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INTRODUCTION

Heterotrophic prokaryotes actively participate in
the Arctic Ocean food web and play key roles in the
overall metabolism of the Arctic. The prokaryotic

communities in surface waters of the Arctic Ocean
are dominated by Bacteria even though the abun-
dance of Archaea is higher in this perennially cold,
high latitude environment than in temperate and
tropical waters (Wells et al. 2006, Kirchman et al.
2007, Alonso-Sáez et al. 2008). Although bacteria
appear to be adapted to low temperatures and other
environmental conditions found at high latitudes
(Connelly et al. 2006, Grzymski et al. 2006), their bio-
geochemical impact appears to differ from that in
lower latitude oceans. The level of bacterial biomass
production relative to primary production is lower in
the Arctic Ocean and other polar waters than in
warmer, lower latitude waters, indicating a unique
food web structure and carbon cycling in these
perennially cold waters (Kirchman et al. 2009).

The relationship between viruses and prokaryotes
in the Arctic also appears to differ from that in lower
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ABSTRACT: The relationship between viruses and
prokaryotes in the Arctic appears to differ from that
at lower latitudes because of low temperature and
low abundances of viruses and bacteria, but the
impact of viruses on Arctic bacterial genomes is
unclear. In the present study, genome fragments of
bacteria from the western Arctic Ocean were se -
quenced to explore the prevalence of virus genes in
the genomes of bacteria inhabiting these perennially
cold waters. Arctic bacterial genomes were sampled
by cloning bacterial environmental DNA into a fos-
mid vector, and virus DNA within the bacterial
genomes was identified using marine viral meta -
genomes to query the bacterial genomes using the
basic local alignment search tool (BLAST). Virus
DNA flanked by bacterial DNA was identified as
being part of bacterial genomes. Virus DNA was
~3-fold more abundant in Arctic bacterial genomes
than in bacterial genomes from Monterey Bay and
~10-fold more abundant than in bacterial genomes
from Antarctic waters. Phage terminase genes
involved in packaging DNA into phage capsids were
the most abundant gene family identified in the Arc-
tic bacterial genomes. Viruses appear to have a
larger impact on prokaryotic communities in the Arc-
tic than what might be inferred from the low bacter-
ial and viral abundances in this high latitude ocean.
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latitudes. Bacterial and viral abundances are low in
the Arctic (Steward et al. 2007, Payet & Suttle 2008),
implying that contact rates between viral particles
and host cells are probably also low (Murray & Jack-
son 1992). The frequency of visibly infected cells
indicates that viral lysis is low in the upper water col-
umn of the Arctic (Steward et al. 1996, 2007). In con-
trast, estimates of virus production rates measured in
Arctic bottom waters suggest that viral lysis rates are
comparable to bacterial growth rates (Wells & Dem-
ing 2006).

Metagenomic analyses have provided clues about
virulent viruses actively replicating in uncultivated
bacteria in the oceans (DeLong et al. 2006, Wil -
liamson et al. 2008). The majority of the virus genes
identified in the Global Ocean Survey (GOS)
sequence data base appear to come from actively
replicating viruses (Williamson et al. 2008) rather
than viral DNA integrated into bacterial genomes.
The high abundance of Prochlorococcus cyano phage
DNA that co-purified with bacterial genomic DNA
suggests that on average 6% of Prochlorococcus cells
contain actively replicating viruses (Wil liamson et al.
2008). Similarly, environmental DNA extracted from
the bacterial size fraction of waters in the North
Pacific Subtropical Gyre contained a large amount of
DNA from actively replicating cyanophages, ac -
counting for 1 to 10% of the total sequences and 60 to
80% of the virus se quences (DeLong et al. 2006). A
recent study at the Hawaii Ocean Time-series Sta-
tion, however, did not find large amounts of phage
DNA in the bacterial size fraction (Shi et al. 2011).

Virus genes are likely to be common in genomes of
uncultivated bacteria because prophages have been
found in 60 to 70% of all sequenced genomes of cul-
tivated bacteria (Paul 2008). In addition, about half of
all cultivated marine bacteria contain inducible pro -
phages (Jiang & Paul 1994, 1998). However, no study
has systematically surveyed virus DNA in genomes
of uncultivated bacteria. One study in Tampa Bay,
Florida, waters detected a Vibrio phage-like and a
Clostridium phage-like integrase gene, which
enables virus DNA to be integrated into the host
genome, in only 3% and 0.5%, respectively, of the
bacterial genomes in the GOS data set (McDaniel et
al. 2008). Other viral genes were not examined. The
GOS project did not sample the Arctic Ocean (www.
jcvi.org/cms/research/projects/gos/overview/), and
no clear relationship has yet emerged between envi-
ronment and integrase gene phylotype or frequency
(McDaniel et al. 2008).

We examined 58 genome fragments of bacteria
from the western Arctic Ocean to explore questions

about the prevalence of virus genes in uncultivated
bacteria inhabiting these perennially cold waters. In
the present study, genomic fragments of 40 kb were
cloned into a fosmid vector and sequenced to explore
virus DNA in bacterial genomes. In contrast to previ-
ous metagenomic studies, a fosmid-based approach
can distinguish between viruses in the bacterial size
fraction (previous studies) and viral genes in bacter-
ial genomes (present study). Our analysis uncovered
a higher frequency of phage genes in uncultivated
bacterial genomes in the Arctic than in bacterial
genomes in lower latitude oceans. Viruses appar-
ently have substantial interactions with bacteria in
the Arctic, despite the low host and viral abundances
in these waters (Steward et al. 2007, Payet & Suttle
2008).

MATERIALS AND METHODS

Fosmid library construction and screening

The Arctic fosmid library, containing 4800 clones,
was constructed using DNA isolated from cells in
the <0.8 µm to >0.2 µm size fraction of a seawater
sample collected at a depth of 10 m in the Chukchi
Sea (72° 19.33’ N, 151° 59.07’ W) in July 2004 and
screened as described previously (Cottrell et al.
2005). Pools of 96 fosmid clones were screened for
16S rRNA genes by denaturing gradient gel elec-
trophoresis (DGGE) of PCR amplicons generated
with primers GC358F and 517R (Muyzer et al. 1995).
Selected bands re solved on an 8% polyacrylamide
gel containing a gradient of 25 to 55% denaturant
(13.8 to 22% formamide and 10.5 to 23% urea) were
re-amplified and se quenced. Phylogenetic classifica-
tion of 16S rRNA genes was conducted using the
Greengenes classifier (DeSantis et al. 2006).

The fosmid pools were also screened for proteo -
rhodopsin (PR) genes by PCR (Sabehi et al. 2005)
using buffer provided with the Taq polymerase
(Promega), 200 nM primers and 0.7 mM MgCl2. The
thermal cycling consisted of 96°C denaturing, 50°C
primer annealing and 72°C DNA polymerizing steps
repeated 35 times.

Fosmid sequencing and annotation

The fosmids bearing 16S rRNA genes, PR genes
and hydrolase genes were completely sequenced
by the Broad Institute and are available from the
 GenBank data base under accession no. EU795084 to
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EU795107, EU795222 to EU795255 and EU795278.
Open reading frames were identified using the FGE-
NESB (Softberry) web site (www.softberry.com) and
then annotated using AutoFACT software (Koski et
al. 2005), which generates an annotation based on a
consensus of the basic local alignment search tool
(BLAST) (Altschul et al. 1990) results obtained with
searches against the UniRef90, COG, KEGG, Pfam,
Smart, LSU ribosomal RNA and SSU ribosomal
RNA data bases. The annotation was obtained using
the default setting in the software. The BLAST
results obtained from the different data bases were
also used for the different analyses presented be -
low, including taxonomic identification based on a
consen sus of the top BLAST hits of all of the fosmid
protein-encoding genes.

The 16S rRNA genes carried by fosmid clones were
compared to a data base of Arctic 16S rRNA gene
tags generated by 454 pyrosequencing (Kirchman et
al. 2010) using BLAST with the blastn option. Hits
with e-values <10−8 and similarities >85% were con-
sidered significant.

The Arctic metagenome and those from the Hawaii
Ocean Time-series (HOT) (DeLong et al. 2006) and
the coastal waters near Cape May, NJ (Rusch et al.
2007), were compared using end sequences of 1920
randomly selected Arctic fosmid clones. The fosmid
end sequences are available from the GenBank data
base under accession no. JS800118 to JS803928. End
sequences were used because complete fosmid
sequences are not available from the other sites.
Functional genes in the Arctic fosmid end sequences
were compared to those from HOT and Cape May
using the ShotgunFunctionalizeR software (Kris-
tiansson et al. 2009) with the default settings. Func-
tional genes in the Arctic fosmids were first grouped
into gene families of functionally similar genes iden-
tified in the Cluster of Orthologous Groups (COG)
data base (www.ncbi.nlm.nih.gov/COG). The COG
assignments were used directly in gene-centric
analyses and were grouped according to metabolic
pathways (Markowitz et al. 2008) for pathway-
 centric analyses (Kunin et al. 2008).

Proteorhodopsin genes

PCR screening identified 10 fosmids containing PR
genes. The Arctic PR genes were 72 to 75% similar to
the PR genes in the cultivated Alphaproteobacteria
strain HTCC2255, the Bacteroidetes strain Polaribac-
ter sp. MED152 and the Gammaproteobacteria Pho-
tobacterium sp. SKA345. One Arctic PR gene was

most similar (78%) to the PR gene in the HOT2C01
Alphaproteobacteria fosmid from the HOT site. Five
other Arctic PR genes were most similar to PR genes
from the Mediterranean Sea.

Identifying virus DNA in genomes 
of uncultivated bacteria

The 57 Arctic fosmid sequences, 19 Monterey Bay
bacterial artificial chromosome (BAC) sequences
(Béjà et al. 2000) and 6 Antarctic BAC sequences
(Grzymski et al. 2006) were examined for phage
genes using BLAST analyses with viral metagenome
sequences obtained from the Arctic Ocean, coastal
British Columbia waters and the Gulf of Mexico
(Angly et al. 2006). The viral meta genome sequences
were first filtered to remove bacterial sequences that
were identified as having matches with e-values
<10−5 to bacterial sequences in the SEED data base.
The fosmid and BAC clones were analyzed using the
tblastx option, and top hits with e-values of ≤10−5 and
similarities of ≥90% were mapped onto the bacterial
DNA. The Arctic, Monterey Bay (Béjà et al. 2000) and
Antarctic (Grzymski et al. 2006) environmental bac-
terial sequences were also screened for phage
sequences with the Pro phage Finder tool (Bose &
Barber 2006) using the default software settings and
the viral genomic DNA sequences available from
NCBI (ftp.ncbi.nih.gov/ refseq/ release/viral) in May
2010.

Fluorescence in situ hybridization

Bacterial community structure was assessed using
fluorescence in situ hybridization (FISH) following
the procedure outlined by Kirchman et al. (2007).
Seawater samples were preserved in paraformalde-
hyde and filtered through 0.2 µm polycarbonate fil-
ters in pre paration for the analysis using Cy3-labeled
probes (MWG Biotech) to enumerate Alphapro-
teobacteria (Alf968) (Amann et al. 1990), Betapro-
teobacteria (Bet42a) (Glöckner et al. 1999), Gamma -
proteo bac teria (Gam42a) (Glöckner et al. 1999), the
Bacteroi detes group (CF319a) (Manz et al. 1996),
Actinobacteria (HGC69a) (Roller et al. 1994) and all
bacteria (EUB338) (Amann et al. 1990). A negative
control probe (Karner & Fuhrman 1997) was used to
assess non-specific probe binding. Microscopic
analysis was done with a semi-automated image
analysis system coupled to an Olympus epifluores-
cence microscope (Cottrell & Kirchman 2003).
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RESULTS

The phylogenetic structure of the bacterial commu-
nity sampled by the fosmid library was determined
using 16S rRNA genes carried by 34 fosmid clones. The
majority of the Arctic fosmids contained DNA from
Bacteroidetes and Gammaproteobacteria (Table 1); 13
and nine 16S rRNA gene-containing fosmids contained
DNA from Bacteroidetes and Gamma proteobacteria,
respectively. The rest of the Arctic fosmids were from
Alphaproteobacteria, Beta  pro teobacteria, Actinobac-
teria and eukaryotic algae (Table 1).

The phylogenetic composition of the 16S rRNA
gene-bearing fosmids differed somewhat from that of
the original community, as determined by FISH
(Table 1). Alpha proteobacteria made up 33% of the
total prokaryotic community, which was ~2-fold
higher than the re presentation of Alphaproteobacte-
ria in the fosmid library. In contrast, Betaproteobacte-
ria ac counted for 6.5% of the 16S rRNA-bearing
clones and 4% of the bacterial community as deter-
mined by FISH. The abundance of Gammaproteobac-
teria in the original community as determined by FISH
was ~50% lower than in the fosmid library. The per-
centage of Bacteroidetes in the original community
was 37%, which is slightly lower than the abundance
of clones belonging to this group in the fosmid library.
The 16S rRNA genes in the Arctic fosmids closely
matched genes from previously identified bacterial
taxa (see Table S1 in the supplement at www.int-
res.com/articles/suppl/ a066p107 _supp .pdf).

Frequency of phage genes in Arctic bacterial DNA

The number of phage genes in genomes of unculti-
vated Arctic bacteria was significantly higher
(ANOVA, p < 0.001) than the number found in bacte-
rial genomes from Monterey Bay and Antarctic
waters (Fig. 1). BLAST analyses using viral meta -
genome queries revealed ~2-fold more viral genes in
Arctic bacterial DNA than in the Monterey Bay bac-
terial DNA and ~10-fold more than in the Antarctic
bacterial DNA (Fig. 1). The abundance of virus DNA
detected in bacterial DNA was higher in the Arctic
than in bacterial DNA from Monterey Bay or the
Antarctic (p < 0.001), regardless of which virus meta -
genome was used in the BLAST analysis.

The Prophage Finder tool, which relies on a data
base of complete viral genomes, yielded a different
accounting of phage-like gene sequences. According
to this tool, the phage genes found in the Arctic fos-
mids matched the genes from a variety of aquatic and

non-aquatic viruses (see Table S2 in the supplement
at www.int-res.com/ articles/ suppl/ a066p107_ supp
.pdf). However, overall, Prophage Finder revealed no
significant difference in the frequencies of prophage
genes in the bacterial genomes from the 3 environ-
ments (ANOVA, p > 0.05). The Prophage Finder tool
estimated an average of 26 prophage genes per Mbp
of bacterial genomic DNA in the Arctic Ocean, Mon-
terey Bay and Antarctic waters (see Table S3 in the

110

Classification                    No. of        % of        % of total 
                                        fosmids       total          prokaryotes

Total                                     34             100                 
Alphaproteobacteria            6             19.4           33 ± 14
Betaproteobacteria              2              6.5              4 ± 7
Gammaproteobacteria         9             29.0            13 ± 3
Bacteroidetes                       13            41.9            37 ± 7
Actinobacteria                      1              3.2              6 ± 3
Eukarya                                3

Table 1. Classification of Arctic fosmids containing 16S
rRNA genes. The phylogenetic classification is based on the
rRNA genes analyzed using the Greengenes classifier. The
phylogenetic structure of the original community (‘% of total
prokaryotes’, mean ± SE) was determined by fluorescence
in situ hybridization. % of total: percent of fosmids bearing

a bacterial 16S rRNA gene

Fig. 1. Frequency of virus genes (per million base pairs,
Mbp) in bacterial genomic DNA from Arctic Ocean, Mon-
terey Bay and Antarctic waters. The virus genes were iden-
tified by querying the bacterial DNA with metagenomic vi-
ral DNA sequences obtained from the Arctic Ocean, British
Columbia (BC) coastal water waters and the Gulf of Mexico
(GOM) (Angly et al. 2006). The virus genes were enumer-
ated after mapping the viral metagenomic sequences to the
bacterial genomic DNA. BLAST hits with e-values <0.0001
and percent similarities >90% were considered significant
in the tblastx analysis. The error bars correspond to 1 SD cal-
culated for sample sizes of 58, 14 and 6 clones for the Arctic
fosmids, Monterey Bay bacterial artificial chromosome 

(BAC) and the Antarctic BAC libraries, respectively

http://www.int-res.com/articles/suppl/a066p107_supp.pdf
http://www.int-res.com/articles/suppl/a066p107_supp.pdf
http://www.int-res.com/articles/suppl/a066p107_supp.pdf
http://www.int-res.com/articles/suppl/a066p107_supp.pdf
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supplement). In contrast, the average based on
BLAST analyses using the viral meta genome se -
quences was 82 virus genes per Mbp (Fig. 1), ~4-fold
higher than the Prophage Finder estimate.

Most (75%) of the prophage genes identified by
Prophage Finder in the Arctic bacterial genomes
were similar to viruses from other environments and
viruses that infect insects and vertebrates but not to
viruses from marine or even aquatic environments.
The few aquatic viral sequences identified in the
bacterial genomic DNA included Ostreococcus tauri
virus 1, Cyanophage PSS2, Paramecium bursaria
Chlorella virus AR158, Emiliania huxleyi virus 86
and Prochlorococcus phage P-SSM2.

Genomic context of phage genes 
in Arctic bacterial genomes

We performed a more detailed analysis of the fos-
mid sequences by searching the annotation for the

keywords ‘phage’ and ‘virus’. The annotations of 4
such fosmids are depicted in Fig. 2. The phage genes
in 3 of the 4 fosmids are flanked by entirely bacterial
genes (Fig. 2), confirming that these phage genes
occur in bacterial genomes and are not from free
phages contaminating the bacterial size fraction.
Unclassified and unassigned genes were signifi-
cantly more abundant in the phage-bearing fosmids
than in fosmids without phage DNA (Student’s t-test,
p < 0.001). On average, the fosmids with phage DNA
contained 6.6 ± 10 unclassified or unassigned genes
compared to 2.5 ± 2.4 genes in fosmids without
phage DNA.

Fosmid EU795240 was the only fosmid apparently
containing a fragment of viral genomic DNA. None of
the genes in Fosmid EU795240 could be identified,
except for 3 phage-like genes coding for a tyrosine
recombinase, a phage integrase and a putative bac-
teriophage protein. No bacterial genes could be
identified flanking these viral genes, suggesting that
this fosmid contains a fragment of viral genomic
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Fig. 2. Gene maps of 4 fosmids (GenBank accession numbers indicated) showing the relationship of virus-related genes to
neighboring genes. Open reading frames are depicted as arrows, and the colored legends indicate various gene annotations.
Genes not indicated as being ‘bacterial’ are potentially from viruses. The empty space between genes indicates that the anno-
tator did not report anything for that stretch of DNA. The bulk of the virus-related genes were most similar to integrases or re-
combinases (see ‘Results: Genomic context of phage genes …’ for details). ‘Unclassified’ indicates no significant BLAST hit to
any of the rRNA, UniRef, nr, KEGG, COG, Pfam or Smart data bases. ‘Unassigned protein’ indicates that none of the signifi-
cant BLAST hits to the UniRef, KEGG, nr or COG data bases included an informative term in the description, and there was 

no significant RPS-BLAST hit to the Pfam or Smart data bases (Koski et al. 2005)
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DNA (Fig. 2). Aside from the phage genes, 11 genes
were classified as encoding unassigned proteins
based on BLAST search results yielding no signifi-
cant hits or a hit to only one of the uniref90, nr, COG
and KEGG data bases. In about half of these cases
with no consensus among the BLAST results from the
different data bases, the BLAST results included hits
in a subset of the data bases to genes from phages,
such as the bacteriophage ST64T, cyanophage P60,
and cya no phage Pf-WMP4. Because it may contain
genes from an intact virus, fosmid EU795240 was not
included in the analysis of virus DNA in bacterial
genomes.

Fosmid EU795226 contained phage genes anno-
tated as integrases, which were adjacent to genes
that could not be classified as belonging to bacteria
or phages (Fig. 2). However, in 2 of the other fosmids
with phage-like genes, the non- bacterial genes were
located side by side with bacterial genes (Fig. 2). Fos-
mid EU795086 contained 2 phage-related genes,
which were classified as a phage or plasmid primase
and an excisionase. These phage-like genes were
immediately flanked by genes that were identified as
being bacterial, along with the rest of the 20 other
genes on this fosmid. The other phage-containing
fosmid (EU795092) contained only a single phage-
related gene, which was classified as a site-specific
re combinase. All of the other classified genes on this
fosmid appeared to be from bacteria and were
related to genes found in the alphaproteobacterial
strain HTCC2255. In addition to the phage and bac-
terial genes, fosmid EU795092 included 5 unas-
signed proteins and 4 genes that were completely
unclassified.

Metagenomic comparison of bacteria from the
Arctic Ocean versus lower latitude environments

We used fosmid end sequence data to compare the
Arctic Ocean metagenome with metagenomes from
lower latitude waters where similar experiments
using fosmids and random shotgun sequencing have
been conducted. The most relevant previous studies
were from the coastal Atlantic Ocean sampled near
Cape May, NJ (Rusch et al. 2007) and the central
North Pacific sampled at the HOT site near Hawaii
(DeLong et al. 2006).

The most abundant gene family in the Arctic
metagenome was of the large subunit of a phage ter-
minase, which is involved in packaging DNA into
phage capsids (Table 2). No phage terminase genes
were found in the Cape May or HOT sites. The top 5
most abundant genes in one metagenome were typi-
cally present in the other metagenomes, but only 2
gene families, those for permeases and dehydroge-
nases of short-chain alcohols, were among the 5 most
abundant gene families in all 3 environments. Only
one other gene family exhibited a distribution as
skewed as the phage genes. The family of universal
stress proteins, which was highly abundant in the
Arctic and Cape May samples, was absent from the
HOT sample (Table 2).

In spite of a few highly contrasting gene families,
there was little statistical support for any overall dif-
ference in the abundance of genes families among
the 3 metagenomes. In fact, only the abundance of
the phage terminase large subunit gene family was
significantly different among the metagenomes from
the Arctic Ocean, Cape May and the HOT environ-
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Gene                Number of sequences         Description
family           Arctic    Cape May    HOT

COG1783       25               0                0          Phage terminase large subunit
COG0477       18              26              16         Permeases of the major facilitator superfamily
COG1028       18              21              30         Dehydrogenases with different specificities 

(short-chain alcohol dehydrogenases)
COG0697       17              12              10         Permeases of the drug/metabolite transporter (DMT) superfamily
COG0589       15               2                0          Universal stress protein UspA and related nucleotide-binding proteins
COG0596       13               9               16         Predicted hydrolases or acyltransferases (α/β hydrolase superfamily)
COG1012       12              24               8          NAD-dependent aldehyde dehydrogenases
COG0665       10              17              10         Glycine/D-amino acid oxidases (deaminating)
COG0642        9               18               4          Signal transduction histidine kinase
COG3119        6                8               22         Arylsulfatase A and related enzymes
COG0154        2                4               14         Asp-tRNAAsn/Glu-tRNAGln amidotransferase A subunit and related amidases

Table 2. Abundant gene families in the Arctic (present study), Cape May (Rusch et al. 2007) and the Hawaii Ocean Time-series
(HOT) (DeLong et al. 2006) metagenomes. The list includes the 5 most abundant gene families in each metagenome. Only
COG0477 and COG1028 were among the 5 most abundant gene families in all 3 metagenomes. The Arctic, Cape May and 

HOT samples were randomly subsampled to include 3840 sequences each



ments (Table 3). Similar to the large subunit, the
small subunit of the phage terminase was detected in
the Arctic Ocean but not in the Cape May and HOT
regions, but the difference was not statistically signif-
icant (p > 0.05, ShotgunFunctionalizeR package). As
expected for universal single-copy genes found in all
bacteria (Santos & Ochman 2004), the number of
rpoB RNA polymerase and gyrB DNA gyrase genes
in these metagenomes (normalized to equal number
of sequences) did not differ between the Arctic
Ocean and lower latitude environments (Table 3).

We hypothesized that the metabolic pathways
would be different in the microbial communities of
the cold Arctic Ocean, the oligotrophic Pacific Ocean
and the nutrient-rich coastal Atlantic Ocean because
the environmental conditions differ so greatly.
 However, a test of gene categories using the Shot-
gunFunctionizeR package revealed no significant
differences in the metabolic pathways among the
meta genomes from these waters (Table S4 in the
supplement at www.int-res.com/articles/ suppl/ a066
p107_supp.pdf).

DISCUSSION

Persistently cold water temperature and low bac-
terial and viral abundances are expected to limit
the impact of viruses on bacteria in Arctic waters.
Contact rates between viruses and bacteria are
probably low in the Arctic because bacterial and
viral abundances are low (Steward et al. 2007,
Payet & Suttle 2008). In addition, the elevated vis-
cosity of cold seawater is expected to reduce the
contact frequency between hosts and viruses. The
viscosity of seawater is 75% higher at polar seawa-
ter temperatures compared to that at 20°C, which
reduces the diffusivity of viruses and thus the con-
tact rate by ~60% (Murray & Jackson 1992). These

physical and biological conditions are consistent
with the estimates of mortality due to viruses in the
Arctic Ocean. Rates of viral mortality range from 6
to 15% in various regions of the Chukchi Sea
(Steward et al. 1996, 2007), which are among the
lowest determined for any aquatic system (Wein-
bauer 2004). These results along with those from
our study present a paradox for the Arctic. The fre-
quency of virus DNA in the Arctic bacterial
metagenome was high, suggesting a substantial
viral impact, yet conditions for viral infection in the
Arctic are poor, and current estimates of viral mor-
tality are low.

A high abundance of temperate phages in Arctic
waters could be one resolution to the paradox. Tem-
perate phages leave a longer-lasting imprint on bac-
teria than virulent phages because temperate virus
DNA is integrated into the host, whereas virulent
viral DNA typically is not (Ackermann & DuBow
1987). In support of this hypothesis, viral metage-
nomic analysis revealed a 10-fold higher frequency
of integrase genes in the Arctic viral metagenome
than in British Columbia and Gulf of Mexico viral
metagenomes (McDaniel et al. 2008); integrase
genes are indicative of temperate phages (Novick et
al. 2010). However, DNA of virulent phages may also
become integrated into the host DNA, for example in
association with clustered, regularly interspaced
short palindromic repeats (Sorek et al. 2008). Other
mechanisms for integrating virulent phage DNA
might involve incomplete or faulty viral genomes
(Villafane 2009). When a defective virus infects a
new host, the virus DNA may become integrated into
the host chromosome by generalized transduction
without forming a prophage (Canchaya et al. 2003).
Gene transfer agents (GTAs) have been implicated in
lateral gene transfer in aquatic systems (Biers et al.
2008), but no GTA sequences were identified in the
Arctic fosmids (data not shown).
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Gene family                                             No. of sequences                                           Statistical significance
                                                         Arctic    Cape May    HOT     Arctic vs. Cape May   Arctic vs. HOT    Cape May vs. HOT

Phage terminase large subunit         25               0                0                   p < 0.05                   p < 0.05                        ns
Phage terminase small subunit          5                0                0                       ns                             ns                             ns
rpoB - DNA-directed                         5                9                8                       ns                             ns                             ns
RNA polymerase

gyrB - DNA gyrase                             9                8               13                      ns                             ns                             ns
No hits founda                                  1767           819           1526                p < 0.05                        ns                        p < 0.05
aThe number of sequences that were not identified by BLAST analysis using the COG data base

Table 3. Number of sequences in select gene families in the Arctic, Cape May and the Hawaii Ocean Time-series (HOT)
metagenomes. Statistical significance was determined using the binomial model of the testGeneFamilies function in the Shotgun-
FunctionalizeR package. The Arctic, Cape May and HOT samples were randomly subsampled to include 3840 sequences each

http://www.int-res.com/articles/suppl/a066p107_supp.pdf
http://www.int-res.com/articles/suppl/a066p107_supp.pdf
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Distinguishing among the different sources of virus
DNA in marine bacterial genomes will be important
for obtaining the most complete understanding of the
impact of viruses on bacterial processes in the ocean.
If virus DNA in bacterial genomes is dominated by
prophages representing temperate viruses, then
much of the viral impact will be dictated by factors
determining whether contacts between phages and
hosts lead to phage integration or host lysis as well as
the factors triggering prophage induction leading to
lysis. In contrast, if most of the virus DNA occurring
in bacterial genomes is that of virulent phages that
failed to lyse the host, then models that predict rates
of viral lysis from contact rates may need to be
revised (Murray & Jackson 1992). The Prophage
Finder tool has the potential to give much informa-
tion about the prevalence of temperate virus DNA in
the bacterial DNA from the marine environments.
However, the utility of that tool is now limited
because there appears to be little representation of
marine viruses in the Prophage Finder data base.
Cultivation and characterization of representative
virulent and temperate phages would be one
approach to generating the data needed to expand
the utility of that approach.

Despite the similarities of perennially cold temper-
atures and seasonal ice cover at northern and south-
ern polar latitudes, the ecology of viruses in Antarctic
marine waters appears to differ from that of viruses in
Arctic Ocean waters. Rates of bacterial mortality due
to virus infection in Antarctic waters are among the
highest measured in any aquatic system, equivalent
to half to nearly all of the bacterial biomass produc-
tion (Guixa-Boixereu et al. 2002). In addition, viruses
respond rapidly to iron-induced phytoplankton
blooms in the Southern Ocean, accounting for essen-
tially all of the bacterial mortality associated with the
bloom (Weinbauer et al. 2009). Additional data will
be needed to fully describe differences in the rela-
tionship between viruses and their bacterial hosts at
northern and southern high latitudes, but the evi-
dence points to there being more differences than
similarities.

Much like the bacterial communities in other
oceanic regions (Pedrós-Alió 2006), the bacterial
community in the Arctic is dominated by a few abun-
dant types and many rare ones; the 100 most abun-
dant ribotypes account for ~80% of the total commu-
nity consisting of 3000 ribotypes (Kirchman et al.
2010). The level of sampling in the present study
likely accessed a large fraction of the most abundant
types of bacteria in the Arctic Ocean. Half of the 34
fosmids bearing 16S rRNA genes matched the 16S

rRNA gene sequences of the 100 most abundant ribo-
types. Unfortunately, one of the most abundant taxa,
the SAR11 clade, was probably underrepresented in
our data because these bacteria appear to be ineffi-
ciently sampled by fosmid cloning for unknown rea-
sons (Feingersch & Béjà 2009). SAR11 made up 12%
of the community in the Arctic (Kirchman et al. 2010).
However, our fosmid-based approach seems to have
sampled the other major ribotypes in the community
identified by FISH and many of the abundant Arctic
ribotypes, including Polaribacter, based on sequence
matches between fosmids bearing 16S rRNA genes
and the 16S rRNA genes in these waters identified by
tag pyrosequencing (Kirchman et al. 2010). Novel
approaches using single-cell PCR are likely to pro-
vide more insights into viruses infecting abundant
host cells (Tadmor et al. 2011).

Examining viral genes in rare taxa would require a
much larger sample size and a different approach,
such as the high throughput and long read sequenc-
ing capabilities expected to become available soon
(Eid et al. 2009). Because the frequency of contacts
between viruses and their bacterial hosts is density
dependent, we expect less of an impact of viruses on
rare bacteria and a greater impact on abundant bac-
teria, similar to that proposed by the ‘kill the winner’
hypothesis (Thingstad 2000, Sandaa et al. 2009).

Overall, the results of the present study support the
hypothesis that viruses have a substantial impact on
prokaryotic communities in the Arctic Ocean, even
though potential contacts between viruses and bac-
teria are low in these waters. The interactions that do
occur appear to leave many virus genes in the
genomes of their bacterial hosts. Taken together, the
large amounts of virus DNA found in the Arctic bac-
terial metagenome and the high abundance of tem-
perate phage genes in the Arctic viral metagenome
(Angly et al. 2006) suggest that relationships be -
tween viruses and hosts are different in this high lat-
itude environment than elsewhere. The Arctic is a
prime example of an environment where viruses play
dual roles as agents of bacterial mortality and instru-
ments of genetic exchange. Closer examination of
the evolutionary and metabolic consequences of
genetic exchange mediated by viruses may help
identify the full impact of viral genes carried by bac-
teria in the Arctic Ocean.
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