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INTRODUCTION

Viruses, the most abundant biological entities in
aquatic environments (Breitbart & Rohwer 2005, Suttle
2007), play important roles in ecosystems by regulating
carbon and nutrient fluxes, food web dynamics, and
bacterial diversity (Fuhrman 1999, Weinbauer 2004).
Viral-induced mortality accounts for a significant,
albeit highly variable (5 to 80%), fraction of bacterial
production in aquatic systems (Weinbauer 2004, Sime-
Ngando & Colombet 2009), which can exceed the mor-

tality caused by protist bacterivory depending on the
environment (Fuhrman & Noble 1995, Pradeep Ram et
al. 2005). The relative contribution of viral lysis and
protist grazing to total bacterial mortality can affect
patterns in carbon and nutrient cycling. Theories have
predicted that trophic transfer of carbon and nutrient
elements residing in bacterial biomass to higher
trophic levels (e.g. mesozooplankton) is substantially
reduced with increasing viral lytic pressure relative to
protist grazing (Fuhrman 1999, Miki et al. 2008,
Motegi et al. 2009). Some studies have provided evi-
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ABSTRACT: Viruses are ubiquitous and abundant in aquatic systems, yet knowledge of virus–
bacteria interactions in thermally stratified water columns of large lakes is limited. We explored the
possible factors that affect viral abundance, infection rate, and the relative importance of viral lysis to
heterotrophic nanoflagellate (HNF) grazing as a mortality factor of bacterioplankton in the upper
(euphotic zone, 5 m) and deeper (aphotic zone, 50 m) layers of the large mesotrophic Lake Biwa,
Japan. Data obtained for a full seasonal cycle indicated that bacterial abundance was the best predic-
tor (r2 = 0.85) of viral abundance (range 1.0 × 1010 to 4.1 × 1010 viruses l–1), yielding an average
virus:bacteria ratio of 8.2 ± 1.3 (SD). Variation in the frequency of visibly infected cells (range 1.8 to
4.1%) was largely accounted for by the linear combination of bacterial production and HNF abun-
dance (r2 = 0.81, p < 0.001, n = 24). The percentage of daily bacterial production destroyed by viruses
was estimated to be high (52.7 ± 16.2%) in the upper layer during the stratification period, which was
on average 3.0-fold greater than the percentage of bacterial production consumed by HNF in that
layer. In contrast, the corresponding value in the deeper layer was moderate (13.6 ± 5.2%), being 0.6-
fold lower than the percentage of bacterial production consumed by HNF. Our data suggest that car-
bon and nutrient flux patterns controlled by viruses and HNF vary with depth in thermally stratified
water columns of Lake Biwa.
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dence in support of this prediction (Middelboe et al.
1996, Motegi et al. 2009); however, variations in time
and space and viral lytic pressure controls relative to
protist grazing and bacterial growth remain unclear,
hampering the improvement of ecosystem and bio-
geochemical models by incorporating viral-mediated
processes.

In the present study, we examined variation in viral
abundance, viral-induced bacterial mortality, hetero-
trophic nanoflagellate (HNF) abundance, and related
metabolic variables of bacteria in a large mesotrophic
freshwater lake (Lake Biwa, Japan). Knowledge of
virus–bacteria interactions in large lakes is limited,
with few data available on seasonal trends and vertical
variation in viral abundance and infectivity (Brum et
al. 2005, Pradeep Ram et al. 2009). Stratified water
bodies of large lakes are characterized by steep gradi-
ents in environmental and bacterial variables with
depth (Nishimura et al. 2005), providing a useful test
for examining factors controlling virus–HNF–bacteria
systems in limnetic environments. In the present study,
we collected a full seasonal cycle of samples at 2 depth
horizons (5 and 50 m) in the north basin of Lake Biwa.
We explored (1) possible factors that affect viral abun-
dance and infection rate and (2) the relative impor-
tance of viral lysis and HNF grazing as mortality
factors for bacteria.

MATERIALS AND METHODS

Study site. Lake Biwa is a large (surface area,
674 km2), deep (maximum depth, 104 m), tectonic lake
located in the central part of Honshu Island, Japan.
The present study was conducted in the monomictic,
mesotrophic north basin, which has a water residence
time of 5.5 yr (Kim et al. 2006).

Sampling. Water samples were collected every month
at a pelagic station (35° 212.932’ N, 135° 59.897’ E; max-
imum depth, ca. 70 m) from April 2005 through April
2006. Sample waters were collected at depths of 5 and
50 m with a clean 5 l Niskin X bottle (General Oceanics).
Water temperature depth profiles were obtained using
a CTD probe (SBE 911 plus; Sea Bird Electronics).

Viral and bacterial abundance. For enumeration of
viruses and bacteria, water samples (50 ml) were fixed
immediately with 0.02 µm filtered, buffered formalin
(final concentration, 2% v/v from a 37% w/v solution
of commercial formaldehyde). Within 2 h of fixation,
the subsamples (1 to 2 ml) were filtered (<15 kPa vac-
uum) through Anodisc filters (0.02 µm pore size; What-
man), using cellulose acetate backing filters (1.2 µm
pore size). Following SYBR Green I staining (Molecu-
lar Probes; final dilution, 2.5 × 10–3 fold) as described
by Noble & Fuhrman (1998), the filters were air-dried

on absorbent paper and mounted between a slide and
glass cover slip with an antifading mountant (Citifluor)
amended with approximately 20% (v/v) Vecta Shield
(Vector Laboratories). If not immediately analyzed, the
slides were stored at –20°C until counting under an
epifluorescent microscope (Olympus BX 50). A blank
was routinely examined to control for contamination of
the equipment and reagents.

Bacterial production (BP), respiration (BR), and
growth efficiency (BGE). BP was measured by the
leucine (Leu) method (Kirchman et al. 1985). For each
sample, triplicate aliquots (5 ml) and a trichloroacetic
acid (TCA)-killed control were incubated with 20 nM
[3H] Leu (final concentration; Amersham) for 1 to 1.5 h
at in situ temperature in the dark (the incubation
period was chosen on the basis of previous results indi-
cating the linearity over 1 to 2 h of the bacterial incor-
poration of 3H-thymidine in Lake Biwa; Nagata 1987b).
Samples were filtered through 0.22 µm pore-size mem-
brane filters (25 mm diameter; Millipore GS) and
rinsed twice with 3 ml cold TCA and 3 ml ice-cold 80%
ethanol. BP in the size-fractionated samples was also
determined to derive BGE (BGE = BP/(BP + BR); note
that BR was determined for size-fractionated samples
in order to minimize the inclusion of respiration by
phytoplankton and protists (see next paragraph). After
incubation with 3H-Leu, samples were filtered through
0.8 µm pore-size Nucleopore filters (Whatman). The
filtrates were filtered through 0.22 µm pore-size mem-
brane filters (25 mm diameter; Millipore GS) and
rinsed twice with 3 ml cold TCA and 3 ml ice-cold 80%
ethanol. BP determined for the total and <0.8 µm frac-
tion was denoted as BPtotal and BP<0.8, respectively. The
filters were dried and solubilized with 1 ml ethyl
acetate. Scintillation cocktail (Ultima-Gold, Packard
Instruments) was added to each vial, and radioactivity
was determined using an LKB Wallac 1000 liquid scin-
tillation counter. Leu incorporation rate was converted
to bacterial carbon production and bacterial cell pro-
duction using a conversion factor of 1.5 kg C mol Leu–1

and 1.2 × 1017 cells mol Leu–1, respectively (Kirchman
et al. 1995). We assumed that the incorporation of 3H-
Leu was maximized at the added concentration of
20 nM. It could be under the level of saturation at cer-
tain periods of the year especially in the upper layer,
which may result in changes in isotope dilution (Jør-
gensen 1992). However, Pace & Cole (1996) reported
that the addition of 17 nM of Leu was sufficient to max-
imize the incorporation rate in lakes. We note that the
conversion factors that we used in the present study
are those obtained in marine waters (Kirchman et al.
1995), which are consistent with ‘theoretical’ conver-
sion factors with an assumption of minimal isotope
dilution (Simon & Azam 1989). Although similar con-
version factors have been reported in freshwater sys-
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tems (Jørgensen 1992), conversion factors may be
affected by multiple factors including isotope dilution,
protein turnover, and the carbon content per cell
(Kirchman 2001). Thus, our estimates of BP derived by
using a fixed conversion factor could have errors due to
variations in physiological states of bacterial communi-
ties in our samples.

BR was measured using sample waters prefiltered
through GF/F (Whatman, 142 mm in diameter) by
gravity using an inline filtration manifold (ADVAN-
TEC KS-142), except that 0.8 µm polycarbonate filters
(Whatman) were used in April 2005. The filtrate was
carefully transferred to calibrated borosilicate glass
BOD bottles (300 ml capacity) to avoid air-bubble for-
mation. Time-zero control samples were immediately
fixed with Winkler’s reagents. Samples were incu-
bated in a water bath at in situ temperature (±1°C) in
the dark for 12 to 24 h. Triplicate bottles were used to
determine the initial and final oxygen concentrations.
Concentrations of dissolved oxygen were determined
by the Winkler method (azide modification) using a
high precision (± 2.0 µl) Metrohm 716 DMS titrator
(Carignan et al. 1998). We used a factor of 0.375 to
convert µg O2 l–1 to µg C l–1 assuming a respiratory
quotient of 1. 

BGE was calculated according to the following equa-
tion: BGE = BP<0.8/(BP<0.8 + BR). Because we used
GF/F (except for April 2005) and 0.8 µm polycarbonate
filters for determining BR and BP<0.8, respectively, the
BGE estimates could have errors due to differences in
bacterial retention efficiency between the 2 types of
filters. The use of GF/F facilitated the preparation of
the volume of water required for determination of res-
piration, although GF/F filtration may cause the
release of dissolved organic matter (DOM) due to the
rupture of cells especially when the filter surface is
exposed to air after the filtration (Nagata & Kirchman
1990). In the present study, we minimized the exposure
of the filter surface to air by using an inline filtration
manifold. However, we cannot exclude the possibility
that our respiration data might have errors due to an
artificial increase in labile DOM. Keeping these limita-
tions in mind, we used the respiration and BGE data
only for correlation analyses with an assumption that
the errors associated with these variables were not sys-
tematic over seasons and across different layers.

Transmission electron microscope (TEM) analysis
of the frequency of visibly infected cells (FVIC). Bac-
terial cells were collected on triplicate electron micro-
scope grids (400-mesh, carbon-coated Formvar film)
by ultracentrifugation (Himac CP 75‚ Hitachi; P40ST
Swing-Out-Rotor at 70 000 × g for 20 min at 4°C)
according to Sime-Ngando et al. (1996). Each grid was
stained at room temperature (ca. 20°C) for 30 s with
uranyl acetate (2%, pH = 4; Sime-Ngando & Pradeep

Ram 2005), rinsed twice with 0.02 µm filtered distilled
water to remove excess stain, and then dried on filter
paper. The samples were examined using a JEOL-JEM
1010 TEM operated at 80 kV and a magnification of
20 000 to 60 000 × to distinguish between bacterial cells
with and without intracellular viruses. A bacterium
was considered infected when at least 5 viruses, iden-
tified by shape and size, were clearly visible inside the
host cell. At least 500 bacterial cells were inspected per
grid to determine FVIC. Because mature phages are
visible only late in the infection cycle, FVIC counts
were converted to frequency of infected cells (FIC)
using the equation FIC = 9.524 FVIC – 3.256 (Wein-
bauer et al. 2002). Assuming that the system is in a
steady state, that grazers do not discriminate between
infected and uninfected cells, and that the latent
period equals the bacterial generation time, then FIC
was converted to frequency of bacterial mortality due
to viral lysis (FMVL) using the following equation:
FMVL = (FIC + 0.6FIC2)/(1 – 1.2FIC) (Binder 1999).
Burst size was estimated by enumerating viral particles
in infected cells (number of infected cells examined
was on average 20 cells sample–1; range 15 to 25).

HNF abundance and grazing potential. For deter-
mining HNF abundance, water samples were fixed
with glutaraldehyde (final concentration 2% v/v). The
water samples (20 to 50 ml) were double-stained with
fluorescein isothiocyanate (0.004%, dissolved in
borate buffer of pH 9.4) and DAPI (1 µg ml–1) and incu-
bated in the dark for 15 min to enumerate HNF abun-
dance. The samples were then filtered (<15 kPa vac-
uum) onto 0.8 µm pore-size black polycarbonate filters
(25 mm diameter; Whatman) and counted under an
epifluorescent microscope (Olympus BX 50 model). At
least 20 microscopic fields or 200 HNF cells were
counted per slide. To estimate the rate of bacterivory
by HNF (cells ml–1 h–1), we assumed that in 1 h HNF
clear bacteria from a water volume 105 times their own
cell volume at 20°C (Fenchel 1982) and that the Q10 is
2 (Nagata 1988). Total HNF cell volume was estimated
by multiplying the HNF cell abundance and the litera-
ture value of the average HNF cell volume in Lake
Biwa (39.6 µm3 cell–1 [at 5 m] or 50.9 µm3 cell–1 [at
50 m]; Nagata 1987a) after correcting for cell shrink-
age due to fixation (Choi & Stoecker 1989).

Statistical analyses. Statistical analyses were con-
ducted using SigmaStat (SPSS). Comparisons of multi-
ple mean values were conducted using ANOVA. Rela-
tionships among variables were tested by the Pearson
correlation analysis and stepwise multiple regression.
Values were log-transformed if necessary to meet
normality and equal variance assumptions. If these
requirements were not met, a non-parametric method
(Kruskal-Wallis 1-way ANOVA on ranks with Dunn’s
test) was used.
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RESULTS

Temperature and dissolved oxygen

Water temperature at depth 5 m increased from 13°C
in April 2005 to 27°C in August and then decreased to
12°C in December. Water temperature at depth 50 m
was lower and less variable throughout the investiga-
tion period (8.1 to 8.5°C). Winter cooling resulted in
vertical mixing of the water column and diminished
the difference in water temperature between the 5 and
50 m depths (ΔT). In the present study, mixing period
refers to the months between January and April 2006,
when ΔT was <0.5°C. Other months (with ΔT > 0.5°C)
are referred to as the stratification period (between
April and December 2005). Oxygen concentrations
ranged from 6.8 to 11.4 mg l–1 and 6.5 to 11.3 mg l–1 at
depths of 5 and 50 m, respectively.

Abundance of viruses, bacteria, and nanoflagellates

Viral and bacterial abundances were higher and
more variable in the upper than the lower layer during
the stratification period (May to December; Fig. 1A,B).
Mean (± SD, here and elsewhere) viral (3.0 ± 0.7 ×
1010 l–1) and bacterial (4.3 ± 1.5 × 109 cells l–1) abun-
dance in the upper layer was significantly (p < 0.05)
greater than the corresponding values in the deeper
layer (viral abundance 1.7 ± 0.5 × 1010 l–1; bacterial
abundance 1.9 ± 0.6 × 109 cells l–1; Table 1). During the
mixing period (January to April), viral and bacterial
abundance was low and differed little between the 2
layers (Fig. 1, Table 1). Despite the large variability in
viral and bacterial abundance with depth, the viral
abundance to bacterial abundance ratio did not differ
significantly (p > 0.05) between the upper and lower
layers during the stratification period; the average
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ratios were 7.4 ± 1.6 and 8.6 ± 1.1 for depths of 5 and
50 m, respectively (Table 1). The average viral abun-
dance to bacterial abundance ratio during the mixing
period was 8.7 ± 1.3.

During the stratification period, HNF abundance at a
depth of 5 m (range 1.4 × 106 to 3.0 × 106 cells l–1; mean
± SD 2.2 × 106 ± 0.6 × 106 cells l–1) was about 2-fold
greater on average than that at a depth of 50 m (range
0.6 × 106 to 1.1 × 106 cells l–1; mean ± SD 0.8 × 106 ± 0.2 ×
106 cells l–1; Fig. 1C, Table 1). This tendency was also
observed during the mixing period (Fig. 1C), yielding a
mean value of 1.4 × 106 ± 0.6 × 106 cells l–1.

BP, BR, growth rate, and BGE

BP determined for the total fraction exhibited strong
vertical and seasonal variability (Fig. 2A). At a depth of
5 m, the highest BP in May (11.5 µg C l–1 d–1) was 16-
fold greater than the lowest BP obtained in December
(0.7 µg C l–1 d–1); the mean value during the stratifica-
tion period was 4.2 ± 3.2 µg C l–1 d–1 (Table 1). The
peak BP in May coincided with that of viral abundance
(Figs. 1A & 2A). In the deeper layer (50 m), BP varied

little (range, 0.2 to 0.5 µg C l–1 d–1; mean ± SD, 0.4 ±
0.1 µg C l–1 d–1) during the stratification period. Mean
BP pooled for the 2 depth layers during the mixing
period was 0.7 ± 0.3 µg C l–1 d–1 (Table 1). BR at 5 m
(mean ± SD 31.7 ± 18.2 µg O2 l–1 d–1) tended to be
higher than that at 50 m (mean ± SD 18.9 ± 8.2 µg O2 l–1

d–1) during the stratification period, although mean
values did not differ significantly (p > 0.05) between
the 2 layers. Mean BR during the mixing period was
9.4 ± 3.0 µg O2 l–1 d–1 (Table 1).

We calculated bacterial metabolic parameters,
including growth rate (production rate of bacterial
cells/bacterial abundance) and BGE (Fig. 2B), using
the bacterial variables data. During the stratification
period, bacterial growth rate at 5 m (mean ± SD 0.04 ±
0.03 d–1) was significantly (p < 0.05) higher (4-fold)
than that at 50 m (mean ± SD 0.01 ± 0.01 d–1), although
the value was low (mean 0.01 ± 0.001 d–1) in both lay-
ers during the mixing period (Table 1). During the
stratification period, average BGE at a depth of 5 m
(mean ± SD 19.7 ± 11.1%) was significantly (p < 0.05)
greater than that at a depth of 50 m (mean ± SD 3.9 ±
2.5%; Table 1). During the mixing period, mean BGE
was 12.8 ± 6.7% (Table 1).

FVIC and burst size

During the stratification period,
FVIC at a depth of 5 m varied from 1.8
to 4.1% with a mean (± SD) of 3.4 ±
0.5%, which was significantly (p <
0.001) greater (2-fold) than the corre-
sponding value at a depth of 50 m
(range 1.1 to 2.2%; mean ± SD 1.5 ±
0.4%; Fig. 2C, Table 1). During the
mixing period, the mean FVIC (± SD)
was 2.1 ± 0.6% (range 1.5 to 3%). Dur-
ing the stratification period, burst size
(mean number of intracellular viruses
observed per infected cell) varied from
5 to 200. Average values were 28 ± 8
and 32 ± 13 at depths of 5 and 50 m,
respectively, with no significant (p >
0.05) difference between the 2 layers.
The corresponding value averaged for
both layers during the mixing period
was 30 ± 11 (Table 1). There was no
clear seasonal trend in burst size vari-
ation.

Fig. 3 shows transmission electron
micrographs of viral-infected bacterial
cells, emphasizing large variability in
burst size and morphology. The head
size of intracellular viruses ranged
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Variable Stratification Stratification Mixing 
(5 m) (50 m) (5 and 50 m)

VA (× 1010 viruses l–1) 3.0 ± 0.7a 1.7 ± 0.5b 2.1 ± 0.6b

BA (× 109 cells l–1) 4.3 ± 1.5a 1.9 ± 0.6b 2.3 ± 0.5b

VA:BA ratio 7.4 ± 1.6a 8.6 ± 1.1a 8.7 ± 1.3a

HNF abundance 2.2 ± 0.6a 0.8 ± 0.2b 1.4 ± 0.6a,b

(× 106 cells l–1)

Total bacterial production 4.2 ± 3.2a 0.4 ± 0.1b 0.7 ± 0.3a,b

(µg C l–1 d–1)

Bacterial respiration 31.7 ± 18.2a 18.9 ± 8.2a,b 9.4 ± 3.0b

(µg O2 l–1 d–1)

Bacterial growth rate (d–1) 0.04 ± 0.03a 0.01 ± 0.01b 0..01 ± 0.001a,b

Bacterial gross growth 19.7 ± 11.1a 3.9 ± 2.5b 12.8 ± 6.7a,b

efficiency (%)

FVIC (%) 3.4 ± 0.5a 1.5 ± 0.4b 2.1 ± 0.6c

Burst size (viruses cell–1) 22 ± 8a 32 ± 13a 30 ± 11a

Table 1. Summary of the viral and bacterial variables determined in the north
basin of Lake Biwa. The data were divided into 3 categories: the upper layer
(5 m) during the stratification period (n = 8), the deeper layer (50 m) during the
stratification period (n = 8), and both layers during the mixing period (n = 8).
Stratification and mixing periods were April to December 2005 and January to
April 2006, respectively. Errors are ± SD. For statistical comparisons, 1-way
ANOVA was used, except for underlined variables, for which Kruskal-Wallis
1-way ANOVA on ranks was used because requirements for ANOVA were not
met. Values with different superscripted letters are significantly (p < 0.05) differ-
ent. BA = bacterial abundance, FVIC = frequency of visibly infected cells, 

HNF = heterotrophic nanoflagellate, VA = viral abundance
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from 50 to 130 nm (mostly within a size range of 90 to
130 nm).

Bacterial mortality

FMVL was higher at 5 m (mean ± SD 52.7 ± 16.2%)
than at 50 m (mean ± SD 13.6 ± 5.2%) depth during the
stratification period. During the mixing period, mean
FMVL (± SD) was 23 ± 10% (Table 2). During the strat-
ification period, HNF grazing rate at 5 m (mean ± SD

5.0 × 107 ± 4.3 × 107 cells l–1 d–1) was about 1 order of
magnitude higher than the corresponding value at
50 m (mean ± SD 0.4 × 107 ± 0.1 × 107 cells l–1 d–1;
Table 2), and the difference between the 2 layers was
significant (p < 0.001). The corresponding value for the
mixing period was 0.6 × 107 ± 0.3 × 107 cells l–1 d–1

(Table 2). Percentages of BP consumed by HNF (bac-
terivory) were estimated to be 39.7 ± 31.3% and 26.5 ±
11.0% for the upper and deeper layers, respectively,
during the stratification period, whereas HNF grazing
accounted for 23.2 ± 6.9% of BP during the mixing
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Fig. 3. Transmission electron micrographs of bacterial cells infected by viruses. Scale bars = 100 nm
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period (Table 2). During the stratification period, the
mortality induced by viruses exceeded that due to
grazing (FMVL:bacterivory ratio 3.0 ± 3.6) in the upper
layer, with the highest ratio of 11.4 in May (Fig. 4),
whereas the reverse was true (FMVL:bacterivory ratio
0.6 ± 0.4) in the deep layer. During the mixing period,
the extent of mortality caused by viruses was equiva-
lent to the mortality caused by HNF (FMVL:bacter-
ivory ratio 1.0 ± 0.4; Table 2).

Correlations

Table 3 summarizes the results of Pearson’s correla-
tion analyses between viral parameters (viral abun-
dance, FVIC, and burst size) and environmental vari-
ables. Viral abundance was strongly and positively

correlated with bacterial abundance
(r = 0.88, p < 0.001) and BP (r = 0.77,
p < 0.001). FVIC was strongly and pos-
itively correlated with BP (r = 0.87, p <
0.001) and HNF abundance (r = 0.81,
p < 0.001). We found no significant
correlation between burst size and
environmental variables except that
there was a weak negative correlation
with temperature (r = –0.49, p < 0.05).
Forward stepwise multiple regression
analysis was conducted to select vari-
ables accounting for variation in viral
abundance and FVIC. The results
indicated that bacterial abundance
was a strong predictor of viral ab-
undance, accounting for 76% of the
variation; the regression equation
(Model II) that relates bacterial abun-

dance to viral abundance is as follows: viral abundance
= 5.74 + 5.83 × bacterial abundance (adjusted r2 =
0.755, p < 0.001, n = 24; Fig. 5). Other variables listed in
Table 3 did not add significantly to the ability of the
equation to predict viral abundance. Bacterial cellular
production and the abundance of HNF were selected
as significant (p < 0.05) predictor variables that
explained, in a linear combination, 81% of the varia-
tion in FVIC: FVIC = 0.92 + 1.19 × BP + 0.50 × HNF
abundance (adjusted r2 = 0.811, p < 0.001, n = 24).

DISCUSSION

Despite the increasing recognition that viruses are
the major agent of bacterial mortality, the incorpora-
tion of viral-mediated processes into biogeochemical
models of aquatic systems has been largely hampered
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Variable Stratification Stratification Mixing 
(5 m) (50 m) (5 and 50 m)

FMVL (% of bacterial 52.7 ± 16.2a 13.6 ± 5.2b 23.0 ± 10.0a,b

production)
HNF grazing rate 5.0 ± 4.3a 0.4 ± 0.1b 0.6 ± 0.3b

(× 107 cells l–1 d–1)
Bacterivory (% of 39.7 ± 31.3a 26.5 ± 11.0a 23.2 ± 6.9a

bacterial production)
FMVL:bacterivory ratio 3.0 ± 3.6a 0.6 ± 0.4b 1.0 ± 0.4a,b

Table 2. Summary of the frequency of bacterial mortality due to viral lysis
(FMVL), heterotrophic nanoflagellate (HNF) grazing rate, percentage of bacter-
ial production consumed by HNF (bacterivory), and the ratio of FMVL to
bacterivory determined in the north basin of Lake Biwa. See Table 1 for expla-
nations of sampling periods. Errors are ± SD (n = 8). For statistical comparisons,
Kruskal-Wallis 1-way ANOVA on ranks were used because requirements for
ANOVA were not met. Values with different superscripted letters are 
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Fig. 4. Seasonal variations in the ratio of viral-induced mortal-
ity to heterotrophic nanoflagellate (HNF)-grazing-induced
mortality of bacteria at depths of 5 and 50 m at a pelagic site 

of Lake Biwa

Variable Viral FVIC Burst 
abundance size

Temperature 0.67*** 0.79*** –0.49*
Bacterial abundance 0.88*** 0.77*** ns
Total bacterial productiona 0.77*** 0.87*** ns
Bacterial respiration .ns 0.47* ns
Bacterial growth efficiency 0.59** 0.62** ns
Bacterial growth rate 0.59** 0.68*** ns
HNF abundance 0.65*** 0.81*** ns
aCorrelation analysis was conducted after log transforma-
tion to reduce high variance for larger values

Table 3. Pearson’s correlation coefficient (r) of viral parame-
ters and environmental variables (n = 24). *p < 0.05, **p <
0.01, ***p < 0.001. FVIC = frequency of visibly infected cells, 

HNF = heterotrophic nanoflagellate, ns = not significant
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by inadequacies in knowledge regarding factors that
control variation in viral parameters (abundance,
infectivity, and viral-induced mortality of bacteria),
especially in freshwater lakes (Gobler et al. 2008,
Pradeep Ram et al. 2009). Data are also scarce regard-
ing the relative importance of viral lysis and HNF graz-
ing as mortality forces of bacteria. Our seasonal data
on viral and bacterial variables collected in the upper
(euphotic) and deeper (aphotic) layers of a large fresh-
water lake reveal some notable features regarding
potential links between viral and other microbial com-
ponents.

In previous work conducted in Lake Biwa, Honjo et
al. (2007) found complex relationships between viral
abundance and environmental variables, suggesting
that chlorophyll (chl) a (rather than total bacterial
abundance) was the best predictor of viral abundance.
Close couplings between phytoplankton and viruses
have been also noted in other lakes. Maranger & Bird
(1995) found that viral abundance in Canadian lakes
was positively correlated with chl a, but not with bac-
terial abundance; the authors interpreted these results
as indicating that cyanophages largely contribute to
total viral abundance, although other possibilities were
not excluded. More recently, Clasen et al. (2008) have
reported cyanobacteria and chl a to be significant pre-
dictor variables of viral abundances in 16 lakes in cen-
tral and western North America. In contrast, the pre-
sent study data suggest a tight coupling between
bacteria and viruses: a large fraction (76%) of the vari-
ation in viral abundance was explained by bacterial
abundance alone. Although strong correlations
between bacterial and viral abundances have been
reported in some oceanic regions (reviewed by Wein-
bauer 2004), relatively few studies have found such

relationships in freshwater lakes (cf. Peduzzi & Luef
2009, Pradeep Ram et al. 2005, 2009). We note that the
linear relationship between viral and bacterial abun-
dance in Lake Biwa holds not only for the euphotic
zone but also for the aphotic zone, where the role of
photosynthetic organisms as viral hosts should be min-
imal. In addition, the relationship is apparently consis-
tent for both layers (Fig. 5), suggesting that the major-
ity of viruses in both the upper and deeper layers of
Lake Biwa are coupled with bacteria. However, tem-
poral resolutions of our data (sampling with a monthly
interval) were probably too low to capture temporal
dynamics of cyanophages and their hosts (picoplank-
tonic cyanobacteria display seasonal peaks during
warm seasons in Lake Biwa; Nagata 1986, Maeda et al.
1992). Thus, we do not exclude the possibility that
cyanophages are important components of viral com-
munities in Lake Biwa, as suggested in other lakes
(Maranger & Bird 1995, Clasen et al. 2008). The differ-
ence in results of correlation analyses between Honjo
et al. (2007) and the present study might be explained
by a large variation, over seasons and years, in the
mode of virus-host couplings in Lake Biwa.

The notion that viruses are tightly coupled with bac-
teria in the Lake Biwa water column was supported by
a strong positive correlation between BP and FVIC,
indicating that more viruses are produced when BP is
high. This result is consistent with previous knowledge
that lytic infection increases with increasing host activ-
ity (Weinbauer et al. 2003a, Colombet et al. 2006,
Motegi & Nagata 2007). In addition to BP, our statisti-
cal analysis indicated that HNF abundance is a strong
predictor of FVIC in Lake Biwa. The linear combina-
tion of BP and HNF abundance explained a substantial
fraction (81%) of FVIC variation. Consistent with our
results, the FVIC tended to be high in the Rimov Reser-
voir (South Bohemia, Czech Republic) when HNF
abundance was high (2imek et al. 2001, Weinbauer et
al. 2003b). These data, obtained by the present study
and previous studies, might suggest that viral infectiv-
ity increases with increasing grazing pressure by HNF.
Under high grazing pressure, grazing-resistant forms
of bacteria (e.g. filamentous bacteria) become abun-
dant in freshwater-lake bacterial communities (2imek
et al. 2001, Nishimura & Nagata 2007). Some studies
have reported that grazing-resistant forms of bacteria
are more susceptible to viral infection, presumably
because of a trade-off between grazing resistance and
viral resistance (Weinbauer et al. 2007, Pradeep Ram &
Sime-Ngando 2008).

The positive correlation between FVIC and BGE that
we found in Lake Biwa does not agree with the notion
that viral-induced mortality reduces BGE via accelera-
tion of the cyclic flow of carbon through the bacteria →
viruses → DOM → bacteria pathway (viral shunt;
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Fuhrman 1999, Wilhelm & Suttle 1999, Miki et al. 2008,
Motegi et al. 2009). In the present study, BGE was
consistently low in deeper layers, where there is low
substrate concentration and substantial depletion in
nitrogen and phosphorus in DOM (Kim et al. 2006).
This suggests that substrate condition (Lopez-Urrutia
& Moran 2007) rather than viral shunt was a major
factor affecting BGE in the deeper layer of Lake Biwa.

In the present study, viral lysis was estimated from
FVIC and HNF grazing from cell counts and assumed
clearance rates. Methodological problems inherent to
these approaches should be commented on. With
regard to the determination of viral-mediated bacterial
mortality, there is a source of bias associated with the
empirical models converting FVIC to FMVL. In the
present study, we used a model proposed by Wein-
bauer et al. (2002) (FVIC to FIC conversion) and Binder
(1999) (FIC to FMVL conversion). Weinbauer et al.
(2002) empirically derived the model on the basis of
the comparison between FIC (obtained from a virus
dilution approach) and FVIC. Although the TEM-
based derivation of FVIC, combined with the above
models, has been increasingly used in recent studies
conducted in freshwater lakes (Jacquet et al. 2005,
Pradeep Ram et al. 2009), it should be noted that there
are several critical assumptions underlying the deriva-
tion of the models. These assumptions include that the
bacteria-virus system is in a steady state and that graz-
ers do not discriminate between infected and unin-
fected hosts (Binder 1999). It is likely that the parame-
ters of the model vary depending on environmental
conditions, although the extent and cause of this vari-
ability remain unclear. Because the applicability of
these parameters in Lake Biwa has yet to be validated,
the estimates of viral-induced mortality that we report
in the present paper should be interpreted with
caution.

For the derivation of HNF grazing, it was assumed
that a fixed volume-specific clearance rate (Fenchel
1982) can be applied to the whole samples regardless
of depth layers and seasons. In addition, it was
assumed that the average cell volume obtained in pre-
vious work (Nagata 1987a, 1988) was applicable to
each depth layer. These assumptions may deviate from
reality given potentially large variations in cell size,
community composition, and physiological state of
HNF in Lake Biwa. Nonetheless, the cell-specific
clearance rates were 0.8 to 6.2 nl ind.–1 h–1, which are
generally within the range of HNF clearance rates
obtained for freshwater communities (Sanders et al.
1989). Thus, we consider that our results could be
regarded as first-order estimates of bacterial mortality
due to HNF grazing in Lake Biwa.

Our results indicated that 53 and 14% of BP was
destroyed by viruses in the upper and deeper layers,

respectively, during the stratification period. The cor-
responding value for the mixing period was 23%.
These values are higher than (upper layer), close to
(circulation period), and lower than (deeper layer) the
average FMVL (20%) derived from cross-system com-
pilations of available data (reviewed in Weinbauer
2004, Sime-Ngando & Colombet 2009). Comparisons of
the extent of viral lysis and grazing pressure posed by
HNF indicated that the relative importance of these
2 mortality forces differed between the upper and
deeper layers during the stratification period. On aver-
age, mortality due to viral lysis was much higher
(3-fold) than that ascribed to grazing in the upper
layer. Conversely, in the deeper layer, grazing-
induced bacterial mortality was 1.7-fold greater than
viral-induced mortality. This vertical pattern differs
from previous results obtained in other stratified water
bodies; those studies found that grazing generally
dominates in surface waters, whereas viral lysis is
more prominent in deeper waters (Weinbauer & Höfle
1998, Bettarel et al. 2004, Colombet et al. 2006). In
Lake Biwa, dissolved oxygen concentration was high
(>5 mg l–1) even at a depth of 50 m throughout the
year, meaning that HNF activity was minimally inhib-
ited by oxygen depletion (Weinbauer & Höfle 1998).
Viral production might be suppressed in deeper layers
of Lake Biwa because of low bacterial activity (as indi-
cated by the low bacterial growth rate and BGE) and
depletion in phosphorus (soluble reactive phosphorus
[SRP] concentrations in the Lake Biwa hypolimnion are
<0.1 µmol l–1, except in the benthic boundary layer;
Kim et al. 2006), as suggested in other aquatic environ-
ments (Peduzzi & Schiemer 2004, Motegi et al. 2009).
These factors might explain high HNF grazing relative
to viral lysis in the deeper layer during the stratifica-
tion period in Lake Biwa.

The sum of viral lysis and HNF grazing accounted for
92% of BP in the upper layer during the stratification
period, implying that BP is generally in balance with
losses from the 2 mortality forces examined. In this
layer, high mortality due to viruses (53%) indicates
that BP is intensively recycled via the viral shunt, facil-
itating efficient regeneration of carbon, nitrogen, and
phosphorus (Fuhrman 1999, Weinbauer 2004). In con-
trast, viral lysis and HNF grazing collectively ac-
counted for only 40% of BP in the deeper layer during
the stratification period (Table 2). The corresponding
value was also low (43%) during the circulation period.
Given that bacterial abundance varied little in the
deep layer during the study period (Fig. 1), there
appear to be loss factor(s) other than viral lysis and
HNF grazing. Potential factors may include sinking
loss due to large particle adsorption (Proctor &
Fuhrman 1991) and metazoan grazing (Nagata &
Okamoto 1988).
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CONCLUSIONS

The present study provided evidence in support of
the notion that virus–bacterium couplings are tight
and exert significant influences on microbial food-web
dynamics in a thermally stratified, large freshwater
lake (Lake Biwa). The present results agree with the
growing consensus that viruses are critical compo-
nents of freshwater ecosystems (Middelboe et al. 2008,
Wilhelm & Matteson 2008). Our estimates, indicating
high viral-mediated bacterial mortality especially in
the upper layer, indicate that a significant fraction of
BP is recycled in the bacterium–virus–DOM loop, con-
tributing to carbon and nutrient cycling of lakes
(Pradeep Ram et al. 2009). The present results also
suggest the need for further studies regarding viral
control of bacterial diversity in lakes (Weinbauer &
Rassoulzadegan 2004). However, there are uncertain-
ties in conversion factors and the models involved in
the estimations of growth and mortality parameters of
bacteria–virus–HNF systems. Unambiguous resolu-
tions of biogeochemical cycles mediated by viruses in
freshwater lakes require future studies that critically
assess the methods of viral-related rate measurements.
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