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INTRODUCTION

Viruses influence the cycling of organic carbon and
nutrients in the ocean by constituting a significant
source of mortality for phyto- and bacterioplankton
(Wommack & Colwell 2000). Using different ap-
proaches, it has been shown that the importance of
viral infection for overall bacterioplankton mortality
tends to increase with increasing bacterial abundance
and/or productivity (e.g. Steward et al. 1992, Wein-
bauer et al. 1993, 2003, Tuomi et al. 1995, Noble &
Fuhrman 2000). More active bacterial cells may be
more susceptible to viral infection than less active
ones, and thus a more active bacterial community may
sustain higher viral abundance (Steward et al. 1996,
Corinaldesi et al. 2003). Furthermore, tidal mixing and
flagellate grazing seem to increase the impact of
viruses on bacterioplankton (Wilhelm et al. 2002,

Weinbauer et al. 2003). Other factors such as resistance
to viral infection and the species composition of the
host population influence the magnitude of viral infec-
tion as well; however, the importance of these factors
for natural bacterial assemblages remains poorly
understood.

Variations in bacterial production occur not only over
a seasonal scale, but can be observed in the surface layer
of the ocean on a diel scale as well. For phototrophic or-
ganisms, such diel cycles are a consequence of the diur-
nal light cycle; however, there is also evidence that het-
erotrophic prokaryotes display diel cycles in their
activity. For example, Gasol et al. (1998) found a tight
coupling between the photosynthetic extracellular re-
lease of organic material and its consumption by bacte-
ria in the NW Mediterranean Sea. Similarly, Kuipers et
al. (2000) reported that bacterioplankton growth was
limited by nitrogen and phosphorus during the day and
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by the availability of dissolved organic carbon (DOC)
during the night in the surface layers of the subtropical
Atlantic Ocean, again implying a coupling of phyto-
plankton extracellular release and bacterial activity.
These examples indicate that phyto- and bacterio-
plankton activity can change at the scale of hours, while
cell abundance and biomass are often more constant.
Such cycles result in efficient recycling mechanisms of
carbon and nutrients within the microbial food web.

In situ studies assessing changes in microbiological
processes at high temporal resolution are relatively
rare, especially for virioplankton. Suttle & Chen (1992)
have argued that the concentration of infectious
viruses should display a strong diel signal in surface
waters due to sunlight-mediated viral decay. While a
number of studies have found that total viral abun-
dance in surface waters varies only moderately at the
scale of hours to days (Wommack & Colwell 2000),

other authors have found more pronounced changes.
For example, viral abundance increased within 2 d
during a coastal phytoplankton bloom in the North
Atlantic (Bratbak et al. 1990). By following a defined
water mass in the northern Adriatic Sea, Weinbauer et
al. (1995) found changes in viral and bacterial abun-
dance that resembled predator–prey oscillations; how-
ever, no diel rhythm was observed. Bratbak et al.
(1996) found significant temporal fluctuations of viral
abundance in bottle incubations and in situ within 10
to 20 min. Bettarel et al. (2002) reported diel period-
icity in viral abundance and the frequency of visibly
infected cells in the Bay of Villefranche (France,
Mediterranean Sea) with highest values around 18.00
and 3.00 h, respectively. Sampling of different water
masses as a possible source for these variations, how-
ever, could not be ruled out in their study. All these
studies indicate that elucidating the dynamics of viral
infection of bacterioplankton and its role for bacteria-
mediated processes at the scale of hours is essential for
a mechanistic understanding of microbial food webs.

By assuming a tight coupling of the flow of energy
and matter between the different components of the
microbial loop, several scenarios can be anticipated
leading to diel cycles of viral infection in surface waters.
For example, sunlight-induced loss of viral infectivity
might relieve bacterioplankton from viral stress during
the day. Also, diel changes in photosynthetic extra-
cellular release of DOC and the photolytic cleavage of
DOC by ultraviolet radiation might cause changes in
bacterial activity (Pausz & Herndl 1999, 2002), which, in
turn, might affect viral infection of bacterioplankton.
Such diel periodicity of viral infection and lysis has
been suggested for cyanobacteria (Suttle 2000).

The goal of this study was to assess the short-term
variability in viral infection of bacterioplankton in the
surface layer of the North Sea by deploying drifting
buoys to mark individual water masses. We found pro-
nounced diel variations in viral infection of bacterio-
plankton in 3 masses of water whose bacterial activity
differed by an order of magnitude.

MATERIALS AND METHODS

Sampling of distinct water masses. We conducted 2
cruises in the North Sea with RV ‘Pelagia’ in June 2001
and April 2002 (Fig. 1). A floating buoy with a drogue
at 15 m depth was deployed to follow individual water
masses over a period of 20 to 36 h. In total, 3 buoy
deployments were performed (subsequently referred
to as ‘western’, ‘northern’, and ‘southern site’: Fig. 1).
The western site was occupied in June 2001, the north-
ern and southern sites in April 2002. Samples (20 l)
from a depth of 5 m were collected using 10 l NOEX-
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bottles mounted on a rosette, also holding the conduc-
tivity, temperature, and depth sensors.

Enumeration of bacteria and viruses. Samples (2 ml)
for the enumeration of bacteria and viruses in natural
seawater samples and from the virus dilution incuba-
tions (described in later subsection) obtained during
the cruise in June 2001 were fixed with formaldehyde
(2% final concentration) and filtered onto 0.02 µm fil-
ters (Whatman: Anodisc, 25 mm diameter) within 12 h
after sampling. Bacterial cells and viral particles were
stained on the filters using SYBR Green I (Molecular
Probes) and enumerated with a Zeiss Axiophot micro-
scope equipped for epifluorescence microscopy as de-
scribed in Noble & Fuhrman (1998). A minimum of 25
fields or 300 bacteria and viral particles were counted
per filter. Bacteria and viruses from the virus dilution
incubations of the cruise in April 2002 were enumer-
ated using flow cytometry. Samples (2 ml) were fixed
with glutaraldehyde (0.5% final concentration) and
frozen in liquid nitrogen. Bacterial cells and viral parti-
cles were stained with SYBR Green I (Molecular
Probes) and enumerated with a FACSCalibur flow cy-
tometer (Becton Dickinson) after dilution in TE buffer
(10 mM Tris, 1 mM EDTA, pH 8.0) at an event rate of
100 to 800 s–1 (Marie et al. 1999, Brussaard et al. 2000).
A total of at least 10 000 events were recorded for each
sample. Comparison between the bacterial and viral
abundances obtained by epifluorescence microscopy
and flow cytometry for the April 2002 cruise (data not
shown) indicated that both methods yield similar re-
sults as reported previously (Marie et al. 1999).

Determination of the burst size. An aliquot of the
bacterial concentrate (5 ml, obtained by tangential
flow filtration as described in later subsection) was
fixed with formaldehyde (2% final concentration) and
stored at 4°C until further processing. Bacterial cells
were centrifuged onto Formvar-coated copper grids in
a swing-out rotor at 4500 × g and 4°C for 1 h. Trans-
mission electron microscopy was used to estimate the
sample-specific burst size as the average number of
viral particles in all visibly infected bacteria (Wein-
bauer et al. 1993). At least 10 visibly infected cells per
sample were used to estimate the burst size.

Bacterial activity assessed by leucine incorporation
into bacteria. Bacterial activity was measured by the
incorporation of [14C]-leucine (10 nM final concentra-
tion) on duplicate samples, and 1 formaldehyde-killed
blank (2% final concentration) served as control
(Kirchman et al. 1985). After incubation in the dark at
in situ temperature for 1 h, formaldehyde was added
(2% final concentration) to the duplicate samples to
terminate leucine incorporation. Thereafter, the sam-
ples were filtered through 0.45 µm filters (Millipore;
HAWP, 25 mm diameter) and rinsed twice with 10 ml of
ice-cold 5% trichloroacetic acid. Subsequently, bac-

terial leucine incorporation was determined by liquid
scintillation counting.

Determination of FIC, viral production, and viral
decay. We filtered 20 l of seawater through 0.8 µm
pore-size filters (Millipore; Isopore ATTP, 142 mm dia-
meter) using a stainless-steel filterholder (Sartorius)
and an air-pressure pump (Verder; CONTEX-SOT. The
<0.8 µm fraction was concentrated to a final volume of
ca. 600 ml using tangential-flow filtration (Millipore;
Pellicon filter-cassette PTGVPPC05, 0.22 µm pore-size,
stored in 1N HCl between sampling stations). The fil-
trate of this ultrafiltration step was further processed
using a spiral-wound ultrafiltration cartridge with a
molecular weight cut-off of 30 kDa (Amicon; S10Y30,
stored in 0.1N NaOH between sampling stations) to ob-
tain a virus-free ultrafiltrate and a virus concentrate
with a final volume of ca. 600 ml. Both ultrafiltration de-
vices were operated using peristaltic pumps (Watson &
Marlow: 604S) at a maximum pressure of 2 bar. The air-
pressure pump and the tubings were soaked in 1N HCl
and rinsed with virus-free ultrafiltrate (molecular
weight cut-off of 30 kDa) before use. The entire filtra-
tion procedure was performed at in situ temperature
within 1 to 2 h after collecting the sample.

We used a previously described virus dilution ap-
proach to measure viral production (Wilhelm et al.
2002) and FIC (Weinbauer et al. 2002). Briefly, 2 ml of
the bacterial concentrate were added to 50 ml of
virus-free ultrafiltrate obtained from the same water
sample, corresponding to about 50% of the original
bacterial abundance. At the same time, 2 ml of the
virus concentrate were added to 50 ml of virus-free
ultrafiltrate to measure viral decay during the experi-
ments in April 2002. Subsamples were taken to enu-
merate bacteria and viruses at regular intervals (4 to
6 h) for a total period of up to 24 h. The experiments
were performed in duplicate at in situ temperature in
the dark. Reducing viral abundance in the incuba-
tions increases the accuracy of counting and thus
allows for the detection of minute changes in viral
abundance against a reduced background. More
importantly, this dilution in the virus dilution experi-
ments reduces the probability of viruses encountering
and infecting the bacterial host. Thus, an increase in
viral abundance during the incubation period can be
attributed to previous infection events in the natural
environment. Differences in viral abundance were
assumed to be significant if the ranges of duplicate
incubations did not overlap between successive time
points (e.g. Fig. 2A). FIC, as % of total cells, was cal-
culated according to the formula: 

FIC  =  {[(Vmax – Vmin)/burst size]/B0} × 100

where B0 is the bacterial abundance at the beginning
of the experiment and Vmax and Vmin are the highest
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and lowest viral abundances, respectively, encoun-
tered during the course of the incubation. If the time
course of viral abundance exhibited 2 peaks (e.g.
Fig. 2A; from Vmin1 to Vmax1 and from Vmin2 to Vmax2),
then total FIC at the time of sampling was calculated
by adding both FIC values, assuming that both peaks
resulted from the lysis of bacterial cells already
infected at the start of the experiments. Arguments
supporting this assumption are presented in the
‘Discussion’. Viral production was calculated as the
slope between Vmin and Vmax. For experiments in
which 2 peaks in viral abundance occurred (e.g.
Fig. 2A), viral production was calculated according to
the formula:

viral production  =
[(Vmax1 – Vmin1) + (Vmax2 – Vmin2)]/(tmax2 – tmin1)

where t = time. Viral decay h–1 (Fig. 2B) for the south-
ern and the northern site of buoy deployment was cal-
culated as the slope of a linear least-squares regression
fitted to the natural logarithm of viral abundance plot-
ted against time (Suttle & Chen 1992). However, the
decay rates could not be used to correct the viral

production measurements for reasons given in the
‘Discussion’.

To allow a direct comparison of the data on a diel
scale it was necessary to compensate for the differ-
ences in the time of sunrise and sunset between the
stations (geographical position and date). Thus, the
exact time of sunrise and sunset for each individual
station was calculated using the astronomical software
package ‘xephem’ (Clear Sky Institute; Version 3.5.2).
Subsequently, this information was used to adjust the
time scale for each sampling station to a ‘standard day’
with sunrise at 06:00 h and sunset at 18:00 h.

Correlation analysis. Spearman rank correlation
coefficients were calculated to test the relationships
between the parameters. Prior to analysis, the data
were log-transformed except for FIC. Correlation co-
efficients with p ≤ 0.05 were assumed to be statistically
significant.

RESULTS

Physical characteristics of water masses

The variations in salinity and temperature during
the course of diel sampling were rather small at the
western (salinity: 33.9 to 34.1; temperature: 12.3 to
12.7°C) and northern (salinity: 34.3 to 34.4; tempera-
ture: 8 to 8.4°C) sites, suggesting that distinct masses
of water were sampled. The relatively large variation
in salinity (31.2 to 32.5) and temperature (9.2 to 10°C)
at the southern site, however, indicates mixing of this
water mass with surrounding water masses during
sampling.

Bacterial parameters

Bacterial abundance averaged 1.2 × 106 ml–1 (SD =
0.3 × 106) at the western site, 1.5 × 106 ml–1 (SD = 0.3 ×
106) at the southern site, and 0.6 × 106 ml–1 (SD = 0.1 ×
106) at the northern site. Mean leucine incorporation
into bacteria was 7.0 nmol l–1 d–1 (SD = 1.1) at the west-
ern site, 29 nmol l–1 d–1 (SD = 7.6) at the southern site,
and 3.3 nmol l–1 d–1 (SD = 1.7) at the northern site.
Thus, bacterial abundance and leucine incorporation
were highest at the southern site and lowest at the
northern site. Bacterial abundance displayed short-
term changes at the western and southern sites; how-
ever, no consistent diel oscillations were detectable
(Fig. 3). In contrast, consistent diel variations were
noticed for leucine incorporation at all sites (Fig. 4).
Highest values of bacterial leucine incorporation were
found around noon to early afternoon and lowest
incorporation rates during the night (Fig. 4).
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Viral parameters

Viral abundance averaged 21 × 106 ml–1 (SD = 6 ×
106) at the western site, 94 × 106 ml–1 (SD = 36 × 106) at
the southern site, and 23 × 106 ml–1 (SD = 5 × 106) at the
northern site. Viral abundance displayed short-term
variations at all sites (Fig. 3). These oscillations, how-
ever, showed no consistent diel trend and no signifi-
cant correlation was found between bacterial and viral
abundance at the different sites (data not shown).

The FIC of bacterioplankton varied between 5 and
64% (mean 33%) at the western site, between 17 and
55% (mean 29%) at the southern site, and between 10
and 22% (mean 14%) at the northern site. The FIC
showed a consistent diel signal at all sites, with high
values during the night and low values during the day
(Fig. 4). This pattern was also observed when a con-
stant burst size was used to calculate FIC (data not
shown). At the western and southern site, FIC was ca.
6 times higher during the night than the day. At the

northern site, FIC varied 2-fold over the day. Further-
more, FIC was negatively correlated with leucine
incorporation at all sites. This relationship was statisti-
cally significant at the southern and northern sites
(Spearman rank correlation: western site: r = –0.77, p =
0.085; southern site: r = –0.87, p = 0.014; northern site:
r = –0.79, p = 0.038).

Viral production averaged 20 × 104 ml–1 h–1 (SD =
11 × 104) at the western site, 51 × 104 ml–1 h–1 (SD = 16
× 104) at the southern site, and 3 × 104 ml–1 h–1 (SD = 2
× 104) at the northern site. Viral decay rates (Table 1)
averaged 12 × 10–3 h–1 (SD = 3 × 10–3) at the southern
site and 8 × 10–3 h–1 (SD = 3 × 10–3) at the northern site.
The sample-specific burst size varied between 21 and
40 (mean 30) at the western site, between 17 and 28
(mean 21) at the southern site, and between 18 and 30
(mean 22) at the northern site. At each site, the burst
size increased significantly with increasing leucine
incorporation (Spearman rank correlation: western
site: r = 0.94, p = 0.035; southern site: r = 0.91, p = 0.010;
northern site: r = 0.91, p = 0.017).

211

0

5

10

15

20

25

30

35

40

0

0.5

1

1.5

2

2.5

viruses

bacteria

0
20
40
60
80

100
120
140
160
180
200

0

0.5

1

1.5

2

2.5

0

5

10

15

20

25

30

35

40

0

0.5

1

1.5

2

2.5

Time of day ('standard day')

B
ac

te
ri

al
 a

bu
nd

an
ce

 (
N

 ×
 1

06 
m

l-1
)

V
iral abundance (N

 × 10 6m
l -1)

4 8 12 16 20 24 4 8 12 16 20

western site

southern site

northern site

Fig. 3. Bacterial and viral abundance over time at western,
southern, and northern sites. Error bars represent range of
duplicate incubations; when absent they were smaller than
width of symbol. Shaded areas correspond to dark period, and
time scale was corrected for differences in times of sunrise 

and sunset

bacterial
activity

FIC

0

20

40

60

80

0

10

20

30

40

50

60

70

00

10

20

Time of day ('standard day')
4 8 12 16 20 24 4 8 12 16 20

F
re

qu
en

cy
 o

f 
in

fe
ct

ed
 c

el
ls

 (
F

IC
, %

 o
f 

to
ta

l c
el

ls
)

B
acterial activity (nm

ol leucine l -1 d
-1)

western site

southern site

northern site

2

4

6

8

20

30

40

5

6

7

8

9

Fig. 4. Time course of bacterial activity (leucine incorporation)
and frequency of infected cells (FIC) at western, southern and
northern sites. Error bars represent range of duplicate incu-
bations; when absent they were smaller than width of symbol.
Shaded areas correspond to the dark period, and time scale
was corrected for differences in the time of sunrise and sunset



Aquat Microb Ecol 35: 207–216, 2004

Time-dependent variation in viral abundance 
during incubation

Viral abundance in each incubation was normalized
to a mean of zero and unity variance to compensate for
the absolute differences in viral numbers between the
incubations (Fig. 5). Such a presentation allows com-
parison of the dynamics in viral abundance between
incubations, but does not allow assessment of the mag-
nitude of viral production due to the normalization.
The development of viral abundance between consec-
utive incubations was remarkably similar with respect
to the time of day when highest and lowest viral abun-
dances were detected, especially for the western and
the southern site (Fig. 5). For example, in the incuba-
tions sampled at 15.00 and 19.00 h at the southern site
(Fig. 5), highest viral abundance was recorded at the
same time of day, i.e. at 8.00 h, despite the 4 h differ-
ence in sampling. This suggests that lysis in the 2 con-
secutive incubations occurred at the same time of day
and originated from the same infection event. How-
ever, exceptions to this trend existed, e.g. at the south-
ern site in the incubations sampled at 15:00 and 19:00 h
viral abundance was highest during the day, while in
incubations sampled at the same time the next day it
was highest during the night (Fig. 5).

DISCUSSION

Critical evaluation of the virus dilution approach

The virus dilution approach has been used to assess
viral impact on bacterioplankton in a number of dif-
ferent marine environments (Weinbauer et al. 2002,
Wilhelm et al. 2002) as well as in 2 rivers (Hewson et al.
2001). Furthermore, Weinbauer et al. (2002) presented
evidence for the robustness of the method over a range
of dilution rates, and showed that the concentration
procedure as used in this study and the previously
used filtration procedure to dilute viruses involving a
washing step (Wilhelm et al. 2002) yield similar results.
Using the virus dilution approach, Wilhelm et al.
(2002) found steadily increasing viral numbers over
the course of the incubations, while in the present
study viral abundance displayed 1 or 2 peaks (Fig. 2A).
One explanation for this difference between the 2
studies might be the lack of a diel signal of viral infec-
tion and/or lysis at the study site of Wilhelm et al.
(2002) (Discovery Passage and Strait of Georgia,
Canada). Another possibility could be the shorter incu-
bation times (9 h) in their study compared to the 20 to
24 h in this study. In some of our incubations, however,
viral abundance decreased initially for 4 to 8 h or
remained stable before it increased (Fig. 5). A delay in
the production of viruses using the virus dilution
approach has also been reported for the Gulf of
Mexico (Weinbauer & Suttle 1999).

The occurrence of 2 peaks in viral abundance in
most of our incubations (Fig. 5) is a potential problem
when calculating FIC values. Since viral lysis during
the incubation was assumed to be the result of previ-
ous viral infection of bacteria, the FIC values of both
peaks were added to calculate FIC at the time of sam-
pling. We cannot completely exclude the possibility
that the second peak in viral abundance was due to
new infection and lysis; however, 3 arguments can be
put forward against this: (1) Bacterial and viral num-
bers averaged 53% (range: 36–78%) and 35% (range:
14–56%), respectively, of the in situ abundance at the
start of the incubations. This dilution of viruses
resulted in decreased cell-specific contact rates by, on
average, 60% compared to in situ conditions as calcu-
lated using the model of Murray & Jackson (1992), and
thus should have reduced the chance of new infection.
(2) Peaks in viral abundance generally occurred at the
same time of day in consecutive incubations started at
4 to 6 h intervals (Fig. 5). This cannot have been caused
by new infection events during the incubations, since
then peaks in viral abundance in consecutive incuba-
tions should occur with a 4 to 6 h difference in time.
(3) Assuming that the viral latent period equals bacter-
ial generation time (Proctor et al. 1993, Binder 1999)
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Stn Time of Viral decay Range r2

day (h) (× 10–3) (× 10–3)

Southern site
7 11.12 10 10 0.935
8 14.49 10 9–10 0.710
9 18.13 12 11–13 0.958

10 23.13 17 16–17 0.960
11 4.11 13 12–14 0.926
12 8.09 12 12 0.945
13 11.42 15 11–19 0.967
14 14.47 12 11–12 0.926
15 18.14 7 6–8 0.978

Northern site
16 09.42 3 1–4 0.864
17 13.08 8 7–9 0.810
18 16.19 nm nm nm
19 20.31 nm nm nm
20 01.58 8 7–9 0.857
21 06.49 11 9–13 0.707
22 09.54 10 9–10 0.630
23 13.14 nm nm nm

Table 1. Average and range of duplicate measurements of
viral decay in April 2002. Decay rates calculated by plotting
the natural logarithm of viral abundance versus time and fit-
ting a linear least-squares regression line to the data, of which
r2 is shown; the slope of this regression is the decay rate h–1.
Additionally, time of sampling, as corrected for differences
between sites in the time of sunrise and sunset, is given. Time
of day = ‘standard day’ with sunrise at 06:00 h and sunset at 

18:00 h. nm: not measured
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and given the relatively long bacterial generation
times at the western and northern sites (western site:
2.2 d; southern site: 0.7 d; northern site: 2.8 d), no mea-
surable increase in viral abundance as a result of new
infection should occur at incubation times of 20 to 24 h.
The 2 peaks in viral abundance could result from dif-
ferent viral populations with different latent periods,
from different virus-host systems if the hosts are grow-
ing at different rates, and/or from 2 different infection
events prior to collecting the samples for incubation.

In case 2 peaks in viral abundance were recorded
during the incubations, viral production rates were
calculated by adding the net increase of Peak 1 to the
net increase of Peak 2 divided by the time elapsed
between the start of the incubations and the second
peak (Fig. 2A). Thus, presenting viral production for a
specific time point is problematic and was not
attempted in this study.

Major causes of viral decay such as sunlight (Suttle &
Chen 1992), non-specific adsorption of viruses by  µm-
sized particles (Murray & Jackson 1992, Suttle & Chen
1992) and dissolved organic matter of high molecular
weight (>30 kDa; Noble & Fuhrman 1997) were

excluded from our approach by incubating in the dark
and by the filtration step, respectively. However, we
observed a strong decrease in viral abundance in
almost all incubations (Fig. 5). The discontinuous
nature of viral lysis in the incubations (Fig. 5) suggests
that viral decay in the incubations was discontinuous
as well. For instance, viruses released during a specific
lysis event might be subject to low decay during an ini-
tial ‘resistance phase’ and then enter a ‘decay phase’.
The high variability in decay rates measured in incu-
bations by adding virus concentrates to cell-free water
at the southern and northern sites (Table 1) would sup-
port this idea. For this reason and because viral decay
rates were integrated over 20 to 24 h, they could not be
used to correct the viral production rates in this study.

Diel cycles in leucine incorporation by bacteria

The small variations in salinity and temperature at
the western and northern sites suggest that distinct
water masses were sampled. Thus, the changes in
leucine incorporation are rather a consequence of a

213
V

ir
al

 a
bu

nd
an

ce
 (

no
rm

al
iz

ed
)

Time of day

Western site

24.00h

04.00h

08.30h

12.15h

15.30h

20.00h

8 12 16 20 24 4 8 12 16 20 24 8 12 16 204

2

1

0

-1

-2

2

1

0

-1

-2

2

1

0

-1

-2

8 12 16 20 24 4 8 12 16 20 24 8 12 16 204

2

1

0

-1
-2

2

1

0

-1
-2

2
1

0

-1

-2

10.45h

15.00h

19.00h

23.00h

03.00h

07.00h

11.30h

15.00h

19.00h

Time of day

Southern site

2

1

0

-1
-2

2
1

0

-1
-2

V
ir

al
 a

bu
nd

an
ce

 (
no

rm
al

iz
ed

)

8 12 16 20 24 4 8 12 16 20 24 8 12 16 204

2

1

0

-1
-2

2
1

0

-1
-2

08.45h

13.00h

17.00h

21.00h

01.00h

05.15h

09.00h

13.15h

Time of day

Northern site

2
1

0

-1
-2

2
1

0

-1

-2

V
ir

al
 a

bu
nd

an
ce

 (
no

rm
al

iz
ed

)
Fig. 5. Viral abundance over time in the virus dilution approach at western, southern, and the northern sites, showing normalized
average values of duplicate incubations plotted against sampling time in coordinated universal time (UTC). Difference between
the sampling time and start of incubations corresponds to time needed to process the sample. Shaded areas represent dark 

period; error bars are not shown for sake of clarity



Aquat Microb Ecol 35: 207–216, 2004

diel pattern in bacterial activity than of sampling dif-
ferent water masses. In contrast, mixing at the south-
ern site (as indicated by the changes in salinity) could
have masked the diel dynamics of leucine incorpora-
tion at this site. However, the similarity in the time
course of leucine incorporation between all the sites
(Fig. 4) would argue against a strong effect of mixing of
different water masses on bacterial activity. Also, the
dynamics of the diel cycle in bacterial activity might be
stronger than the effect of mixing and result in
detectable diel oscillations despite mixing of water
masses at this site.

Diel cycles in bacterial leucine incorporation similar
to those found in the present study were observed
previously, and might be due to phytoplankton extra-
cellular release (Gasol et al. 1998, Kuipers et al. 2000)
and/or the photolytic activity of ultraviolet radiation
enhancing the bioavailability of DOC (Obernosterer &
Herndl 2000). An alternative explanation can be
inferred from the finding that a significant fraction of
bacterial cells was infected at all the sites and that high
values of FIC were followed by high values of bacterial
leucine incorporation (Fig. 4). Since viral lysis can
enhance bacterial activity through the release of bio-
available DOC from the lysed cells (Fuhrman 1999,
Wommack & Colwell 2000, Middelboe & Lyck 2002),
the uptake of lysis products could have caused or
amplified the diel cycle in bacterial activity.

Diel cycles in viral infection

Viral infection frequency, estimated as frequency
of visibly infected cells using transmission electron
microscopy in the study of Bettarel et al. (2002) and as
FIC by the virus dilution approach in our study, was
higher by night than by day (Fig. 4). This suggests a
diel cycle in viral infection of bacterioplankton. Fur-
thermore, the discovery of such a diel signal in the
oligotrophic Bay of Villefranche (Bettarel et al. 2002)
and in areas of the North Sea with different levels of
bacterial activity indicates that this might be a common
phenomenon. In contrast to the study of Bettarel et al.
(2002) conducted in Mediterranean waters, we did not
find any consistent diel pattern in viral abundance at
our study sites (Fig. 3).

Due to the problems in assigning viral production to
exact time points and the lack of diel cycles in viral
abundance, it is difficult to estimate the time points of
major lysis events. The data shown in Fig. 5 indicate
that viral lysis occurs throughout the entire day; how-
ever, FIC data suggest that a diel cycle of viral lysis
might be involved as well. Thus, lowest values of FIC
should roughly correspond to major lysis events. If this
holds true, highest viral production rates should occur

around noon to early afternoon. Diel variations in the
frequency of visibly infected cells and in situ viral
abundance in the Mediterranean Sea (Bettarel et al.
2002) lead to a similar conclusion. However, lysis
events as indicated by the peaks in in situ viral
abundance would occur in the late afternoon in this
environment.

Several mechanisms, which are not mutually exclu-
sive, might cause a diel cycle of viral infection. For
example, prophage induction due to sunlight-induced
DNA damage or to increased cell activity (Wilson &
Mann 1997) could have resulted in a diel cycle in FIC.
It is unlikely, however, that sunlight-induced prophage
induction was involved in the diel changes of FIC,
since sunlight seems to be a poor inducing agent
(Jiang & Paul 1996, Weinbauer & Suttle 1999). More-
over, FIC was negatively related to bacterial activity at
all our study sites, and correlation analysis of cell-
specific bacterial activity with FIC yielded essentially
the same results (data not shown). Thus, we have no
evidence that prophage induction by increased bacte-
rial activity was responsible for the diel cycle in FIC.

Daily variations in bacterial activity may also result
in a corresponding diel cycle in FIC. For example, ele-
vated bacterial activity might increase the susceptibil-
ity of bacteria to viral infection, since more active bac-
teria might express more receptors for nutrients,
potentially serving also as receptors for virus attach-
ment (Wommack & Colwell 2000). However, the nega-
tive correlation between FIC and bacterial activity
argues against this explanation. In contrast, major lysis
events seem to roughly co-occur with high bacterial
activity (as discussed above). Thus, our study does not
provide evidence that bacterial activity is a driving
force of viral infection of bacterioplankton on a diel
scale, but bacterial activity might promote lysis. It is
beneficial for viruses to lyse a cell when it is active,
since this would increase the number of progeny and
hence the probability of new infection. This conclusion
is supported by the finding that the burst size estimates
increased with increasing bacterial production.

The low infection frequencies found during the day
in our study might result from sunlight-induced losses
of viral infectivity in surface waters during the light
period (Suttle & Chen 1992). This may even hold true
in the presence of light-dependent DNA repair, since
photoreactivation, although a powerful DNA repair
mechanism (Wilhelm et al. 1998), cannot restore infec-
tivity to all damaged viruses (Weinbauer et al. 1997).
Staying within the host cell during most of the light
period would be beneficial for viruses since (1) they
can exploit the DNA repair mechanisms of the hosts
and their own repair mechanisms would be activated
by the host metabolism, (2) viruses released in the
afternoon should have an increased survival rate by
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avoiding or at least reducing sunlight-induced DNA
damage, and (3) readily bio-available DOC derived
from either photosynthetic extracellular release or the
increased bioavailability of DOC by ultraviolet radia-
tion might provide the carbon and energy necessary
for viral replication.

Based on the results of this study, we propose the
following hypothetical scenario for the diel variation in
viral infection and lysis of heterotrophic bacterioplank-
ton in the surface layer of the sea. Viral lysis should
occur predominantly around noon to early afternoon
when bacterial activity is highest resulting in high
numbers of infectious viral particles. The progeny
viruses released in the afternoon accumulate less DNA
damage than viral lysis in the morning. Thus, viral
infection should be highest during the night. After
infection, viral replication continues during the day.
This hypothetical scenario is similar to that proposed
for cyanobacteria (Suttle 2000). However, cyanobacte-
ria depend directly on sunlight for photosynthesis, and
thus the coupling between the daily light cycle,
cyanobacterial activity and cyanophage proliferation
should be much tighter than for heterotrophic bacteria.
The lack of a consistent diel pattern in viral abundance
(Fig. 3) does not support our hypothetical scenario.
Since the current methods do not allow differentiation
between infectious and non-infectious viral particles,
we might have missed diel dynamics of infectious viral
particles. Similarly, bacteria showed no diel pattern in
abundance (Fig. 3) but varied regularly with respect to
activity (Fig. 4). In general, activity parameters vary
more strongly than abundance parameters and, thus,
are more likely to reveal dynamic patterns such as diel
variations. It seems problematic to combine the coordi-
nated viral infection and lysis pattern with the exis-
tence of highly diverse viral communities (Breitbart et
al. 2002). However, a broader host range than previ-
ously assumed (Jensen et al. 1998) could explain this
discrepancy. Moreover, bacteria concentrated in ‘hot
spots’ such as nutrient plumes around phytoplankton
cells (Azam 1998) may suffer from higher infection fre-
quencies and be responsible for the diel variability in
viral infection of bacterioplankton. Clearly, more
research is needed to evaluate the proposed hypo-
thetical scenario of viral infection and lysis of bacterio-
plankton.

Implication

A direct implication of diel variations in FIC is that
estimates of virus-induced mortality of bacterioplank-
ton depend on the time of day the samples are taken,
and this should be taken into account when studying
viral dynamics in situ. Also, most approaches used to

estimate virus-induced mortality of bacterioplankton
are based on a steady-state assumption (e.g. Noble &
Steward 2001). Diel cycles in viral infection and bac-
terial activity violate this assumption, indicating that
viral impact of bacterioplankton estimated by these
methods has to be considered cautiously.

One of the most important effects of viral lysis in
terms of flow of energy and matter is to convert partic-
ulate organic carbon into DOC and stimulating bacter-
ial activity by reducing the amount of organic carbon
available to higher trophic levels such as heterotrophic
nanoflagellates (Fuhrman 1999). In systems such as the
North Sea, with high viral and bacterial abundance
and a strong viral impact on bacterioplankton, a diel
cycle in viral infection and lysis should strengthen the
coupling between DOC production and bacterial
consumption.
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