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The discovery of an abundant and diverse virus community in oceans and lakes has profoundly reshaped
ideas about global carbon and nutrient fluxes, food web dynamics, and maintenance of microbial biodiversity.
These roles are exerted through massive viral impact on the population dynamics of heterotrophic bacterio-
plankton and primary producers. We took advantage of a shallow wetland system with contrasting microhabi-
tats in close proximity to demonstrate that in marked contrast to pelagic systems, viral infection, determined
directly by transmission electron microscopy, and consequently mortality of prokaryotes were surprisingly low
in benthic habitats in all seasons. This was true even though free viruses were abundant throughout the year
and bacterial infection and mortality rates were high in surrounding water. The habitats in which we found this
pattern include sediment, decomposing plant litter, and biofilms on aquatic vegetation. Overall, we detected
viruses in only 4 of a total of ~15,000 bacterial cells inspected in these three habitats; for comparison, nearly
300 of ~5,000 cells suspended in the water column were infected. The strikingly low incidence of impact of
phages in the benthos may have important implications, since a major portion of microbial biodiversity and
global carbon and nutrient turnover are associated with surfaces. Therefore, if failure to infect benthic bacteria
is a widespread phenomenon, then the global role of viruses in controlling microbial diversity, food web
dynamics, and biogeochemical cycles would be greatly diminished compared to predictions based on data from

planktonic environments.

Viruses are ubiquitous in ecosystems, highly abundant and
extraordinarily diverse (7, 20, 32, 37, 38, 39). Shotgun sequenc-
ing has yielded rough estimates of between 400 and 7,000 viral
genotypes in 200 liters of seawater (5), and total densities in
marine and freshwaters typically exceed 10'° per liter (20, 32,
37, 39). Most importantly, due to their massive impact on
prokaryotic and microalgal population dynamics, viruses are a
dynamic and functionally important component of pelagic eco-
systems (20, 32, 37, 39). In particular, virus-induced mortality
(VIM) of heterotrophic prokaryotes in open marine and inland
waters can be as high as 10 to 50%, even approaching 100%, of
prokaryotic cell production (37, 39).

These figures and current concepts on viral functional impor-
tance are largely derived from planktonic environments (20, 32,
37, 39). However, large numbers of prokaryotes are embedded in
a biofilm matrix which creates habitat conditions that differ vastly
from those in the open water (14, 17, 30). A key question, there-
fore, is to what extent current concepts and data based on plank-
tonic systems can be extrapolated to their benthic counterparts.

A suitable system to address this issue is marshes at land-
water interfaces, which comprise multiple, structurally distinct
microhabitats in close proximity. Vascular plants in marshes
also tend to be highly productive while experiencing small
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grazing losses during the growing season. As a result, they
supply abundant resources to heterotrophic organisms (27),
and corresponding microbial activity, productivity, and turn-
over can be especially high (13). Bacteriophages could be in-
strumental in this rapid turnover, since viral lysis not only kills
host cells but also results in the release of cell fragments,
dissolved organic carbon, and nutrients that can be readily
used for bacterial growth (20, 37). At a given location and thus
under identical macroenvironmental conditions, infection
rates should be highest in microhabitats where bacterial pro-
ductivity is greatest. Conversely, if the spatial arrangement or
biofilm structure in benthic habitats provides protection from
phage infection, then virus proliferation and VIM should be
lower than in adjacent, less productive microhabitats, most
notably in the water column. We tested these predictions by
simultaneously examining virus-bacterium relationships in four
microhabitats of a freshwater marsh whose close proximity
ensured identical macroenvironmental conditions.

MATERIALS AND METHODS

Field procedures. Virus dynamics were studied in four littoral marsh micro-
habitats of Lake Hallwil, a eutrophic lake in Central Switzerland (47°17'N,
8°14'E) at 449 m above sea level (13). A randomized block sampling design was
used to designate six sampling plots (2.8 by 1.3 m each) in the littoral marsh,
dominated by the common reed Phragmites australis. The six plots were sampled
monthly over the course of a year. Depth-integrated water samples were taken
with an acid-washed polyvinylchloride tube and stored in 1-liter acid-washed
glass bottles. Epiphytic biofilms were collected by clipping off reed stems just
above the sediment surface and cutting the submerged parts into three 10-cm
sections, which were inserted in sterile screw-cap glass tubes containing lake
water. Sediment samples were collected with a hand-held corer (6.5-cm diame-
ter). The depth of the aerobic surface sediment layer was measured in the field
with a calibrated oxygen microelectrode (model O2NAD-1; Toepffer Lab Sys-
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tems, GOoppingen, Germany). The aerobic top sediment layer (2 to 29 mm) was
then transferred to an autoclaved glass vial. Plant litter on the sediment surface
was collected with a manually operated bilge pump within an area defined by a
custom-made Plexiglas cylinder (30-cm diameter). The collected material was
passed over a 1-mm mesh screen, rinsed directly in the field with lake water, and
placed in a plastic box (8). All samples were returned to the laboratory in a cool
box and immediately processed upon arrival. Temperature changes were mini-
mized throughout sample processing.

[*H]leucine incorporation. Biomass production of heterotrophic prokaryotes
was determined by measuring rates of [*H]leucine incorporation with a protocol
specifically adapted to samples rich in organic matter (10). Samples were incu-
bated for 30 min in a [°H]leucine solution prepared in 0.2-pm-filtered lake water.
Incubations were stopped by adding trichloroacetic acid (5% final concentra-
tion). Macromolecules were precipitated on ice, and proteins were extracted in
hot alkaline solution (0.5 M NaOH, 25 mM EDTA, 0.1% sodium dodecyl
sulfate) and radioassayed (11). A scintillation cocktail (Hionic-Fluor; Packard
Bioscience, Meriden, Conn.) with a high uptake capacity for alkaline solutions
and effective suppression of chemiluminescence was used.

Microscopy. Water samples (20 ml) for microscopy were preserved with buffered
formaldehyde (0.1% sodium pyrophosphate buffer, 2% final concentration) and
kept at 4°C in the dark for viral and bacterial counts. Biofilms were carefully scraped
off the reed stems. The volume of the slurry was adjusted to 50 ml with filtered lake
water in a graduated tube, the tube was vortexed, and a 5-ml aliquot was preserved
with 5 ml of pyrophosphate-buffered formalin. A 0.5-ml aliquot of the intact surface
sediment sample (i.e., including pore water) was taken with a sterile 1-ml disposable
syringe with the Luer-lock end cut off and preserved with 10 ml of pyrophosphate-
buffered formalin. Subsamples of the collected plant litter (~500 mg [wet weight])
also were preserved in 10 ml of pyrophosphate-buffered formalin.

The preserved plant litter, sediment, biofilm, and water samples were treated
with an ultrasonic probe (Branson Sonifier 250, 80-W output, 76-pum amplitude
[9]), and the bacteria and viruses in the resulting suspension were stained for
epifluorescence counts (28) using SYBR green II (11, 35). Briefly, appropriate
aliquots of the suspensions were filtered (0.02-pm-pore-size Anodisc filters;
‘Whatman), and the trapped cells and viruses were stained for 15 min and viewed
under a Zeiss Axioskop 2 epifluorescence microscope (100-W high-pressure
bulb, Chroma light filter set no. 41001 for SYBR green II, with excitation at 480
nm, beam splitter at 505 nm, and emission at 530 nm). Bright green virus-like
particles (VLPs) were clearly visible against a dark black background. Bacterial
numbers and biovolumes and numbers of VLPs were determined with an image
analysis system (Visitron, Puchheim, Germany) (11, 13). All images were pro-
cessed separately for viruses and prokaryotic cells to optimize contrast for either
small VLPs or sharp definition of cell boundaries. To account for the halo
around particles stained by the fluorescent dye, particles of <0.3 um in diameter
were considered viruses. Setting the threshold to slightly smaller diameters (e.g.,
0.2 pm) had little effect on virus counts.

On four sampling occasions corresponding to the meteorological middles of
winter, spring, summer, and fall, viruses were analyzed by transmission electron
microscopy (TEM). The ultrasonicated biofilm, sediment, and litter samples
were diluted three- to eightfold and filtered through 3-pwm membrane filters at
=10 kPa to remove large particles. Litter samples were then sonicated for 1 min,
and sediment samples were vortexed (80 s at maximum speed) before filtration.
Samples were harvested by ultracentrifugation with a swing-out rotor onto 400-
mesh electron microscope copper grids with Formvar carbon support films (Sci-
ence Service, Munich, Germany) (30). Samples were centrifuged at 70,000 X g
for 20 min at 15°C. The supernatants were discarded, and the grids were stained
for 60 s with uranyl acetate (2%, wt/wt) and then washed twice for 20 s with
distilled water. Bacteria and viruses were counted with a JEOL model 1200EX
TEM operated at 80 kV at a magnification of 30,000. The high voltage facilitated
identification of bacterial cells containing mature phages (34). At least 350
bacterial cells were inspected in each sample to determine the frequency of
visibly infected cells (FVIC) and the number of viruses released upon host cell
lysis (burst size). This resulted in a total of 30,000 inspected cells, half of them in
water samples and about 5,000 in each of the three benthic habitats. Phage sizes
and morphologies of virus particles outside and inside bacterial cells were de-
termined in 18 photographs from selected water samples.

Data analysis. Frequencies of infected cells (FIC) in water samples were calcu-
lated from FVIC by using an empirical relationship (36). An empirical relationship
was also used to calculate virus-induced mortality (VIM) of prokaryotic cells in water
samples (3). Virus production was calculated by multiplying burst size by the number
of cells lysed by viruses per unit of time (37), where the number of lysed prokaryotes
equals the product of VIM and cell production. Cell production, in turn, was
calculated from biomass production of prokaryotes (i.e., [*H]leucine incorporation),
assuming that 1 um? of prokaryotic biomass equaled 7.8 fg of C and that the volume
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of the average cell in water samples was 0.02 pm?® (8). Biomass production was
calculated from leucine incorporation rates using a conversion factor established for
freshwater sediment bacteria (12). Isotope dilution has been found to be minor
(1.17) (10) and was therefore not taken into account. For comparison, FIC, VIM,
and virus production were also calculated for epiphytic biofilms, sediment, and plant
litter, but meaningful interpretation of the results in strict quantitative terms is
limited by the very small FVIC values.

RESULTS

Epifluorescence counts indicated large numbers of free
VLPs in all aquatic microhabitats investigated in this study:
the water column of a littoral freshwater marsh dominated by
common reed (Phragmites australis), biofilms on the reed
stems, decaying plant litter, and the aerobic top sediment layer
(Fig. 1). The abundance of VLPs was positively correlated with
prokaryotic cell abundance (Pearson correlation on log-trans-
formed data; r > 0.32, P < 0.01), the strongest correlations
occurring in water and plant litter (P < 0.0001;r = 0.88 and r =
0.76, respectively). Although virus-to-bacterium ratios (VBRs)
were at the low end of literature values (15, 26, 37), VLPs were
consistently more abundant than prokaryotes, except in bio-
films (Fig. 1). Comparisons of virus counts by epifluorescence
microscopy and TEM of 16 randomly selected samples com-
prising the four microhabitats yielded similar abundances
when the contrast between the fluorescently stained virus par-
ticles and the black filter background was optimized (paired ¢
test on In-transformed counts; P = 0.70). TEM revealed vi-
ruses mostly with hexagonal or nearly spherical heads, either
with or without tails. Capsid diameters ranged from 25 to 100
nm, but most (88%) were between 30 and 70 nm, very similar
to viruses in pelagic environments (2, 37).

Prokaryotic cells infected by viruses were observed in all sam-
ples from the marsh water column. Mature phages were found in
292 of the 15,443 inspected cells (1.9%), corresponding to FIC
between 8 and 32% of the total numbers (Fig. 2A). VIM in the
marsh water was estimated to remove up to 66% of prokaryote
production, with significant differences among seasons (Fig. 2B).
The burst size of individual cells varied from 7 to 200, with a mean
of 38 = 3 (mean =* standard error [SE]) mature phages per cell,
very similar to literature data from pelagic environments (37, 39).
This resulted in a production of 0.18 X 10* to 32 X 10* viruses
ml~! of marsh water day~' (Fig. 2D).

In marked contrast to high infection rates in the marsh water
column, none of the 4,970 cells inspected in biofilms on sub-
merged plant surfaces was infected by phages. Likewise, only a
single infected cell was found in aerobic sediment, although
4,269 bacteria were viewed, and only 3 out of 5,145 cells asso-
ciated with decaying plant litter contained visible phages. Thus,
based on inspection by TEM of nearly 15,000 cells of benthic
prokaryotes, the FVIC for the three benthic habitats was con-
sistently <0.1% of the total cell numbers. This is roughly 2
orders of magnitude lower than observed in the surrounding
water column. As a consequence, estimated FIC never ex-
ceeded 0.4% in any of the benthic habitats, and virus produc-
tion and VIM were invariably small (VIM < 1%).

DISCUSSION

Our discovery that the tight interactions between virio-
plankton and pelagic heterotrophic prokaryotes—shown
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FIG. 1. Seasonal changes in the abundance of free virus-like particles (VLPs) and ratios of viruses to bacteria (VBRs) in four microhabitats
of a littoral freshwater marsh. (A and E) Marsh water column. (B and F) Biofilm on reed stems. (C and G) Decaying plant litter. (D and H) Aerobic

top sediment layer. Error bars depict =1 SE; n = 6 (each histogram).

more than a decade ago (2, 29) and since substantiated in
both marine and freshwaters (20, 31, 37, 39)—may not in-
variably apply to benthic habitats is a striking finding with
potentially far-reaching implications. Most remarkable is
the observation that phage-infected cells were virtually ab-
sent from all three benthic microhabitats examined, even

though (i) free viruses were abundant in those microhabitats
and (ii) infection and VIM of prokaryotes was high in the
surrounding water body. This exceedingly low incidence of
infection implies that the critical roles of phages in regulat-
ing pelagic microbial population and food web dynamics,
carbon and nutrient cycling, and likely the exchange of ge-
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FIG. 2. Seasonal changes in parameters characterizing virus-bacte-
rium interactions in the water column of a freshwater marsh. (A) FIC.
(B) VIM. (C) Number of mature viruses per bacterial cell (burst size).
(D) Virus production rate (per milliliter of water per day). Error bars
depict =1 SE; n = 6 (each histogram).

netic material (20, 37, 39) may not universally apply to
benthic habitats.

This conclusion seems at odds with recent reports assigning
roles to viruses in marine sediments similar to those in open-
water environments (23, 24). However, previous inferences
about viral importance in benthic habitats have been based
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mainly on viral abundance and VBRs (1, 16, 37, 39), on posi-
tive correlations between viral and bacterial numbers and ac-
tivity (24, 25), or on virus production in sediments as deter-
mined with dilution and incubation techniques, the last
approach including indirect estimates of VIM (21, 23, 26).
Importantly, direct evidence of virus infection and VIM based
on microscopic observation of viruses within host cells has
been lacking for sediments and other benthic habitats. Never-
theless, estimates of VIM in a freshwater sediment that were
derived from virus decay experiments were more than three
times lower (average of 6%) than in the overlying water (av-
erage of 20%), prompting the conclusion that sediment of the
investigated cut-off river meander was an unfavorable environ-
ment for virus proliferation (18). This conclusion was also
reached based on results from sediment analyses in a series of
West African lakes where virus infection of benthic bacteria
was low, as in the present study (2a). Data from marine sedi-
ments suggested that virus-induced cell lysis of prokaryotes
also was a relatively minor process in the benthic carbon cycle
(21, 26); however, this conclusion was based primarily on the
disproportionately high external carbon supply, whereas esti-
mates of VIM were 20% and 7 to 48%, respectively. Clearly,
the current information on the impact of benthic viruses needs
to be augmented by thorough analyses from a range of envi-
ronments before a general assessment of viral impact on
benthic prokaryotes can emerge. However, our near-zero in-
fection and mortality rates indicate that inferences about
benthic viral importance can result in serious errors when
solely derived from viral abundance or VBR or when indis-
criminately extrapolated from relationships established in
planktonic microbial communities.

How can the apparent discrepancy between the high abun-
dance of viruses on the one hand and the low infection rate
(FIC) and impact on prokaryotes (VIM) on the other hand be
reconciled? Explanations relate primarily to the complex spa-
tial structure of benthic bacterial microhabitats, where micro-
organisms tend to be associated with surfaces. In particular, (i)
the exopolymer matrix in which surface-associated microbes
are embedded may provide physical protection against virus
encounter (17), unless viruses carry enzymes on their surface
that are capable of degrading biofilm exopolymers (31); (ii)
viruses may be scavenged by adsorption to mineral or organic
particles and thus be rendered inactive (23); (iii) viruses may
be entrapped in biofilms and concentrated 100-fold, as ob-
served for virus-sized particles in biofilms on reed stems (19);
(iv) receptors for viral attachment on host cell surfaces may
be masked by components of the exopolymer matrix (37) or
cell aggregation (31); (v) proteases concentrated within bio-
films may catalyze the digestion of capsid proteins (37); and
(vi) greater resistance to infection mediated by rapid mod-
ification of viral receptors on the host membrane or by intra-
cellular defense responses (4) may occur. The rationale behind
the last argument is that short generation times promote rapid
evolution of phage resistance on absolute time scales. It is in
line with these ideas that biofilm bacteria in simple model
systems show notable resistance to bacteriophage infection
(14). Thus, although the exact mechanisms responsible for the
lack of infection in our benthic marsh habitats are unknown, a
large number of plausible reasons could account for the phe-
nomenon.
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The difficulty of infecting a bacterial host in benthic habitats
could be exacerbated by the greater diversity of benthic micro-
bial communities. Since phages are host specific (20, 38), the
likelihood of finding a suitable host declines as microbial com-
munities become more diverse. Sequencing of metagenomic
libraries has shown that local viral diversity can indeed be high,
with even the most abundant viral genome constituting only a
small fraction (<5%) of the total virus community (5, 7). Given
that prokaryotic diversity in sediments is orders of magnitude
greater than in pelagic environments (33) and that theory pre-
dicts viral and bacterial diversity to covary, with viral genotypes
typically 10 times more abundant (38), viral diversity in sedi-
ments is expected to be very large. This prediction is consistent
with the finding that 1 kg of marine sediment can contain more
than 10* and possibly up to 10° viral genotypes (6, 7). There-
fore, chances for viral infection in the benthos might be even
lower than in less diverse planktonic microbial communities,
even though the high densities of prokaryotes and viruses in
benthic habitats (24) foster host-virus encounter.

These arguments do not yet account fully for the mismatch
we observed between high viral abundance and low infection
rates, a phenomenon that has been termed the “infection par-
adox” (37). However, several solutions could reconcile the
striking discrepancy. They include (i) physical import of viruses
(22, 23), conceivably together with high loads of plankton car-
ried into the marsh from the open lake in a conveyer belt-like
fashion (see reference 13); (ii) possibly a low decay rate of
viruses (e.g., references 16, 18, and 31; but see reference 23);
(iii) a prevalence of temperate phages, which could be more
abundant in sediment than in water (6; but see reference 24)
and not only remain invisible inside cells but also be effective
at conferring resistance to new infections; and (iv) infection by
chronic phages, since large filamentous forms have been found
to be a conspicuous component of a viral sediment community
(25) and, like temperate phages, would hardly be detected
inside cells by the TEM technique we used. These points illus-
trate the range of possible mechanisms that may resolve the
infection paradox; well-designed experiments are needed to
determine which are the most important.

Methodological bias is highly unlikely to account for our
unexpected results of virtually nonexistent virus infection in
benthic habitats. The key argument is that parameters charac-
terizing viral dynamics in the marsh water displayed patterns
and relationships with bacteria akin to those commonly ob-
served in pelagic environments. In particular, the frequency of
infected cells and bacterial mortality rates showed VIMs as
high as 66%, with clear seasonal changes, demonstrating that
in the marsh water viral cell lysis was a major cause of bacterial
mortality. Our methods used to determine infection rates in
the marsh water and benthic habitats were identical. This in-
cludes ultrasonication of water samples. Consequently, the
good match with published accounts of our results on virus-
prokaryote interactions in the water column bolsters confi-
dence that the weak virus infections in the benthic habitats
were real—not a methodological artifact.

If the low virus infection rates found here in three benthic
microhabitats of a marsh turn out in the future to be wide-
spread in freshwater, and possibly other benthic environments,
then the implications could be far-reaching. The current par-
adigm is that bacteriophages are instrumental in controlling
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prokaryotic population dynamics, microbial biodiversity, and
carbon and nutrient cycles in aquatic ecosystems (20, 31, 37,
38). Are these roles of phages and the well-established patterns
for the pelagic zone of lakes and oceans universal? The present
results suggest they are not. Do freshwater benthic habitats
differ fundamentally from marine sediments (cf. references 1
and 18), and if so, why? Or are freshwater marshes featuring
high organic matter content just an exceptionally unsuitable
habitat for benthic viruses? Given the potential key role of
viruses in controlling microbial diversity, food web dynamics,
and biogeochemical cycles, it is critically important to under-
stand the reasons for viral prevalence and the underlying
mechanisms, as well their variations across major ecosystem

types.
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