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Links between viruses and prokaryotes throughout
the water column along a North Atlantic latitudinal
transect

Daniele De Corte1,2, Eva Sintes3, Taichi Yokokawa1,3,4, Thomas Reinthaler3 and
Gerhard J Herndl1,3
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Viruses are an abundant, diverse and dynamic component of marine ecosystems and have a key role
in the biogeochemical processes of the ocean by controlling prokaryotic and phytoplankton
abundance and diversity. However, most of the studies on virus–prokaryote interactions in marine
environments have been performed in nearshore waters. To assess potential variations in the
relation between viruses and prokaryotes in different oceanographic provinces, we determined viral
and prokaryotic abundance and production throughout the water column along a latitudinal transect
in the North Atlantic. Depth-related trends in prokaryotic and viral abundance (both decreasing by
one order of magnitude from epi- to abyssopelagic waters), and prokaryotic production (decreasing
by three orders of magnitude) were observed along the latitudinal transect. The virus-to-prokaryote
ratio (VPR) increased from B19 in epipelagic to B53 in the bathy- and abyssopelagic waters.
Although the lytic viral production decreased significantly with depth, the lysogenic viral production
did not vary with depth. In bathypelagic waters, pronounced differences in prokaryotic and viral
abundance were found among different oceanic provinces with lower leucine incorporation rates
and higher VPRs in the North Atlantic Gyre province than in the provinces further north and south.
The percentage of lysogeny increased from subpolar regions toward the more oligotrophic lower
latitudes. Based on the observed trends over this latitudinal transect, we conclude that the viral–
host interactions significantly change among different oceanic provinces in response to changes in
the biotic and abiotic variables.
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Introduction

Viruses are abundant, diverse and dynamic compo-
nents in marine ecosystems (Sano et al., 2004; Angly
et al., 2006; Parada et al., 2007; De Corte et al., 2010).
Viral lysis is a key factor in the biogeochemical
cycles as it leads to the release of intracellular
material from the host cells, stimulating dissolved
organic matter cycling (Middelboe and Lyck, 2002;
Middelboe et al., 2003; Middelboe and Jørgensen,
2006). Moreover, viruses control prokaryotic and
phytoplankton mortality and might help main-
taining microbial diversity (Bratbak et al., 1993;

Thingstad and Lignell, 1997; Winter et al., 2005;
Breitbart et al., 2008).

There are two main viral life strategies, the
lysogenic and the lytic cycle (Weinbauer et al.,
2003). The prevalence of one over the other depends
on the environmental conditions. Lysogeny is
considered an adaptation to oligotrophic conditions,
with low host abundance and activity (Weinbauer
and Suttle, 1999; Williamson et al., 2002), while
the lytic cycle is considered to be dominant in
highly productive regions (Weinbauer et al., 2003).
Changing trophic conditions lead to changes in
the prokaryotic community composition and
consequently, to altered virus–host interactions
(Weinbauer et al., 1993).

Several studies have examined the prokaryotic
(Bacteria and Archaea) abundance and diversity
along large-scale oceanographic gradients (Pommier
et al., 2007; Varela et al., 2008; Schattenhofer et al.,
2009). In contrast, very little information is available
on global patterns of viral abundance across different
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oceanic regions. Also, the biogeographic distribution
of viral diversity is largely unknown. Until now, only
one study, using a metagenomic approach, investi-
gated the viral diversity over different oceanic
provinces (Angly et al., 2006). This study revealed
a high global viral diversity with consistent differ-
ences among different latitudes (Angly et al., 2006).

Although several variables might influence the
distribution of viruses on the micro- to large-scale,
the availability of suitable hosts is ultimately the
crucial factor controlling viral proliferation. Thus,
the variability within viral communities should be
highly related to changes in host metabolic abun-
dance, activity and diversity. All of these prokar-
yotic parameters, in turn, depend on abiotic and
biotic variables such as nutrient availability and
grazing pressure (Middelboe, 2000).

The aim of this study was to investigate the main
factors controlling viral abundance, production and
the distribution of different viral sub-populations, as
revealed by flow cytometry, along a latitudinal
transect over four North Atlantic oceanic provinces
throughout the entire water column ranging from the
epi- to the abyssopelagic layers. The virus–prokar-
yote interactions, the viral life strategies and the host
specificity of viruses might be fundamentally differ-
ent between different oceanographic provinces and
depth layers as are the overall trophic conditions. We
used the distance-based multivariate analysis for a
linear model using forward selection (DISTLM
forward) to identify the best set of environmental
parameters explaining the variations in viral abun-
dance, production and contribution of different viral
sub-populations to the viral communities in four
oceanic provinces of the North Atlantic.

Materials and methods

Study area and sampling
Water samples were obtained from 24 depth
layers at 33 stations during the research cruises
GEOTRACES-1 and -2 (April–July 2010) in the
North Atlantic with R/V Pelagia (Figure 1) from five
different pelagic zones: upper epipelagic (10–75 m),
lower epipelagic (75–200 m), mesopelagic (200–
1000 m), upper bathypelagic (1000–2500 m), subse-
quently termed bathypelagic, and the layer between
2500 and 6000 m (thus, lower bathypelagic plus
abyssopelagic) indicated below by the term ‘abysso-
pelagic’ for the sake of clarity. The samples were
collected in four different oceanic provinces based
on the classification scheme of ecological regions in
the ocean (Longhurst, 1998). Samples were taken in
the North Atlantic Arctic province (ARCT; 701N–
551N), the North Atlantic Drift province (NADR;
551N–401N), the North Atlantic Gyral province
(NAG) comprising the North Atlantic Tropical and
Subtropical Gyral province (401N–121N), and the
Western Tropical Atlantic (WTRA; 121N–121S) pro-
vince (Figure 1). Sampling was performed with a

CTD (conductivity-temperature-depth; Seabird, Bel-
levue, WA, USA) rosette sampler equipped with 24
25-l Niskin bottles and sensors for chlorophyll
fluorescence, turbidity, photosynthetic active radia-
tion and oxygen. The apparent oxygen utilization
was calculated in Ocean Data View (ODV version
4.3.7, Schlitzer, 2002) as the difference between the
O2 saturation at a given temperature and salinity and
the actual O2 concentration measured at this station
and depth (Pytkowicz, 1971).

Prokaryotic and viral abundance
Samples for prokaryotic and viral abundance were
collected at all the 33 stations and at all 24 depth
layers at each station. Flow cytometric enumeration
of viruses and prokaryotes was used as a fast and
reliable method resulting in similar viral and
prokaryotic abundances as determined by epifluor-
escence microscopy (Del Giorgio et al., 1996; Marie
et al., 1999; Brussaard, 2004).

The prokaryotic abundance was determined using
standard procedures (Del Giorgio et al., 1996;
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Figure 1 Cruise track and sampling stations (indicated by dots)
occupied during the GEOTRACES research expeditions-1 and -2
between April and July 2010. ARCT (701N–551N), NADR (551N–
401N), NAG (401N–121N), WTRA (121N–121S). Bold horizontal
lines denote borders between oceanic provinces following the
description given in Longhurst (1998).
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Brussaard, 2004) with modification. Briefly, 2 ml
samples were fixed with glutaraldehyde (0.5% final
concentration), shock-frozen in liquid N2 and kept
at �80 1C until analysis. Samples were thawed to
room temperature and 0.5 ml subsamples stained
with SYBR Green I (Molecular Probes, Invitrogen,
Carlsbad, CA, USA) in the dark for 10 min. The
prokaryotes were enumerated on a FACSAria II flow
cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA) by their signature in a plot of green fluores-
cence versus side scatter.

Viral abundance was measured by flow cytometry
after SYBR Green I staining (Brussaard, 2004).
Briefly, 2 ml samples were fixed with glutaraldehyde
(0.5% final concentration), held at 4 1C for 10–30 min,
frozen in liquid N2 and subsequently, stored
at �80 1C until analysis. Before analysis, samples
were thawed and 0.5 ml subsamples 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 10 min. Viruses were enumerated
on a FACSAria II flow cytometer (Becton Dickinson)
as described above for prokaryotic abundance.

Depending on their respective signature in the
cytogram of green fluorescence versus side scatter,
two different prokaryotic populations (high and low
nucleic acid content prokaryotes) and three different
viral populations (high-, medium- and low-fluores-
cence viruses) were discriminated (Supplementary
Figure S1).

Leucine incorporation into heterotrophic prokaryotes
as a measure of prokaryotic production
Samples to measure leucine incorporation into
heterotrophic prokaryotes were collected at 27
stations at seven selected depths distributed over
the five oceanic provinces described above. Addi-
tionally, leucine incorporation rates were deter-
mined at all the sampled 24 depth layers at five
stations (Sts 5, 8, 14, 20 and 33). Triplicate
subsamples (1.5 ml) and one trichloroacetic acid
(TCA) killed blank were dispensed into screw-
capped centrifuge vials (Scientific System Inc.,
VWR, Radnor, PA, USA, 2.0 ml screw tube),
amended with 5 nmol l�1 (final concentration) of
[3H]-leucine (product #: ART 0840, American Radi-
olabeled Chemicals Inc., St Louis, MO, USA) and
incubated at in situ temperature (±1 1C) in the dark
for 1 h (samples from 0 to 200 m depth) or for 24 h
(samples from 250 to 6000 m) following the protocol
of Smith and Azam (1992). A concentration of
5 nmol l�1 final concentration of [3H]-leucine addi-
tions resulted in heterotrophic prokaryotic produc-
tion estimates not significantly different from
10 nmol l�1 [3H]-leucine additions hence, 5 nmol l�1

[3H]-leucine additions were considered as saturating
concentrations for prokaryotic production measure-
ments (data not shown). The incubations were
terminated by adding TCA (final concentration
5%). Thereafter, the samples were centrifuged at

18 000 g for 10 min and the supernatant siphoned off.
The pellet was resuspended in TCA (5%), centri-
fuged again for 10 min and the TCA discarded and
finally, an ethanol rinse (80%, ice-cold) was applied.
One ml of Ultima-GOLD (Perkin Elmer, Waltham,
MA, USA) scintillation cocktail was added to the
pellet after siphoning off the ethanol. The radio-
activity was measured in a liquid scintillation
counter (Tri-Carb 3100TR, Perkin Elmer). Quenching
was corrected using an external standard channel
ratio. The disintegrations per minute of the TCA-
killed blank were subtracted from the average
disintegrations per minute of the samples, and the
resulting disintegrations per minute converted to
leucine incorporation rates. The cell-specific leucine
incorporation rate was calculated by dividing the
bulk leucine incorporation rates by the prokaryotic
abundance (Kirchman, 2002).

Viral production
Viral (lytic and lysogenic) production was measured
by the dilution approach (Wilhelm et al., 2002)
covering the different oceanic provinces and depth
layers (Table 1). Lytic and lysogenic viral produc-
tions (VPs) were determined at 18 samples originat-
ing from eight stations. Per sample, 50 ml of the
prokaryotic concentrate obtained by 0.2mm tangen-
tial-flow filtration (Vivascience, Sartorius Stedim
Biotech, Aubagne Cedex, France) was added to
450 ml 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. The experiments were
performed in triplicate at in situ temperature in the
dark with and without the addition of mitomycin C
(final concentration 1mg ml�1; SIGMA, St Louis, MO,
USA) (Ortmann et al., 2002). Mitomycin C was
added to induce the lytic cycle of lysogenic viruses.
Subsamples were taken to enumerate prokaryotes
and viruses at 4- to 6-h intervals over a time span of
72 h. 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).

The lytic VP was obtained from incubations
without mitomycin C added. Lysogenic VP repre-
sents the difference between the VP obtained in the
mitomycin C-treated samples and the VP in the
treatments without mitomycin C.

Estimation of other variables measured during the VP
experiments
Net prokaryotic production (NPP) was determined
from the changes in cell abundance over the
sampling period using the formula:

NPP ¼ P1 � P0

T1 � T0

� �
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where P1 and P0¼prokaryotic abundance at the end
and the beginning of the experiment, respectively,
T1�T0¼ time difference in days between the end
and the beginning of the experiment, that is, the
duration of the experiment (Ortmann et al., 2002).

Prokaryotic turnover time (PTT) was calculated
using the formula from Parada et al. (2008):

PTT ¼ 1

NPP
P0

� �

Viral turnover time (VTT) was calculated using the
formula:

VTT ¼ 1

VP
V0

� �

where VP is the VP and V0 is the viral abundance at
the beginning of the experiment (Parada et al., 2008;
De Corte et al., 2010).

Statistical analysis
Spearman rank correlation was performed to ana-
lyze the relations between several measured para-
meters. Regression analysis was used to predict the
relationship between the log transformed viral and
prokaryotic abundance and production versus tem-
perature and depth (independent variables). Ana-
lysis of variance (ANOVA on rank) was performed to
test possible differences among depth layers and, if
significant differences were observed, the post hoc
Dunn’s test was also performed.

The distance-based multivariate analysis for a
linear model using forward selection (DISTLM for-
ward) was applied to test the relationships between
viral abundance and biotic and abiotic environ-
mental parameters (Anderson et al., 2004).

Results

Physical and chemical variables of the water column
The physical characteristics and the apparent
oxygen utilization of the different depth layers of
the oceanic provinces sampled are given in Supple-
mentary Table S1. Temperature significantly de-
creased over the entire transect from the epipelagic
(mean±s.d.: 20.2±8.2 1C) to the abyssopelagic layer
(2.2±0.2 1C; ANOVA on rank, Po0.001, post hoc
Dunno’s test, Po0.05). The highest temperature in
the epipelagic layers was measured in the WTRA
(28.3±0.7 1C) followed by the NAG (24.2±4.1 1C),
NADR (11.8±3.6 1C) and ARCT (5.7±0.7 1C). The
highest temperature in the lower epi- and mesope-
lagic waters was found in the NAG (20.9±3.2 1C).
The temperature in the bathy- and abyssopelagic
layers did not reveal pronounced latitudinal varia-
tions, albeit in the ARCT, the temperature was
slightly lower than in the other provinces (Supple-
mentary Table S1).

The salinity significantly decreased from the
lower epi- to the abyssopelagic layers in all theT
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provinces (ANOVA on rank Po0.001, post hoc
Dunno’s test Po0.05). The lowest salinity was found
in the ARCT province whereas the highest salinity
was found in the NAG zone (Supplementary Table
S1). Salinity was not significantly different in the
bathy- and abyssopelagic layer over the latitudinal
transect (Supplementary Table S1).

The apparent oxygen utilization significantly
decreased in the upper epipelagic layer from
the ARCT (43.49±4.38 mmol O2 kg�1) to the
WTRA (21.44±3.61 mmol O2 kg�1; ANOVA on rank,
Po0.001, post hoc Dunno’s test, Po0.05). Moreover,
the apparent oxygen utilization significantly in-
creased with depth from the epi- to the meso- (NADR,
WTRA) or bathypelagic layers (ARCT, NAG) (ANOVA
on rank, Po0.001) (Supplementary Table S1).

Prokaryotic and viral abundance
The prokaryotic abundance significantly decreased
with depth from an average over all the stations
of 2.5±1.1� 105 cells ml�1 in the epipelagic waters
to 0.1±0.05� 105 cells ml�1 in the abyssopelagic
waters (ANOVA on rank, Po0.001, post hoc
Dunno’s test, Po0.05) (Supplementary Table S2,
Figure 2a). Regardless of the depth horizon, highest
prokaryotic abundance was found in the ARCT,
while the lowest abundance was found in the NAG
and WTRA (Figure 2a). Prokaryotic abundance was
negatively related to depth (linear regression
r2¼ 0.80, Po0.001) and positively related to tem-
perature (linear regression r2¼ 0.52, Po0.001), viral
abundance (Spearman’s rank correlation, r2¼ 0.90,
Po0.001) and prokaryotic heterotrophic production

(Spearman’s rank correlation, r2¼ 0.92, Po0.001)
(Figures 3a, b, 4a and b).

The abundance of viruses significantly decreased
with depth from an average over all the stations of
4.48±2.38� 106 viruses ml�1 and 0.58±0.23� 106

viruses ml�1 in the epi- and abyssopelagic waters,
respectively (Supplementary Table S2) (ANOVA on
rank, Po0.001). The viral abundance did not change
significantly between the bathy- and the abyssope-
lagic waters (ANOVA on rank, P¼ 0.460). Generally,
viral abundance was negatively related with depth
(linear regression r2¼ 0.71, Po0.001) and positively
correlated with temperature (linear regression
r2¼ 0.51, Po0.001), prokaryotic abundance (Spear-
man’s rank correlation, r2¼ 0.90, Po0.001) and
heterotrophic production (Spearman’s rank correla-
tion, r2¼ 0.86, Po0.001) (Figures 3a, b, 4a and b). In
the epipelagic layer, highest viral abundance was
found in the WTRA whereas the lowest abundance
was measured in the ARCT (ANOVA on rank,
Po0.001, post hoc Dunno’s test, Po0.05). In the
meso, bathy- and abyssopelagic layers, the viral
abundance decreased from the ARCT to the WTRA
(ANOVA on rank, Po0.001).

High and low nucleic acid content prokaryotic
populations were distinguished based on their
signature of SYBR Green fluorescence versus side
scatter, as determined by flow cytometry (Supple-
mentary Figure S1a). The fraction of the prokaryotic
community with high nucleic acid content did not
show any significant trend neither with depth nor
with latitude (Supplementary Table S2).

Three different viral populations were distin-
guished based on their fluorescence signal determined

O
ce

an
 D

at
a 

V
ie

w

0

1

2

3

4

5

6

7

60˚N 50˚N 40˚N 30˚N 20˚N 10˚N
6000

4000

2000

0

D
ep

th
 (

m
)

NADR NAG

0

20

40

60

80

100

120

60˚N 50˚N 40˚N 30˚N 20˚N 10˚N
6000

4000

2000

0

O
ce

an
 D

at
a 

V
ie

w

O
ce

an
 D

at
a 

V
ie

w

0.01

0.1

1

10

100

1000

10000

60˚N 50˚N 40˚N 30˚N 20˚N 10˚N

6000

4000

2000

0

D
ep

th
 (

m
)

0.1

1

10

100

1000

60˚N 50˚N 40˚N 30˚N 20˚N 10˚N

6000

4000

2000

0

O
ce

an
 D

at
a 

V
ie

w

D
ep

th
 (

m
)

D
ep

th
 (

m
)

Prokaryotic abundance (x 105 mL-1)

Spec leu (x10-5 fmol cell-1 d-1)Leucine incorporation rate (pmol leu L-1d-1)

VPR

WTRAARCT

NADR NAG WTRAARCT

NADR NAG WTRAARCT

NADR NAG WTRAARCT

0.10

0.10

0.10

0.15

0.15

0.25 0.300.40
0.50

0.
60

0.60

0.80
0.901.002.03.00 10 15

15

20

20 25

25

25

30

30

40

45

45

45

45
50 50

55

55

55

55

55
55

60

65

70

75

80
85

90

0.
10

0.
10

0.
10 0.17 0.310.56 1.00

1.77

3.
16

5.62
10.00

10.00
17.78

31.6256.23 56.23

1

1.
25

1.77

1.77

3.62
5.62

5.6210.00 10.0017.78
31.62 31.62

Figure 2 Biotic parameters measured along the North Atlantic latitudinal transect in the epi- meso-, bathy- and abyssopelagic layers:
(a) prokaryotic abundance, (b) VPR, (c) heterotrophic prokaryotic production measured via leucine incorporation and (d) cell-specific
leucine incorporation rate. Broken vertical lines denote borders between oceanic provinces following the description given in Longhurst
(1998). For abbreviations of the oceanic provinces see Figure 1.

Viruses and prokaryotes along a latitudinal transect
D De Corte et al

1570

The ISME Journal



Abundance (N mL-1)
103 104 105 106 107 108

T
em

p 
(°

C
)

1

10

T
em

p 
(°

C
)

1

10

Abundance (N mL-1)
103 104 105 106 107 108

D
ep

th
 (

m
)

1

10

100

1000

10000

Leucine incorporation (pmol leu L-1 d-1)

D
ep

th
 (

m
)

1

10

100

1000

10000

PA (r2 =0.80, P<0.001)
Viruses (r2=0.71, P<0.001)

PA (r2 =0.52, P<0.001)
Viruses (r2=0.51, P<0.001)

r2=0.83, P<0.001 r2=0.53, P<0.001

Leucine incorporation  (pmol leu L-1 d-1)

0.01 0.1 101 100 1000 10000 0.01 0.1 101 100 1000 10000

Figure 3 Relation between prokaryotic abundance (PA) and viruses versus (a) depth and (b) temperature, leucine incorporation versus
(c) depth and (d) temperature.

Prokaryotic abundance (cells mL-1)

103 104 105 106
105

106

107

108

Epipelagic
Mesopelagic
Bathypelagic
Abyssopelagic

103

104

105

106

105

106

107

V
ira

l a
bu

nd
an

ce
 (

m
L-1

)

V
ira

l a
bu

nd
an

ce
 (

m
L-1

)

P
ro

ka
ry

ot
ic

 a
bu

nd
an

ce
 (

ce
lls

 m
L-1

)

Leucine incorporation (pmol leu L-1 d-1)

Leucine incorporation (pmol leu L-1 d-1)

0.01 0.1 1 10 100 1000 10000

0.01 0.1 1 10 100 1000 10000

Figure 4 Relation between viral abundance versus (a) prokaryotic abundance and (b) leucine incorporation rate and (c) relation between
prokaryotic abundance (PA) versus leucine incorporation rate.

Viruses and prokaryotes along a latitudinal transect
D De Corte et al

1571

The ISME Journal



by flow cytometry (Supplementary Figure S1b). The
abundance of the three viral populations decreased
with depth (ANOVA on rank, Po0.001). However,
only the percentage of the high-fluorescence viral
population correlated with depth (Spearman’s rank
correlation coefficient rs¼�0.531, Po0.001), ran-
ging, on average, from 22% in the epipelagic waters
to 8% of the total viral abundance in the abyssope-
lagic zone (Supplementary Table S2). The medium-
fluorescence population comprised, on average,
70% of total viral abundance without any significant
trend with depth. The low-fluorescence viral popu-
lation showed the highest variability among the
three viral populations ranging, on average, from
10% to 27%, again without a specific depth-related
trend (Supplementary Table S2). No significant
latitudinal differences over specific depth horizons
were found for the three viral populations.

The virus-to-prokaryote ratio (VPR) significantly
increased with depth from an average over all the
stations of 19.2±8.3 in the epipelagic layer to
59.1±18.7 (ANOVA on rank, Po0.001) in the
abyssopelagic layer (Supplementary Table S2,
Figure 2b). Although the VPR was positively related
with depth (linear regression r2¼ 0.50, Po0.001), it
was negatively correlated with the prokaryotic pro-
duction (Spearman’s rank correlation coefficient,
rs¼�0.75, Po0.001). In the bathypelagic and abysso-
pelagic waters of the NAG, the VPR was significantly
higher than in the ARCT and WTRA provinces
(ANOVA on ranks, Po0.001, post hoc Dunno’s test,
Po0.05) (Supplementary Table S2, Figure 2b).

Leucine incorporation as a proxy of heterotrophic
prokaryotic production
Leucine incorporation into heterotrophic prokar-
yotes exponentially decreased from the surface to
abyssopelagic waters by three orders of magnitude
from an average over the entire transect of
227.4±268.1 to 0.17±0.09 pmol leu l�1 day�1 (Supple-
mentary Table S2, Figures 2c and 3c). Significant
differences in leucine incorporation were also found
between the bathy- and abyssopelagic layer (ANOVA
on ranks, Po0.001, post hoc Dunno’s test, Po0.05).
Leucine incorporation was positively related with
temperature (linear regression, r2¼ 0.53, Po0.001),
and viral and prokaryotic abundance (Figures 3d, 4b
and c). In the bathy- and abyssopelagic waters of the
NAG, leucine incorporation was significantly lower
(ANOVA on ranks, Po0.001, post hoc Dunno’s test,
Po0.05) than in the bathy- and abyssopelagic waters
of the ARCT, NADR and WTRA regions (Supplemen-
tary Table S2, Figure 2c).

Cell-specific leucine incorporation decreased
with depth from an average over all the stations of
85.2±95.5� 10�5 fmol leu cell�1 day�1 to 1.6±0.7�
10�5 fmol leu cell�1 day�1. The highest cell-specific
activity was found in the NADR province in the epi-
and mesopelagic layers whereas in the bathypelagic
zone, the highest cell-specific leucine incorporation

was detected in the ARCT region (Supplementary
Table S2, Figure 2d). In the bathy- and abyssopelagic
waters of the NAG, cell-specific leucine incorpora-
tion rates were lower than in the ARCT province
(ANOVA on ranks, P¼ 0.002, post hoc Dunno’s test,
Po0.05) (Figure 2d).

Viral production
Lytic VP decreased by one order of magnitude
from 29.3� 105 ml�1 day�1 in the epipelagic layers
to 0.5� 105 ml�1 day�1 in the bathypelagic realm
(Table 1, Figure 5) without differences among the
oceanographic provinces. Although the relative con-
tribution of the three viral populations (distinguished
by flow cytometry) to the total VP did not change
with depth, their contribution changed with latitude
(Table 1). The contribution of the high- and medium-
fluorescence viral population to total lytic VP was
positively correlated with latitude and therefore,
increased from the WTRA to the ARCT (Spearman
rank’s coefficient rs¼ 0.47, P¼ 0.049 and rs¼ 0.60,
P¼ 0.008, respectively). In contrast, the contribution
of the low-fluorescence viral population to total lytic
VP was negatively correlated with latitude (Spear-
man rank’s coefficient rs¼�0.60, P¼ 0.007) hence,
decreased from the WTRA to the ARCT (Table 1).

The lysogenic VP ranged between 38.3� 105 and
0.6� 105 ml�1 day�1, contributing between 17% and
95% (on average 68±26%) to total VP (Table 1).
Generally, the contribution of lysogeny to total VP
was negatively related to latitude (Spearman rank’s
coefficient rs¼�0.71, P¼ 0.01), however, no depth-
related trends were discernable.

Other prokaryotic variables derived from VP
experiments
The NPP (production in the presence of viral lysis)
was negatively related to latitude (Spearman rank’s
coefficient rs¼�0.88, Po0.01; Table 1) and positively
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related to temperature (Spearman rank’s coefficient
rs¼ 0.77, P¼ 0.001; Table 1).

The PTT (Table 1) calculated from the NPP
measured during the dilution experiments was
negatively correlated with temperature and posi-
tively with latitude (Spearman rank’s coefficient
rs¼�0.58, P¼ 0.02, rs¼ 0.86, Po0.01, respectively;
Table 1). Also the PTT based on leucine incorpora-
tion rates significantly varied with latitude in the
epi- (upper and lower) and mesopelagic layers
(Spearman rank’s coefficient rs¼�0.45, Po0.01;
rs¼�0.59, Po0.02; rs¼�0.46, Po0.01, respectively;
data not shown) and for the whole data set with
temperature (Spearman rank’s coefficient rs¼�0.63,
Po0.01; data not shown). Although the two esti-
mates of the PTT showed similar trends with
latitude and temperature, the PTT based on the
leucine incorporation rate was at least one order of
magnitude higher in the NADR and two orders of
magnitude higher in the NAG and WTR provinces
than the PTT estimated from the increase in cell
abundances in the dilution experiments.

The prokaryotic (calculated from the NPP) and
VTTs were similar in the NADR, whereas in the
NAG and WTRA, the PTT was one order of
magnitude lower than the VTT (Table 1). The VTT
ranged between 1 and 18 days and was significantly
correlated with depth (Spearman rank’s coefficient
rs¼ 0.48, P¼ 0.044).

Relationships between viral and environmental
parameters
The multivariate multiple regression analysis was
used to select the best predictor variables explaining
the variability of the viral abundance between the
different depth layers (Table 2) and between the
oceanographic provinces (Table 3).

Considering the whole data set (all depth layers
and all stations), the variability of viral abundance

was mainly explained by prokaryotic abundance,
temperature and latitude, which together accounted
for 73% of the total variation (Table 2). The
prokaryotic abundance accounted for 46% of the
variation in viral abundance, while temperature and
latitude accounted for 15% and 11%, respectively
(Table 2). The variables explaining most of the
variability in viral abundance in the epipelagic zone
of the whole transect were prokaryotic production,
latitude and temperature, together explaining 56% of
the variation in viral abundance, although the
contribution of latitude was low (r2¼ 0.05; P¼ 0.04)
(Table 2). In the mesopelagic layer, the main predictor
parameters for the variability in viral abundance over
the latitudinal transect were prokaryotic abundance,
temperature, latitude and the % high nucleic acid
containing prokaryotes (cumulative r2¼ 0.62), with
prokaryotic abundance and latitude explaining 52%
of the variability in viral abundance. Latitude and
temperature explained 47% and 88% of the varia-
tions in viral abundance in the bathy- and abyssope-
lagic realm, respectively (Table 2).

Potential differences among the oceanic provinces
in the parameters explaining the variation in viral
abundance were investigated using data collected
throughout the water column (Table 3). The prokar-
yotic abundance accounted for 69%, 68% and 13%
of the variation in viral abundance in the water
column of the ARCT, NADR and WTRA, respec-
tively. Temperature accounted for 12%, 73% and
92% of the variation in viral abundance in the
ARCT, NAG and WTRA, respectively (Table 3).
Surprisingly, heterotrophic prokaryotic production
(estimated via leucine incorporation) explained only
3% and 1% of the variation in viral abundance
throughout the water column in the NADR and NAG
and depth and the % high nucleic acid only 6% and
2%, respectively, in the NADR (Table 3). Although
the contribution of prokaryotic abundance explain-
ing the variation in viral abundance decreased from

Table 2 Results of the multivariate multiple regression analysis with forward selection (DISTML forward) to explain the variability in
viral abundance throughout the water column (total) and in specific depth layers

Depth layer Selected variables Pseudo-F P r2 Cumulative

Total (n¼256) Prokaryotic abundance 217.2 0.001 0.46 0.46
Temperature 103.1 0.001 0.15 0.61
Latitude 106.2 0.001 0.11 0.73

EPI (n¼ 53) Prokaryotic production 27.2 0.001 0.35 0.35
Temperature 17.1 0.001 0.15 0.50
Latitude 4.4 0.043 0.05 0.56

MESO (n¼83) Prokaryotic abundance 50.8 0.001 0.39 0.39
Latitude 24.5 0.001 0.13 0.52
Temperature 11.2 0.003 0.08 0.60
%HNA 3.6 0.049 0.02 0.62

BATHY (n¼ 102) Latitude 73.91 0.001 0.43 0.43
Temperature 7.45 0.012 0.04 0.47

ABYSSO (n¼18) Latitude 71.73 0.001 0.82 0.82
Temperature 7.47 0.019 0.06 0.88

Abbreviations: ABYSSO, abyssopelagic; BATHY, bathypelagic; EPI, epipelagic; HNA, high nucleic acid; MESO, mesopelagic; n, number of
samples.
The response variable was log transformed and the resulting data converted into Euclidian distance similarities matrices. The Pseudo-F and the
P-values were obtained by permutation (n¼ 999).
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the ARCT to the WTRA, the contribution of the
temperature increased from the ARCT to the WTRA
(Table 3).

The variability in lytic VP was mainly explained
by depth and viral abundance (DISTML test,
cumulative r2¼ 0.82), with depth alone explaining
72% of the variation (data not shown).

Discussion

Latitudinal trends in prokaryotic abundance and
production
Overall, the prokaryotic abundance was higher in
the ARCT than in the other oceanographic pro-
vinces, particularly in the bathypelagic waters
(Figure 2a, Supplementary Table S2). In this deep-
water layer, prokaryotic abundance decreased from
the ARCT toward the NAG and WTRA (Figure 2a),
reflecting the distribution pattern of phytoplankton
productivity in these Atlantic provinces (Sathyen-
dranath et al., 1995). Similarly to the prokaryotic
abundance, the highest heterotrophic prokaryotic
production (measured as leucine incorporation) was
found in the ARCT and NADR (Supplementary
Table S2). The rates and ranges of leucine incorpora-
tion determined for the epipelagic layer in this study
are in the range of values reported by other North
Atlantic studies (Reinthaler et al., 2006). Thus, the
variability of the heterotrophic prokaryotic activity
in the epipelagic layer reported here (Supplemen-
tary Table S2) results from the large biogeographic
area covered in this study extending over four
oceanographic provinces, all exhibiting specificities
in primary production and trophic conditions.
Remarkably, there was a pronounced minimum in
leucine incorporation detectable in the NAG below
about 2000 m depth (Figure 2c). The NAG province
is generally characterized by low primary produc-
tion in the surface waters and low export flux
(Sathyendranath et al., 1995). This low supply of
particulate organic matter sedimenting into the deep
waters of the NAG apparently provokes the lower
prokaryotic abundance and leucine incorporation in

the bathy- and abyssopelagic waters in the NAG
than at the same depth layers outside the NAG
further north and south (Figures 2a and c). This
supports the notion that bathy- and abyssopelagic
prokaryotic heterotrophic activity mainly depends
on sedimenting particulate organic matter supply
(Nagata et al., 2000; Baltar et al., 2009) and hence,
surface water primary production.

Cell-specific leucine incorporation followed a
similar trend as bulk leucine uptake with pro-
nounced differences among the oceanographic pro-
vinces particularly in the dark realm of the ocean
(Figure 2d). Cell-specific leucine incorporation
exponentially decreased with depth by two orders
of magnitude with lowest cell-specific activity in the
NAG (Figure 2d). A similar increase in deep-water
leucine incorporation from the NAG to the WTRA as
reported here for the western basin of the North
Atlantic has also been shown for the eastern basin of
the Atlantic (Baltar et al., 2009). Taken together, the
overall prokaryotic activity in the bathy- and
abyssopelagic waters appears to be related to the
sedimenting particle flux, which, in turn, is related
to the overall phytoplankton productivity. The cell-
specific leucine incorporation rates measured in the
ARCT, NAG and WTRA reported here are compar-
able to previously reported rates from these regions
of the eastern basin of the Atlantic (Reinthaler et al.,
2006; De Corte et al., 2010).

Latitudinal trends of viral abundance and production
Generally, the viral abundance was comparable to
previous studies conducted in the subtropical
Atlantic and Pacific Ocean (Hara et al., 1996;
De Corte et al., 2010), but it was one order of
magnitude lower than the abundance determined in
the eastern basin of the North Atlantic (Parada et al.,
2007) using essentially the same enumeration pro-
tocol. The VPR increased with depth from B19 in
the euphotic layer to B59 in the bathy- and
abyssopelagic waters (Supplementary Table S2,
Figure 2b) because of the lower decrease in viral

Table 3 Results of the multivariate multiple regression analysis with forward selection (DISTML forward) to explain the variability in
viral abundance in different geographic regions

Provinces Selected variables Pseudo-F P r2 Cumulative

ARCT (n¼20) Prokaryotic abundance 40.6 0.001 0.69 0.69
Temperature 11.5 0.003 0.12 0.82

NADR (n¼ 61) Prokaryotic abundance 126.8 0.001 0.68 0.68
Depth 14.7 0.001 0.06 0.75
Prokaryotic production 7.9 0.011 0.03 0.78
%HNA 4.2 0.040 0.02 0.79

NAG (n¼116) Temperature 307.3 0.001 0.73 0.73
Prokaryotic abundance 102.7 0.001 0.13 0.86
Prokaryotic production 3.8 0.046 0.01 0.87

WTRA (n¼55) Temperature 575.84 0.001 0.92 0.92

Abbreviations: ARCT, North Atlantic Arctic province; HNA, high nucleic acid; NADR, North Atlantic Drift province; NAG, North Atlantic Gyral
province; n, number of samples; WTRA, Western Tropical Atlantic.
The response variable was log transformed and the resulting data converted in Euclidian distance similarities matrices. The Pseudo-F and the p
value were obtained by permutation (n¼ 999). For physical and chemical characteristics of the oceanic provinces see Supplementary Table S1.
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abundance with depth as compared with that of
prokaryotes. A similar increase in the VPR with
depth has been previously described for the eastern
basin of the Atlantic (Parada et al., 2007; De Corte
et al., 2010) and the Mediterranean Sea (Magagnini
et al., 2007).

On a latitudinal scale, the VPR increased in all the
depth layers from the ARCT toward the WTRA
(Figure 2b). Consequently, the VPR was negatively
related to the leucine incorporation rates. With the
current knowledge on the ecology of viruses, we
cannot fully explain the relatively high abundance
of viruses compared with that of prokaryotes in the
deep ocean as indicated by the high VPR in the
bathypelagic waters reported here and elsewhere
(Parada et al., 2007; De Corte et al., 2010). A possible
explanation of the high VPR at depth is the longer
survival time of phages (that is, lower decay rates) in
the deep waters than in the sunlit surface waters
where phages remain infective for 1–2 days
(Wilhelm et al., 1998). Our findings of increasing
VTT with depth (Table 1) together with previously
reported VTT in the deep waters of the eastern basin
of the North Atlantic of about 40 days (Parada et al.,
2007) further support the longer survival time of
viruses in deep waters to sustain their relatively
higher abundance. Furthermore, the lack of a
relation between viral and prokaryotic abundance
in the bathy- and abyssopelagic layers (Table 2)
might be caused by the allochthonous input of
viruses attached to sinking particles derived from
surface waters (Parada et al., 2007). Phages em-
bedded in particles might exhibit lower decay rates
and consequently longer survival times than free-
living viruses (Kapuscinski and Mitchell, 1980). A
predominately non-random distribution of deep-
water microbes including viruses might therefore
also explain the high VPR in deep waters. Indeed,
there is genomic evidence that deep-water bacteria
have more genes indicative of a particle-attached life
mode than surface water bacteria (DeLong et al.,
2006). Riemann and Grossart (2008) determined a
high phage production from particle-associated
prokaryotes using a model system, supporting our
hypothesis that a predominately particle-attached
life strategy might sustain a high abundance of
viruses in the deep ocean. This assumed predomi-
nant particle-attached life style in deep waters is
also in agreement with remarkably stable concentra-
tions of suspended, buoyant particles throughout
the water column in the open ocean (Baltar et al.,
2009; Bochdansky et al., 2010).

The most abundant viral population was the
medium-fluorescence population (Supplementary
Table S2). This is in agreement with a study
conducted in the subtropical Atlantic (De Corte
et al., 2010), however, in contrast to coastal
environments where the low-fluorescence viral
population dominates (Marie et al., 1999; Larsen
et al., 2001; Kimmance et al., 2007; Pan et al., 2007).
Assuming that the green fluorescence of the viruses

stained with SYBR Green is related to the nucleic
acid content, it suggests a higher contribution of
viruses with a medium nucleic acid content in the
open ocean than in coastal environments. However,
only limited information is available on the ecology
of these viral subgroups. A few studies indicate,
however, that the high-fluorescence viral population
is frequently associated with viruses infecting
eukaryotic plankton (Brussaard et al., 2000;
Brussaard, 2004). Thus, further studies are needed
to decipher the nature and source of these three viral
sub-population in the marine ecosystem.

The lytic VP exponentially decreased with depth
(Table 1, Figure 5). Lytic VP was one order of
magnitude lower than in a study conducted in the
same depth layers of the subtropical Atlantic Ocean
(De Corte et al., 2010) and two orders of magnitude
lower than in the Southern Ocean (Evans et al.,
2009). The lytic VP obtained in our study was,
however, one order of magnitude higher than
reported for the Mediterranean Sea (Weinbauer
et al., 2003). In contrast to the lytic VP, the lysogenic
VP did not vary with depth (Table 1). An increasing
proportion of lysogeny to total VP was detectable in
our study from the ARCT to the WTRA (Table 1). The
increasing contribution of lysogeny to total VP with
decreasing heterotrophic production along the lati-
tudinal transect is in agreement with the hypothesis
of Weinbauer et al. (2003) suggesting that lysogeny as
an adaptation to low host abundance and activity.

The bacterial turnover time obtained in the VP
assays decreased toward the WTRA while the turn-
over time of the lytic VP measured in the same
experiments did not significantly vary with latitude
(Table 1). Thus, a discrepancy between viral and
bacterial turnover times was observed in the NAG
and WTRA, where the PTT was one order of
magnitude lower than the VTT. These results
support the hypothesis that oligotrophic conditions,
characterized by low phytoplankton and prokaryotic
production, favor the lysogenic over the lytic viral
cycle (Weinbauer and Suttle, 1999; Williamson
et al., 2002; Williamson and Paul, 2004).

Links between viral and environmental variables
The relationships between viral abundance and
biotic and abiotic parameters differed among the
oceanographic provinces and depth layers (Tables 2
and 3). The heterotrophic prokaryotic production
(measured as leucine incorporation) was the main
explanatory variable for viral abundance in the
epipelagic layer over the entire latitudinal transect,
suggesting a tight coupling between prokaryotes and
viruses in the sunlit epipelagic waters regardless the
oceanographic province (Table 2). Remarkably, lati-
tude alone explained only 5% of the variability in
viral abundance in the epipelagic layer but 43% and
82% in the bathy- and abyssopelagic layer, respec-
tively (Table 2). This is counterintuitive because one
would generally assume that latitude exerts more
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influence on surface waters with varying trophic
conditions than on the bathy- and abyssopelagic
realm, which is generally considered more uniform
over several oceanographic provinces. This pattern
confirms recent evidence that the deep ocean is as
dynamic as surface waters (Aristegui et al., 2009).

Conclusion

Taken together, our data show distinct patterns in
prokaryotic abundance and activity along the lati-
tudinal transect from the Arctic to the equatorial
province linked to the general thermohaline circula-
tion pattern and water column structure. In the
ocean’s interior, low heterotrophic prokaryotic ac-
tivity under the gyre systems coincides with high
VPRs. Hence, heterogeneity in the microbiota is not
restricted to the euphotic zone, but it is even more
pronounced in the meso- to abyssopelagic waters
indicating that low epipelagic primary production,
characteristic for the gyre systems, coupled with a
stratified water column is linked to low hetero-
trophic prokaryotic activity and high VPRs in the
underlying bathy- and abyssopelagic waters.

Consequently, our data suggest that virus–host
interactions might drastically change in response to
the changes in the biotic and abiotic variables
throughout the oceanographic provinces of the
North Atlantic. The increasing VPR with depth
remains enigmatic, however, and might be related to
a predominately particle-attached life mode of deep-
sea microbes as suggested by metagenomic data and
other microbial oceanography studies. Whether or
not fragile deep-sea particles are really responsible
for the non-random distribution of microbes remains
to be resolved, however, requiring new sampling
techniques to specifically collect these particles.
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