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Shotgun metagenomics indicates novel family
A DNA polymerases predominate within marine
virioplankton
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Virioplankton have a significant role in marine ecosystems, yet we know little of the predominant
biological characteristics of aquatic viruses that influence the flow of nutrients and energy through
microbial communities. Family A DNA polymerases, critical to DNA replication and repair in
prokaryotes, are found in many tailed bacteriophages. The essential role of DNA polymerase in viral
replication makes it a useful target for connecting viral diversity with an important biological feature
of viruses. Capturing the full diversity of this polymorphic gene by targeted approaches has been
difficult; thus, full-length DNA polymerase genes were assembled out of virioplankton shotgun
metagenomic sequence libraries (viromes). Within the viromes novel DNA polymerases were
common and found in both double-stranded (ds) DNA and single-stranded (ss) DNA libraries.
Finding DNA polymerase genes in ssDNA viral libraries was unexpected, as no such genes have
been previously reported from ssDNA phage. Surprisingly, the most common virioplankton DNA
polymerases were related to a siphovirus infecting an a-proteobacterial symbiont of a marine
sponge and not the podoviral T7-like polymerases seen in many other studies. Amino acids
predictive of catalytic efficiency and fidelity linked perfectly to the environmental clades, indicating
that most DNA polymerase-carrying virioplankton utilize a lower efficiency, higher fidelity enzyme.
Comparisons with previously reported, PCR-amplified DNA polymerase sequences indicated that
the most common virioplankton metagenomic DNA polymerases formed a new group that included
siphoviruses. These data indicate that slower-replicating, lytic or lysogenic phage populations
rather than fast-replicating, highly lytic phages may predominate within the virioplankton.
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Introduction

Measurements of viral production within marine
ecosystems indicate that a significant proportion of
the bacterioplankton standing stock is lost to viral
lysis (Winget et al., 2011) and that virioplankton
populations turn over rapidly, often in less than
a day for productive coastal marine ecosystems
(Winget et al., 2011). The lytic release of viruses and
nutrients is a key mechanism shaping the flow of C and
energy through marine ecosystems (Poorvin et al.,
2004; Suttle, 2005) and influencing the productivity
and composition of marine microbial communities.
Although appreciation of the importance of viral

processes to ecosystem function has grown, we have
only a cursory understanding of the predominant
biological characteristics of abundant viral populations
that are driving viral effects within the ocean. Such
information is crucial to a deeper, mechanistic under-
standing of the virus–host relationships and how these
relationships shape the microbial activities critical to
global biogeochemical cycles.

One impediment to these investigations has been
the lack of a universal genetic marker that can draw
connections between the evolutionary history, diver-
sity and biological characteristics of viruses. By
analogy, the use of the 16S ribosomal RNA gene as a
universal genetic marker among prokaryotic life
has provided a means to investigate links between
the phylogeny and population biology of prokaryo-
tic groups. Nevertheless, as many viruses and
bacteriophages carry informational protein genes
(that is, genes involved in maintenance of
genetic information), these genes have been used in
studies examining the diversity, biogeography and
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population biology of viruses. In particular, because
polymerases are critical to viral replication, these
genes can have a disproportionately major role in
shaping the evolutionary history and fitness
(Gimenes et al., 2011) of the viruses that carry them.

For example, DNA polymerase sequences have
been critical to constructing phylogenetic relation-
ships between viruses infecting eukaryotic micro-
algal host groups (Brussaard et al., 2004), whereas
RNA-dependent RNA polymerase gene sequences
revealed a remarkable diversity of picornaviruses
and other RNA viruses within the virioplankton
(Culley et al., 2003, 2006). In the case of bacter-
iophages, previous studies have utilized DNA poly-
merase sequences to examine the distribution and
diversity of phages related to coliphage T7 belonging
to the Podoviridae morphological family (Breitbart
et al., 2004; Labonté et al., 2009). The ubiquity of
T7-like DNA polymerase genes has led some to
propose that highly lytic podoviruses are key
factors in the virioplankton (Labonté et al., 2009).
However, a critical shortcoming of these previous
examinations has been the limited ability of PCR
approaches to detect novel viral groups on the basis
of DNA polymerase gene sequences. A telling
example of this shortcoming is the fact that
sequences related to polA genes from known
siphoviruses and myoviruses have not been
detected within environmental samples, despite
the fact that polA is known to be carried by phages
within these morphological families (Scarlato and
Gargano, 1992; Buechen-Osmond and Dallwitz,
1996; Lohr et al., 2005).

Today, the use of high-throughput DNA sequen-
cing to assess the genetic diversity and composition
of natural viral assemblages—shotgun viral
metagenomics—enables much broader access to
the extant viral genetic diversity and thus deeper
investigations of viral population genetics through
phylogenetic analysis of viral genes. This study used
just such an approach through characterization of
virioplankton metagenomic sequences homologous
to full-length family A DNA polymerases. The family
A DNA polymerases, encoded by the polA gene,
are a large and varied group of polymerases that
includes all bacterial Pol I. In bacteria, Pol I primarily
functions as a DNA proofreading enzyme and
includes a polymerase domain, a 30–50 exonuclease
domain, and a 50–30 exonuclease domain (Ollis et al.,
1985; Beese et al., 1998; Li et al., 1998). However, the
polA gene is also common in tailed dsDNA phages
(Breitbart et al., 2004). Among phages, the protein
does not include a 50-30 exonuclease and is generally
the DNA polymerase primarily responsible for phage
genome replication (Tabor and Richardson, 1987;
Doublie et al., 1998; Naryshkina et al., 2006). Here we
report that well-known structural features of DNA
polymerases, which shape its enzymatic activities,
provide a framework for understanding the prevalent
biological features of phage populations within the
virioplankton.

Materials and methods

Viral metagenome sequence libraries (viromes)
Details of library preparation are available in the
supplementary material. Sequences from 10 virio-
plankton metagenomic libraries collected at three
sampling sites (Table 1 and Supplementary Figure
S1) were analyzed. Libraries from the Dry Tortugas
(Andrews-Pfannkoch et al., 2010) and the Chesapeake
Bay (Bench et al., 2007; Rusch et al., 2007;
Andrews-Pfannkoch et al., 2010) were constructed
from environmental viral nucleic acids that had
been separated into three fractions: dsDNA, ssDNA
and RNA (Andrews-Pfannkoch et al., 2010). Only
dsDNA virioplankton were analyzed from the Gulf
of Maine sample (Tully et al., 2012). After separa-
tion, the ssDNA and RNA fractions were trans-
formed into dsDNA copies and subsequently all
dsDNA fragment libraries were constructed using
the linker-amplified shotgun library procedure
(Andrews-Pfannkoch et al., 2010). Insert DNA from
randomly selected clones was sequenced using the
Sanger dideoxy-chain terminator method (Sanger
et al., 1977) to provide B64–117 thousand sequence
reads (Figure 1), with read lengths of ca. 750 bp. The
longer read lengths provided by Sanger sequencing
were critical to unambiguous assembly of putative
full-length DNA polymerase genes (Wommack et al.,
2008). Environmental metadata, sequences and
bioinformatic analyses for these libraries are avail-
able on the Viral Informatics Resource for Metagen-
ome Exploration (VIROME) website (http://
virome.dbi.udel.edu) (Wommack et al., 2012).

Table 1 DNA polymerase A reads and contigs by library

VIROME a Library
Name

Location Library
type

polA reads
(%b)

polA
contigsc

CFA-Dd Chesapeake dsDNA 239 (0.29) 12
CIA-Bd Chesapeake dsDNA 10 (0.18) 0
CBB Chesapeake dsDNA 39 (0.69) 1
CBJ Chesapeake dsDNA 80 (0.70) 2
CBS Chesapeake ssDNA 122 (2.13) 2
CBR Chesapeake RNA 12 (0.21) 0
Total Chesapeake 502 (0.43) 17
DTF Dry

Tortugas
dsDNA 573 (0.88) 37

DTS Dry
Tortugas

ssDNA 47 (0.82) 0

DTR Dry
Tortugas

RNA 33 (0.60) 0

Total Dry
Tortugas

653 (0.86) 37

GMF Gulf of
Maine

dsDNA 680 (1.06) 33

aLibrary identifier in VIROME. Additional library details available at
(http://virome.dbi.udel.edu).
bpolA reads per total number of reads in library.
cContigs were assembled with up to 2% gaps and 3% mismatches,
and the consensus sequences were translated and used only if they
were longer than 300 amino acids and had a conserved domain hit to
the DNA polymerase A domain.
dMultiple libraries collected at the same site were combined for the
purpose of this study.
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Metagenomic and phylogenetic analysis
Open reading frames (ORFs) were predicted from
all virome reads using MetageneAnnotator
(Noguchi et al., 2006, 2008), translated and subse-
quently clustered (supplementary methods) at a
similarity cutoff of 40% (Edgar, 2010). Representa-
tive sequences from all of the peptide clusters were
searched in the VIROME database to determine
which clusters contained a representative peptide
sequence with significant homology (BLASTP
E-score p10� 3) to a known DNA polymerase.
Subsequently, the ORFs within putative DNA
polymerase clusters were retrieved from each viral
metagenome library. These ORFs were separated by
library and assembled with a minimum overlap of
50 bp and maximum of 2% gaps and 3% mis-
matches (Drummond et al., 2011). Contig consen-
sus sequences were translated into amino acids
according to the ORF call, and a conserved domain
BLAST search (Marchler-Bauer and Bryant, 2004;
Marchler-Bauer et al., 2009, 2011) was run on
translated consensus sequences of X300 amino
acids and only those sequences with hits to
the polymerase domain were used. Putative
DNA polymerase I sequences identified in this
study have been deposited in GenBank Acc.
KF514434–KF514521.

Each virioplankton DNA polymerase contig trans-
lation was clustered using the nearest neighbor
algorithm of DOTUR with a minimum similarity
of 40%, producing 18 clusters (Schloss and
Handelsman, 2005) (Supplementary Table S1).
A representative translated contig sequence from
each cluster was aligned (MUSCLE, 8 iterations, gap
extension penalty: -2) with known phage and
bacterial DNA polymerase A sequences (Edgar,
2004), and the alignment was trimmed to exclude
all exonuclease domains. A maximum likelihood
tree of this alignment (Figure 1) was constructed
using the JTT substitution model of PHYML
(Guindon et al., 2005) with 100 bootstrap replicates.

The genetic content of dsDNA and ssDNA virio-
plankton from the Chesapeake Bay were compared
using four dsDNA viral metagenome libraries (CFA,
CFB, CFC and CFD) and one ssDNA viral metagen-
ome library (CBS) (Figure 2). For the purpose of this
comparative analysis the four dsDNA libraries were
considered as one library. In actuality, each of these
libraries was from a single station in the Chesapeake
Bay sampled over a 24 h period.

Phylogenetic relationships between assembled
virioplankton DNA polymerases and PCR-amplified
virioplankton DNA polymerases were investigated
by aligning (MUSCLE, 8 iterations, gap extension
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Figure 1 Unrooted maximum likelihood tree of representative peptide sequences from translated metagenomic DNA polymerase A
contig clusters with known phage and bacterial Pol I sequences. Known phages are shown in normal text, bacteria in italics and
metagenomic sequences in bold. Sequences were trimmed to the polymerase domain. Each metagenomic sequence is the representative
sequence of a peptide cluster and numbers in parentheses indicate the number of contigs in the cluster. Shaded boxes indicate the
location of virioplankton metagenomic libraries. Roman numerals indicate clades of environmental sequences. Numbers in parentheses
in the legend are total sequences from each location. Bootstrap values below 50% are not shown. Scale bar represents 0.3 amino acid
substitutions per site.
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penalty: -2) (Edgar, 2004) the representative con-
sensus sequences with a large collection of envir-
onmental DNA polymerase sequences obtained
using degenerate PCR primers (Labonté et al.,
2009). All metagenomic sequences were trimmed
to match the correct amplicon length, and a
maximum likelihood tree (Figure 3) was con-
structed as described above.

Structural prediction of DNA polymerase from ssDNA
virome
Because no known ssDNA viruses have been shown
to carry a DNA polymerase gene, the structure of a
DNA polymerase A peptide from the CBS ssDNA
viral library (ctg_CBS_polA_1019, Supplementary
Table S1) was examined using the first approach,

automated mode of homology modeling in
Swiss-Model Workspace (Peitsch et al., 1995; Guex
and Peitsch, 1997; Schwede et al., 2003; Arnold
et al., 2006; Kiefer et al., 2009). The amino acid
sequence of ctg_CBS_polA_1019 was modeled onto
structure 1� 9WA of T7 DNA polymerase (Dutta
et al., 2004).

Results

Contig assembly and homology to DNA polymerase
Sequence reads showing significant homology
(BLASTP E-scorep10� 3) to known DNA polymerase
I sequences were present in all libraries, although
only 6 of the 10 libraries contained contigs that were
longer than 300 amino acids and showed homology

Figure 2 Distribution of BLAST homologs to predicted ORFs from shotgun metagenome sequence libraries of: (a) single-stranded DNA;
and (b) double-stranded DNA virioplankton in the Chesapeake Bay water samples. Virioplankton ORFs within VIROME ORF classes; top
viral hit, only viral hit, top microbial hit and only microbial hit showed homology to only environmental peptides. Virioplankton ORFs
within the VIROME ORF classes; functional protein or unassigned protein showed homology to a peptide in the UniRef 100 database.
ORFans were defined as virioplankton ORFs having no significant homology (Ep0.001) to either an environmental peptide or a UniRef
peptide. Subsequent pie charts based on taxonomy of BLAST homologs are based on virioplankton ORFs showing significant homology
to a UniRef peptide. Details of virioplankton ORFs with homology to known phages within the Caudovirales are shown in
Supplementary Table S2 (ssDNA virioplankton) and Supplementary Table S3 (dsDNA virioplankton).
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to the polA domain (Table 1). Among dsDNA
libraries, sequences from the Dry Tortugas (DTF)
yielded the greatest number of usable contigs. With
the exception of the CFA-D and CIA-B libraries, all
dsDNA libraries showed a frequency of polA-
encoding reads between 1.1 and 0.7%, making this
one of the most abundant functional proteins
detected within the libraries (Supplementary
Table S3). The highest observed frequency of pol A
reads was from the Chesapeake Bay ssDNA library
(CBS), but only two viable full-length contigs were
assembled from the 122 sequences showing homol-
ogy to DNA polymerase A (Table 1). The frequency
of polA reads in the Dry Tortugas RNA library (DTR)
was nearly three times that of the Chesapeake RNA
library (CBR), but no viable contigs were assembled
from either library.

Multiple sequence alignment of translated metage-
nomic contigs with known DNA polymerase
I sequences showed that these putative DNA
polymerases contained many conserved residues
critical to metal and DNA binding and enzymatic
function (Figure 4). Similar to family A DNA
polymerases from known phage, contigs from
dsDNA libraries had the 30–50 exonuclease and DNA
polymerase domains but lacked the 50–30 exonuclease

domain. Contigs from the ssDNA libraries contained
the DNA polymerase domain but neither of the
exonucleases at the N-terminus (Figure 4).

All virioplankton metagenomic DNA polymerases
contained three motifs that were conserved through-
out DNA polymerases (Figure 4) (Loh and Loeb,
2005). Except where noted, residue number refers to
its position in the E. coli Pol I. In motif A, Asp705 is
immutable because of its binding of catalytic magne-
sium (Patel and Loeb, 2000). Also highly conserved
within motif A are Glu710, which stabilizes the
closed form of the enzyme and prevents the incor-
poration of ribonucleotides (Loh and Loeb, 2005),
and Arg712. All of these residues were conserved in
the virioplankton DNA polymerases. Motif B, which
contacts the nascent base pair, has the key residues
Arg754, Lys758, Phe762 and Tyr766 (Loh and Loeb,
2005). These residues were universally conserved
in the viroplankton contigs except for Phe762. Of
the metagenomic sequences, 12% had phenylala-
nine, 13% had tyrosine and 75% had leucine in
this position. Residues 881-883 of motif C were
highly conserved across the reference and meta-
genomic sequences. His881 coordinates to the
sugar of the primer terminus. Asp882 binds to
catalytic magnesium and coordinates with Glu883

Figure 3 Unrooted maximum likelihood tree based on the alignment of translated metagenomic contigs (bold) with translated DNA Pol
A amplicons from degenerate primers from Labonté et al. (2009) and Breitbart et al. (2004) and known phage (underlined). All
metagenomic contigs were trimmed to the amplicon length. Black, gray and white circles indicate nodes with at least 100%, 75% and
50% bootstrap support, respectively. PUP clade as identified in Breitbart et al. (2004). ENV clade 1-3 are as designated in Labonté et al.
(2009) and include all sequences from clade I of Figure 1. ENV-4 is newly identified in this study and contains all sequences from clade II
and III of Figure 1. Scale bar represents amino acid substitutions per site.
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via a water molecule (Loh and Loeb 2005). In the
crystal structure of phage T7 DNA polymerase,
Glu883 is proximal to the C-terminal histidine,
which is critical to T7 DNA polymerase function
(Doublie et al., 1998). However, histidine is not the
terminal residue in a number of phage and bacteria
including T. aquaticus, Enterobacteria phage T5
and 85% of the metagenomic sequences. In motif C,
Val880 is evolutionarily conserved in bacteria
(Loh and Loeb, 2005) but is substituted with
threonine and isoleucine in cultured phage and in
the metagenomic DNA polymerases.

Phylogeny of metagenomic DNA polymerases
Phylogenetic analysis showed that bacterial
polymerases form a single, well-supported clade
that was less diverse than the environmental and
known phage sequences (Figure 1). Larger, well-
supported clades of virioplankton metagenomic
sequences each contained representatives from at
least two of the three locations. This analysis
confirmed the ubiquity of T7-like podoviruses
observed in previous PCR-based studies (Breitbart
et al., 2004; Labonté et al., 2009), as full-length
polymerase sequences from all three environments
claded with T7 DNA Polymerase I (Clade I,
Figure 1). Recently identified T7-like Pelagibacter
phages HTVC011P and HTVC019P were also part of
this clade. However, this was not the largest clade of
environmental sequences and contained only six
clusters and a total of seven metagenomic
polymerases. In total, the 18 virioplankton DNA
polymerase clusters contained 88 contigs assembled
from 320 sequence reads (Supplementary Table S1).
Thus, T7-like DNA polymerase I sequences
accounted for one-third of the virioplankton DNA
polymerase clusters, but only 8% of sequenced
contigs. Astonishingly, only 5% of the reads
contributing to full-length DNA polymerase contigs
occurred in the T7-like Clade I (Supplementary
Figure S2). These data illustrate that the T7-like
DNA polymerases are polymorphic and ubiquitous,
yet the phage carrying these genes appeared to be
less abundant than other phage groups within the
virioplankton.

The second largest group of virioplankton DNA
polymerase sequences (Clade II, Figure 1) was

distantly related to the DNA polymerase of Enter-
obacteriophage T5. Although this clade contained
only three clusters from the Dry Tortugas and
Chesapeake Bay, it comprised a greater number of
contigs (10) than the T7-like viruses (Supplementary
Table S1), and a larger proportion of the reads (10%)
contributing to full-length DNA polymerase contigs
(Supplementary Figure S2). Thus polymerases from
phages in Clade II were less diverse across the
sampling sites than T7-like viruses but more
abundant within the virioplankton. The largest
group of virioplankton DNA polymerase sequences
belonged to Clade III, a clade containing only
metagenomic sequences that was distantly related
to Proteobacteria phage phiJL001, a siphovirus
infecting an a-proteobacterial symbiont of a marine
sponge (Lohr et al., 2005). This clade contained 44%
of all DNA polymerase clusters, 77% of contigs
and 83% of reads contributing to full-length
DNA polymerase contigs (Supplementary Figure S2).
Of the eight clusters within Clade III, six
contained one or two contigs and were only found
in a single environment. However, the two largest
DNA polymerase clusters in this clade (represented
by ctg_DTF_polA_1061 & ctg_DTF_polA_1102
(Figure 1)) contained contigs from all three locations
and accounted for 76% of reads contributing to
full-length DNA polymerase contigs (15% for
cluster-ctg_DTF_polA_1061 and 61% for cluster-
ctg_DTF_polA_1102). Therefore, a large majority of
DNA polymerase-carrying phages within the virio-
plankton have a DNA polymerase within Clade III.

The final clade of virioplankton DNA polymerase
sequences contained a cluster of ssDNA Pol A
sequences represented by ctg_CBS_polA_1019 and
was distantly related to podoviruses infecting
cyanobacteria, Cyanophage S-CBP3 and Prochloro-
coccus phage P-SSP7 (Figure 1). This clade
contained 2% of reads contributing to full-length
DNA polymerase contigs (Supplementary Figure
S2). Although much shorter than the sequence of
T7 DNA polymerase, ctg_CBS_polA_1019 aligned
well with the polymerase domain of this protein,
forming the critical thumb, palm and finger regions
of the DNA polymerase structure (Figure 5). As the
contig had all the key residues discussed above, this
predicted polymerase from the Chesapeake Bay
ssDNA virome library would make the necessary

Figure 4 Schematic of typical bacterial, phage and putative environmental viral DNA polymerase I proteins. Lengths in amino acids
based on averages from multiple sequence alignments. Capital letters A-C indicate motifs conserved across DNA polymerases (Loh and
Loeb, 2005). Vertical lines represent conserved amino acids. All contigs of environmental viral putative DNA polymerase I proteins
contained these sites.
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contacts with the template DNA molecule. As
expected from the conserved domain BLAST and
alignment (Figure 4), the ssDNA viral metagenomic
sequence did not have either exonuclease structure.

Confirmation of purity of ssDNA library
Comparisons of the Chesapeake ssDNA and dsDNA
libraries showed that these viromes had similar
proportions – 35% and 28%, respectively – of
predicted peptides showing significant BLAST
homology (Ep10�3) to a peptide in the UniRef
100 database (Figure 2). These peptides comprised
the ‘functional protein’ and ‘unassigned protein’
VIROME classes (Wommack et al., 2012) and could
be further assessed according to the taxonomic
origin and function of the top UniRef BLAST
homolog. The taxonomic origin of top BLAST hits
against UniRef 100 peptides differed sharply
between the viromes. At the domain level, most of
the ssDNA virioplankton peptides showed significant
homology to other known viral proteins (66%);
whereas, only 19% of dsDNA virioplankton peptides
hit another known viral peptide. For the ssDNA
library, 24% of these viral hits were against known
proteins from ssDNA viruses with the majority (85%)
belonging to phages within the Chlamydiamicrovirus
genus. No predicted peptides from the dsDNA
virioplankton library had a top BLAST hit to a ssDNA
viral peptide.

Most of the viral hits to dsDNA virioplankton
peptides (94%) were from phages within the order
Caudovirales (tailed phages). Surprisingly, three
quarters of the viral BLAST hits to peptides in the
ssDNA virome belonged to tailed phages. The
family-level distribution of Caudovirales hits
between the ssDNA and dsDNA virioplankton
libraries was very different. For the ssDNA library
the majority of Caudovirales hits (84%) were to
phages within the Podoviridae. For the dsDNA
virioplankton, hits to phage within the Caudovirales

were distributed almost evenly among the three
tailed phage families: Myo-, Sipho- and Podoviridae.

The presence of Caudovirales homologs within
the ssDNA virioplankton library warranted further
investigation to determine the possible functional
characteristics of the genes that appear to bridge the
evolutionary divide between ssDNA and dsDNA
phages. For the ssDNA virome, 85% of peptides
with a top UR100 hit in the Caudovirales fell within
only seven functional genes, nearly all of which
were related to nucleic acid metabolism ((RNA
polymerase, endonuclease, uncharacterized protein,
DNA polymerase, ssDNA binding protein, DNA
primase/helicase and exonuclease) (Supplementary
Table S2 and Supplementary Figure S6)). In con-
trast, the top 85% of Caudovirales hits to the dsDNA
viromes included 106 gene descriptions across
numerous categories of functional genes
(Supplementary Table S3). By and large, only four
cyanophages (P-SSP7, P-SSM2, S-CBP3 and Syn5)
accounted for the lion’s share of top UniRef hits to
the ssDNA virome, with podovirus P-SSP7 being
the most common (Supplementary Table S2 and
Supplementary Figure S6). Recruitment of the
Chesapeake Bay and Dry Tortugas ssDNA virome
reads to the P-SSP7 genome showed that homology
to P-SSP7 genes was largely restricted to genes
involved in nucleotide metabolism (Supplementary
Figure S4).

Discussion

Key mutations cause biochemical changes relevant to
phage lifestyle
The conservation of residues critical to the function
of DNA polymerase indicates that the metagenomic
contigs likely encoded functional polymerases.
However, many of the evolutionarily conserved
residues in bacterial polymerases were not
conserved in known phage or metagenomic

Figure 5 (a) Predicted structure of DNA polymerase from a ssDNA virus based on aligning the sequence of ctg_CBS_pola_1019 with the
known structure of Enterobacteria Phage T7. DNA Polymerase DNA molecule within the enzyme structure is shown in green; (b)
Structure of T7 DNA polymerase with the polymerase region in red and the exonuclease region in blue; (c) DNA polymerase from
ctg_CBS_pola_1019 (ribbon model) overlaid with T7 DNA polymerase (carbon backbone).
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sequences, suggesting that they are less critical to
polymerase function or may serve to uniquely alter
enzymatic characteristics of this enzyme within
bacteria. Of particular interest was residue Phe762,
where both known phage and metagenomic
sequences frequently encoded tyrosine or leucine
instead. At this position, the ssDNA cluster and
Clade I (T7-like DNA polymerases) exclusively
contained tyrosine, whereas Clades II and III were
exclusive for phenylalanine and leucine, respec-
tively (Figure 1).

Mutations in Phe762 are well studied because the
site has important roles in discrimination against
dideoxynucleotide (ddNTP) incorporation, polymer-
ase activity and fidelity. Site-directed mutagenesis
of Phe762 to tyrosine in DNA polymerase I from
E. coli and Thermus aquaticus (Taq polymerase)
increases the incorporation of ddNTPs 1000-fold
or more than the native enzymes (Tabor and
Richardson, 1995), a feature essential for DNA
sequencing by chain-termination (Tabor and
Richardson, 1987). Tyrosine occurs naturally at this
position in Mycobacterium spp. and some phage
polymerases, including that from phage T7 (Tyr526)
(Tabor and Richardson, 1987; Doublie et al., 1998).
Despite a low dNTP:ddNTP incorporation ratio of
three (Tabor and Richardson 1995), T7 polymerase
contains a strong 30–50 exonuclease capable of
degrading ddNTPs (Tabor and Richardson, 1987).
Thus, the selective pressure of tyrosine at this
position in phage T7 is likely not the incorporation
of ddNTPs but rather increased efficiency.
A Phe762Tyr mutation in the Klenow fragment of
E. coli decreases the Km fivefold, resulting in an
approximately fourfold increase in catalytic effi-
ciency (kcat/Km) over wild type (Astatke et al., 1998).
Similarly, conversion of tyrosine at the correspond-
ing residue in Mycobacterium tuberculosis (Tyr737)
to phenylalanine results in a sixfold reduction of
polymerase activity (Mizrahi and Huberts 1996).

The incorporation of a tyrosine residue at this
location might be especially advantageous for highly
lytic phage with large burst sizes such as T7-like
podoviruses. Indeed, all of the cultured phages with
the tyrosine mutation at this position were lytic
(Supplementary Figure S3). This included the lytic
Pelagibacter phages HTVC011P and HTVC019P,
which infect abundant and ubiquitous SAR11 hosts.
Together, these data indicate that the members of
Clade I are virulent phages.

Like the sequences in Clade III, all cultured
lysogenic phages carrying the polA gene contain the
leucine substitution in the site corresponding to
Phe762 or Phe667 (T. aquaticus) (Supplementary
Figure S3). This suggests a link between this
particular substitution and the biological require-
ments for a lysogenic life cycle. The induced
mutation Phe667Leu in T. aquaticus increases the
accuracy of Taq DNA polymerase threefold compared
with the wild type, but simultaneously decreases the
specific activity and catalytic efficiency (Vmax/Km)

(Suzuki et al., 2000), whereas the T7 Tyr526Leu
mutant polymerase displays a 1000-fold decrease in
polymerase activity (Tabor and Richardson, 1987).
A more accurate phage polymerase could slow the
background mutation rate in these phages and have
implications for phage evasion of host resistance
through high mutation rates. The decreased efficiency
of this polymerase also suggests that the phages that
possess it replicate more slowly and may produce
fewer progeny per burst. Presumably, such a poly-
merase would be more suitable to a temperate rather
than a virulent phage. Alternatively, this mutation
could be an adaptation for replication within hosts
with low growth rates, although the presence of
leucine in cultivated lysogenic phages with DNA
polymerase A spanning a broad diversity of hosts
suggests the mutation is directly linked to phage
lifestyle. It is important to note that although leucine
occurs in the Phe762 position in known phage DNA
polymerases and is most frequent among marine
phages, the biochemistry of this substitution has only
been studied in the context of an induced mutation in
T. aquaticus Pol I (Suzuki et al., 2000) and bacter-
iophage T7 (Tabor and Richardson, 1987). These
cultured and metagenomic phage polymerases offer
a new avenue for biochemists to study this mutation
in its naturally occurring form.

The unusual case of Pol I in ssDNA virioplankton
Surprisingly, the metagenomic ssDNA libraries
showed similar or higher frequencies of polA reads
than the dsDNA libraries. The two CBS contigs had
the essential active sites and necessary predicated
shape to be functional polymerases despite their
shorter coding length. As ssDNA phages typically
have smaller genomes than their dsDNA counter-
parts, it is logical that the ssDNA phage proteins
would minimize gene length while maintaining
necessary structural domains for protein function.
Also, the fact that ssDNA phages have higher
mutation rates than dsDNA phages (Duffy et al.,
2008) is consistent with the observation that the
ssDNA virioplankton DNA polymerase did not
include a proofreading exonuclease.

Several lines of evidence indicate that the
presence of family A DNA polymerases in the ssDNA
virioplankton libraries was not the result of contam-
ination with DNA from dsDNA viruses. First, in the
hydroxyapatite chromatography method used to
separate the virioplankton nucleic acid fractions,
the ssDNA fraction elutes first followed by RNA and
finally dsDNA. Thus, the ssDNA and dsDNA frac-
tions are well resolved from one another. Tests on a
known mixture of viral nucleic acid types found that
each viral nucleic acid eluted in the expected fraction
without cross contamination (Andrews-Pfannkoch
et al., 2010). Second, sequences from the ssDNA
Chesapeake Bay library (CBS) were frequently most
similar to DNA polymerase genes from podoviruses
S-CBP3 and P-SSP7 in BLAST searches. All
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metagenomic sequence reads within the CBS library
were tested for recruitment to the P-SSP7 genome.
Contrary to what would be expected in the event of
contamination, the ssDNA fragments recruited at high
frequency to only a few sites of the P-SSP7 genome,
most notably those regions related to genes encoding
proteins involved in DNA replication (Supplementary
Figure S4 and Supplementary Table S2). Finally, the
distribution of BLASTP homologs among taxa and
functional gene groups was substantially different for
the dsDNA and ssDNA viromes from the Chesapeake
Bay water samples (Supplementary Tables S2–S5).

One possible explanation why DNA pol I and
other nucleic acid metabolism genes were so readily
detected in the Chesapeake Bay and, to a lesser
extent, the Dry Tortugas ssDNA viromes may be the
procedures used in the preparation of these samples.
Other ssDNA virome studies have relied on the
propensity of the phi29 DNA polymerase to prefer-
entially amplify small circular DNA molecules to
selectively enrich DNA samples with amplified
ssDNA viral genomes (Kim et al., 2008). Indeed,
because of this preferential bias, all viromes in
which multiple displacement amplification has
been used to amplify environmental viral genomic
DNA are enriched for the presence of ssDNA viral
sequences (Angly et al., 2006; Tucker et al., 2011).
To our knowledge, this is the first viral metage-
nomics study to avoid the use of MDA (and the
phi29 DNA polymerase) in the process of preparing
environmental viral DNA for sequencing. The
combination of hydroxyapatite chromatography for
selective isolation of ssDNA molecules along with
linker amplification may have enabled detection of
ssDNA viral groups that have evaded detection in
MDA-based library preparation techniques. Recent
work has demonstrated that viral metagenomes
prepared using linker amplification more accurately
preserve the underlying distributions of viruses
within a community (Duhaime et al., 2012).

The critical role of virome data
Assessing viral diversity remains a challenge
because viruses lack any universal marker genes.
To date, studies that have used marker gene
polymorphism as a means for investigating viral
diversity and population ecology within natural
environments have largely used PCR-based
approaches that rely on primers designed from
known phage genome sequences. For example,
bacteriophage structural proteins g20 (portal vertex
protein) (Short and Suttle 2005; Sullivan et al.,
2008) and gp23 (major capsid protein) (Filee et al.,
2005; Jamindar et al., 2012) have been used to
identify the diversity and distribution of cyanomyo-
viruses and T4-like phages. Functional genes like
DNA polymerase A (Labonté et al., 2009; Huang
et al., 2010) and photosystem genes psbA and psbD
(Bench et al., 2007; Chenard and Suttle 2008) have
been used as proxies of T7-like podoviruses and

cyanophage diversity, respectively. These marker
genes, which have been examined in both cultivated
phages and environmental amplicon sequence data,
have yielded key insights into the diversity and
distribution of their respective phage targets. How-
ever, in each case these studies have relied on
a priori approaches for the design of PCR primers
and the degree to which this reliance has limited our
view of viral diversity is not well appreciated. The
abundant, novel DNA polymerase A sequences
identified in this study using a metagenomic
approach highlight the limitations of PCR-based
approaches for investigations of viral diversity and
population ecology.

Adding our representative metagenomic DNA
polymerase sequences to a preexisting alignment
of T7-like DNA polymerase PCR amplicons
(Labonté et al., 2009) did not alter previously
defined groups but instead produced an additional
clade labeled ENV-4 (Figure 3). Metagenomic contig
sequences that were the closest to T7 DNA
polymerase on the full-length sequence tree
(Figure 1) surprisingly did not fall into the T7 group
on the PCR-amplicon tree (Figure 3), but rather
claded with the amplicons in the Labonté et al.
(Labonté et al., 2009) ENV groups and with the
amplicons within the PUP clade (Breitbart et al.,
2004). The ssDNA virus sequence claded within the
cyanophage P60 group, close to cyanophages
P-SSP7 and S-CBP3 as on the full-length sequence
tree (Figure 1). The remaining 11 representative
DNA Pol sequences did not fall into any of the
previously described groups, but formed a new
clade along with Enterobacteria phage T5 and
Proteobacteria phage phiJL001 labeled ENV-4
(Figure 3). This new clade corresponded to Clade
II and III in Figure 1 and represented a total of 78 out
of 88 contigs. It also included all three sampling
locations and 93% of all sequence reads contribut-
ing to the assembly of full-length virioplankton DNA
polymerases. It is important to note that the
degenerate PCR primers used to obtain the T7-like
environmental sequences would not have amplified
the majority of virioplankton polymerase gene
sequences found in this study. As a consequence,
an a priori approach based on any of the previously
reported DNA pol I primer sets would have missed
most of the diversity of viruses carrying the DNA
polA gene.

Both the full-length (Figure 1) and PCR-amplicon
length (Figure 3) analyses of DNA polymerase I from
viral metagenomic data indicate that the most
abundant DNA polymerase-carrying viruses in
coastal and estuarine environments may be similar
to siphoviruses, like proteobacteria phage phiJL001.
This prediction is supported by observations that
myo- and siphoviruses are most frequently isolated
from marine environments (Breitbart et al., 2004;
Labonté et al., 2009). Moreover, Pol I sequences from
cultivated siphoviruses grouped closely with the
abundant metagenomic sequences in Clade III
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(Supplementary Figure S3). These phages are more
likely to be lysogenic or pseudo-lysogenic and have
slow replication rates as compared with the highly
lytic podoviruses such as coliphage T7, and cyano-
phages P-SSP7 and P60 (Liu et al., 2004; Lohr et al.,
2005; Sabehi and Lindell, 2012).

Relationship with DNA polymerase g
Recent studies have reported that genes with
homology to mitochondrial DNA polymerase g are
abundant within the virioplankton have been found
in cyanophage genomes and the Global Ocean
Survey data set (Chan et al., 2011; Sabehi et al.,
2012). To determine the prevalence of these poly-
merases in our metagenomic libraries the VIROME
databank was queried with the set of S15 DNA pol
g sequences from the mitochondria, cyanophage and
the Global Ocean Survey (Rusch et al., 2007;
Yooseph et al., 2007) and BroadPhage (John et al.,
2011) data sets (BLASTP E-score p10�10). This gene
does not appear to be abundant in our metagenomic
libraries, as only seven ORFs with homology to DNA
pol g were found in the VIROME database.

A maximum likelihood tree encompassing all the
polymerase groups described in (Filee et al., 2002)
and trimmed to their specified conserved regions
confirmed that metagenomic Clade I–III are not
related to the group of phages encoding DNA pol
g-like polymerases (Supplementary Figure S5). The
clades containing metagenomic representative
sequences described in Figure 1 remained distinct
and did not disrupt previously established relation-
ships, further supporting our finding that these
clades are valid groupings linked to polymerase
functionality. Because Clade I–III (Figure 1)
contained a greater number of sequences than those
identified as DNA pol g across all VIROME libraries,
phages carrying these DNA polA genes likely have
a larger impact on aquatic ecosystems. These data
should ignite subsequent investigations on the
biochemistry of unique phage enzymes and how
this biochemistry shapes the mechanistic details
behind viral impacts on ecosystems.
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