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Links between viral and prokaryotic communities
throughout the water column in the (sub)tropical
Atlantic Ocean
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Viral and prokaryotic abundance, production and diversity were determined throughout the water
column of the subtropical Atlantic Ocean to assess potential variations in the relation between
viruses and prokaryotes. Prokaryotic abundance and heterotrophic activity decreased by one and
three orders of magnitude, respectively, from the epi- to the abyssopelagic layer. Although the lytic
viral production (VP) decreased with depth, lysogenic VP was variable throughout the water column
and did not show any trend with depth. The bacterial, archaeal and viral community composition were
depth-stratified as determined by the automated ribosomal intergenic spacer analysis, terminal-
restriction fragment length polymorphism and randomly amplified polymorphic DNA-PCR, respec-
tively. Generally, the number of operational taxonomic units (OTUs) did not reveal consistent trends
throughout the water column. Viral and prokaryotic abundance were strongly related to heterotrophic
prokaryotic production, suggesting similar linkage strength between the viral and prokaryotic
communities from the lower epi- to the abyssopelagic layer in the Atlantic Ocean. Strikingly, the
prokaryotic and viral parameters exhibited a similar variability throughout the water column down to
the abyssopelagic layers, suggesting that the dark ocean is as dynamic a system as is the lower
epipelagic layer. It also indicates that viruses are apparently having a similar role for prokaryotic
mortality in the dark oceanic realm as in surface waters. The more than twofold increase in bacterial
OTUs from 2750m depth to 45000m depth and the concurrent decrease in viral OTUs, however,
suggests that viruses might exhibit a wider host range in deep waters than in surface waters.
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Introduction

Viruses have a key role in the biogeochemical
processes of the ocean (Fuhrman, 1999; Suttle,
1999; Wilhelm and Suttle, 1999). Marine viruses
may also control prokaryotic abundance and diver-
sity (Thingstad and Lignell, 1997; Weinbauer and
Rassoulzadegan 2004; Breitbart et al., 2008) and are
agents of transfer of genetic material between
microorganisms (transduction and transformation;
Fuhrman, 2000).

There are two main viral life strategies: lysogeny
and lysis (Ackermann and DuBow, 1987). These
different strategies may have a different impact

on the structure of the prokaryotic community.
Lysogeny is considered to be an adaptation to low
host abundance and/or activity because it has been
reported to increase with depth, whereas the lytic
cycle dominates at high host abundance and/or
activity (Weinbauer et al., 2003). Viruses are
assumed to be host-specific (Ackermann and
DuBow, 1987), however, some marine phages have
been shown to exhibit a broad host range (Sullivan
et al., 2003; Sano et al., 2004; Holmfeldt et al., 2007).
The viral infection rate, among other parameters,
depends on the host abundance (Murray and
Jackson, 1992). Thus, viruses are assumed to
preferentially infect the winners in the competition
for nutrients, which may or may not be the most
abundant members of the community but most
likely the most active ones (Thingstad and Lignell,
1997; Thingstad, 2000; Bouvier and del Giorgio,
2007).

Prokaryotic community composition can be de-
termined using fingerprinting techniques such as
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terminal-restriction fragment length polymorphism
(T-RFLP) and denaturing gradient gel electro-
phoresis targeting the 16S rRNA gene or automated
ribosomal intergenic spacer analysis (ARISA) target-
ing the intergenic spacer (ITS) region in the rRNA
operon. The composition of viral communities,
representing the largest reservoir of genetic diversity
in the ocean (Rohwer, 2003), is more difficult to
determine because of the lack of universally con-
served marker genes. Until recently, pulsed-field gel
electrophoresis (PFGE) based on size fractionation
of viral double-stranded DNA was the main tool to
investigate viral community composition (Klieve and
Bauchop, 1988; Wommack et al., 1999b). The recently
introduced randomly amplified polymorphic DNA
(RAPD)-PCR approach allows one to resolve the viral
community structure at a higher resolution than PFGE
does (Winget and Wommack, 2008).

The aim of this study was to determine the
distribution of prokaryotic and viral abundance, and
production and community composition throughout
the water column in the (sub)tropical Atlantic Ocean
from the epi- to the abyssopelagic realm (from 100 to
7000m depth). Thus far, most of the studies on the
interaction and relation of viral to prokaryotic
abundance, production and community composition
have been performed in surface waters. The recently
reported increase in the ratio of viral to prokaryotic
abundance from surface waters to bathypelagic layers
in the Atlantic (Parada et al., 2007) in combination
with the low growth rates of the bulk bathy- and
abyssopelagic prokaryotic communities indicates,
however, that the interactions between viruses and
prokaryotes in the dark realm of the ocean might be
fundamentally different from those in surface waters
(Herndl et al., 2008). Thus, we specifically focused on
indications of potential changes in the interaction
between viruses and prokaryotes from the base of the
epipelagic zone to the abyssopelagic layers.

Materials and methods

Study area and sampling
Water samples were obtained at 37 stations from the
epi- (B100m depth) to the abyssopelagic layer (to
7000m depth) (Figure 1) during the ARCHIMEDES-III
cruise in the (sub)tropical Atlantic Ocean aboard the
R/V Pelagia (December 2007/January 2008). Sampling
was performed with a CTD (conductivity-temperature-
depth) rosette sampler equipped with 12-l Niskin
bottles (General Oceanics, Miami, FL, USA). The
Niskin bottles were flushed with bleach and rinsed
with ambient seawater before collecting the samples
by deploying them to 1000m depth.

Prokaryotic and viral abundance
Prokaryotic and viral abundance were determined
by flow cytometry (Del Giorgio et al., 1996; Brus-
saard, 2004). For enumerating prokaryotes, 2ml

samples were fixed with glutaraldehyde
(0.5% final concentration), shock-frozen in liquid
N2 and kept at �80 1C until analysis. Before flow
cytometric analysis, samples were thawed to
room temperature and 0.5ml subsamples were
stained with SYBR Green I in the dark for 10min.
Subsequently, 1� 105ml�1 of 1mm fluorescent
latex beads (Molecular Probes, Invitrogen, Carlsbad,
CA, USA) were added to each sample as internal
standard. The prokaryotes were enumerated on
an FACScalibur flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) by their signature in a plot
of green fluorescence versus side scatter.

Viral abundance was measured by flow cytometry
after SYBR Green I staining (Brussaard, 2004).
Briefly, 2ml samples were fixed with glutaraldehyde
(0.5% final concentration), held at 4 1C for
10–30min, frozen in liquid N2 and subsequently
stored at �80 1C until analysis. Before analysis,
samples were thawed and 0.5ml subsamples
were stained in the dark with SYBR Green I
(Molecular Probes) at a final concentration of 0.5�
of the manufacturer’s stock solution at 80 1C for
10min. Subsequently, 1mm fluorescent latex beads
(Molecular Probes) (105ml�1) were added to the
samples as internal standard. The virus-like parti-
cles (VLP) were enumerated on an FACScalibur flow
cytometer (Becton Dickinson) by their signature in a
plot of green fluorescence versus side scatter.

Heterotrophic prokaryotic activity
Prokaryotic leucine incorporation was measured on
triplicate 10–40ml samples (depending on the

Figure 1 Sampling sites indicated by full circles during the
ARCHIMEDES III cruise in the (sub)tropical Atlantic Ocean
(water samples were not collected at St. 5).
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expected activity) and on triplicate formaldehyde-
killed blanks (Simon and Azam, 1989). The samples
and blanks were inoculated with 5nM 3H-leucine
(final concentration, specific activity 160Cimmol�1,
Amersham, GE Healthcare, Buckinghamshire, UK)
and incubated in the dark at in situ temperature for
4–24h depending on the expected activity. Subse-
quently, the samples were fixed with formaldehyde
(2% final concentration), filtered onto 0.2 mm poly-
carbonate GTTP filters (Millipore, Billerica, MA,
USA) supported by Millipore HAWP filters, and
rinsed three times with 10ml of 5% ice-cold
trichloroacetic acid. Thereafter, the filters were
transferred into scintillation vials and dried at room
temperature. Then, 8ml of scintillation cocktail
(Packard Filter Count, PerkinElmer, Waltham, MA,
USA) was added to each vial and counted in a Tri-Carb
2910TR (PerkinElmer, Groningen, The Netherlands)
liquid scintillation counter after 18h. The obtained
disintegrations per minute were converted to leucine
incorporation rates, and prokaryotic carbon produc-
tion was calculated from leucine incorporation rates
using the conversion factor of 1.55kgmol�1 Leu
incorporated (Simon and Azam, 1989). Prokaryotic
cell abundance was converted into prokaryotic carbon
biomass assuming a carbon content of 20 fgC per cell
(Lee and Fuhrman, 1987). The turnover time of the
heterotrophic prokaryotic community was calculated
by dividing bulk prokaryotic biomass by prokaryotic
carbon production.

Viral production
Viral production (VP) was measured by the dilution
approach (Wilhelm et al., 2002). Briefly, 50ml of the
prokaryotic concentrate obtained by 0.2 mm tangen-
tial flow filtration (Vivascience, Sartorius Stedim
Biotech, Aubagne Cedex, France) was added to
450ml of virus-free filtrate produced from the same
water sample using a 30 kDa molecular weight cut-
off tangential flow filtration (Vivascience). This
approach resulted in a prokaryotic abundance
similar to in situ abundance. Subsamples were
taken to enumerate prokaryotes and viruses at 7 h
intervals over a time span of 72h. The experiments
were performed in duplicate at in situ temperature
in the dark with and without the addition of
mitomycin C (final concentration 5mgml�1; Sigma,
St Louis, MO, USA; Ortmann et al., 2002). Mito-
mycin C was added to induce the lytic cycle of
lysogenic viruses. VP was calculated as the slope of
a first-order regression line of viral abundance
versus incubation time for the samples showing a
single peak in viral abundance (Wilhelm et al.,
2002). For samples with two peaks in viral abun-
dance, the VP was calculated using the formula:

VP¼ [(Vmax1–Vmin1)þ (Vmax2–Vmin2)]/(tmax2–tmin1)

where V¼ viral abundance and t¼ time and sub-
scripts 1 and 2 refer to peaks 1 and 2 in viral
abundance (Winter et al., 2004a).

Lytic VP was obtained from incubations without
the addition of mitomycin C. Lysogenic VP is the
difference between the VP obtained in the mito-
mycin C-treated samples and the samples without
mitomycin C.

Viral community composition
For the analysis of the viral community composi-
tion, one sample from each of the nine stations
sampled in total for this parameter was collected.
For the bathy- and abyssopelagic layers, 150 l, and
for the epi- and mesopelagic layers, 70 l of water
were collected and pre-filtered through a 0.22 mm
polycarbonate filter (293mm diameter, Whatman
Nuclepore, Kent, UK). This 0.22 mm filtrate was
subsequently concentrated to a final volume of
B50ml by tangential flow filtration with a 30 kDa
molecular weight cut-off (Vivascience) and stored at
�80 1C until DNA extraction. The viral concentrate
was further concentrated to a final volume of 200 ml
by centrifugation (5000� g for 20min) with Amicon
Ultra 30 kDa molecular weight cut-off spin filters
(Millipore). DNA extraction was performed with
QIAmp MinElute Virus Spin Kit (Qiagen, Hilden,
German) using the protocol of the manufacturer. The
extract was directly used as the PCR template.
For RAPD-PCR, the primer CRA-22 (50-CCGCAGCC
AA-30) was used to amplify virioplankton DNA
(Winget and Wommack, 2008; Wommack et al.,
1999b) in 50ml of PCR mixture. Only one primer was
used in each reaction, which acted as the forward
and reverse primer. Samples were amplified by
an initial denaturation step at 94 1C for 10min,
followed by 30 cycles of annealing at 35 1C for 3min,
extension at 72 1C for 1min and denaturation at
94 1C for 30 s. The cycle was completed by final
extension at 72 1C for 10min, and then kept at 4 1C.
The quality of the RAPD-PCR products was checked
on 2% agarose gel. The products were purified
with the Quick PCR purification kit (Genscript,
Piscataway, NJ, USA) and quantified with a Nano-
drop spectrophotometer. Subsequently, the purified
RAPD-PCR products were separated by electro-
phoresis with an Experion automated electrophor-
esis system (Bio-Rad, Hercules, CA, USA). The
obtained image was analysed with Fingerprinting
II software (Bio-Rad).

Prokaryotic community composition
Samples for prokaryotic community composition
were taken at the same depths and stations as those
for viral community composition. Ten litres of
seawater was filtered through a 0.22 mm Sterivex
filter. Subsequently, 1.8ml of lysis buffer (40mM

EDTA, 50mM Tris-HCL, 0.75M sucrose) was added
and the filters were stored at �80 1C until further
processing. DNA extraction was performed using a
Mega Kit extraction (MoBIO Laboratories, Carlsbad,
CA, USA) using the manufacturer’s protocol. DNA
extracts were concentrated (B10 times) with a
Centricon device (Millipore).
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For archaeal community analysis, PCR and
T-RFLP were used. PCR conditions and chemicals
were applied as described by Moeseneder et al.
(2001a). One millilitre of the DNA extract was used
as a template in a 50ml PCR mixture. The primers
for PCR were the Archaea-specific primer pair
21F-FAM end-labelled with phosphoramidite fluor-
ochrome 5-carboxyfluorescein and 958R-JOE with
6-carboxy-40,50-dichloro-20,70-dimethoxyfluorescein
(DeLong, 1992). Samples were amplified by an
initial denaturation step at 94 1C for 3min, followed
by 35 cycles of denaturation at 94 1C for 1min,
annealing at 55 1C for 1min, and an extension at
72 1C for 1min. Cycling was completed by final
extension at 72 1C for 7min. The PCR products were
run on 1.0% agarose gels. The gel was stained with a
working solution of SYBR Gold, the obtained bands
excised, purified by Quick gel extraction kit (Gen-
script) and quantified using a Nanodrop spectro-
photometer. Fluorescently labelled PCR products
were digested at 37 1C overnight. Each reaction
contained 30ng of cleaned PCR product, 5U of the
tetrameric restriction enzyme HhaI, and the respec-
tive buffer (Fermentas Life Science, Burlington,
Canada) filled up to a final volume of 50ml with
ultra-pure water (Sigma). The restriction enzyme was
heat-inactivated and precipitated by adding 4.5ml
linear polyacrylamide (prepared with acrylamide,
tetramethylethylendiamin (TEMED) and ammonium
persulphate (APS) in Tris-EDTA buffer) solution to
100ml of 100% isopropanol. The samples were stored
at room temperature for 15min and subsequently
centrifuged at 15000� g for 15min. After removing
the supernatant, the pellets were rinsed with 100ml of
70% isopropanol and precipitated again by centrifu-
gation (15000� g for 5min). After removal of the
supernatant, the samples were dried in the cycler at
94 1C for 1min and stored at �20 1C.

The pellet was resuspended in 2ml of ultra-clean
water (Sigma), and denatured after the addition of
7.8ml of Hi-Di formamide (highly deionized formamide
for capillary electrophoresis) (Applied Biosystems,
Foster City, CA, USA) at 94 1C for 3min. Each sample
contained 0.2ml GeneTrace 1000 (X-Rhodamine
labelled) marker (Applied Biosystems). Fluorescently
labelled fragments were separated and detected
using an ABI Prism 310 capillary sequencer (Applied
Biosystems) run under GeneScan mode (Moeseneder
et al., 2001a). The size of the fluorescently labelled
fragments was determined by comparison with
the internal size standard. Injection was performed
electrokinetically at 15kV for 15s (adjustable), and
the runs were conducted at 15kV and 60 1C within
38min.

The output from the ABI Genescan software was
transferred to the Fingerprinting II software (Bio-Rad)
to calculate the area of the peaks and for standardizing
them by the size marker. The obtained matrix was
analysed using Primer software (Primer-E, Ivybridge,
UK) to determine the similarity between T-RFLP
patterns obtained from different samples.

To assess bacterial community composition,
ARISA-PCR was used following the method of
Borneman and Triplett (1997) with modifications.
One ml of the DNA extract was used as a template in
a 40 ml PCR mixture. The primers used were ITSf,
50GTCGTAACAAGGTAGGCCGTA-30 and ITSr eub,
50-GCCAAGGCATCCACC-30 (Cardinale et al., 2004);
the primer ITSf was end-labelled with phosphor-
amidite fluorochrome 5-carboxyfluorescein dye
5-FAM. Samples were amplified by an initial
denaturation step at 94 1C for 2min, followed by
32 cycles of amplification at 94 1C for 15 s, 55 1C for
30 s, and 72 1C for 3min and a final extension of
72 1C for 9min. Five ml of PCR products were run on
2.0% agarose gels to check the quality of the
products. The PCR products were purified with
the Quick Clean PCR product purification kit
(Genscript) and quantified using a Nanodrop spec-
trophotometer. Fluorescently labelled fragments
(8 ng ml�1 of sample) were separated and detected
using an ABI Prism 310 capillary sequencer
(Applied Biosystems) run under GeneScan mode
(Kent et al., 2004). The size of the fluorescently
labelled fragments was determined by comparison
with X-Rhodamine MapMarker 1000 (BIO Ventures,
Murfreesboro, TN, USA) and the size standard.
Injection was performed electrokinetically at 10 kV
for 5 s (adjustable) and the run was conducted at
10 kV and 60 1C within 60min.

Subsequent data processing was performed as
described above for archaeal community analysis.

Statistical analysis
Spearman’s rank correlation was performed to
analyse the relationship between several measured
parameters. The distance-based multivariate
analysis for a linear model using forward selection
(DISTLM forward) was performed to test the
relationships between the bacterial, archaeal and
viral communities and the biotic and abiotic
environmental variability (Anderson et al., 2004).

Linear regression analysis was used to predict the
relationship between viral and bacterial abundance
and the heterotrophic prokaryotic production. Ana-
lysis of variance (ANOVA on rank) was performed to
test possible differences among depth layers and,
when significant differences were observed, post
hoc Dunn’s test was also performed.

Mantel’s test was used to test whether the
differences in biotic and abiotic parameters were
due to geographic distance. Correlation and linear
regression analyses were performed with SigmaPlot
10.00 (Systat Software, Chicago, IL, USA), and
Mantel’s test was performed with Past 1.94a
(Hammer et al., 2001).

Results

Physicochemical variables
The temperature decreased from the surface to the
abyssopelagic waters (Table 1). The salinity varied
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from an average of 35.65±0.35 in the epipelagic
layer to 34.79±0.05 in the abyssopelagic layer
(Table 1). The salinity decreased significantly
between the epipelagic layer and the meso-, bathy-
and abyssopelagic layers (ANOVA on ranks
Po0.001, post hoc Dunn’s tests Po0.05). A pro-
nounced oxygen minimum zone was detectable in
the mesopelagic layers with O2 concentrations as
low as 42.45mmol kg�1 (Table 1). No significant
changes in the physicochemical parameters were
noticeable along a horizontal scale.

Prokaryotic and viral abundance, heterotrophic
production and turnover time
Prokaryotic abundance decreased exponentially
from an average of 2.3� 105 cells per ml in the
epipelagic layer to 0.2� 105 cells per ml in the
bathy- and abyssopelagic realms (ANOVA on ranks
Po0.001, post hoc Dunn’s tests Po0.05) (Tables 1
and 3, Supplementary Figure S1a). Leucine incor-
poration decreased from 7.49pmol Leu l�1 h�1 in the
epipelagic layer to 0.0011 pmol Leu l�1 h�1 in the
abyssopelagic waters, hence by three orders of
magnitude (ANOVA on ranks Po0.001, post hoc
Dunn’s tests Po0.05) (Tables 1 and 3, Supplemen-
tary Figure S1b). Cell-specific leucine incorporation
rates decreased from an average of 4.04� 10�5±
1.65� 10�5 fmol per cell per day in the epipelagic
layer to 7.6� 10�7±3.4� 10�7 fmol per cell per day
in the abyssopelagic realm (Table 1, Supplementary
Figure S1c). Thus, although leucine incorporation
decreased by three orders of magnitude, cell-specific
leu incorporation decreased only by two orders of
magnitude. Heterotrophic prokaryotic turnover time
increased significantly with depth (R2¼ 0.84,
Po0.001) ranging between 38 and 2278 days.

Viral abundance decreased from 5.58� 106 VLP
per ml in the epipelagic layer to 0.23� 106 VLP per
ml at 1000m depth. The average viral abundance in
the bathypelagic layer was not significantly different
(ANOVA on ranks P¼ 0.461) from that of the
abyssopelagic layer, although exhibiting similar
variability in these layers as in the epipelagic waters
(Tables 1 and 3, Supplementary Figure S2a). Over
the entire water column, viral abundance was
significantly related to prokaryotic abundance
(R2¼ 0.78, Po0.0001) and heterotrophic production
(R2¼ 0.65, Po0.0001).

The virus-to-prokaryote abundance ratio increased
linearly from a mean of 9.51±2.63 in the epipelagic
layer to 25.18±4.48 in the abyssopelagic realm
(ANOVA on ranks Po0.001, post hoc Dunn’s
tests Po0.05) (Tables 1 and 3, Supplementary
Figure S2b).

On the basis of their signature of SYBR Green
fluorescence and side scatter in flow cytometry, a
high and a low nucleic acid content prokaryotic
population were distinguishable (Supplementary
Figure S3a). The fraction of the prokaryotic communityT
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with a high nucleic acid content generally increased
with depth from the epipelagic to the abyssopelagic
layer (ANOVA on ranks Po0.001), reaching 79% at
the deepest station (Tables 1 and 3, Supplementary
Figure S3b).

Three different viral populations were distin-
guished on the basis of their fluorescence signal
(Table 1, Supplementary Figure S4a). The high
fluorescence fraction of the viral community ranged
from 6% to 24% of total abundance with generally
higher values in the epipelagic and abyssopelagic
waters. It decreased significantly from the pelagic
layers to the meso- and bathypelagic layers (ANOVA
on ranks Po0.001, post hoc Dunn’s tests Po0.05)
(Tables 1 and 3, Supplementary Figure S4b). The
medium fluorescence fraction comprised on average
79±4% with no significant trend with depth
(Tables 1 and 3, Supplementary Figure S4c). The
low fluorescence population ranged from 3% to
29%, again without a specific depth-related trend
(Tables 1 and 3, Supplementary Figure S4d).

Viral production was determined 10 times in total,
at nine stations and 8 depths (Table 2). Lytic VP
decreased linearly from about 6.8� 105 VLP per ml
per h in the epipelagic layer to 0.18� 105 VLP per ml
per h in the abyssopelagic realm (Tables 2 and 3).
The lysogenic VP showed no clear trend with depth
(Table 2). The total viral turnover time was calcu-
lated as the ratio between viral abundance and total
(lytic plus lysogenic) VP. Total viral turnover time
ranged between 2h and 3 days without any clear
depth-related trend (Table 2).

No significant differences over geographic dis-
tance at specific depths were found for the prokar-
yotic and viral abundance and the heterotrophic
prokaryotic production.

Viral and prokaryotic community composition
The RAPD-PCR pattern of the viral community
revealed in total 24 operational taxonomic units
(OTUs) ranging from 182 to 1157 bp (Figure 2a). The

lowest number of OTUs (4) was found at St. 37 at
470m depth, and the highest (17 OTUs) at St. 7 at
2750m depth. The OTUs 1037 and 686 bp were
detected in all the samples, whereas six OTUs were
detected only once (Figure 2a). Jaccard similarity
analysis of the viral community revealed a bathy-
abyssopelagic cluster (1750–5200m depth), whereas
the mesopelagic viral communities were charac-
terized by generally low similarity (Figure 2b).

The ARISA pattern of the bacterial community
revealed in total 142 OTUs on the ITS level, ranging
from 86 to 761 bp fragments (Figure 3a). The lowest
number of OTUs (23) was detected at St. 35 at 100m
depth, the highest (88) at St. 27 at 5200m depth
(Figure 3a). Only one fragment was detectable in all
the samples (369 bp).

The T-RFLP pattern of the archaeal community
revealed in total 10 OTUs on the 16 s rDNA level,
ranging from 72 to 919 bp fragments (Figure 4a). The
lowest number of OTUs (2) was detected at St. 27 at
5200m depth and the highest (8) at St. 35 at 100m
depth (Figure 4a). Two archaeal OTUs were present
throughout the water column.

For the bacterial communities, the Jaccard simi-
larity cluster analysis of the ARISA fingerprints
revealed two distinct clusters: an epi-, mesopelagic
cluster and a bathy-, abyssopelagic cluster
(Figure 3b). For the archaeal communities, Jaccard
cluster analysis of the T-RFLP pattern indicated a
meso- and upper bathypelagic cluster and a bathy-,
abyssopelagic cluster (Figure 4b). The archaeal
community at 100m and 5200m depth were
distinctly different from all the other samples
(Figure 4b). Overall, the viral, bacterial and archaeal

Table 3 Results of Spearman’s rank correlation coefficient test
performed to determine the variation of the prokaryotic and viral
parameters versus depth

Depth

rs P-value N

PA �0.948 o0.0001 150
PHP �0.910 o0.0001 150
Spec Leu �0.820 o0.0001 150
VLP �0.788 o0.0001 150
VPR 0.876 o0.0001 150
%HNA 0.598 o0.0001 150
VLP% High �0.174 0.003 150
VLP% Medium �0.030 0.716 150
VLP% Low 0.254 0.001 150
LyticVP �0.683 0.036 10
LysogenicVP �0.400 0.264 9

Abbreviations: LyticVP, total Lytic viral production; LysogenicVP,
total lysogenic viral production; N, number of samples; PA,
prokaryotic abundance; PHP, bulk leucine incorporation rate; Spec
Leu, cell-specific leucine incorporation rate; VLP, virus-like particles;
VPR, ratio of viral to prokaryotic abundance; %HNA, percentage of
high nucleic acid prokaryotes; VLP %High, percentage of high
fluorescence viral population; VLP %Medium, percentage of medium
fluorescence viral population; VLP% Low, percentage of low
fluorescence viral population. Relevant (�0.5 4 rs4 0.5), statistically
significant Po0.05.

Table 2 Lytic and lysogenic VP rates, percentage of lysogenic
viral production versus total viral production and viral turnover
time measured at different depths and at different stations during
ARCHIMEDES III in the subtropical Atlantic Ocean

Depth
(m)

Station Lytic VP
(� 105ml�1

h�1)

Lysogenic VP
(�105ml�1

h�1)

%
Lysogenic

VP

Turnover
time (h)

250 St.19 6.871 0.183 3 1.9
450 St.38 0.417 0.248 37 13.3
700 St.34 0.946 0.023 2 7.9
1750 St.22 0.283 ND ND 25.6
2750 St.27 0.085 0.003 3 47.8
2750 St.31 0.04 0.062 61 39.6
2750 St.37 0.398 0.093 19 9.4
4500 St.13 0.04 0.002 6 78
4500 St.18 0.185 0.02 10 21.4
7000 St.23 0.188 0.138 42 13.4

Abbreviations: ND, not detectable; VP, viral production.
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community composition were not significantly
related to any of the environmental variables
measured (DISTLM test, P40.1).

The rank-frequency distribution of OTUs obtained
for the viral community indicated that half of the
OTUs appeared in less than 45% of the samples,
whereas 10 OTUs were present in more than 50% of
the samples (Figure 5). In contrast to the viral
community, rare OTUs were more frequently en-
countered in the bacterial community (Figure 5). A
high contribution (30% of the total number of OTUs)
of unique bacterial OTUs was found in the oxygen
minimum zone and at the deeper layer (20% of the
total OTUs), whereas in the other depth layers the
contribution of unique OTUs was limited to 1–4% of
the total number of OTUs. Half of the bacterial OTUs
were present in less than 22% of the samples and
only 17% of the OTUs were present in more than
50% of the samples (Figure 5). The rank-frequency
distribution of the archaeal community revealed that

half of the OTUs appeared in about 10% of the
samples and only three OTUs (30%) were present in
more than 50% of the samples (Figure 5).

The number of OTUs of archaea and viruses
covaried with depth, decreasing from the subsurface
waters to the upper mesopelagic and remaining
fairly constant until 3000–4000m depth and
decreasing towards greater depths (Figure 6). The
number of bacterial OTUs, however, increased from
3000 to 5200m depth (Figure 6). The number of
archaeal OTUs were positively correlated with the
number of viral OTUs (rs¼ 0.683, P¼ 0.036) and
negatively correlated with the number of bacterial
OTUs (rs¼�0.799, P¼ 0.006), whereas the number
of viral and bacterial OTUs were not significantly
correlated (rs¼�0.620, P¼ 0.067). The number of
bacterial OTUs was negatively correlated with the
archaeal OTUs even when the unique bacterial
OTUs were excluded from the analysis. The 25 most
abundant bacterial OTUs were evenly distributed
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over the depth as well as the total bacterial OTUs
excluding the unique OTUs, with the exception of
the oxygen minimum zone.

Discussion

Prokaryotic and viral abundance
The average viral abundance in the deep (sub)tropi-
cal Atlantic reported in this study was one order of
magnitude lower than in the meso- and bathypelagic
waters further north in the Atlantic (Parada et al.,
2007) but similar to the abundance reported for
the deep subtropical Pacific (Hara et al., 1996).
Although viral and prokaryotic abundance were
related to each other, in agreement with previous
studies from the eastern tropical Atlantic (Winter
et al., 2008), the virus-to-prokaryote ratio increased
from 100m to 7000m depth from B10 to B30
(Table 1, Supplementary Figure S2b). The abun-
dance of the three different viral populations
distinguished by their fluorescence signal decreased
with the depth. In terms of percentage, however, the
medium and low fluorescence did not significantly
change with depth (Table 1, Supplementary Figure
S4). Unexpectedly, the most abundant viral popula-
tion was the medium fluorescence population, in

contrast to studies on coastal waters, which showed a
clear dominance of the low fluorescence population
(Kimmance et al., 2007; Larsen et al., 2001; Marie
et al., 1999; Pan et al., 2007). This suggests a higher
contribution of medium-high nucleic acid content
viruses in open and deep waters than in coastal areas.
The percentage of the high fluorescence viruses
decreased from the epipelagic to the meso- and
bathypelagic layers and increased again in the
abyssopelagic layers (Supplementary Figure S4).

Increasing virus-to-prokaryote ratios with depth
have been reported previously (Hara et al., 1996;
Fuhrman, 2000; Weinbauer, 2004; Magagnini et al.,
2007; Parada et al., 2007). The turnover time of
viruses and their decay time, assuming that viral
abundance is in steady state, was estimated to range
from 11 to 39 days in the bathypelagic North
Atlantic (Parada et al., 2007) compared with 1–2
days in near-surface waters (Noble and Fuhrman,
1998; Winter et al., 2004b). The substantially longer
decay time in deep waters might be one reason for
the less pronounced decrease in the abundance of
viruses than prokaryotes with depth (Table 1,
Supplementary Figures S1a and S2a).

Increasing genome size of prokaryotes with depth,
as found in this study (Table 1, Supplementary
Figure S3b), appears to be a general feature and has
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been reported previously (Allen and Bartlett, 2002;
DeLong et al., 2006; Reinthaler et al., 2006). Lauro
and Bartlett, 2008 showed that bathypelagic prokar-
yotes have generally a high copy number of rRNA

operons per genome and a larger intergenic region.
In addition, a large number of genes involved in the
synthesis of the polyunsaturated fatty acids is found
in deep ocean bacteria (Allen et al., 1999; Allen and
Bartlett, 2002). Taken together, the notion emerges
that deep-water prokaryotes are predominantly
opportunists, presumably well adapted to a parti-
cle-attached life mode (Lauro and Bartlett, 2008;
Aristegui et al., 2009), which might explain the need
for a larger genome size. Hence, the larger genome of
prokaryotes in the deep waters corresponds to the
higher fraction of high fluorescence viruses found in
the abyssopelagic compared with the bathypelagic
waters (Supplementary Figures S3b, Figure S4b).

Viral and heterotrophic prokaryotic production
The total viral turnover time in the meso- to
abyssopelagic waters ranged between 2h and 3 days
without any clear depth-related trend (Table 2). Our
calculated viral turnover time based on total VP is
lower than the measured viral decay times (ranging
between 11 and 39 days) for the North Atlantic
Ocean (Parada et al., 2007). These viral decay times
reported by Parada et al. (2007) were derived from
the decrease in viral abundance in 0.2 mm filtered
seawater over time. It is very likely, however, that
viruses are losing their infectivity before being
undetectable by flow cytometry (Suttle, 2005).
Hence, it is reasonable to assume that the viral
turnover time based on VP is lower than the
estimated viral decay time.

Viral production depends on the abundance of
their hosts, ultimately determining the contact rate
(Murray and Jackson, 1992). Weinbauer et al.
(2003) proposed that the lysogenic cycle could be
an adaptation to low host abundance and activity,
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thus indicating a shift in the viral life strategy from
lysis to lysogeny with increasing depth. The high
percentage of lysogenic VP at some specific stations
in the bathy- and abyssopelagic zones of the Atlantic
corroborates these findings with values of lysogeny
up to 61% of the total VP (Table 2). However, the
lack of a specific trend with depth in lysogenic VP
along with its considerable variability points to
substantial patchiness in the interaction between
viruses and prokaryotes in the bathy- and abysso-
pelagic realms.

Recently, Aristegui et al. (2009) reviewed deep-
water prokaryotic abundance and activity and viral
abundance and concluded that the variability in
these parameters is as high in the deep ocean as in
surface waters despite their decrease in average
abundance by orders of magnitude over this depth
range. In our study, heterotrophic prokaryotic
activity decreased by three orders of magnitude
from the epi- to the abyssopelagic layer and was
generally similar to that reported for the deep waters
of the southern region of the North Atlantic
(Reinthaler et al., 2006). As mentioned above,
heterotrophic prokaryotic activity was strongly
related to viral abundance. This tight relation is
therefore not restricted to coastal and neritic seas
such as the North Sea (Winter et al., 2005) and to
surface waters but appears to hold also for the dark
ocean down to the abyssopelagic layers. This close
relation indicates that deep-water viruses are also
predominantly prokaryophages.

The prokaryotic turnover time increased with
depth from the epi- to the abyssopelagic layer, as
shown in a recent review by Aristegui et al. (2009).
The prokaryotic turnover time is based on the
abundance of prokaryotes, enumerated by flow
cytometry, and might include inactive, non-growing
as well as dividing cells, whereas the viral turnover
time is directly linked to the number of growing
cells. This might, at least partly, explain the
substantially higher (up to three orders of magni-
tude) viral than prokaryotic turnover time found in
these deep waters.

Links between viral and prokaryotic community
composition
Three different methods were used to determine the
bacterial, archaeal and viral community composi-
tion targeting the ITS region, 16S rRNA and viral
double-stranded DNA, respectively. ARISA and
T-RFLP have been proven to be robust methods to
determine the bacterial and archaeal community
composition (Avaniss-Aghajani et al., 1994; Fisher
and Triplett, 1999). RAPD-PCR has only recently
been introduced to assess viral community compo-
sition (Winget and Wommack, 2008) and represents
a substantial improvement over PFGE because of its
higher resolution.

The number of viral OTUs obtained in this study
by RAPD-PCR is, however, substantially higher than

that obtained with PFGE in the deep Atlantic waters
(Parada et al., 2007), within the range reported for
the Chesapeake Bay surface waters using PFGE
(Wommack et al., 1999a). The Jaccard cluster
analysis of the RAPD-PCR pattern showed a clear
stratification of the viral community with depth
(Figure 2b) similar to that obtained for bacteria
(Figure 3b).

Relatively low numbers of archaeal OTUs per
sample (ranging from 2 to 8) were detected by
T-RFLP (Figure 4a). The number of archaeal OTUs
obtained in this study was lower than in previous
studies on the deep tropical East Atlantic (Winter
et al., 2008) and in the deep Eastern Mediterranean
Sea (Moeseneder et al., 2001ab; De Corte et al., 2009).

The Jaccard cluster analysis of the archaeal
communities revealed two main clusters and gen-
erally a much higher similarity between samples
than for bacteria (Figure 4b). In contrast to the
archaeal community, relatively high numbers of
bacterial OTUs were detected by ARISA. The large
number of unique bacterial OTUs obtained on the
ITS level is indicated by the long tail of the rank-
frequency distribution of OTUs (Figure 5). The
higher contribution of unique bacterial OTUs was
found in the oxygen minimum zone and in the
deepest layer sampled than in the other water layers,
suggesting that these two layers might offer eco-
logical niches different from the rest of the water
column. The long tail in the rank-frequency dis-
tribution of bacterial OTUs was not found in the
archaeal and viral community (Figure 5). The
Jaccard cluster analysis of the bacterial community
also indicates a clustering with depth (Figure 3b).
The bacterial community richness, that is, the
number of OTUs, was negatively related to prokar-
yotic abundance due to the high number of OTUs
detected in the bathy- and abyssopelagic zones
where prokaryotic abundance is low.

The viral and bacterial richness exhibited a
contrasting pattern with depth (Figure 6). Although
the richness of the bacterial community increased
from about 3000–5000m depth, the richness of the
viral community decreased over this depth range
(Figure 6). It is well documented that different
fingerprinting techniques differ in their resolution
resulting in different numbers of OTUs as shown for
ARISA and T-RFLP (Danovaro et al., 2006). Our
observed trend in bacterial and viral communities
with depth, however, is most likely independent of
the different resolutions of the methods used
assuming similar extraction and amplification
efficiencies over the depth range of the water
column sampled. Thus, the contrasting richness
patterns between the bacterial and viral commu-
nities together with the lack of a decrease in viral
abundance from the bathy- to abyssopelagic waters
might indicate a wider host range of viruses in these
deep waters than in the near-surface layers.

In summary, our data show a high variability of
prokaryotic and viral abundance and production in
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the bathy- and abyssopelagic zones, suggesting that
the dark ocean is more heterogeneous than com-
monly assumed. Despite the heterogeneity in
prokaryotic and viral abundance and production in
the deep Atlantic, the archaeal, bacterial and viral
community composition are stratified. Although
viral turnover time does not exhibit a trend with
depth in the deep ocean, bulk prokaryotic turnover
time increases linearly with depth. Together with
the increase in the virus-to-prokaryote ratio with
depth, it might indicate that viruses very likely have
a wider host range in the bathy- and abyssopelagic
than in near-surface waters allowing them to infect
the deep-water prokaryotic community character-
ized by low abundance but relatively high richness.
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