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During an experiment in two laboratory-scale enclosures filled with lake water (130 liters each) we noticed
the almost-complete lysis of the cyanobacterial population. Based on electron microscopic observations of viral
particles inside cyanobacterial filaments and counts of virus-like particles, we concluded that a viral lysis of the
filamentous cyanobacteria had taken place. Denaturing gradient gel electrophoresis (DGGE) of 16S ribosomal
DNA fragments qualitatively monitored the removal of the cyanobacterial species from the community and the
appearance of newly emerging bacterial species. The majority of these bacteria were related to the Cytophagales
and actinomycetes, bacterial divisions known to contain species capable of degrading complex organic mole-
cules. A few days after the cyanobacteria started to lyse, a rotifer species became dominant in the DGGE profile
of the eukaryotic community. Since rotifers play an important role in the carbon transfer between the microbial
loop and higher trophic levels, these observations confirm the role of viruses in channeling carbon through
food webs. Multidimensional scaling analysis of the DGGE profiles showed large changes in the structures of
both the bacterial and eukaryotic communities at the time of lysis. These changes were remarkably similar in
the two enclosures, indicating that such community structure changes are not random but occur according to
a fixed pattern. Our findings strongly support the idea that viruses can structure microbial communities.

Photosynthetically derived organic carbon is one of the ma-
jor energy sources for heterotrophic bacteria in oceans and
lakes (3, 6, 16). This organic carbon is made available to the
bacteria through various pathways. Exudation by phototrophs
and excretion by their grazers provide rather constant release
of carbon. The decline of phytoplankton blooms releases dis-
solved organic carbon in a short time, which can be rapidly
used by heterotrophic bacteria (4, 13, 20, 51). To study the
growth of heterotrophic bacteria on exudates released by cya-
nobacteria, we conducted experiments in laboratory-scale en-
closures (LSEs) filled with lake water. However, 15 days after
the experiments started nearly all filamentous cyanobacteria
lysed. Electron microscopic observations of viruses inside fila-
ments of cyanobacteria and counts of virus-like particles indi-
cated a viral lysis event.

Cell lysis is a major cause of phytoplankton bloom decline
(13, 51), and many studies have shown the importance of vi-
ruses in phytoplankton mortality (12, 20, 44, 48, 49). These
viruses are considered to be important members of the micro-
bial loop (5, 8, 49). High viral abundance and decay rates
suggest considerable viral activity (10), which is also indicated
by observations of microbial cells containing mature viral par-
ticles (42). It has been calculated that 10 to 20% of the marine
bacterial community is lysed by viruses on a daily basis (47).
Approximately the same mortality was found in a freshwater
study (23). Hence, viral lysis is a significant factor in controlling

bacterial and primary production (23, 33, 49, 54) and carbon
and nutrient flow within the microbial loop (9, 34).

Besides controlling carbon production, viruses are also
thought to structure microbial communities (25). Similar to the
size-selective grazing of bacterivores (30), viral host specificity
could be a very strong structuring force of microbial commu-
nities. The lysis and removal of species from the microbial
community and the consecutive nutrient release may give other
species the opportunity to proliferate. To test the hypothesis
that viruses could structure the microbial community, we used
denaturing gradient gel electrophoresis (DGGE) (19) to follow
the changes in the structure of both the bacterial and eukary-
otic communities before and after the lysis event. DGGE anal-
ysis of 16S and 18S ribosomal DNA (rDNA) fragments cir-
cumvents the problem of underestimating microbial diversity
due to noncultivable microorganisms. This molecular tech-
nique has been used extensively to profile natural bacterial
diversity (18, 36, 50), and statistical analysis of the DGGE
patterns can reveal relative changes in the microbial commu-
nity structure (52, 53).

MATERIALS AND METHODS

Experimental design. Two LSEs, especially designed to mimic the physical
environment of Lake Loosdrecht, The Netherlands (46), were each filled with
130 liters of Lake Loosdrecht water sampled on 26 November 1996. Lake Loos-
drecht is a shallow eutrophic lake dominated by filamentous cyanobacteria. The
water temperature at the time of sampling was 3.6°C. The temperature was
raised to 20°C within 1 day. Both LSEs were supplied with medium at a dilution
rate of 0.05 day21. The incident irradiance was 50 W z m22 during a 16-h light
period. The LSEs were stirred continuously to assure complete mixing. After 1
week of adaptation, both LSEs received elevated light levels of 150 W z m22

during 4 h around the midpoint of the light period. In one system (LSE 1),
stirring was halted during this high-light period. Elevated light levels were used
to trigger exudate production.

Chl-a, virus-like particles, and numbers of bacteria. Chlorophyll a (Chl-a)
concentrations were measured after hot-ethanol extraction (35). Virus-like par-
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ticles were enumerated by YOPRO staining (24). Bacteria were counted by
DAPI (49,6-diamidino-2-phenylindole) staining (41).

DNA extraction, PCR, and DGGE. DNA was released from the cells by
mechanical force (bead beating) concomitant with phenol extraction and ethanol
precipitation (57). PCR primers against the V2 region were used for the ampli-
fication of the 16S rRNA gene. The PCR primers were F357GC (59-CGCCCG
CCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCCCCTACGGGAGGC
AGCAG-39), which contains a GC-rich clamp and is specific for most Bacteria,
and R518 (59-ATTACCGCGGCTGCTGG-39), which is specific for most Bac-
teria, Archaea, and Eucarya (36). PCR amplification was performed in a 50-ml
volume containing approximately 100 ng of template DNA, 10 mM Tris-HCl (pH
8.3), 50 mM KCl, 0.01% (wt/vol) gelatin, 1.5 mM MgCl2, 0.5 mM (each) primer,
200 mM (each) deoxynucleotide, 400 ng of bovine serum albumin, and 2.5 U of
Taq DNA polymerase (Boehringer Mannheim, Mannheim, Germany). PCR
cycling was performed with a Perkin-Elmer 480 thermocycler. The temperature-
cycling conditions were as follows. After a preincubation at 94°C for 5 min, a
total of 25 cycles were performed at 94°C for 1 min, TA for 1 min, and 72°C for
1 min. In the first 20 cycles, TA decreased by 1°C, stepwise, each two cycles, from
65°C in the first cycle to 56°C in the 20th. In the last five cycles, TA was 55°C.
Cycling was followed by 5 min of incubation at 72°C. The primers for the
amplification of the 18S rRNA gene were F1427GC (59-CGCCCGCCGCGCC
CCGCGCCCGGCCCGCCGCCCCCGCCCCTCTGTGATGCCCTTAGATGT
TCTGGG-39) and R1616 (59-GCGGTGTGTACAAAGGGCAGGG-39). Both
primers are specific for eukaryotic aquatic microorganisms (53). The tempera-
ture-cycling conditions were as follows: one preincubation step at 94°C for 5 min
followed by 25 cycles of 94°C for 1 min, 52°C for 1 min, and 72°C for 1 min and
then a final extension step of 72°C for 5 min. The reaction conditions were as
described above.

DGGE was performed as described previously (36, 53). Briefly, similarly sized
PCR products were separated on a 1.5-mm-thick vertical gel containing 8%
(wt/vol) polyacrylamide (acrylamide-bisacrylamide, 37.5:1) and a linear gradient
of the denaturants urea and formamide, increasing from 35% at the top of the
gel to 55% at the bottom for the separation of the 16S rDNA fragment and from
30 to 55% for the separation of the 18S rDNA fragment. Here, 100% denaturant
is defined as 7 M urea and 40% (vol/vol) formamide. Equal amounts of PCR
products were applied to the DGGE gel. The concentrations of PCR products
were estimated by separation on 2.0% agarose gels, staining with ethidium
bromide (see below), and analysis of digitized images with ImageQuant software
(Molecular Dynamics Ltd., Kemsing, England). Fifty microliters of the sample
with the largest amount of PCR product was loaded on the DGGE gel. All other
samples were loaded in amounts relative to this sample. Electrophoresis was
performed at 60°C in a buffer containing 40 mM Tris, 40 mM acetic acid, and
1 mM EDTA at pH 7.6 (0.53 TAE), and 75 V of electricity was applied to the
submerged gel for 16 h. Nucleic acids were visualized by staining them for 1 h in
0.53 TAE buffer containing 0.5 mg of ethidium bromide liter21 followed by
destaining for 5 min in demineralized water and photographing the gel with a
charge-coupled device camera (The Imager; Appligene, Illkirch, France). Digi-
tized images were inverted with Photostyler software (Aldus Corporation, Seat-
tle, Wash.). The contrast and gray balance of the entire image were adjusted to
reduce background.

DGGE marker sequences. Sequences obtained from a clone library of the 16S
rRNA genes from Lake Loosdrecht (56) were used to construct a marker for
DGGE analysis. Cyanobacterial sequences in this clone library were aligned
against the most similar sequences from the EMBL database (see below).

Sequencing of excised DGGE bands. Nucleotide sequences of DGGE bands of
interest were obtained either by direct sequencing of DNA from excised DGGE
bands (18S rDNA) or by sequencing the excised fragment (16S rDNA) ligated in
a pGEM-T vector (Promega, Madison, Wis.) and were transfected through heat
shock to Epicurian Coli XL1-Blue MRF9 supercompetent Escherichia coli cells
(Stratagene, La Jolla, Calif.). Ligation, transformation, and sequencing proce-
dures for the 16S rDNA fragment have been described previously (56). To obtain
sequences from the 18S rDNA fragments, a small block of gel from the middle
of the target band was excised from the DGGE gel with a surgical knife and
placed into a 2-ml screw-cap tube. To extract the DNA from the gel, 0.5 ml of TE
(10 mM Tris, pH 7.6, 1 mM EDTA) was added to the tube together with 0.5 g
of zirconium beads (0.1-mm diameter). The tubes were then vigorously shaken
(5,000 rpm) on a Mini Beadbeater (Biospec Products, Bartlesville, Okla.) for 2
min with intermittent cooling on ice. The released DNA fragment was then
amplified in 25 cycles of PCR with eukaryote-specific primers previously de-
scribed (53). The reverse primer was extended at the 59 site by the vector-specific
M13 forward sequence, yielding 59-TGTAAAACGACGGCCAGTGCGGTGT
GTACAAAGGGCAGGG. Amplification primers and primer-dimers were re-
moved with the Wizard PCR Preps direct purification system (Promega) accord-
ing to the manufacturer’s instructions. The PCR products were then cycle
sequenced with a Texas red-labeled M13 forward primer (59-TGTAAAACGA
CGGCCA) and Thermosequenase (Amersham, Little Chalfont, United King-
dom). Fragment separation, detection, and base calling were done with a Vistra
DNA sequencer 725 (Amersham).

DGGE pattern analysis. The DGGE banding patterns were converted to a
binary matrix to make the data accessible to statistical analysis (53). The pres-
ence or absence of a nucleic acid band at the same height in each lane was
marked with a 1 or 0, respectively. Since microorganisms can have multiple

copies of their rRNA gene, care should be taken with the interpretation of the
number of species present in a DGGE pattern. We therefore refer to a band as
a sequence type rather than a species. Gel images were enlarged two times to
facilitate band detection. From this binary matrix, a distance matrix was calcu-
lated (37). The distance matrix was then analyzed by nonmetric multidimensional
scaling (NMDS). This analysis constructs a map showing the relationships among
a number of observations given only a table of distances between them. The data
is presented in a Euclidean plane such that highly similar measurements are
plotted close together. Such a graphical representation is much easier to inter-
pret than the original table of distances. The dimensions (axes) in the map have
no special significance and can be rotated or mirrored without influencing the
relative distances between the points. As a measure of the goodness of fit of the
reproduced distances to the observed distances, the stress value is used. When
stress values are ,0.1, the NMDS plot is considered to be an acceptable repre-
sentation of the original data. Interpretation of the NMDS plot can be achieved
by explaining single dimensions or by finding structures or patterns in the mul-
tidimensional space (7, 31). Applied to DGGE data, the NMDS map shows every
banding pattern—the community structure at a particular point in time—as one
dated point, and by connecting consecutive points, relative changes in the com-
munity structure can be visualized and interpreted. NMDS has been proven to be
useful as a tool for analysis of genetic structures (32, 52).

Sequence analysis. The partial 16S and 18S rRNA gene sequences recovered
from the two LSEs were screened against GenBank and EMBL sequences with
BLAST (1) (http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST/nph-blast?Jform50).
The sequences with the highest similarities were then used in a similarity index
calculation. Gaps and ambiguities were not included in this calculation. The
sequences were aligned by the DCSE program (15).

Nucleotide sequence accession numbers. All partial sequences from excised
bands have been deposited in the EMBL database. Eukaryotic sequences have
been deposited under accession no. AJ009546 to AJ009554. Bacterial sequences
have been deposited under accession no. AJ009642 to AJ009654.

RESULTS

Cyanobacterial lysis. During the first 15 days of the exper-
iment the Chl-a concentration increased almost threefold for
LSE 1 and fourfold for LSE 2, indicating an actively growing
cyanobacterial community (Table 1). Microscopic observations
showed that more than 95% of the cyanobacterial population
consisted of Oscillatoria c.f. limnetica and Prochlorothrix hol-
landica. However, 15 days after the experiment started, a de-
crease in Chl-a occurred in both LSEs: within 4 days, levels
dropped to 10% of the maximum levels. Parallel to this de-
crease in Chl-a, we noticed an increase in virus-like particles
and numbers of bacteria (Table 1). Electron microscopic ob-
servations showed lambda-like phages in the culture medium,
attached to filaments of cyanobacteria and densely packed
inside lysed cyanobacterial filaments.

Bacterial community structure. Analysis of the 16S rRNA-
defined community revealed that most of the identified bands
related to cyanobacteria had disappeared from the DGGE
pattern in both LSEs (Fig. 1). Bands related to cyanobacteria
were identified by comparison with clone sequences, obtained
from Lake Loosdrecht (Table 2), from the marker lanes. At
the beginning of the experiment, 35% of the DGGE bands
were related to cyanobacteria. Most of these bands decreased
in intensity from day 10 on, except for the LD18 band, which
increased in intensity until day 15 before it diminished from the
pattern. On day 27, the LD18 band was the only band related

TABLE 1. Chl-a concentration, virus-like particles, and bacterial
abundance for Lake Loosdrecht and both LSEsa

Parameter Field
LSE 1 LSE 2

Prelysis Postlysis Prelysis Postlysis

Chl-a (mg z liter21) 113 296 12 401 15
Virus-like particles

(1010 liter21)
6.4 9.9 20 13 28

Bacteria (109 liter21) 6.5 11 51 19 53

a Prelysis values were measured on day 15. Postlysis values were measured on
day 22.
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to cyanobacteria that could be detected. Until day 15, the
number of sequence types as detected by DGGE remained
almost constant (Fig. 2). After the lysis event (day 15), many
new sequence types were appearing in the DGGE patterns
of both LSEs. Twelve of these new bands were excised from
the gel and sequenced to obtain phylogenetic information.
Four of the bands (bands 1, 2, 4, and 7) appeared to be
related to the Cytophagales, three (bands 3, 5, and 6) ap-
peared to be related to the b-Proteobacteria, three (bands

10, 11, and 12) appeared to be related to the actinomycetes,
and two (bands 8 and 9) appeared to be related to the
a-Proteobacteria (Table 3). Analysis of the DGGE patterns
by NMDS (Fig. 3) showed a relatively constant bacterial
community structure for LSE 1 until day 15. From day 15 to
day 20, the community structure showed large changes.
Thereafter, changes were relatively small again. The com-
munity structure of LSE 2 remained constant until day 17,
and then a major change occurred between days 17 and 20.

FIG. 1. Negative image of an ethidium bromide-stained DGGE pattern of the bacterial community structures of LSEs 1 and 2. The numbers at the top of the image
indicate days from the start of the experiment. The numbered white circles refer to the excised and sequenced bands explained in Table 3. Lane M, marker lane
containing the clones from the Lake Loosdrecht clone library. Clones related to cyanobacteria are indicated by “LD” and are elucidated in Table 2.

TABLE 2. Sequence similarities of the cyanobacterial clones used as marker bands in Fig. 1 (lane M)a

Clone Closest relative

Designation EMBL accession no. % Similarity Species EMBL accession no. Taxonomic description

LD4 AJ006279 95.8 O. limnetica AJ007908 Filamentous cyanobacterium
LD5 AJ007865 91.5 P. hollandica AJ007907 Filamentous cyanobacterium
LD6 AJ006280 99.5 O. limnetica AJ007908 Filamentous cyanobacterium
LD7 AJ007864 93.0 P. hollandica AJ007907 Filamentous cyanobacterium
LD8 AJ006281 94.3 Nodularia sp. AJ224447 Filamentous cyanobacterium
LD9 AJ006282 89.2 Synechococcus sp. strain PCC 6301 AF001477 Coccoid cyanobacterium
LD15 AJ006283 91.1 P. hollandica AJ007907 Filamentous cyanobacterium
LD16 AJ007866 98.9 P. hollandica AJ007907 Filamentous cyanobacterium
LD18 AJ006284 99.8 O. agardhii X84811 Filamentous cyanobacterium
LD22 AJ006285 99.8 P. hollandica AJ007907 Filamentous cyanobacterium
LD25 AJ006286 90.6 P. hollandica AJ007907 Filamentous cyanobacterium

a Sequences were aligned to the closest relative from the EMBL database. The similarity was calculated with gaps and ambiguities not taken into account.

VOL. 65, 1999 VIRUS-INDUCED MICROBIAL COMMUNITY CHANGES 797



During the last 7 days, changes in the community structure
were relatively small again.

Eukaryotic community structure. The DGGE analysis of the
18S rDNA fragments of both LSEs showed no notable change
in the banding pattern until day 17. The DGGE patterns of
both LSEs on day 20, and the DGGE pattern of LSE 2 on day
21, were completely dominated by a single band (Fig. 4). Ex-
cision and sequence analysis showed that this band (excised
bands 6 and 7) represented a rotifer-like sequence. Rotifer
abundance was estimated on days 17, 20, 21, and 27. In LSE 1
the densities were 1 3 104, 3.1 3 104, 1.7 3 104, and 0.1 3 104

individuals z liter21, respectively. In LSE2 the numbers were
0.1 3 104, 4 3 104, 7 3 104, and 0.8 3 104 individuals z liter21,
respectively. Other dominant bands that appeared after the
lysis event were excised from the gel and sequenced. Their
similarities to the closest sequences in the EMBL database are
shown in Table 4. Three of these bands (1, 3, and 4) showed

very low similarity (,90%) to known eukaryotic sequences.
Band 2 was related to the Ciliophora. Bands 6, 7, and 9 were
very closely related (.99%) to the rotifer Brachionus plicatilis,
and band 8 was related to an Arthropoda sequence.

Analysis of the eukaryotic DGGE patterns by NMDS re-
vealed that only small changes occurred in the eukaryotic mi-
crobial community during the first 20 days of the experiment
(Fig. 5). Five days after the lysis event a major change in the
eukaryotic communities of both LSEs was observed. Thereaf-
ter, the community structure returned to a state approximately
similar to that preceding the lysis event.

DISCUSSION

Quantitative versus qualitative DGGE. The PCR-based
methods we used in this study merely give a qualitative view of
the changes in both the bacterial and eukaryotic community
structures after the viral lysis event. Many studies have shown
that these methods are prone to give a quantitatively incorrect
view of the microbial community (17, 22, 27, 39, 45). An ex-
ample is the apparently increasing dominance of the Oscilla-
toria agardhii-related band (LD18) during the first 16 days of
the experiment. Microscopic estimations revealed that O. agar-
dhii contributed less than 1% to the total cyanobacterial bio-
mass. Another example is the complete dominance of the eu-
karyotic DGGE patterns by a single rotifer band. Since rotifers
are metazoa, every individual contributes many cells, and thus
many copies of their rRNA gene, to the PCR. Unless multi-
cellular species can be removed from the sample, eukaryotic
DGGE patterns have to be interpreted cautiously. To exclude
these errors, we did not use the intensities of the DGGE bands
as a measure of abundance. Instead, we reduced the informa-
tion to simply presence or absence of a sequence type. Thus,
only the complete removal or new emergence of sequence
types would be detected by NMDS.

Viruses as structuring forces. We started an experiment to
follow the growth of heterotrophic bacteria on exudates of
cyanobacteria. However, all filamentous cyanobacteria lysed,
and we were able to monitor the appearance of previously
undetected bacterial and eukaryotic species on the released

FIG. 2. Numbers of bacterial sequence types detected by DGGE analysis
during the course of the experiment.

FIG. 3. NMDS map showing the changes in the structures of the bacterial
communities during the lysis event. The numbers inside the symbols refer to the
days of the experiment.

TABLE 3. Sequence similarities of the excised bacterial
bands that appear in Fig. 1a

Band Closest relative

No. % Simi-
larity Species Accession

no.
Taxonomic
description

1 96.5 Flavobacterium sp. U63936 Cytophagales
2 86.6 Flexibacter sancti M62795 Cytophagales
3 97.4 Unidentified bacterium LD28 Z99999 b-Proteobacteria
4 97.4 Flavobacterium sp. U63936 Cytophagales
5 98.8 Blastobacter sp. U20772 b-Proteobacteria
5 98.8 Unidentified bacterium AJ223452 b-Proteobacteria
6 100 Blastobacter sp. U20772 b-Proteobacteria
6 100 Unidentified bacterium AJ223452 b-Proteobacteria
7 96.8 Flavobacterium aquatile M62797 Cytophagales
8a 100 Sphingomonas adhaesiva X72720 b-Proteobacteria
8b 96.4 Hyphomicrobium vulgare X53182 a-Proteobacteria
9 96.4 Hyphomicrobium vulgare X53182 a-Proteobacteria
10 98.3 Unidentified bacterium U85190 Actinomycetes
11 97.1 Unidentified bacterium U85190 Actinomycetes
12 99.4 Mycobacterium sp. U46146 Actinomycetes

a Sequences were aligned to the closest relatives from the EMBL database.
The similarity was calculated with gaps and ambiguities not taken into account.
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carbon. From counts of virus-like particles and observations of
numerous free virus particles and viruses attached to filaments
of cyanobacteria, we concluded that there had been a massive
viral outbreak. The increased numbers of bacteria (Table 1),

the disappearance of the bands related to cyanobacteria from
the DGGE patterns (Fig. 1), and the increase in bacterial
richness (Fig. 2) suggest a change in the bacterial community
structure driven by the viral outbreak. This alleged viral control
was also shown by the NMDS analysis of the DGGE patterns
(Fig. 3), where notable changes in the banding patterns and
thus in the community structure were observed during the lysis
in both LSEs. This structuring capability of natural viruses was
also shown by monitoring the removal of a specific bacterium
that was introduced to a microcosm (25). Although the largest
changes in the community structure occurred during the lysis
of the cyanobacterial populations, small changes in the com-
munity structure before and after the lysis of cyanobacteria
were apparent. These changes could have been caused by the
increase in temperature at the start of the experiment or by the
selectivity of the culture medium.

Bacterial community structure. We not only showed the
removal of specific members of the microbial community, but
we also detected their replacement by other species. Sequence
analysis of the most dominant emerging bands showed that the
majority of the newly appearing bacteria belonged to the Cy-
tophagales (bands 1, 2, 4, and 7) and the actinomycetes (bands

FIG. 4. Negative image of an ethidium bromide-stained DGGE gel of the eukaryotic community structures of LSEs 1 and 2. The numbers at the top of the image
indicate the days from the start of the experiment. The numbered white circles refer to the excised and sequenced bands elucidated in Table 4.

TABLE 4. Sequence similarities of the excised eukaryotic
bands that appear in Fig. 4a

Band Closest relative

No. % Simi-
larity Species Accession

no.
Taxonomic
description

1 89.5 Entrophospora sp. Z14011 Fungi
2 98.2 Cyclidium glaucoma Z22879 Ciliophora
3 84.6 Gymnodinium beii U37406 Dinophyceae
4 82.5 Paulinella chromatophora X81811 Euglyphina
5 93.1 Scypha ciliata L10827 Porifera
6 99.4 Brachionus plicatilis U49911 Rotifera
7 99.4 Brachionus plicatilis U49911 Rotifera
8 91.4 Cymindis punctigera AF002773 Arthropoda
9 97.5 Brachionus plicatilis U49911 Rotifera

a Sequences were aligned to their closest relatives from the EMBL database.
The similarity was calculated with gaps and ambiguities not taken into account.
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10, 11, and 12) (Table 3). Apparently, these bacteria can re-
spond rapidly to the dissolved organic matter released due to
the lysis. The Cytophagales are common soil and water bacteria
(14) and are well known for their capability to degrade large
complex carbohydrates (43). The actinomycetes are also found
in freshwater habitats, where they may play an active role in
the decomposition of chitin, cellulose, and proteins (26, 28,
29). One sequence (bands 5 and 6, which have identical posi-
tions in the gel) was related to the b-Proteobacteria and was
100% identical to that of an unknown bacterium isolated from
the surface of a copper pipe used in a potable-water system
(11). One sequence (bands 8, 9) was related to the a-Pro-
teobacteria. Both of these a- and b-Proteobacteria are com-
monly found in freshwater environments (38).

Some bands that appeared at the same position in the
DGGE patterns of LSEs 1 and 2 were excised from both
patterns and sequenced to validate the identity of the se-
quences they exhibited. From bands 5 and 6, we did retrieve
almost-identical sequences (98.2%). However, from bands 8
and 9 we retrieved different sequences. Additional sequencing
of one more clone from each band revealed that of the four
sequences obtained from bands 8 and 9, three sequences were
nearly identical (99.4 to 100%) and one sequence (band 8a)
was only 91.7% similar to the other sequences (bands 8b and
9). Apparently, these two sequence types were not resolved by
DGGE.

Eukaryotic community structure. While the bacterial com-
munity showed almost-immediate changes after the lysis event,
the eukaryotic community did not react until 5 days later. At
that time, the pattern was completely dominated by a single
band representing a rotifer-like sequence. After this apparent
rotifer dominance, the community returned to a structure sim-
ilar to that before the lysis. We found high numbers of rotifers
in both LSEs, up to 7 3 104 liter21. While these numbers are
commonly found in laboratory cultures, where densities can
exceed 106 liter21 (55), the maximum natural abundance is at
least four times lower (21). These rotifers feed on bacteria,
phytoplankton, and protozoa (reference 3 and references
therein), and the microbial loop after lysis apparently chan-
neled the food for the rapid growth of these rotifer species.

Rotifers are considered to be an important link between the
microbial loop and higher trophic levels (2, 40). The observed
rotifer proliferation suggests that viral lysis can increase the
carbon flow to the higher trophic levels, at least in freshwater
systems like Lake Loosdrecht, where rotifers can rapidly reach
high densities (21). Besides this rotifer-related band, we found
one ciliate-related band and five bands that represented se-
quences with low similarities (,94%) to the limited number of
known eukaryotic sequences in the EMBL sequence database.
This low similarity may be partly caused by the direct sequenc-
ing of excised DGGE bands. We found that this method often
yields ambiguous sequences.

Conclusions. The combination of a molecular profiling tech-
nique and an ordination method allowed the investigation of
the impact of a viral lysis event on the structures of both the
bacterial and the eukaryotic communities. Shortly after the
cyanobacteria started to lyse, previously undetected bacterial
sequence types were emerging in the DGGE profiles. The
majority of these sequence types were related to bacterial
species that are capable of degrading complex carbons. A few
days later, a rotifer species profited from the lysis event and
became dominant. Since rotifers are important links between
the microbial loop and the classical food chain, this dominance
after the viral outbreak could indicate the importance of vi-
ruses in channeling carbon through food webs.

The NMDS analysis of DGGE patterns seems to provide us
with an interpretable, albeit qualitative, picture of the changes
that occurred after the lysis of the cyanobacterial population.
The NMDS analysis showed that the changes in the structures
of both the bacterial and eukaryotic communities were remark-
ably similar in both LSEs (Fig. 3 and 5). This supports the
notion that changes in community structure following changes
in environmental conditions are not random and that these
changing conditions act as governing forces of the microbial
community structure.
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