhibit dynamic seasonal and spa-
tial variation. The distribution of N4-like phages in the marine
environment appears to be restricted to high latitudes and/or
colder seasons. The high recruitment of N4-like phages in the cold
biosphere, such as Organic Lake of Antarctica, is unexpected

FIG 3 Comparison of proportions of DNA pol subclusters between the upper and lower Chesapeake Bay.

TABLE 2 Distribution of phylogenetic clusters and diversity indices among the five clone libraries

Library

No. of clones in clustera No. of
unclustered
clones

Total
no. of
clones

No. of
OTUb

Normalized
no. of
OTUc

Richness
(Chao
index) Evenness

Shannon
diversity
indexI II III IV V VI VII VIII IX X XVIII

70704 18 2 4 4 1 29 5 0.17 5.00 0.69 1.11
70705 9 8 15 3 35 8 0.23 14.00 0.75 1.56
84504 1 3 6 4 1 3 25 1 44 11 0.25 13.50 0.69 1.66
84505 3 2 1 1 1 25 3 36 11 0.31 56.00 0.52 1.25
83405 1 11 4 2 3 10 5 36 19 0.53 32.20 0.88 2.60
a The clusters are defined in Fig. 2.
b The number of OTU was calculated based on DNA sequences at 2% divergence.
c The number of OTU was normalized to the total number of clones from a given station.
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based on prior successful cultivation efforts. The cold selection of
N4-like phages could be related to their unique features, including
lysis inhibition, large burst size, and viral encapsidated RNA poly-
merase. However, the ecological role of N4 phages and the mech-
anisms involved in cold adaptation remain to be elucidated.
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