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INTRODUCTION

The Bermuda Atlantic Time-series Study (BATS)
site in the Sargasso Sea lies in a transitional area
between an oligotrophic, permanently stratified area
to the south, and a eutrophic region to the north
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ABSTRACT: A decade-long study of viral abundance
at the Bermuda Atlantic Time-series Study (BATS)
site recently revealed an annually recurring pattern
where viral abundance was fairly uniform in the
well-mixed upper water column each winter, yet a
subsurface peak in viral abundance between 60 and
100 m depth developed each summer during water
column stratification (Parsons et al. 2012; ISME J
6:273–284). Building upon these findings, this study
tests the hypothesis that in the well-mixed period
(March), the viral communities at the surface and at
100 m depth are similar in composition, while during
water column stratification (September), differences
in the viruses occupying these 2 depths emerge.
Amplification and sequencing of 3 signature genes
(g23, phoH, and the ssDNA phage major capsid pro-
tein) in addition to randomly amplified polymorphic
DNA PCR gel banding patterns were used to assess
the structure of viral communities. The 4 data sets
revealed similar communities at the surface and
100 m in March when the upper water column was
mixed, and divergent communities during Septem-
ber stratification. Water density was found to be a
significant driver of viral community variability, with
surface communities during September water col-
umn stratification sig nificantly different from all
other communities. These data demonstrate the im -
portance of water column stratification for structur-
ing viral community composition at the BATS site,
either directly through altering the physical condi-
tions, such as ultraviolet radiation, that the viral com-
munities are exposed to or indirectly through struc-
turing bacterial host communities.

OPENPEN
 ACCESSCCESS

KEY WORDS: Marine · Virus · Phage · Signature
gene · Diversity · Stratification · Season · Bermuda
Atlantic Time-series Study

Sargasso Sea viral communities at 0 and 100 m are similar
in the well-mixed winter, but differ during summer water-
column stratification. 
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(Steinberg et al. 2001). This site experiences a signif-
icant  seasonal pattern of temperature variability,
convective mixing, and stratification (Siegel et al.
1999, Steinberg et al. 2001). In winter, convective
mixing leads to mixed layer depths (MLD) that
extend to between 150 and 300 m and results in
nutrient entrainment into the surface layer (Michaels
& Knap 1996, Steinberg et al. 2001, Lomas et al.
2013). As summer approaches, high pressure systems
set into the region, resulting in lower wind stress and
warming that cause the MLD to shoal to the surface
(10 to 20 m) by late spring/ early summer. As autumn
progresses, temperatures cool, winds increase, and
the mixed layer begins to extend to deeper depths
again (Steinberg et al. 2001).

The predictable seasonal patterns at this site, along
with the wealth of data available through the BATS
program (http://bats.bios.edu), create an ideal oppor-
tunity for studying the temporal dynamics of marine
viruses. Viruses play a key ecological role in the
ocean by killing marine microbes, and their sheer
abundance enables them to influence nutrient and
energy cycles (Suttle 2007, Breitbart 2012). In a 10-yr
study at the BATS site, Parsons et al. (2012) sampled
viral abundance monthly at 12 depths from the sur-
face to 300 m and discovered an annually recurring
late summer subsurface viral maximum between 60
and 100 m depth. While viral abundance did not cor-
relate with total bacterial abundance at the BATS
site, viral abundance was positively correlated with
the abundance of Prochlorococcus, the most abun-
dant cyanobacterial group, and negatively correlated
with the abundance of SAR11, the dominant hetero-
trophic bacterial lineage. These data led to the sug-
gestion that patterns in viral abundance are strongly
influenced by Prochlorococcus dynamics in response
to water column stratification.

To further examine the seasonal viral dynamics
observed by Parsons et al. (2012), this study investi-
gated the composition of the viral community at the
surface and at 100 m depth during the highly mixed
period (March) and the thermally stratified period
(September) at the BATS site in 3 different years. We
hypothesized that in March, when the MLD often
extends into the mesopelagic zone (>140 m), the sur-
face viral community would resemble the 100 m viral
community more closely than during times of water
column stratification (September), when the MLD
shoals into the upper euphotic zone to a depth shal-
lower than the viral abundance maximum. Viral com-
munity composition was assessed using 4 different
methods: through amplification and sequencing of 3
different signature genes (g23, phoH, and ssDNA

MCP) representing specific subsets of the viral com-
munity, and randomly amplified polymorphic DNA
(RAPD) PCR for viral community profiling. The struc-
tural g23 gene encodes the major capsid protein for
T4-like myophage (Filée et al. 2005, Comeau &
Krisch 2008, Chow & Fuhrman 2012). The auxiliary
metabolic gene phoH is another core T4-like cyano -
phage gene (Ignacio-Espinoza & Sullivan 2012), but
is also found in other myoviruses, podoviruses, and
siphoviruses (Goldsmith et al. 2011). The phoH gene
occurs in phage that infect both autotrophs and het-
erotrophs, and is more prevalent among marine
phage than in the genomes of phage isolated from
other environments (Goldsmith et al. 2011). Whereas
both g23 and phoH target double-stranded DNA
(dsDNA) viruses, the third signature gene used in
this study targets the major capsid protein (MCP)
gene of single-stranded DNA (ssDNA) phage be -
longing to the Gokushovirinae subfamily (family
Microviridae) (Roux et al. 2012, Hopkins et al. 2014).
This combination of approaches for surveying the
composition of portions of the viral community pro-
vided insight into the spatial and temporal variability
in viral diversity in the context of extensive metadata
at this well-studied marine site.

MATERIALS AND METHODS

Sample collection

Samples were collected from within the surface
5 m (hereafter referred to as ‘0 m’ or ‘surface’) and at
100 m depth in the vicinity of the BATS site
(31° 40’ N, 64° 10’ W) in March and September of
2008, 2010, and 2011 (see Table 1 for sampling dates,
environmental metadata, and viral abundance).
Samples were collected in years when the BATS pro-
gram could accommodate requests for ship time and
CTD usage. Although the exact depth of the subsur-
face peak varied among years, the depth of 100 m
was chosen to ensure sampling below the mixed
layer and approximate the subsurface peak in viral
abundance based on prior data (Parsons et al. 2012).
MLD during experimental periods was determined
as the depth where sigma-t was equal to sea surface
sigma-t plus an increment in sigma-t equivalent to a
0.3°C temperature decrease (Sprintall & Tomczak
1992). Ancillary data used to provide context for the
annual patterns of MLD were retrieved from the pub-
lic data set (http://bats.bios.edu). A broader assess-
ment of the BATS data is presented elsewhere
(Lomas et al. 2013).
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Sample processing

Approximately 200 l (Table 1; volumes ranged
from 90 to 383 l, median volume 245 l) of seawater
were concentrated for each sample by tangential
flow filtration with 100 kDa filters (GE Healthcare)
to a volume of approximately 50 ml. The viral con-
centrates were filtered through 0.22 µm Sterivex
filters (Millipore) to remove bacteria and stored at
4°C until further processing. Viruses were further
concentrated and purified by polyethylene glycol
(PEG) precipitation followed by cesium chloride
density-dependent centrifugation (Thurber et al.
2009). Solid PEG 8000 was added to the viral con-
centrates at a final concentration of 10% (wt/vol),
and the samples were stored at 4°C overnight
before centrifuging for 40 min at 11 000 × g and
4°C to pellet the viruses. The pelleted viruses were
resuspended in 0.02 µm- filtered sea water and fur-
ther purified through ultracentrifugation (85 852 × g
with a Beckman SW40 Ti rotor for 3 h at 4°C) in a
cesium chloride density gradient with layers of 1.2,
1.5, and 1.7 g ml−1. The viral fractions from the
September 2008 samples were further concentrated
with a Microcon centrifugal filter device with a
pore size of 30 kDa (Millipore). Viral DNA was
extracted from all samples using the formamide
method, as described by Sambrook et al. (1989).

Amplification of signature genes

Several signature genes, each corresponding to a
specific phage group, were examined in order to bol-
ster the analysis of viral diversity. For signature gene
analysis, the extracted DNA was amplified using the
strand displacement method of the Illustra Genomi -
Phi V2 DNA amplification kit (GE Healthcare)
according to the manufacturer’s instructions.

The phoH gene was amplified by PCR using viral
phoH primers vPhoHf (5’-TGC RGG WAC AGG TAA
RAC AT-3’) and vPhoHr (5’-TCR CCR CAG AAA
AYM ATT TT-3’) (Goldsmith et al. 2011). The 50 µl
reaction mixture contained 1 U Apex Taq DNA
 polymerase (Genesee Scientific), 1 × Apex reaction
buffer, 1.5 mM Apex MgCl2, 0.5 µM concentration of
each primer, 0.2 mM deoxynucleoside triphosphates
(dNTPs), 0.08% bovine serum albumin, and 1 µl of
template DNA. The reaction conditions were as fol-
lows: 5 min of initial denaturation at 95°C; 35 cycles
of 1 min of denaturation (95°C), 1 min of annealing
(53°C), and 1 min of extension (72°C); and 10 min of
final extension at 72°C.
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The g23 gene was amplified using primers T4superF
(5’-GAY HTI KSI GGI GTI CAR CCI ATG-3’) and
T4superR (5’-GCI YKI ARR TCY TGI GCI ARY TC-
3’) (Chow & Fuhrman 2012). The 50 µl PCR mixture
contained 1 U Apex Taq DNA polymerase, 1 × Apex
reaction buffer, 1.5 mM Apex MgCl2, 1.0 µM concen-
tration of each primer, 0.2 mM dNTPs, and 1 µl of
template DNA. The reaction conditions were as fol-
lows: 5 min of initial denaturation at 94°C; 35 cycles
of 1 min of denaturation (94°C), 1 min of annealing
(58°C), and 1 min of extension (72°C); and 10 min of
final extension at 72°C.

The ssDNA virus major capsid gene was amplified
using primers MCPf (5’-CCY KGK YYN CAR AAA
GG-3’) and MCPr (5’-AHC KYT CYT GRT ADC C-3’)
(Hopkins et al. 2014). The 50 µl PCR mixture con-
tained 1 U Apex Taq DNA polymerase, 1 × Apex re -
action buffer, 0.5 µM of each primer, 0.2 mM dNTPs
and 1 µl of template DNA. The touchdown PCR con-
ditions were as follows: 3 min of initial denaturation
at 94°C; 32 cycles of 1 min of denaturation (95°C),
45 s of annealing (47°C with a 0.1°C decrease/cycle),
and 1.5 min of extension (72°C); and 10 min of final
extension at 72°C.

Cloning and sequencing of signature genes

PCR products were cleaned using the UltraClean
PCR Clean-Up Kit (MO BIO) following the manufac-
turer’s instructions. After tailing with REDTaq DNA
polymerase (Sigma-Aldrich), PCR products were
cloned into vectors using the TOPO TA cloning kit for
sequencing (Invitrogen) and then used to transform
competent cells. The cells were then screened by
M13 PCR, and the inserts in positive transformants
were sequenced with the M13F primer by Beckman
Genomics.

Data analysis for signature genes

Vector and low-quality sequences were trimmed
with Sequencher 4.7 (Gene Codes). The sequences
were dereplicated into operational taxonomic units
(OTUs) using FastGroupII at a level of 98% sequence
identity with gaps (Yu et al. 2006). FastGroup repre-
sentative sequences and reference sequences were
aligned at the amino acid level with MUSCLE (Edgar
2004) using the default parameters as implemented by
TranslatorX (Abascal et al. 2010). The alignments were
cleaned with Gblocks (as implemented by TranslatorX)
using the options for a less stringent selection (Castre-

sana 2000, Talavera & Castresana 2007). Back-trans-
lated nucleotide alignments were used to build maxi-
mum-likelihood phylogenetic trees with FastTree ver-
sion 2.1 (Price et al. 2010) and branch supports were
calculated using the Shimodaira-Hasegawa-like ap-
proximate likelihood ratio test on 1000 resamplings.
Branches with support below 50 were collapsed using
TreeCollapseCL 4 (Hodcroft 2013).

RAPD PCR amplification and data analysis

As opposed to primers designed to capture spe-
cific genes, randomly amplified polymorphic DNA
(RAPD) PCR provides a fingerprint of the viral com-
munity by using a random decamer primer (Winter &
Weinbauer 2010). The RAPD PCR in this study uti-
lized primer SP2 (5’-CGC AAC AGG G-3’), which
was designed by Shawn Polson by identifying the
most common decamers in the 80 m viral meta -
genome from the Sargasso Sea (Angly et al. 2006,
Srinivasiah et al. 2013). Each 50 µl reaction contained
2 U of Apex Taq DNA polymerase (Genesee Scien-
tific), 1 × Apex reaction buffer, 1.5 mM Apex MgCl2,
4 µM of primer, 0.2 mM dNTPs, and 1 µl of template
DNA. Reaction conditions for the RAPD PCR were as
follows: 10 min of initial denaturation at 94°C; 35 cy-
cles of 3 min of annealing at 35°C, 1 min of extension
at 72°C, and 30 s of denaturation at 94°C; 3 min of an-
nealing at 35°C; and 10 min of  final extension at 72°C.
PCR products were cleaned using the UltraClean
PCR Clean-Up Kit (MO BIO) following the manufac-
turer’s instructions. The RAPD PCR viral community
fingerprints were visualized on the Agilent 2100 Bio-
analyzer (Agilent Technologies) following the manu-
facturer’s instructions. Band sizes for RAPD PCR frag-
ments, as determined by the Bioanalyzer, were then
binned into OTUs using binning scripts (Ramette
2009). Based on the results of the automatic binner
script, a window size of 10 with a shift value of 0.1
was chosen for use in the interactive  binner script to
determine the binning frame that resulted in highest
similarity among the samples.

The nucleotide sequences reported in this paper
were submitted to GenBank and assigned accession
numbers KP783514 through KP784268.

Collection of environmental data

Metadata was obtained through the BATS pro-
gram (Michaels & Knap 1996) (http://bats.bios. edu;
Table 1). The BATS monthly sampling is considered
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synoptic although it extends over 3 to 5 d. Tempera-
ture, salinity, and water density were measured on
the same cast that provided the water that was ana-
lyzed for 10 of the 12 samples. The other 2 samples
(September 2008) are associated with environmental
data measured 8 d after the water for the samples
was collected. Measurements of oxygen and chloro-
phyll a concentrations, as well as Pro chlorococcus
and Synechococcus abundances, were used to estab-
lish biological and environmental context. Except for
chlorophyll a in March 2010, all parameters used in
this comparison were collected within 36 h of each
other to produce a composite profile for each sam-
pling period. No pigments were measured during the
March 2010 cruise, so the chlorophyll a measure-
ments for those samples were drawn from the next
BATS cruise that measured pigments, 16 d later.
 Similarly, neither Prochlorococcus nor Synechococ-
cus was measured during the March 2008 cruise, so
those measurements were taken from a BATS cruise
11 d earlier.

Statistical ordination of samples

Sample OTU abundance for each signature gene
and RAPD PCR analysis were compared using non-
metric multidimensional scaling (NMDS) performed
using the ‘metaMDS’ function (default parameters) of
the vegan package (Oksanen et al. 2013) in R version
2.15.2 (R Development Core Team 2013). The influ-
ence of environmental variables on sample ordina-
tion was evaluated using the functions ‘envfit’ to
assess the significance of factor variables (including
depth, month, and year) and ‘ordisurf’ to assess the
significance of the fit of response surfaces (for all
 linear variables) in the vegan package (Wood 2011,
Oksanen et al. 2013) using default parameters with
9999 permutations. Analysis of the ssDNA MCP sig-
nature gene showed that one sample (surface from
September 2010) did not share any OTUs with any
other sample. No ssDNA MCP sequences from the
surface during March 2010 were available for analy-
sis because PCR of that sample did not produce any
bands. These samples were thus removed from the
ordination analyses for ssDNA MCP OTU abun-
dances.

RESULTS AND DISCUSSION

During the March sampling, MLD was >150 m for
all years of the study, thus representing a period with

a well-mixed upper water column (encompassing
both the surface and 100 m sampling depths). In con-
trast, during each of the September sampling events,
the water column was comparatively more stratified
with MLD ≤33 m and the 100 m sample originating
from well below the mixed layer (Table 1).

NMDS ordination of 3 signature genes encompass-
ing varied groups of phage, as well as RAPD finger-
printing analysis using an arbitrary decamer primer
known to occur frequently at this site, all support the
hypothesis that the portions of the surface and 100 m
viral communities examined here were much more
similar when the water column was mixed during
March than during stratification in September
(Fig. 1). While depth and month of sampling were
only significant for individual data sets (phoH and
ssDNA MCP, respectively), water density was a sig-
nificant driver of viral community variability based
on analysis of all 3 signature genes as well as RAPD
PCR fingerprinting (Table 2; Figs. S1 to S4 in the Sup-
plement at www.int-res.com/articles/ suppl/  a076 p085
_supp.pdf). Further, September surface communities
were significantly different from all other communi-
ties for each data set (Fig. 1; p < 0.05 for all). This sug-
gests that water column mixing in March resulted in
greater similarity between the viral communities at
the surface and 100 m, while the thermal stratifica-
tion of the water column in September resulted in
divergence among these communities. The fact that
all 4 methods generated congruent results is striking
because each method potentially captures a different
subset of the viral community and not all genes (or
the phage which encode them, which infect many
different hosts) are expected to exhibit the same
dynamics in the environment. The robust seasonal
variation in composition of the viral community
examined here thus suggests that stratification of the
water column is a dominant driving factor controlling
the vertical distribution of viral communities at the
BATS site.

Based on the g23 and phoH genes, as well as RAPD
PCR fingerprinting, viral community structure was
significantly correlated with temperature, water den-
sity, and chlorophyll a concentration (Table 2; Figs. S1
to S3 in the Supplement), which are all indicators of
water column stability. The viral communities con-
taining the g23 and phoH genes were also signifi-
cantly correlated with salinity (Table 2; Figs. S1 & S2
in the Supplement). The similar patterns exhibited by
communities containing g23 and phoH may be due to
the overlap in those communities; g23 is a core gene
in T4-like phage, while phoH is a core gene in T4-
like cyano phage (Sullivan et al. 2010, Igna cio Espinoza
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& Sullivan 2012). In contrast, the com-
position of viruses with the ssDNA
MCP gene was correlated only with
water density and oxygen concentra-
tion (Table 2; Fig. S4 in the Supple-
ment), indicating that water column
stratification is still important in struc-
turing the ssDNA viral community,
but chlorophyll a concentration is not.
Discrepancies may also result from
the lag between sampling and meta-
data for a few environmental parame-
ters and some of the samples. That
fewer environmental variables are
influential for the ssDNA viral com-
munity may be related to the lower
statistical power in this analysis, as
the PCR of one sample did not yield
any bands (the surface sample from
March 2010) and another sample did
not share any OTUs with any other
samples (the surface sample from
September 2008) and needed to be
removed from the analysis.

As discussed above, the NMDS-
based analyses revealed that water
density was a significant driver of viral
community structure as determined
by all 4 methods for viral community
analysis. This is consistent with prior
studies, which have de monstrated that
physical processes drive bacterial dy-
namics at the BATS site (Carlson et al.
1996, Steinberg et al. 2001, Nelson et
al. 2004, Palter et al. 2005, Lozier et al.
2011). During mixing periods, bacteri-
oplankton den sities are redistributed
homogeneously within the mixed
layer (Carlson et al. 1996, Steinberg et
al. 2001). The distribution of bacterio-
plankton hosts and their activities in
turn drive the vertical distribution of
viral abundance (Parsons et al. 2012).
Further, the repeatable seasonal sig-
nature in viral community composition
at the BATS site based on signature
genes and RAPD PCR is consistent
with seasonality observed in the San
Pedro Ocean Time-series evaluation
of T4-like viral community composi-
tion based on the g23 gene (Chow &
Fuhrman 2012, Needham et al. 2013,
Chow et al. 2014).

90

Variable                        g23               phoH          ssDNA MCP     RAPD-PCR 
                                  (n = 12)          (n = 12)             (n = 10)             (n = 12)

Depth                       p = 0.434        p = 0.033          p = 0.682           p = 0.130
Month                      p = 0.324        p = 0.128          p = 0.040           p = 0.694
Year                          p = 0.248        p = 0.785          p = 0.108           p = 0.074
Temperature            p = 0.014        p < 0.001          p = 0.996           p = 0.028
Salinity                     p < 0.001        p = 0.011          p = 0.187           p = 0.095
Water density          p = 0.007        p < 0.001          p < 0.001           p = 0.033
Chlorophyll a           p = 0.026        p = 0.022          p = 0.489           p = 0.018
Oxygen                    p = 0.091        p = 0.189          p < 0.001           p = 0.576
Prochlorococcus      p = 0.393        p = 0.767          p = 0.872           p = 0.832
Synechococcus        p = 0.948        p = 0.609          p = 0.451           p = 0.565

Table 2. Relationships between environmental metadata and viral community
composition in the Sargasso Sea based on signature genes and RAPD-PCR.
The influence of variables on NMDS sample ordination was tested using factor
analysis (for factor variables) and the fit of response surfaces (for linear vari-
ables). Significant relationships are in bold (α = 0.05). Only 10 samples were
used for the ssDNA MCP gene due to an outlier sample (0 m from September 

2008) and a PCR that did not yield any bands (0 m from March 2010)

Fig. 1. Viral community composition in the Sargasso Sea: NMDS sample ordi-
nation based on OTU abundance of signature genes (A) g23 (stress = 16.9%),
(B) phoH (stress = 17.7%) and (C) ssDNA MCP (stress = 5.2%), and (D) RAPD-
PCR gel bands (stress = 8.4%). The ssDNA MCP ordination does not include
the 0 m sample from September 2008 because it did not share any OTUs with
other samples, nor the 0 m sample from March 2010 because the PCR of that 

sample did not yield any bands
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All viral community analyses indicated that the
September surface samples were significantly differ-
ent from the other communities at the BATS site. This
difference from the other viral assemblages may
stem from the vertical structuring of the host bacteri-
oplankton community as the water column stratifies
(Morris et al. 2005, Carlson et al. 2009, Treusch et al.
2009, Treusch et al. 2012). As the mixed layer begins
to shoal after the winter deep mixing, the bacterial
communities residing near the surface begin to
change to distinct communities compared to those
observed in the surface during vigorous mixing peri-
ods (Morris et al. 2005, Carlson et al. 2009, Treusch et
al. 2009, 2012). Under this model, as the surface bac-
terial community changes, so would its associated
viral community. Another potential explanation for
differences between the September surface viral
communities and all other viral communities is the
greater influence of ultraviolet light at the surface
during that season (Morrison & Nelson 2004). Ultra-
violet radiation degrades viral particles (Wommack
et al. 1996, Weinbauer & Suttle 1999, Araújo & God-
inho 2009) and could thereby directly influence the
observed divergence of viral communities within the
stratified layer of the water column in September.
Other studies have also reported variability in the
degree to which different viruses respond to UV radi-
ation (Moebus 1992, Suttle & Chen 1992, Noble &
Fuhrman 1997, Wilhelm et al. 1998, Jacquet & Brat-
bak 2003).

While Prochlorococcus abundance was signifi-
cantly correlated with viral abundance during a 10-yr
study of the BATS site (Parsons et al. 2012), neither
Prochlorococcus nor Synechococcus abundance was
significantly related to viral community composition
based on any of the signature genes or RAPD PCR
(Table 2). This is most likely an indication that cyano-
bacterial community composition, and not abundan -
ce, is responsible for observed changes in cyano -
phage community composition (Rocap et al. 2002,
Mühling et al. 2005, Zwirglmaier et al. 2008, Martiny
et al. 2009). Maximum Prochlorococcus densities (on
the order of 105 cells ml−1) occur near 60 to 80 m
depth in summer and fall, and high densities persist
to nearly 200 m (DuRand et al. 2001). Viruses that
infect Prochlorococcus are likely more abundant in
the depth horizon of the host abundance maximum.
Therefore, if a significant portion of the viral commu-
nity consists of phage that infect Prochlorococcus, as
suggested by Parsons et al. (2012), the differential in
Prochlorococcus densities between the surface and
100 m would account for some of the difference
between the surface and 100 m viral assemblages,

since surface Prochlorococcus densities are often
lower than they are at 100 m in late summer (DuRand
et al. 2001, Malmstrom et al. 2010, Parsons et al.
2012). Prior research has shown that cyano myo -
phage, whose hosts include Prochlorococcus, are an
important component of the viral community in the
Sargasso Sea; they have been found to constitute up
to 25% of the viral community at the surface during a
summer transect (Matteson et al. 2013). Moreover,
based on the phoH phylogenetic tree, we can reason-
ably infer that cyanophage are a substantial compo-
nent of our sampled viral communities because many
of the sequences from our sampled communities
cluster in the groups with fully-sequenced cyano -
phage (Fig. S5 in the Supplement).

In contrast to Prochlorococcus, for which phage
infection has been well-studied and numerous phage
genomes have been sequenced, much less is known
about phage infecting other members of the bacterial
community at the BATS site. The most abundant het-
erotrophic bacteria at this site belong to the SAR11
clade (Morris et al. 2002), for which no phage were
known until recently (Zhao et al. 2013). BLAST
searches of oceanic viromes (including the Sargasso
Sea) with these ‘pelagiphage’ genome sequences
(named after their host, Candidatus Pelagibacter
ubique) suggested that pelagiphage were the most
abundant identifiable viruses in oceanic samples. All
4 of the cultured pelagiphage have dsDNA genomes,
and only one of them (HTVC008M) contains one of
the signature genes used in this study (phoH), so it is
possible that pelagiphage were not well-covered in
the analyses of this study even though they may have
been recovered by RAPD PCR. In addition, it is
known that SAR11 diversity is highly structured ver-
tically at BATS (Carlson et al. 2009, Vergin et al.
2013); thus, additional tools are needed for investi-
gating the phage of the dominant heterotrophs at this
site. Finally, there is likely a high diversity of un -
cultured heterotrophic phage at this site, so some of
the sequences generated in this study may in fact
represent yet undescribed phage infecting SAR11 or
other abundant heterotrophs, such as Roseobacter,
SAR116, and OCS116 (all clades within the Alpha -
proteobacteria) and SAR86 (belonging to the
Gamma  proteobacteria).

Even less well-described than the pelagiphage
are the ssDNA marine gokushoviruses, for which no
cultured representatives exist. Gokushoviruses (fam-
ily Microviridae, subfamily Gokushovirinae) were
first documented in the marine environment by a
metagenomic study in the Sargasso Sea and have
recently been shown to be widespread in the oceans
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(Angly et al. 2006, Tucker et al. 2011, Labonté &
Suttle 2013, Hopkins et al. 2014). The hosts for the
marine go kushoviruses remain almost entirely
unknown, with the exception of a recent report of
gokushoviruses in single-cell amplified genomes
from uncultured SUP05 sulfur-oxidizing Gammapro-
teobacteria from an oxygen minimum zone in a sea-
sonally anoxic fjord in British Columbia (Roux et al.
2014). The present study demonstrated that ssDNA
phage at the BATS site are quite diverse and
display temporal patterns in community composition
similar to those of dsDNA viruses. As a first step
towards deciphering the ecological impact of ssDNA
phage, future studies should attempt to link the
ssDNA phage with their potential host communities,
a task that will be greatly aided by emerging single-
cell methods such as phageFISH and viral tagging
(Deng et al. 2012, Allers et al. 2013, Dang & Sullivan
2014, Brum & Sullivan 2015).

This study’s goal was to obtain an overview of the
viral communities over 2 depths, 2 seasons, and sev-
eral years, by using 4 different methods. The data
presented in this study should be viewed as a repre-
sentation of the members of the viral community
containing each signature gene (or the decamer se -
quence used for RAPD PCR), as opposed to an ex -
haustive analysis. Since the same primers were
used throughout this study, the results from differ-
ent samples can be directly compared. However, it
is possible that the approaches used in this study do
not accurately reflect the dominant members of the
viral communities, which could lack the targeted
signature gene sequences. Metagenomic sequen-
cing of the viral communities is one possible avenue
for overcoming these limitations (Breitbart et al.
2002, Angly et al. 2006, Brum et al. 2015, Sullivan
2015). In addition, examining the factors driving
phage and host dynamics at the BATS site would
benefit from better representation of environmental
phage geno mes in sequence databases. The signa-
ture gene phylogenetic trees (Figs. S5 to S7 in the
Supplement) reveal that most of the environmental
phage fall in clusters without any cultured or se -
quenced representatives, highlighting the gap that
remains between cultured phage genomes and the
dominant phage in the environment. Future work at
the BATS site should also target the subsurface viral
maximum depth as opposed to the static 100 m
depth in order to better understand seasonal vari-
ability. Moreover, concurrent tracking of virus and
host dynamics could better resolve the factors con-
nected with the recurring seasonal patterns in viral
community composition revealed here.

CONCLUSION

Four data sets revealing the composition of por-
tions of the viral community at the BATS site over 3
years, 2 seasons, and 2 depths supported the hypo -
theses that in the well-mixed period (March), viral
communities at the surface and 100 m depth resem-
ble each other, while during water column stratifica-
tion (September), the viral community composition
becomes vertically structured. Water density was a
significant driver of viral community structure as
measured by all 3 signature genes and RAPD PCR,
while additional factors (temperature, salinity, chloro -
phyll a, and oxygen) were correlated with some but
not all of the community analyses. Therefore, the
physical factors that control water column stratifica-
tion and distribution of bacterioplankton hosts are
the major forces underlying viral dynamics at this
well-studied oceanographic site.
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