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Abstract

The size distribution of viral DNA in natural samples was investigated in a number

of marine, brackish and freshwater environments by means of pulsed field

gel electrophoresis (PFGE). The method was modified to work with both water

and sediment samples, with an estimated detection limit for individual virus

genome size groups of 1–2� 104 virus-like particles (VLP) mL�1 water and

2–4� 105 VLP cm�3 sediment in the original samples. Variations in the composi-

tion and distribution of dominant virus genome sizes were analyzed within

and between different habitats that covered a range in viral density from

0.4� 107 VLP mL�1 (sea water) to 300� 107 VLP cm�3 (lake sediment). The PFGE

community fingerprints showed a number of cross-system similarities in the

genome size distribution with a general dominance of genomes in the 30–48,

50–70 and 145–200 kb size fractions, and with many of the specific genome sizes

detected in all the investigated habitats. However, large differences in community

fingerprints were also observed between the investigated sites, and some virus

genome sizes were found only in specific biotopes (e.g. lake water), in specific

ecosystems (e.g. a particular lake) or even in specific microhabitats (e.g. a

particular sediment stratum).

Introduction

Viruses are ubiquitous and the most abundant biological

entities in aquatic ecosystems, with abundances typically in

the range of 107–108 virus-like particles (VLP) mL�1 in

pelagic environments and 108–109 VLP cm�3 in sediments

(e.g. Weinbauer, 2004; Suttle, 2005). Most of these viruses

are believed to be bacteriophages, accounting for a signifi-

cant part of prokaryotic mortality (e.g. Weinbauer, 2004;

Suttle, 2005). Increasing evidence suggests that viruses play

an important role in marine carbon cycling by mediating the

transformation of matter and energy in microbial food webs

through cell lysis (e.g. Wilhelm & Suttle, 1999; Riemann &

Middelboe, 2002a), and potentially influence microbial

diversity and community dynamics by the selective suppres-

sion of specific host populations (e.g. Thingstad & Lignell,

1997; Weinbauer & Rassoulzadegan, 2004).

Most studies of aquatic viruses have so far been carried

out in pelagic marine environments. However, viruses are

typically 10–100 fold more abundant in the sediment than in

the water column (Hewson et al., 2001; Danovaro & Serresi,

2002; Weinbauer, 2004), suggesting that they are important

players also in benthic systems, yet we still have relatively

limited and divergent observations on the role of viruses in

sediments: While most marine studies have found high

benthic viral activity and a significant impact of viruses on

benthic bacterial mortality (e.g. Hewson & Fuhrman, 2003;

Mei & Danovaro, 2004; Middelboe et al., 2006), a number of

studies from freshwater (e.g. Fischer et al., 2003; Filippini

et al., 2006) and other inland aquatic systems (Bettarel et al.,

2006) have found evidence of a low impact of viruses on in

the investigated sediments. These apparently contradicting

observations may be due to systematic differences in the role

of viruses for controlling bacterial mortality and biogeo-

chemical cycling in different benthic environments, empha-

sizing the need for further investigations on benthic viruses.

Until recently, viruses have been treated as a ‘black box’

with only little available information about the composition

and dynamics of environmental viral populations (e.g.

Wichels et al., 1998; Steward et al., 2000). Such information

about viral diversity and population dynamics on different

temporal and spatial scales is important, not only to resolve

the impact of viruses on bacterial community structure and

vice versa but also to understand the long term evolution
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and spreading of viruses in the environment. Viruses con-

stitute an enormous source of unexplored genetic informa-

tion (Suttle, 2005) and we are still in the early phase of

investigating the genetic composition, the spatial and tem-

poral distribution of individual virus populations and the

complex patterns of interactions between viruses and their

hosts.

Different approaches have been employed in the study of

virus diversity in aquatic systems. Examination of viral

diversity based on morphological characteristics obtained

by transmission electron microscopy has demonstrated a

large morphological variation (Corpe & Jensen, 1996), with

more than 80 different morphotypes observed in a single

lake (Finlay & Maberly, 2000). The use of PCR-based

methods to evaluate viral diversity has been restricted by

the absence of a conservative region shared among all

viruses. This approach has, however, been successfully

applied in the study of specific virus subgroups, such as

cyanophages, algal viruses and picorna-like viruses (e.g.

Culley et al., 2003). Most recently, metagenomic analyses of

viral DNA from environmental samples have provided the

first direct evidence of an enormous genetic diversity in

marine viral communities – an estimated 3000–7000 viral

types in 200 L of seawater (Breitbart et al., 2002) and

104–106 viral types in one kg of sediment (Breitbart et al.,

2004a) – with the most abundant types comprising only

2–3% and 0.01–0.1%, respectively, of the total viral com-

munity.

Pulsed field gel electrophoresis (PFGE) is another method

to analyze viral community composition (e.g. Steward &

Azam, 1999). This method provides a viral community

fingerprint based on the size distribution of dominant

genomes after separation of the genomes on an agarose gel

(Steward & Azam, 1999). Previous studies have demon-

strated that both viral community composition and the

relative intensity of individual bands can vary with season

(e.g. Wommack et al., 1999; Castberg et al., 2001; Larsen

et al., 2001, 2004; Sandaa & Larsen, 2006) and location (e.g.

Wommack et al., 1999; Riemann & Middelboe, 2002b),

illustrating that individual viral populations are dynamic

parts of pelagic microbial communities. On the other hand,

reports of only minor changes in the PFGE fingerprints

across large temporal and spatial scales despite several-fold

variations in general microbial abundance and activity

(Riemann & Middelboe, 2002b; Auguet et al., 2006) suggest

that part of the dominant viral genome sizes may be rather

persistent and perhaps permanently present in a given

ecosystem.

This approach has primarily been used in pelagic marine

waters (e.g. Wommack et al., 1999; Diez et al., 2000; Steward

et al., 2000; Fuhrman et al., 2002; Riemann & Middelboe,

2002b; Jiang et al., 2003, 2004; Sandaa et al., 2003) and to a

lesser extent in freshwaters (Auguet et al., 2006), whereas its

potential to describe benthic viral communities has not yet

been explored. One reason is likely to be that the critical

requirement for the clean preparation of viral DNA poses a

major challenge to the use of PFGE with sediment commu-

nities. Moreover, the majority of the pelagic PFGE studies

have been performed in marine environments, while a few

studies have investigated changes in PFGE patterns along

salinity gradients in estuarine systems (Riemann & Mid-

delboe, 2002b; Auguet et al., 2006). There exist, on the other

hand, to our knowledge no comparative analyses of PFGE

fingerprints between different environments, such as be-

tween water column and sediment communities, or between

lake communities and marine communities. It is therefore

not known to what extent specific ecosystems are character-

ized by a specific composition of dominant virus genome

sizes or whether there is an overlap in genome sizes between

environments.

The purpose of this study was therefore to (1) adapt and

apply the PFGE method to benthic viruses, and (2) investi-

gate patterns in viral genome size distribution obtained

from pelagic and benthic samples in a given ecosystem, and

from separate marine, brackish and freshwater environ-

ments.

Materials and methods

Study sites

Viral abundance, distribution and community structure was

studied in four different ecosystems between October 2004

and March 2005.

Lake Frederiksborg Slotss� is a small (0.21 km2) dimictic

and eutrophic lake with high sedimentation rate (Markager

et al., 1994) and an average depth of 3.1 m. The annual

primary production is c. 400 g C m�2 year�1 and the concen-

tration of dissolved organic carbon (DOC) ranges from 10

to 15 mg L�1 (Middelboe & S�ndergaard, 1993). Sediment

samples were collected at the deepest point (9 m) in the

centre of the lake.

Lake Esrum (17.3 km2) is the largest freshwater lake in

Denmark (maximum depth: 22 m, mean depth: 12.3 m). It

is meso-/eutrophic, with an annual primary production of

260 g C m�2 year�1 (S�ndergaard, 1991). Sediment samples

were collected in the center of the lake at 19.5 m water depth.

Nivå Bay is a shallow (o 1 m), eutrophic coastal brackish

area, which is characterized by high input of organic matter

to the sediment, high benthic mineralization rates domi-

nated by sulfate-reducing bacteria (Middelboe et al., 2003),

and benthic primary production dominated by diatoms and

cyanobacteria.

Øresund is an estuarine sound characterized by a layer of

marine bottom water originating from the North Sea, which

is separated from the brackish surface layer by a pycnocline
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at 10–15 m depth. During winter, full mixing of the water

column occurs occasionally, and in this study water samples

were collected during such a mixing period. Mean annual

primary production in Øresund is about 240 g C m�2 year�1.

Two stations in Øresund were investigated: a shallow station

(10 m) which is exposed to the brackish surface water (only

collection of sediment samples) and a deeper site (26 m)

always situated below the pycnocline (collection of both

water and sediment samples).

Sampling

At each sampling site, 20 sediment cores containing the

upper 20 cm of sediment were collected (core diameter:

5.3 cm). Of these, 17 cores were used for the extraction of

viruses for community analysis at different sediment depths;

one core was used for determination of viral and bacterial

depth distribution, total carbon content and sediment

porosity, and two cores were used for measuring benthic

oxygen distribution and consumption. Along with the sedi-

ment samples, 20 L of surface water were collected from each

site. All samples were transported to the laboratory within

1–3 h after sampling and placed at in situ temperature.

Sediment characteristics

Sediment porosity (volume of water:volume of sediment)

was calculated from the specific sediment density and the

weight loss after drying at 105 1C for 24 h, and the total

organic carbon content was determined as the weight loss

after combustion at 450 1C for 24 h.

The type and size fractionation of the samples were

determined by sieving through different mesh sizes

according to Buchanan (1984). Twenty-five grams of oven-

dried sediment was placed in a beaker with 250 mL of tap

water, then 10 mL of aqueous sodium hexametaphosphate

(NaPO3)6 (6.2 g L�1) was added and the slurry stirred

mechanically for 15 min. The sediment was left overnight,

restirred the following morning for another 15 min and

sieved through a series of nested sieves (mesh sizes from

1 mm to 62mm). The different size fractions were dried at

100 1C and weighed.

Oxygen measurements

Oxygen microprofiles were measured in intact sediment

cores with a Clark type microelectrode with a depth resolu-

tion of 100mm. The signal of the electrode was detected by a

pico ampermeter. Total oxygen consumption in the cores

was measured according to Rasmussen & J�rgensen (1992)

as the linear decrease in oxygen concentration after capping

the submerged cores with a lid and insertion of a micro-

sensor into the core water.

Vertical profiles of total viral and bacterial
abundance

The sediment cores were cut into 1–2 cm slices (a total of 6–13

samples) to determine the vertical distribution of viruses and

bacteria. The individual samples were manually homogenized

and a subsample (c. 4 g) was weighed and transferred to a

50 mL centrifuge tube, fixed with 4 mL of virus free water and

1 mL of glutaraldehyde (3% final concentration) and stored in

the dark at 5 1C for a maximum of 24 h. For extraction of

bacteria and viruses, sodium pyrophosphate (10 mM final

concentration) was added, and after 15 min the samples were

sonicated in a sonication bath for 2� 1 min before centrifuga-

tion for 5 min at 700 g (Glud & Middelboe, 2004). The

supernatant was collected and the sediment washed twice with

2 mL virus-free water. The total extracted volume was pooled

and a small volume of the virus-bacteria extract (50–100mL)

was filtered on to a 0.02-mm Anodisc filter (Whatman,

Maidstone, UK) and stained with SYBR Gold (Chen et al.,

2001). On each slide, 200–600 bacteria and viruses were

counted in 10–20 fields using epifluorescence microscopy at

� 1250 magnification. Previous evaluations of the accuracy of

this procedure from replicate samplings from the homoge-

nized sediment (Middelboe et al., 2003; Glud & Middelboe,

2004) have demonstrated that viral and bacterial abundance

are determined with an average accuracy of 5–6%. In this

study we have therefore applied this as a general accuracy of

the enumeration procedure.

Concentration of viruses from water samples

To obtain a sufficiently high density of viruses for PFGE

analyses, viruses from both water and sediment samples were

concentrated prior to analysis. For the water samples, 20 L of

water were filtered through first a GF/F filter (Whatman) and

then a 0.2-mm capsule filter (Type CCS-020-C1HS; Advantec,

Dublin, CA). Viruses were then concentrated to a final volume

of 100–200 mL by tangential flow filtration using a 30 K

Cartridge (PLTK Prep/ScaleTM-TFF 2.5 ft2 Cartridge, 30 K

regenerated cellulose membrane, Millipore, Bedford, MA).

Further concentration was carried out in 15 mL centrifugal

ultrafiltration devices (30 K Amicon Ultra, Millipore) to a final

volume of 4 mL. Viruses were then pelletted by ultracentrifu-

gation through a glycerol gradient (2 mL 5% glycerol on top of

2 mL 40% glycerol in a 5-mL tube) at 85.000 g for 98 min at

20 1C as described in Sambrook et al. (1989) (Beckman,

Fullerton, CA, Optima LE 80 k Ultracentrifuge; SW 55 Ti

Rotor). This purification step allowed only particles with a

sedimentation coefficient of 4 100 S to form a pellet, and has

shown to reduce the interference from unknown polymeric

material during electrophoresis (Riemann & Middelboe,

2002b). The supernatant was discarded, leaving c. 100mL above

the pellet. Hundred microliters of MSM (marine samples) or

SM buffer (freshwater samples) (Sambrook et al., 1989) and

FEMS Microbiol Ecol 60 (2007) 397–410 c� 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

399Virus genome size distribution in aquatic systems



natrium azide (final concentration 0.1%) were added (MSM:

450 mM NaCl, 50 mM MgSO4, 50 mM Tris, 0.01% gelatin at

pH 8. SM: as MSM but with 50 mM NaCl), and the pellet was

resuspended. Samples were stored at 4 1C until analysis.

Concentration of viruses from sediment
samples

Viral community analysis was performed at three different

sediment depths: surface sediment (0–1 cm), the subsequent

layer (1–3 cm) and a deeper section (10–12 cm). To obtain

enough viruses for the analysis, sediment layers from 17

cores (c. 1 kg of sediment in total) were pooled prior to the

extraction of viruses.

Viruses were extracted from the samples as described for

the vertical profile, but without the addition of glutaralde-

hyde. Briefly, 5–10 g of sediment was placed in 50-mL

centrifuge tubes and 5 mL pyrophosphate (final concentra-

tion 10 mM) was added. Samples were shaken, incubated for

15 min and then sonicated in a sonication bath for 2� 1 min

before centrifugation for 5 min at 700 g (Glud & Middelboe,

2004). The supernatant was collected and the sediment

washed twice with 2 mL virus-free water. The extract was

then centrifuged at 15 000 g for 30 min to remove bacteria

and the supernatant was GF/F filtered. As for the water

samples, viruses in the extract were concentrated by centri-

fugal ultrafiltration devices (30 K Amicon Ultra, Millipore).

The concentrate was again centrifuged (15 000 g for 30 min)

before concentration of viruses by the glycerol gradient

ultracentrifugation step (see above).

To further improve purification of the concentrated

viruses, viral concentrates were run through a CsCl gradient

following the glycerol gradient step. First, CsCl was added to

samples to obtain a density of 1.15 g mL�1 and samples were

then loaded on to a CsCl gradient of three densities (1.7, 1.5

and 1.3 g mL�1 in MSM or SM, respectively). The samples

were ultracentrifuged at 48 000 g for 2 h at 4 1C (Sambrook

et al., 1989). Following centrifugation, the viruses were

sampled with a needle from individual layers, transferred to

separate Eppendorf tubes, and stored at 4 1C for further

analysis of the viral community.

Pulsed field gel electrophoresis

Before electrophoresis, the purified viruses were further

concentrated and purified using 0.5-mL centrifugation

devices (30 K Microcon, Amicon Bioseparations, Millipore).

During this procedure viruses were resuspended in Tris-

EDTA (TE) buffer (10 mM Tris and 1 mM EDTA, pH 8.0).

Viral genomes were released by heating samples to 70 1C for

10 min followed by cooling on ice. For electrophoresis,

20–25 mL virus sample containing DNA from 8� 109 viruses

for the water samples and 2� 1010 viruses for the sediment

were added to 4 mL of loading buffer and loaded on to a 1%

agarose gel in 0.5� Tris-Borate-EDTA (TBE) (10� TBE:

890 mM Tris, 20 mM EDTA, 890 mM boric acid, pH 8.3).

Molecular weight markers included a lambda DNA-PFGE

ladder (Amersham, Hillerad, Denmark) and a high molecu-

lar weight DNA marker (8–48 kb; Invitrogen). The electro-

phoresis was performed in a CHEF-DR III system (Biorad,

Hercules, CA) at 14 1C, 6 V cm�1 and a 1201 angle for 22 h

using 0.5� TBE as running buffer, and switch times varying

from 0.5–2 and 2–7 s. These conditions were based on

numerous tests, which assessed sensitivity and reproduci-

bility of procedures.

The effect of DNase and RNase treatment for reducing

background fluorescence in the gels was investigated by

incubating a subset of samples with DNase and RNase (final

concentrations of 5 and 1 mg mL�1, respectively) for 30 min

at 37 1C prior to viral DNA release (Sambrook et al., 1989).

Gels were stained with SYBR Gold (10 000� dilution,

Molecular Probes) in 0.5� TBE for 1 h and then washed

with distilled water for 30 min. To visualize the DNA bands,

gels were illuminated on a UV transilluminator (BioRad)

and pictures were taken with a digital camera at different

exposure times and later edited with Adobe Photoshop.

Photographs were analyzed using the software QUANTITY

ONE
s (Biorad) to determine the vertical intensity profile of

individual lanes and the relative DNA distribution as the

fraction of a given band intensity relative to the total

intensity of the detected bands.

Results

Sediment characteristics

Sediment grain size varied considerably among the three

marine/brackish sites (Øresund at 10 m depth, Øresund at

26 m and Nivå Bay) (Table 1). The shallow Øresund station

consisted mainly of coarse sand (500–1000mm), while the

deeper Øresund station was characterized by silt and fine

sand (o 250 mm) and Nivå Bay by sand fractions of inter-

mediate size (250–500 mm) (Table 1). Both freshwater sites

were dominated by soft and silty sediment (data not shown).

Sediment porosity increased from �0.4 in the sandy

sediment (Øresund 10 m) to �0.5–0.6 in Nivå Bay and the

deep Øresund station, and 4 0.8 in the freshwater sedi-

ment. In general the porosity decreased slightly with

sediment depth (Table 1).

Total organic carbon (TOC) content was much lower at

the shallow Øresund station (o 0.3%) than at the other

locations, where TOC contents ranged from �1.5% in the

deep Øresund station to 4 3% at 10 cm sediment depths in

Lake Frederiksborg Slotss� (Table 1).

Oxygen penetration depth ranged from 2.1 mm in Lake

Frederiksborg Slotss� to 5.1 mm at the deep Øresund

station (Table 1). At the shallow Øresund station, oxygen
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penetration was much higher (4 3 cm), but because of

large sand particles it was impossible to measure accurately

with the microelectrodes used. The benthic mineralization

rate varied from a minimum of 14.7 mmol O2 m�2 day�1 in

the deep Øresund station to a maximum of 80.6 mmol

O2 m�2 day�1 in the eutrophic Lake Frederiksborg Slotss�,

with intermediate rates of 28–34 mmol O2 m�2 day�1 in

Lake Esrum, Nivå Bay and the shallow Øresund station

(Table 1).

Distribution of viruses and bacteria

Large differences in total viral and bacterial abundances

were observed among locations. In general, viral and

bacteria abundances were higher in freshwater than in the

marine and brackish systems and at least 20-fold higher in

sediments than in the overlying water column (Fig. 1 and

Table 2). In the marine and brackish water samples, viral and

bacterial abundance ranged from 0.4 to 1.2� 107 VLP mL�1

and from 0.6 to 1.4� 106 mL�1, respectively. Viruses were

5–11 fold more abundant than bacteria (Table 2). In lake

water, viral abundance (3.8–15.7� 107 VLP mL�1) and the

virus:bacteria ratio (23–40) were higher than in the marine

and brackish water samples (Table 2).

In sediments, viral abundance varied by a factor of 100

among locations. Viral abundances in the sandy sediment at

the shallow Øresund station (�2� 107 VLP cm�3) were

10–20 fold lower than at the deeper silty Øresund station

and the eutrophic Nivå Bay (Fig. 1a), and two orders of

magnitude lower than at the freshwater locations [15–30�
108 VLP cm�3 (Fig. 1a)]. Bacterial distribution showed a

similar pattern with abundances, ranging from 0.8� 107

cells cm�3 at the shallow Øresund station to 4 20� 107

cells cm�3 in the surface sediment of Lake Esrum (Fig. 1b).

In the sediment, the VBR showed no systematic differences

between freshwater and marine locations and ranged from

8 to 33, whereas the shallow Øresund station (10 m) had

relatively low virus densities and a VBR of only about 2.6.

At all locations, sediment subsurface peaks of viral

abundance were associated with corresponding increases in

Table 1. Basic characteristics of the investigated benthic locations

Site

Sampling

date

Water

depth

(m)

Salinity

(%)

Temp.

(1C)

Porosity

(vol:vol)

TOC�

(%)

TOUw

(mmol m�2

day�1)

O2 penetration

depth (mm)

Dominant grain size

Sand

fractionz (%)

Silt

fraction‰ (%)

Frb. Slotss� 29 Nov 04 9 Fresh 3.5 0.78–0.94 1.56–3.43 80.6 2.08 (0.06) ND ND

Lake Esrum 13 Dec 04 19 Fresh 6 0.82–1.13 1.00–2.54 30.6 4.3 (0.55) ND ND

Nivå Bay 26 Oct 04 o 1 20 11 0.42–0.64 1.46–2.46 34.2 3.2 (0.22) 53 (medium) 24 (fine) 3.5

Øresund (10 m) 23 Jan 05 10 20 7 0.31–0.39 0.15–0.23 27.9 Nd 52 (coarse) 38 (medium) 0.9

Øresund (26 m) 12 Jan 05 26 31 8 0.47–0.62 1.36–1.67 14.7 5.12 (0.12) 42 (fine) 32 (very fine) 24

Values in parentheses represent � 1 SE (N = 5) for O2 penetration depth.
�Total organic carbon.
wTotal oxygen consumption.
z63–2000 mm (Coarse, 500–1000mm; medium, 250–500mm; fine: 150–250 mm; very fine, 63–150 mm).
‰o 63 mm.

ND, not determined.
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Fig. 1. Vertical distribution of viruses (a) and bacteria (b) in sediments at

different locations: marine (Øresund), brackish (Nivå Bay) and freshwater

(Lake Esrum and Lake Frederiksborg Slotssø).
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bacterial abundance (Fig. 1a and b), and there was a clear

overall positive correlation (r2 = 0.86, Po 0.01, n = 54)

between viral and bacterial abundance (Fig. 2).

Method optimization

The sensitivity of the PFGE method was tested by running a

concentration series of three viral isolates from Nivå Bay

sediments, with genome sizes of 45, 50 and 90 kb, respec-

tively. After staining with SYBR Gold, viral densities as low

as 0.6–1.0� 106 viruses per band were detected as clearly

distinguishable bands, with no significant differences related

to genome size (data not shown). Duplicate samples of a

Nivå Bay concentrate in parallel lanes showed identical

banding pattern and relative band intensities (Fig. 3).

The optimal switch time to discriminate PFGE bands in

the genome size range of 20–50 kb was 0.5–2 s, whereas a

longer switch time of 2–7 s provided better resolution of

genomes 4 50 kb, particularly in the 90–200 kb size class. A

running time of 22 h and a voltage of 6 V cm�1 worked well

for all samples tested.

For sediment samples, band resolution was considerably

improved by including a CsCl gradient centrifugation step

of viral concentrates following the standard glycerol con-

centration step (data not shown). Examination of three

individual CsCl fractions showed identical genome size

pattern; however the best resolution and highest intensity

of bands was obtained in the heavier fraction

(1.5–1.7 g mL�1), which was therefore used in subsequent

comparison between PFGE fingerprints from different loca-

tions. The use of enzymes (DNase and RNase) did not

improve the quality of PFGE gels (data not shown).

Fingerprinting of virioplankton: comparison
between locations

The PFGE fingerprints of different water samples could be

divided into five dominant genome size classes correspond-

ing to bands of (1) 12–17, (2) 24–29, (3) 30–48, (4) 50–70

and (5) 4 90 kb (Fig. 4a). The most notable differences

between marine and freshwater ecosystems were observed in

the first and second size class, which were represented only

in freshwater samples (Fig. 4a and b). Moreover, the number

of bands in the 30–48 kb size fraction was higher in the lake

(7–8) than in the marine (2–3) samples.

Samples from all locations contained bands in the

145–200 kb size fraction, although the signal in the coastal

sample was very weak. In addition, the freshwater samples

also showed bands in the 4 200 kb fraction, particularly

those from Lake Frederiksborg Slotss� where more genomes

were present in that size fraction than in samples from any

other location (Fig. 4). Discrimination of bands larger than

200 kb using the longer switch time-interval (7–20 s) re-

vealed two clearly distinguishable bands of c. 290 and 360 kb

in Lake Frederiksborg Slotss� and a number of bands in the

194–242 kb region in the marine samples (data not shown).

Overall, the pattern of genome size distribution was similar

across all locations with most of the genomes ranging

between 33 and 60 kb (Fig. 4c). In general, between 10 and

15 clearly visible bands were detected, with 20 bands from

Lake Frederiksborg Slotss� as an exception. This higher

number in Lake Frederiksborg Slotss� samples was mainly

due to bands in the 97 and 242 kb region.

Fingerprinting of benthic viral community:
cross-system differences

PFGE bands of the sediment samples were clustered into

four different genome size classes: (1) 12–19, (2) 30–48, (3)

50–70 and (4) 90–200 kb. These classes were found both in

superficial sediment (top cm) and in the layer 10–12 cm

below the surface (Fig. 5a and b). The overall pattern in

genome size distribution was similar for all locations with

most of the genomes ranging between 30 and 50 kb (Fig. 5c

Table 2. Average viral and bacterial abundance and virus-bacteria ratio

(VBR) in the investigated pelagic environments

Ecosystem Locations

Viruses

(107 mL�1)

Bacteria

(106 mL�1) VBR

Marine Øresund (mix) 0.73 0.68 10.7

Brackish Nivå Bay 0.42 0.86 4.9

Freshwater Lake Esrum 3.78 1.66 22.7

Lake Frederiksborg

Slotss�

15.71 3.97 39.6
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Fig. 2. Cross-system correlation between viral and bacterial abundance

including data from all investigated pelagic and benthic environments.

The line represents the linear regression.
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and d). However, as for the water samples, there appeared

to be a number of general differences between marine/

brackish and freshwater sediments. The smallest size frac-

tion (class 1) was only present in samples from lake

sediment: Lake Esrum and Lake Frederiksborg Slotss� had

well-defined bands at 17 and 15 kb, respectively, which were

not found elsewhere. Moreover, the number and intensity of

bands representing larger genome sizes (4 90 kb) were less

pronounced in the freshwater sediment samples: this size

fraction was absent in Lake Esrum, while only four bands

were found in the surface sediment of Lake Frederiksborg

Slotss�, which was reduced to one band in the deeper layer

(Fig. 5a–d).

Gels from samples taken at the Øresund shallow station

(10 m) in 0–1 and 1–3 cm sediment depth showed genome

size bands falling into the intermediate-size fractions (2 and

3) but single bands were difficult to distinguish (data not

shown). This may have been because the number of viruses

with the same genome size was below the detection limit of

the method at this station.
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Fig. 4. Viral genome fingerprints of water samples collected from marine (Øresund), brackish (Nivå Bay) and freshwater (Lake Esrum and Lake

Frederiksborg Slotssø) systems. (a) Switch time of 0.5–2 s to enhance resolution of viral genomes o 50 kb, (b) switch time of 2–7 s to improve separation

of bands corresponding to high viral genome sizes (90–200 kb), and (c) relative distribution of band intensity in different genome size fractions in water

samples as detected by PFGE.
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Fig. 3. (a) PFGE fingerprints of two identical

samples run on parallel lanes. Gel parameters:

0.5–5 s, 20 h, 6 V cm�1 and 14 1C. (b) Vertical

profile of the relative intensity of the two lanes.
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Changes in viral community structure with
sediment depth

In general, changes in viral genome size distribution with

sediment depth were less pronounced than differences

between locations and were restricted to the large size

fraction (genomes between 90 and 200 kb) (Fig. 5b). How-

ever, detailed analysis of vertical differences in Nivå Bay

showed different intensities of individual bands in the three

analyzed depths (Fig. 6). Furthermore, each depth was

characterized by one or two specific bands (see arrows) in

the large size fraction (Fig. 6). At the deep station of

Øresund (26 m), the surface sediment (0–1 cm) contained

five more bands between 90 and 200 kb than the deeper

layers (1–3 cm and 10–12 cm), while at Nivå the deeper

sediment had two bands more than the surface (Fig. 5a and

b). At Nivå Bay and Lake Esrum the number of clearly

visible bands was nearly the same in the first two sediment

layers (13 and 12 bands, respectively) and then decreased in

the deeper layer. In Øresund (26 m) and Lake Frederiksborg

Slotss� there was a continuous decrease in band numbers

with depth. The minimum number was always observed in

the deeper sediment layer (between 6 and 11 bands).

Based on clearly discernable bands, a matrix of similarity

values (Dice’s correlation coefficients) was obtained using

the UPGMA clustering algorithm (Quantity One, BioRad)

program. For the water samples (Fig. 7a), Øresund locations

branched out before Nivå, and the two lakes clustered

together with similarity coefficients of 0.79. For the sedi-

ment communities (Fig. 7b), Nivå surface and deep sedi-

ment clustered together and showed low similarity to all

other locations. At a lower level, samples from the freshwater

communities of Lake Esrum and Lake Frederiksborg Slotss�

also clustered together, with the exception of the surface

sediment of Lake Esrum, which showed more similarity with

the marine location of Øresund.

The relative intensity distribution on the gels showed

that most of the viral DNA was distributed among the

genome sizes smaller than 60 kb (44–89% of total intensity)

and larger than 145 kb (5–34% of total intensity). The
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Fig. 5. Viral genome fingerprints of sediment samples taken at different locations: marine (Øresund), brackish (Nivå Bay) and freshwater (Lake Esrum

and Lake Frederiksborg Slotssø) with switch times of 0.5–2 s (a) and 2–7 s (b). Relative distribution of band intensity in different genome size fractions as
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intermediate-size fraction between 60 and 145 kb generally

contained rather low intensity (o 7%) with the exception

of Nivå Bay, where 19% of the total intensity was found

within the 60–145 kb size fraction (Figs 4 and 5). As larger

genomes would exhibit higher intensity per genome than

smaller ones, the relative intensity was normalized to

genome size by dividing the intensity of a given genome size

fraction by the average size of the genome in that size

interval. This calculation provided an estimate of the relative

distribution of genomes in the different size fractions. The

normalized distribution generally emphasized the domi-

nance of small genomes and 59–95% of the normalized

genome intensity was found in the o 50 kb fraction. In the

freshwater environments the smallest genomes (o 19 kb)

constituted as much as 23–52% of the total normalized

intensity.

Discussion

Methodological considerations

Our results confirmed the conclusions from previous studies

(e.g. Wommack et al., 1999; Steward et al., 2000; Riemann &

Middelboe, 2002b) that PFGE represents a reproducible and

sensitive method for analyzing viral community composi-

tion in natural water samples. In this study, we have further

applied the technique to analyze benthic viral populations

and present here for the first time data on PFGE finger-

prints in marine and freshwater sediments. The sediment

contained large amounts of humic and colloidal material

that affected both DNA migration and background fluores-

cence in the gels. A number of modifications were applied

to overcome these interferences, and a glycerol gradient

centrifugation followed by CsCl density gradient centrifu-

gation was found to reduce the background of nonviral

material without significant loss of virus DNA, thus

improving the resolution of viral genomes by PFGE

considerably.

The sensitivity of the method has been reported to be c.

106 viruses band�1 (Wommack et al., 1999), which was

confirmed in the present study (data not shown). This

sensitivity analysis allowed us to back-calculate the required

concentration of a particular virus type in the original

sample in order to obtain a detectable band on the gel.

Accounting for the different concentration steps and assum-

ing a 50% loss of VLP during handling, it was estimated that

individual virus genome sizes present in densities higher

than c. 104 VLP mL�1 sea water and 105 VLP g�1 sediment in

the original samples were detectable by PFGE.

The PFGE method, thus, focuses on the dominant viral

genome sizes and does not provide information about the

total number of virus genotypes in a given sample. Recent

estimates of total viral diversity in environmental samples by

metagenomic approaches have indicated that the total

number of viral genotypes was about 5000 in 200 L of sea

water and between 10 000 and 1 million genotypes in 1 kg of

sediment (Breitbart et al., 2002; Breitbart et al., 2004a, b;

Edwards & Rohwer, 2005). In contrast to this large diversity

Water column Water column 
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17.1 kb

29.9 kb

24.8 kb
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(a) (b) (c)
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Fig. 6. Viral genome fingerprints of samples taken in the water column (a and b) and at three different sediment depths (surface 0–1, 1–3 and

10–12 cm) (c and d) from Nivå Bay. Gels were run using switch times of 0.5–2 s (a and c) and 2–7 s (b and d). Arrows indicate bands typical of a particular

sediment layer.
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obtained from genomic analyses, virus community finger-

prints by PFGE in water samples have typically identified

4–35 distinct bands (i.e. dsDNA genomes), in the size range

from 12 to 600 kb, with the majority of DNA in the 26–69 kb

size fraction (e.g. Steward et al., 2000; Riemann & Mid-

delboe, 2002b; Larsen et al., 2004).

Model simulations of the viral community composition

based on the number of sequences and their relative

abundance revealed that the most dominant genotypes

constituted c. 1% of the total community in sea water, and

less than 0.1% in the sediment (Breitbart et al., 2002, 2004a).

This suggests that most of the viral genotypes obtained by

metagenomic analyses are present in densities below the

detection limit of PFGE.

There are a number of limitations associated with the

PFGE method that need to be taken into account when

analyzing viral communities by PFGE (see overview in

Steward et al., 2000). First, the assumption that single bands

represent a single genotype is not always valid. In principle,

each PFGE band may represent several viral genotypes;

however, little is known about the genotypic diversity of

viruses of similar genome size. In addition, despite our

optimization of band resolution, many consecutive bands

representing a continuum of individual genome sizes cannot

always be resolved but produce a smear on the gel rather

than distinct individual bands. Consequently, PFGE finger-

prints cannot be used as an estimate of the diversity of

dominant genotypes. Rather, as any fingerprint approach,

the method provides a way to detect major differences in

viral communities between environments or time-points,

based on the distribution of dominant genome sizes, and the

number of bands represents a minimum number of geno-

types present in a given sample.

The samples were in all cases 0.2-mm filtered prior to

concentrating viruses to avoid bacteria and other large

particles interfering with the electrophoresis. Because some

viruses, probably mostly algal viruses, may be larger than

0.2 mm (Bratbak et al., 1992; Brussaard, 2004), this filtration

step might have introduced a bias in the obtained commu-

nity composition towards the lower genome size viruses.

Moreover, we have focused on the separation of DNA in the

size range of 8–250 kb, where most viral genomes from
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environmental samples have been shown to fit in (e.g.

Rasmussen & J�rgensen, 1992; Wommack et al., 1999;

Larsen et al., 2001; Riemann & Middelboe, 2002b). This

means that larger genomes (4 250 kb) may have been poorly

separated by the applied electrophoresis conditions. On the

other hand, there were no indications of bands in the size

fraction 4 250 kb, suggesting that the data are representa-

tive of the bacteriophage communities in the samples.

Viral and bacterial abundance

The abundances of viruses and bacteria in this study

confirmed several general observations from other aquatic

habitats: (1) higher abundances in freshwater than marine

systems, (2) a decrease in abundances with water depth from

shallow coastal regions towards deeper stations and (3)

more bacteria and viruses in a given sediment volume than

in the water column (e.g. Wommack & Colwell, 2000;

Hewson et al., 2001; Weinbauer, 2004; Middelboe & Glud,

2006). Interestingly, the shallow Øresund station (10 m) that

was characterized by coarse sand and low organic carbon

content sustained extremely small populations of viruses

and bacteria. Sandy sediments are characterized by strong

physical forcing and advective pore water transport, which

may limit the density of interstitial microbial populations,

despite the relatively high benthic mineralization rate, which

have previously been found to correlate positively with viral

production (Glud & Middelboe, 2004; Middelboe & Glud,

2006). However, virtually nothing is known about virio-

benthos abundance and activity in coastal sandy sediments.

At the Nivå and deep Øresund stations, benthic viral and

bacterial abundances were consistent with previous data

from the same locations (Middelboe et al., 2003; Glud &

Middelboe, 2004). Moreover, the relatively high abundances

of bacteria and viruses in the investigated freshwater sedi-

ments corresponded to observations from other lakes (Mar-

anger & Bird, 1996; Fischer et al., 2003; Filippini et al., 2006)

and from two Australian rivers (Hewson et al., 2001). The

observation of higher VBRs in lake samples than in marine

samples in the present study may be the result of enhanced

nutrient availability in freshwater systems and supported the

observation of increased VBR along a trophic gradient in an

estuarine environment (Hewson et al., 2001).

The large range in virus abundances in pelagic samples

from 0.42–15.7� 107 VLP mL�1 and in benthic samples

from 0.2–30.0� 108 VLP cm�3 emphasized that the selected

marine, brackish and freshwater locations represented dis-

tinct environments providing extremely different habitat

conditions for microorganisms. Interestingly, virus abun-

dance was significantly correlated with bacterial abundance

(R2 = 0.86, Po 0.01) across this span of environments,

suggesting a broad coupling between bacteria and viruses

across ecosystem types.

Viral community composition in water and
sediment samples

The dominant genome size classes (30–48, 50–70 and

145–200 kb) in both pelagic and benthic samples have been

observed in most previous studies on viral genome size

distribution in aquatic systems (e.g. Wommack et al., 1999;

Steward et al., 2000; Fuhrman et al., 2002; Riemann &

Middelboe, 2002b; Sandaa et al., 2003; Jiang et al., 2004;

Auguet et al., 2006), and suggests that these genome sizes are

generally dominant in aquatic ecosystems. The size pattern

is in line with the fact that average genome sizes for different

groups of cultivated bacteriophages, including the major

taxonomic families Siphoviridae, Podoviridae and Myoviri-

dae, fall within these size classes (Ackermann & DuBow,

1987; Steward et al., 2000). Moreover, T7-like podophages,

which have genome sizes of �40 kb, have been found widely

distributed in aquatic and terrestrial environments (Breit-

bart et al., 2004b).

The water samples in this study gave rise to between 10

and 20 bands, with the highest abundance observed in the

eutrophic Lake Frederiksborg Slotss�. This result is similar

to data from Chesapeake Bay (7–16 bands Wommack et al.,

1999), the coastal Pacific off Southern California (10–15

bands Fuhrman et al., 2002), diverse pelagic marine envir-

onments (8–16 bands Steward et al., 2000), and a range of

Danish marine and brackish waters (15–20 bands Riemann

& Middelboe, 2002b).

Besides the general observation that viral genome sizes

fell into similar size classes in all the studied environments,

the PFGE fingerprints from the different locations displayed

interesting differences in specific banding patterns. Most

striking was the specificity of low genome size bands

(12–17 kb) to freshwater environments, where they repre-

sented dominant genotypes in both water and sediment

samples (with different dominant low genome sizes in the

two habitats). Presence of such low genome size viruses have

previously been observed in samples of rumen and human

feces (Breitbart et al., 2003) and from hypersaline ponds

(Sandaa et al., 2003). However, the dominance of distinct

low genome size bands has to our knowledge not been

reported from other marine or brackish systems either, and

the small genomes observed in the present study may

represent genomes of specific lake viruses.

In the high genome size fraction (4 90 kb), we also

identified differences between freshwater, marine and brack-

ish environments. Lake water generally yielded more bands

in the 4145 kb fraction than sea water, whereas the

brackish sediment contained several genomes in that size

fraction, which were completely absent in lake sediment.

Assuming that these relatively large genomes to some extent

reflect algal viruses, these differences might be interpreted

as differences in the amount and composition of algal
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populations in the systems. Both lakes have generally high

pelagic algal biomass compared with the marine locations,

whereas benthic algae were absent because of low light

penetration and anoxic conditions prevailing in the bottom

water layer. The Nivå Bay sediment, on the other hand,

harbors active diatom and cyanobacterial communities, and

also the coastal aphotic sediment is known to contain large

abundances of living phytoplankton cells that may survive

for several months in the sediment (Hansen & Josefson,

2001). Consequently, the similarity analysis showed that the

freshwater (Lake Frederiksborg Slotss� and Lake Esrum), the

brackish (Nivå Bay) and the marine (Øresund) environ-

ments branched out separately in the similarity index, with

relatively low similarity between environments and even

within individual sampling sites.

A comparison of the PFGE profiles from pelagic and

benthic samples demonstrated that a number of bands,

especially in the 48–60 kb size fraction, were observed on

both environments. This may suggest that some of the

benthic viruses may originate from pelagic viruses that fall

out of the water column on sedimenting particles. Previous

estimates of the input of pelagic viruses to the sediment

indicated that this process could only account for a very

small fraction of the daily viral production in the investi-

gated sediment (Hewson & Fuhrman, 2003). Obviously, this

depends both on the rate of sedimentation and the ability of

viruses produced in the water column to maintain popula-

tions within the sediment, and still virtually nothing is

known about the fate of pelagic viruses when they reach the

sediment.

Although there was a large overlap in PFGE fingerprints

from pelagic and benthic samples from the same environ-

ment as well as from different environments, each habitat

also contained genomes that seemed to be specific for that

particular environment. In the intermediate genome size

fraction (70–100 kb), large differences were observed be-

tween sediment and water samples with a number of distinct

bands occurring in the sediment, which were absent from

the water samples. Even within a given sediment, small

differences in 70–100 kb banding patterns were observed

with depth, where specific bands were present in specific

depths. This suggests that the some benthic viral popula-

tions are associated with specific stratifications in the

microbial communities.

Consequently, even though some genome sizes were

present in all the samples, the viral communities, as de-

scribed by PFGE, varied considerably between different

samples. It should be noted, however, that our samples

taken at a single occasion are not fully representative of the

investigated sites. Some of the observed differences between

samples therefore might reflect temporal or spatial variation

within a given location rather than actual differences

between systems.

The total number of bands also decreased with sediment

depth, probably reflecting that specific viral genome sizes

decreased to below detection limit in the deeper sediments,

which might be a benthic parallel to the decrease in band

numbers with water depths from 5 to 500 m in the pelagic

ocean (Fuhrman et al., 2002).

In conclusion, PFGE can be useful to obtain viral genome

size fingerprints not only of pelagic water samples but also of

sediment samples, and we present here for the first time a

direct comparison of PFGE fingerprints from pelagic and

benthic habitats within and between ecosystems. Data from

marine, brackish and freshwater systems showed similarities

in genome size distribution between a number of habitats

covering a large range of microbial activities and abun-

dances. However, PFGE analysis also indicated that certain

genome sizes were found only in certain types of environ-

ments (e.g. lake water), in certain locations (e.g. a particular

lake) or even in certain microhabitats (e.g. a particular

sediment layer). The results suggest that some virus pheno-

types are ubiquitous in aquatic systems and may be effi-

ciently spread between environments, while the distribution

of others may be limited to certain environments or condi-

tions. However, more advanced genetic tools are necessary

for providing further insight to the genotypic composition

and spatial dynamics of natural viral communities.
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