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Abstract We sampled the surface waters (2–50 m) of two
deep peri-alpine lakes over a 1-year period in order to examine
(1) the abundance, vertical distribution, genome size, and
morphology structures of the virioplankton; (2) the virus-
mediated bacterial mortality; and (3) the specific genome size
range of double-stranded DNA (dsDNA) phytoplankton vi-
ruses. Virus-like particle (VLP) concentrations varied between
4.16×107 (January) and 2.08×108 part mL−1 (May) in Lake
Bourget and between 2.7×107 (June) and 8.39×107 part mL−1

(November) in Lake Annecy. Our flow cytometry analysis
revealed at least three viral groups (referred to as virus-like
particles 1, 2, and 3) that exhibited distinctive dynamics
suggestive of different host types. Phage-induced bacterial
mortality varied between 6.1 % (June) and 33.2 % (October)
in Lake Bourget and between 7.4 % (June) and 52.6 %
(November) in Lake Annecy, suggesting that viral lysis may
be a key cause of mortality of the bacterioplankton.
Virioplankton genome size ranged from 27 to 486 kb in
Lake Bourget, while it reached 620 kb in Lake Annecy for
which larger genome sizes were recorded. Our analysis of
pulsed field gel electrophoresis bands using different PCR
primers targeting both cyanophages and algal viruses showed
that (1) dsDNA viruses infecting phytoplankton may range
from 65 to 486 kb, and (2) both cyanophage and algal “diver-
sity” were higher in Lake Annecy. Lakes Annecy and

Bourget also differed regarding the proportions of both viral
families (with the dominance of myoviruses vs. podoviruses)
and infected bacterial morphotypes (short rods vs. elongated
rods), in each of these lakes, respectively. Overall, our results
reveal that (1) viruses displayed distinct temporal and vertical
distribution, dynamics, community structure in terms of ge-
nome size and morphology, and viral activity in the two lakes;
(2) the Myoviridae seemed to be the main cause of bacterial
mortality in both lakes and this group seemed to be related to
VLP2; and (3) phytoplankton viruses may have a broader
range of genome size than previously thought. This study
adds to growing evidence that viruses are diverse and play a
significant role in freshwater microbial dynamics and more
globally lake functioning. It highlights the importance of
further considering this biological compartment for a better
understanding of plankton ecology in peri-alpine lakes.

Introduction

Viruses (DNA or RNA, double- or single-stranded) are the
most abundant biological entities in aquatic environments, with
approximately 4×1030 viruses in the ocean which is 15 times
more than any cellular form [1]. Viruses have been found
everywhere where the life can extend (lakes, rivers, ocean, deep
sea, sediments, etc.), and they infect nearly all types of living
forms (bacteria, archaea, algae, zooplankton, etc.) [2–6].
Viruses are also very diverse both genetically and morpholog-
ically, and most of them are still unexplored [6, 7]. The genome
size of dsDNA viruses ranges from 10 to 670 kb [6, 8, 9] and
can even be greater than 1,000 kb in the case of giant viruses
like Mimi-, Mama-, Mega-, and Pandoraviruses [10–13]. By
contrast, genome size ranges from 1 to 12 kb for ssDNAviruses
[14] and from 1 to 27 kb for RNA viruses [15]. There is
mounting evidence from metagenomic studies [16–22] that
virioplankton (from either marine or freshwater environment)
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are dominated by those corresponding to viruses that infect
heterotrophic bacteria and phytoplankton (cyanobacteria and
eukaryotic microalgae) and are mainly DNA viruses (dsDNA
and/or ssDNA). However, RNA viruses (mainly infectious to
protists) have largely been neglected even though recent studies
have reported their quantitative importance [15, 23, 24].

A key issue when studying virioplankton remains to provide
accurate abundances for these particles. Free viruses have been
observed and counted using at least three techniques [6, 25, 26]:
transmission electron microscopy (TEM), epifluorescence mi-
croscopy (EFM), and flow cytometry (FCM). FCM and EFM,
both of which are based on nucleic acid-specific fluorescence
labeling, offer good detection sensitivity and accurate quantifi-
cation of viruses. FCM has shown to be more effective than
EFM for high-throughput analysis because it is rapid and
repetitive and can discriminate two to five viral groups [25,
27–30]. On the other hand, TEM has the advantage of provid-
ing specific information about the morphology and size of virus
particles, but it is limited by the low throughput, precision, and
detection limit, and it is time consuming and costly [6, 25]. To
date, FCM and EFMhave not provided a lot of data about RNA
and ssDNA viruses due to lack of sensitivity on these labeled
small genomes [14, 15, 25, 31, 32]. Typically, these studies
revealed that only the largest ssDNA or RNA viruses can be
detected, and that in most cases, the calculated abundances of
these viruses are underestimated. Whatever the technique used,
it is now commonly accepted that there are 104 to 109 virus-like
particles (mainly phages) per milliliter, with abundances vary-
ing between ecosystems and within the same ecosystem as a
function of depth and season [33, 34].

As efficient agents of cell mortality, viruses play an impor-
tant role in population succession and community structuring.
They contribute significantly to nutrient and energy fluxes,
typically through the viral shunt which diverts the organic
matter into the dissolved pool [30, 35]. TEM has been widely
used to estimate virus-induced bacterial mortality (VIBM)
through measuring the frequency of visibly infected bacterial
cells (FVIC) [6, 26, 36, 37]. Typically, viral lysis can account
for approximately 20–40 % of daily loss of bacterial biomass
(heterotrophic bacteria and cyanobacteria) in surface waters of
the ocean [38, 39]. However, estimates range from 0 to 100%,
especially for fresh waters (e.g., [34, 40]).

Because there is no universal marker gene for viruses,
assessing the occurrence and diversity of viruses requires the
use of a number of different molecular approaches (e.g.,
metagenomic, pulsed field gel electrophoresis (PFGE), PCR-
associated approach). PFGE allows for the fingerprinting of
virioplankton based on size fractionation of intact genomic
DNA, but it has limitation at recovering RNA and ssDNA
viruses [41]. This approach has been used to investigate the
genetic structure of dsDNAviruses living in the water column of
many lakes [42–44], rivers [45], estuaries [43, 45–47], seawaters
[27, 43, 45, 48–53], and sediments [43, 54]. The results of these

studies can be summarized as follows: (1) virioplankton exhibits
a variety of genome size, ranging from 10 to 661 kb [8, 41]; (2)
most viruses have a genome size of 20–80 kb [41]; and (3) the
composition of an ecosystem in terms of genome size varies
with depth and over time (even at the time scale of a day).

Phytoplankton populations (e.g., eukaryotic microalgae
and cyanobacteria) are crucial in aquatic ecosystems because
they are the primary producer and principle prey for higher
trophic levels. dsDNAviruses infecting eukaryotic algae (e.g.,
phycodnaviruses) and cyanobacteria (e.g., cyanophages be-
longing to Myoviridae , Podoviridae , and Siphoviridae tailed
phages) are now recognized as widespread and ubiquitous in
aquatic environments. Recently, PCR-based diversity studies
[42, 55–57] have shown that they are prevalent in peri-alpine
lakes. Indeed, we could use selected primers that amplify the
g20 gene from cyanomyoviruses, g23 from T4-like
myoviruses (including cyanomyoviruses), psbA from psbA-
containing cyanophages (including cyanomyoviruses and -
podoviruses), and mcp and polB from phycodnaviruses. For
phytoplankton viruses, PCR-amplified signature genes from
excised PFGE bands can be used to determine the genome
size range. Three studies have used this method; they showed
that cyanophages vary between 31 and 380 kb in Norwegian
costal seawater [52, 58], and T4-like bacteriophages vary
between 23 and 242 kb in two North American estuaries
[46]. These genome size ranges are much greater than previ-
ously thought. As the virioplankton of peri-alpine lakes is still
poorly known, we conducted a year-long study in 2011 in the
upper lit layers of two peri-alpine lakes characterized by
different trophic states, Lakes Annecy (oligogrophic) and
Bourget (oligo-mesotrophic). This study constitutes the first
detailed descriptive and functional investigation of
virioplankton in these lakes. We examined (1) the abundance,
genome size, morphological composition, and functional role
of the virioplankton using a combination of different tech-
niques (FCM, PFGE, TEM); and (2) the occurrence of
dsDNA algal viruses (and cyanophages) and variation in
genome size range using PCR and a variety of specific primers
to examine the presence/absence of typical signature genes.

Methods

Sample Collection and Processing

Water samples were collected once or twice each month
between January and November 2011 at reference stations
of Lakes Annecy (lat N 45.8727, long E 6.1645333) and
Bourget (lat N 45.7469, long E 5.86015), situated at the
deepest part of each lake. We obtained 14 samples for Lake
Annecy and 18 for Lake Bourget. We collected a minimum of
21 L, integrating the water column from the surface to a depth
of 20 m using an electric pump and tubing, and samples were
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stored in a polycarbonate flask placed in the dark at 4 °C until
filtration. A few hours following sampling, the 20-L samples
were first filtered through a 60-μm mesh and then through
1 μm pore-size filters (Millipore, Bedford, MA). The filtrate
(i.e., <1 μm fraction) was concentrated to a volume of 200–
250 mL using a spiral wound ultrafiltration cartridge with a
molecular weight cutoff of 30,000 Da (regenerated cellulose,
PLTK Prep/scale TFF, 1 ft2; Millipore). To ensure that all
remaining small free-living bacteria were removed, we filtered
the <1-μm concentrated fraction through 0.45 μm pore-size
filters twice (Millipore). The absence of cellular contamina-
tion was verified using flow cytometry (FCM not shown). To
obtain enough viral particles for PFGE, the <0.45-μm viral
fractions were further concentrated using polyethylene glycol
(PEG) precipitation [59]. Briefly, 50 mL of <0.45 μm viral
fraction with polyethylene glycol 8000 (10 %w /v final con-
centration) and NaCl (0.6 %w /v final concentration) were
incubated at 4 °C for 24 h. Then, viral particles were precip-
itated and concentrated through centrifugation for 1 h at 14,
600×g in a Beckman JA-30.50 rotor. The viral pellets were
suspended in 100–150 μL of sterile distilled water.

To better appreciate the vertical distribution of the different
viral groups, we also collected 50 mL water samples for FCM
analysis from the following depths in each lake: 2 or 3, 10, 15,
20, 30, 45, and 50 m.

Virus Enumeration Using Flow Cytometry

Virus-like particles (represented by at least three groups re-
ferred to as VLP1, VLP2, and VLP3; Fig. S1) were quantified
using a FACSCalibur flow cytometer (Becton Dickinson)
equipped with an air-cooled laser providing 15 mW at
488 nm. Viruses in the raw-water sample (untreated) were
fixed with glutaraldehyde (0.5 % final concentration, grade I,
Merck) for 30 min in the dark, then diluted in 0.02 μm filtered
TE buffer (0.1 mM Tris–HCl and 1 mM EDTA, pH 8), and
incubated with SYBR Green I (at a final 5×10−5 dilution of
the commercial stock solution;Molecular Probes), for 5 min at
ambient temperature, followed by 10 min at 75 °C, and then
another 5 min at room temperature, prior to FCM analysis [29,
60]. Each sample was analyzed only once (no duplicates are
provided) since a single analysis has been previously shown to
be sufficient [29]. The Listmode files obtained were then
transferred and analyzed on a PC using the custom-designed
freeware CYTOWIN [61]. More details about the FCM anal-
ysis and data treatment can be obtained elsewhere [62, 63].

Transmission Electron Microscopy Analysis

TEM was employed to observe and count the different
morphotypes of both viruses (Myoviridae , Siphoviridae ,
Podoviridae , and untailed viruses) and infected prokaryotes
(short rods, elongated rods, fat rods, cocci, and filamentous).

We also estimated burst size, percentage of infected bacterial
cells, and virus-inducted bacterial mortality as in previous studies
[64]. Briefly, 8 mL formalin-fixed samples kept at 4 °C were
harvested by ultracentrifugation onto 400 mesh NI electron
microscope grids with carbon-coated Formvar film, using a
Centrikon TST 41.14 Swing-Out-Rotor run at 70,000×g for
20 min at 4 °C [65, 66]. Each grid was then stained for 30 s with
uranyl acetate (2 % w/w) and examined using a JEOL 1200EX
TEM operated at 80 kVand ×40,000 magnification. The photo-
graphic negatives were scanned with Adobe Photoshop and
phage dimensions were determined using IMAGEJ software. A
bacterium was considered infected when at least five viruses,
identified by shape and size, were clearly visible inside the host
cell. At least 600–800 bacterial cells were inspected per grid to
determine the frequency of visibly infected bacterial cells (FVIC)
and a minimum of 70–80 different phages for each sample was
inspected to determine the different viralmorphotypes. Themean
viral burst size (BS, viruses per bacterium) was estimated for
every sample by taking the mean number of viral particles per
infected cell (at least 15 infected cells were examined per sam-
ple). Because mature phages are visible only late in the infection
cycle, the estimated FVIC represents only for a small portion of
virus-infected bacteria. Therefore, in order to estimate virus-
mediated lysis for the whole bacterial community, the FVIC
counts were converted to the frequency of infected cells (FIC)
using the equation FIC=9.524FVIC − 3.256 [67]. Assuming a
steady state of infected and uninfected bacteria and a latent
period that equals the bacterial generation time, we estimated
VIBM (as a percentage per generation) using the following
equation: VIBMk=(FIC+0.6FIC2) / (1−1.2FIC) [68].

Pulsed Field Gel Electrophoresis Analysis

The plug preparation was adapted from Wommack et al. [47].
Briefly, equal volumes of viral concentrate andmolten (45 °C) 1%
low melting point (LMP, Eurobio) agarose (10 mM Tris–HCl,
125 mM EDTA, 1 % LMP, pH 8.0) were homogenously mixed
and dispensed into plugmolds (BioRad). The solidified plugswere
digested for 24 h at 37 °C in a lysis buffer (10 mM Tris–HCl,
500mMEDTA, 1%SDS v/v, 1mgmL−1 proteinaseK (Eurobio),
pH 8.0) and then washed three times for 2 h at 37 °C with wash
buffer (500mMEDTA, pH 8.0). Finally, plugs containing approx-
imately 4×1010 viral particles were loaded into wells of the 1 %
agarose gel (Invitrogen) for the PFGE. The molecular weight
markers, a lambda ladder and/or a Mid-Range ladder (New
England BioLabs), were placed in the middle and on each side
of the gels. The electrophoresis was conducted using a CHEF-DR
II system (BioRad, Germany) under the following conditions:
14 °C, 200 V, and 0.5× TBE buffer (90 mM Tris-borate and
1 mM EDTA, pH 8.0). For each sample, two runs of PFGE were
conducted with two different sets of pulse ramp conditions in
order to separate both large and small viral genomes: (1) 40–
60 s switch time for 10 h following 10–40 s switch time for 18 h
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(to separate genome size from 100 to 700 kb) and (2) 1–5 s
switch time for 24 h (to separate genome size of 0 to 100 kb).
Note that these conditions were optimized after various tests for
the switching time and many gels were therefore run before
finding the optimal conditions (i.e., a maximum number of
bands with sufficient intensity). The gels were stained with
ethidium bromide for 45 min and washed with distilled water.
The DNA bands were visualized using Geldoc (BioRad).

Genome Size Range of Phytoplankton Viruses Assessed
Using PCR

PCRwas used to verify the presence or absence of phytoplankton
viruses for each PFGE band representative. The DNA obtained
from the PFGE bands used as templates was amplified using
different primer sets that target signature genes of phytoplankton
viruses (Table 1). The validity of these primer sets has been
examined elsewhere [55, 56]. To obtain DNA from the PFGE
bands, additional sample runs were carried out in 1 % LMP
(Eurobio) agarose gel under the same conditions as described
above. Gel slices of each visible PFGE band representative were
then excised, and the DNA recovered via the digestion of each
LMP gel slice using GELase™ (Epicentre, USA). As the DNA
concentration of the gel-digested solution was always <1 ng/μL,
1 μL of the gel-digested solution was further treated with the
GenomiPhi V2Amplification Kit (GEHealthcare, UK) as per the
manufacturer's instruction, yielding 0.2 to 2 μg of DNA.

PCRs were performed using the DNA Thermal Cycler T-
Professional (Biometra). For each primer set, 25 μL of the
reaction mix contained 1× PCR buffer, 4 mM MgCl2, 200 μM
of each dNTP, 0.4 μM of each primer, 0.5 U of Platinium® Taq
DNA polymerase (Invitrogen), and approximately 15 ng of
genomic DNA as templates. The typical program was a 5-min

enzyme activation at 95 °C, followed by 34 cycles of denatur-
ation at 95 °C for 30 s, annealing for 30 s, extension at 72 °C for
45 s, and a final extension at 72 °C for 5 min. The annealing
temperature for each primer set was optimized (Table S1).
Finally, 10 μL of PCR products mixed with 3 μL of 5× loading
buffer (12.5 % Ficoll, 25 mM tris, 5 mMEDTA [pH 8.0], 0.5 %
SDS, 0.1 % [w /v] xylene cyanol, and 0.1% [w /v] bromophenol
blue) were loaded into wells with 1.5 % agarose gel containing
ethidium bromide. The electrophoresis was conducted for
40 min under 100 V and DNA bands were visualized using
Geldoc (BioRad). The presence of phytoplankton viruses was
determined through the detection of the correct amplicon size
related to the viral group-specific signature gene (Table 1).

PFGE Banding Pattern Analysis and Statistical Analysis

PFGE banding patterns were analyzed using GelCompare II
(Applied Maths, Kortrijk, Belgium) after digitalization of the
PFGE gels. Briefly, fingerprinting patterns were first standardized
with a reference pattern (themolecularweightmarkers) positioned
to the left and right sides and in the middle of the gel. The
dendrogram was constructed from a binary matrix of similarity
values.We used the Jaccard similarity index based on the absence/
presence of bands, which then was clustered by the unweighted
pair group method with arithmetic averages (UPGMA).

To compare the community composition dynamics of
virioplankton inLakesAnnecyBourget, we ran aMantel test using
the software package XLSTAT-ADA. We tested the null hypoth-
esis of “no relationship” between the matrices for the two lakes,
usingSpearman's rank correlation coefficient as the test statistic and
999 permutations. To identify relationships between VIBM/FIC
and viral abundance (VLP1, VLP2, VLP3, Myovirus, Podovirus,
or Siphovirus), we also used Pearson's correlation coefficients.

Table 1 List of primers and optimized PCR conditions used in this study

Gene
markers

Tageted viruses Encoded proteins Primers (5′–3′) Annealing
temperature
(°C)

Reference

g20 Cyanomyovirus T4-like portal protein CPS 1.1 : GTAGWATWTTYTAYATTGAYGTWGG 46 [69]

CPS 8.1 : ARTAYTTDCCDAYRWAWGGWTC [56]

g23 T4-like myovirus Major capsid protein MZIA1bis: GATATTTGIGGIGTTCAGCCIATGA 50 [70]
MZIA6 : CGCGGTTGATTTCCAGCATGATTTC

psbA Cyanophage Photosystem II protein D1 Pro-psbA-1F: AACATCATYTCWGGTGCWGT 50 [71]

Pro-psbA-1R: TCGTGCATTACTTCCATACC [56]

polB Phycodnavirus Family B DNA polymerase AVS 1 : GARGGIGCIACIGTIYTIGAYGC 51 [72]

AVS 2 : GCIGCRTAICKYTTYTTISWRTA [55]

mcp Phycodnavirus Major capsid protein mcp Fwd: GGYGGYCARCGYATT 45 [73]

mcp Rev: TGIARYTGYTCRAYIAGGTA [55]
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Results

Abundance and Vertical Distribution of the Virioplankton

VLP1 showed nomarked temporal and vertical fluctuations in
abundance in Lake Annecy, while in Lake Bourget, VLP1
concentration increased 3- to 7-fold in the upper lit surface
water (0–20 m) in early summer and late autumn, and the
increase could extend down to a depth of 50 m (Fig. 1). VLP2

and VLP3 displayed more striking temporal and vertical var-
iations in each lake, particularly VLP2. In Lake Annecy,
VLP2 varied throughout the year with the highest concentra-
tions most often recorded at intermediate depths (between 15
and 35 m), from spring to autumn. By contrast, VLP2 were
more concentrated in the 0–20-m layer and large variations
extended to 30 m deep in Lake Bourget. VLP3 displayed
vertical distribution patterns relatively similar to that of
VLP2, except that VLP3 showed no clear heterogeneous
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vertical variation in Lake Annecy in the winter, and concen-
trations of VLP3 greatly increased in the 0–10-m layer in Lake
Bourget in April.

As the PFGE and TEM were run on integrated 0–20 m
water samples, we also analyzed with FCM the abundance of
VLPs in this sample at each date for both lakes (Fig. 2). Total
abundance in Lake Bourget varied between 4.16×107 part
mL−1 (January) and 2.08×108 part mL−1 (May), which was
on average 1.6-fold higher than in Lake Annecy where con-
centrations varied between 2.7×107 part mL−1 (June) and
8.39×107 part mL−1 (November). VLP1 dominated the viral
community in both lakes, accounting, on average, for 94 % of
viral abundance. By contrast, VLP2 accounted for only 5 %,
and VLP3 for less than 1 %. VLP1, VLP2, and VLP3

displayed dynamic patterns in both lakes and they were dif-
ferent between the lakes. However, it should be noted that in
Lake Bourget, there was a significant and positive correlation
between the patterns of VLP1 and VLP2 (r =0.42, n =16,
p <0.01), VLP1 and VLP3 (r =0.32, n =16, p <0.05), and
VLP2 and VLP3 (r =0.39, n =16, p <0.01), while in Lake
Annecy we found only a strong relationship between
VLP2 and VLP3 (r =0.71, n =14, p <0.01).

Community Structure of the Virioplankton

Forty-seven and 50 different viral populations (PFGE bands)
were detected in Lake Bourget and Annecy, respectively, with
genome size varying between 27 and 486 kb for the former
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and between 27 and 620 kb for the latter (Fig. 3, Table 2). In
Lake Annecy, the number of PFGE bands varied between 6
(June) and 20 (April), and no band persisted in all the samples
taken in 2011 (Fig. S2). In Lake Bourget, the number of bands
varied between 7 (August) and 25 (May), and again, no band
persisted in all the samples taken in 2011. We obtained a total
of 58 PFGE bands for the two lakes, of which 39 were
common to both lakes, and the number of bands varied over
time between lakes. Fifteen bands had a genome size of 27 to
100 kb, and 43 a genome size of 100 to 620 kb. The PFGE
banding pattern analysis with 44 % dissimilarity (Fig. 4)
revealed four different clusters for each lake, but no clear

seasonality could be detected and the abundance patterns for
the two lakes were not correlated between the two lakes
(Mantel test, r =0.008, p =0.822, α=0.05). No correlation
was found between the number of PFGE bands (considered
as a whole or discriminated between small [15–100 kb] and
large [>100 kb] size) and viral abundance (whatever the
group) in Lake Annecy. In Lake Bourget, however, a positive
relationship was found between VLP1 and the total number of
PFGE bands (n =13, r =0.81, p <0.01), the correlation being
due to the small genome size fraction. VLP3 abundance was
also found to correlate positively with the number of large size
PFGE bands (n =13, r =0.71, p <0.01).

Fig. 3 Schematic representations
of the genomic size distributions
of viral populations determined
by PFGE in Lakes Annecy (a)
and Bourget (b) along 2011 from
integrated samples (0–20 m).
Numbers indicate the bands that
have been sliced out and tested for
the presence of mcp , polB , g20 ,
psbA, and g23 genes
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The TEM revealed four main viral morphotypes: the tailed
myo-, podo-, and siphoviruses (likely to infect bacteria,
cyanobacteria, and archaea) and the untailed (likely to regroup
phycodna- and adenovirus, but also ssDNA and/or RNA
viruses that may infect eukaryotes and/or prokaryotes). The
observed proportion of these different morphotypes varied
over time and between lakes (Fig. 5). In Lake Annecy,
podoviruses accounted for 10 % (November) to 46 %
(April) of all viruses, while in Lake Bourget they made up

only 9 % (June and August) to 18 % (April). In Lake Annecy,
the proportion of myoviruses varied between 13 % (February)
and 54% (November), the proportion of siphoviruses between
16 % (November) and 49 % (July), and the proportion of
untailed viruses between 5 % (May) and 20% (November). In
Lake Bourget, the corresponding ranges were 22 % (June) to
50 % (July, October, and November), 20 % (October) to 55 %
(June), and 6 % (June) to 27 % (November). On average for
the year 2011, untailed and tailed viruses accounted for 13 and

Table 2 Size and gene-related
association for each PFGE band PFGE

bands
Date of sampling Lakes Genome

size (kb)
mcp polB g20 g23 psbA

b24 24 May 2011 Lake Annecy 596 − − − − −
b23 14 November 2011 Lake Annecy 565 − − − − −
b22 28 April 2011 Lake Bourget 486 + − − − −
b21 27 June 2011 Lake Bourget 441 − − − − −
b19 14 November 2011 Lake Annecy 426 + − − − −
b20 27 June 2011 Lake Bourget 391 + − − − −
b18a 7 September 2011 Lake Bourget 374 + − − − −
b18b 7 September 2011 Lake Bourget 357 + − − − −
b17a 14 November 2011 Lake Annecy 341 + − − − −
b17b 14 November 2011 Lake Annecy 328 + − − − −
b16 17 August 2011 Lake Bourget 317 + − + + +

b11 27 June 2011 Lake Bourget 263 + + + + −
b7 28 June 2011 Lake Annecy 260 − − − − −
b15 10 May 2011 Lake Annecy 255 + + + + +

b14 14 November 2011 Lake Annecy 248 + + + + −
b12 14 November 2011 Lake Annecy 232 + + + + −
b13 10 May 2011 Lake Annecy 223 + + − + −
b35 28 April 2011 Lake Bourget 210 − − − − −
b9 10 May 2011 Lake Annecy 190 + − + + +

b8 16 February 2011 Lake Annecy 173 + − + + −
b36 28 April 2011 Lake Bourget 169 − − − − −
b38 28 April 2011 Lake Bourget 142 + − − − −
b37 17 May 2011 Lake Bourget 122 − − − − −
b4 7 September 2011 Lake Bourget 89 − − − − −
b27 6 September 2011 Lake Annecy 81 − − + + −
b3 14 November 2011 Lake Annecy 79 + − − + −
b5 14 February 2011 Lake Bourget 77 − − − − −
b2 27 June 2011 Lake Bourget 75 − − − − −
b26 6 September 2011 Lake Annecy 74 − − + + +

b31 28 June 2011 Lake Annecy 67 − − − − −
b25 6 September 2011 Lake Annecy 65 − − + + +

b1 14 February 2011 Lake Bourget 61 − − − − −
b34 16 February 2011 Lake Annecy 52 − − − − −
b28 26 July 2011 Lake Annecy 48 − − − − −
b30 10 May 2011 Lake Annecy 46 − − − − −
b29 10 May 2011 Lake Annecy 44 − − − − −
b33 11 April 2011 Lake Annecy 41 − − − + −
b32 28 June 2011 Lake Annecy 27 − − − − −
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87 % of total virus observations in both lakes. In Lake
Bourget, both myo- and siphoviruses dominated to an equal
extent (38 and 37 %), while in Lake Annecy it was podo- and
siphoviruses (32 and 31 %). In Lake Annecy, a positive
correlation was found between the proportion of the
myophages and the VLP2 (r =0.61, n =13, p <0.05). In Lake
Bourget, we found positive correlations between the
proportion of the podophages and the VLP1 (r =0.53, n =19,
p <0.05) and between the proportion of the myophages and
the VLP2 (r =0.68, n =19, p <0.01).

Variation in the Genome Size Range of PhytoplanktonViruses

Our examination of the 38 more visibly abundant PFGE band
types based on PCR and the five primer sets at our disposal
allowed us to propose a genome size range for several phyto-
plankton viral groups (Table 2). Withmcp , the genome size of
phycodnavirus varied between 79 and 486 kb (17 bands),
whereas the range based on polB was much narrower: be-
tween 223 and 263 kb (five bands). The genome size range for
both cyanomyoviruses and psbA -containing cyanophages

Fig. 4 Cluster analysis of PFGE
fingerprinting patterns of
virioplankton from Lake Annecy
and Bourget in 2011

Fig. 5 Proportion of the different
virus morphotypes (untailed
virus, myovirus, podovirus, and
siphovirus) observed for each
lake using TEM from integrated
samples along 2011
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was 65 to 317 kb, corresponding to 10 (for g20 ) and 5
(for psbA ) bands, respectively. With g23 , the genome
size varied between 41 and 317 kb (13 bands). It is
worthy to note here that both picocyanobacterial and
phytoplankton abundances were obtained in a parallel
study (e.g., [74]) so that we could compare these abun-
dances to the number of PFGE bands discriminated
based on the size range defined above. However, no
clear relationship could be found between the number
of bands and potential hosts.

Infected Cell Morphotypes and Estimated Virus-Induced
Mortality Rates

Five main cell morphotypes (short rods, elongated rods, fat
rods, cocci, and filament) were found to be infected by virus-
es. Most of the virus-infected bacteria were rod forms: short
rod bacteria (37 %) for Lake Annecy and elongated rod
bacteria (43 %) for Lake Bourget (Fig. S3). In total, less than
20 % of infected bacterial were cocci, with the proportion
being higher in Lake Annecy than in Lake Bourget. The
filamentous morphotypes accounted for only 8 and 3 % of
virus-infected bacteria in Lake Annecy and Bourget,
respectively.

The mean number of intracellular viruses observed in each
infected cell (mean burst size) was 42, ranging from 27

(January) to 52 (October) in Lake Annecy, and from 19
(June) to 102 (November) in Lake Bourget (Fig. S4). The
burst size also differed between cell morphotypes
(Fig. 3): 45±3 for short rods, 37±4 for elongated rods,
93±22 for fat rods, 26±3 for cocci, and 105±6 for filaments.

The frequency of infected cells (FIC) varied between 6.6 %
(June) and 29.1 % (November) in Lake Annecy (mean=
15.5 %) and between 5.5 % (June) and 21.7 % (October) in
Lake Bourget (mean=13.3 %) (Fig. S5). On average, viral
lysis was responsible for 22.7 and 17.9 % of bacterial mortal-
ity in Lake Annecy and Bourget, respectively. The estimated
proportion of virus-induced bacterial mortality (VIBM) showed
considerable temporal variation: 7.4 % (June) to 52.6 %
(November) in Lake Annecy and 6.1 % (June) to 33.2 %
(October) in Lake Bourget (Fig. 6). Theoretically, between
1.7×105 and 1.1×106 bacterial mL−1 day−1 would have to be
lysed in order to maintain the observed viral production in Lake
Bourget (mean=4.7×105 cells mL−1 day−1) and between 9×
104 and 1.6×106 cells mL−1 day−1 in Lake Annecy
(mean=4.5×105 cells mL−1 day−1). Only for Lake
Annecy, a weak relationship was found between FIC and
bacterial cell abundance (r =0.61, n =13, p <0.05). Also, we
found a weak and strong positive correlation between the
proportion of infected cells and the VLP2 in Lake Annecy
(r =0.60, n =13, p <0.05) and in Lake Bourget (r =0.74,
n =19, p <0.01), respectively.

Fig. 6 Percentages of virus-
induced bacterial mortality
estimated from TEM data for
integrated samples along 2011 in
Lakes Annecy and Bourget
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Discussion

This study proposes, for the first time, a complete and com-
parative virioplankton analysis (including viral abundances,
distributions, morphology, genomic size, infected cells, and
induced bacterial mortality) for the two largest natural lakes in
France over a full 1-year period. Moreover, an effort was
made to assign genome size obtained from PFGE analysis to
either algal virus or cyanophage. Overall, our study shows the
quantitative importance of viruses in two neighboring lakes,
as well as the significant differences in virus diversity that
exist between these lakes. It also shows the potential role of
phages as agents of bacterial mortality.

Methodological Considerations

Virioplankton dynamics, structure (both in terms of morphol-
ogy and genomic size), and mortality rates were based on
water-integrated (0–20 m) samples. Due to the observed ver-
tical variability in viral abundance throughout the year, it is
possible that this sampling strategy could (1) only unveil
global patterns and obscure specific dynamics likely to occur
at each depth and (2) miss important host–virus relationships
that occur below 20 m, where VLP2 and VLP3 could be in
fact more active. Moreover, with samples obtained only each
3 to 4 weeks, we are aware that we probably missed a large
part of the relationships between microbes and associated
viruses. It is well known indeed that virus–host interactions
may occur at short time scales, i.e., within a few hours [75] as
well as at microscales [76]. Differently said, sampling at a
higher frequency would, of course, be better. However, we
wanted to use the data on biological variables (i.e., the phyto-
plankton) collected by the traditional lake survey carried out
on French peri-alpine lakes [77], so we decided to sample the
viruses using the same regime.

In our study, TFF ultrafiltration and PEG precipitation
could generate >65 % loss of viral particles. Such a significant
loss could (1) impact greatly rare groups and (2) affect differ-
ently distinct viral groups [78]. In 2013, Hurwitz et al. [79]
compared methods for concentrating and purifying ocean
virus communities, e.g., ultrafiltration vs. FeCl3 precipitation
with the use of DNase sucrose and/or CsCl gradients. They
confirmed that ultrafiltration leads indeed to the underestima-
tion of viral genotypes, typically among the Phycodnaviridae
and podoviruses, compared to FeCl3-precipitated viruses. As
we used the classical ultrafiltration method, we are aware that
it is thus possible that we missed an important part of the
information.

As we used PFGE to fingerprint dsDNAviruses, our study
could only reveal abundant/dominant groups and miss minor
groups [43, 80]. Moreover, one PFGE band, representing a
subpopulation of dsDNA viruses having the same genome
size (sensu Jamindar et al. [46]), could contain several

genetically and morphologically different viruses or viral
groups. Also, the composition of this subpopulation (band)
could varywith time and between lakes. Therefore, we have to
keep in mind that PFGE could only provide a minimum
estimate of virioplankton genomic size diversity in Lakes
Annecy and Bourget [50, 80] and that it therefore reflected
patterns at the community scale limited at a subpopulation
level.

The genome size ranges of several groups of phytoplank-
ton viruses were investigated examining the occurrence of
some marker genes targeted using PCR. In addition to the
usual problems associated with PCR, there is another one
specific to our type of analysis: the template DNAs were
isolated from one or two PFGE bands for different band types.
We could miss the viruses of a same band type but occurring at
other moments since virus composition of a single band type
could vary with time as described above. Also, we examined
only 38 out of the 58 different band types because the other 20
bands were either not visibly abundant or difficult to excise
from gels or amplify. Note that amplicons of the excised
PFGE bands were not sequenced in this study, yet we have
conducted parallel studies in which we used the same primers
for the same field samples and showed that the amplicons
were indeed of viral origin [55, 56]. Although preliminary,
these results do enable us to identify, for the first time,
the occurrence of dsDNA phytoplankton viruses in PFGE
bands, with the caveat that the primers used to target specific
groups could still miss a large portion of the existing diversity
[55, 56, 81].

At last, quantifying the viral-induced mortality of bacteria
remains difficult, and a robust method has yet to be developed
[30, 67]. The accepted TEM-based approach (based on whole
cell examination) allows for the in situ estimation of virus-
mediated bacterial mortality, but caveats exist when using
empirical models to convert FVIC to VIBM [67, 68]. We used
the empirical model of Weinbauer et al. [67] to convert FVIC
to FIC and of Binder [68] to convert FIC to VIBM. Note,
however, that these models have been established for marine
systems, and although they have been used for freshwater
systems, some researchers still question this application [82].
Using the dilution method, which is not perfect either (e.g.,
[83, 84]), we found no correlation between TEM data, so it is
still questionable which method for determining mortality rate
is most accurate.

Contrasting Virioplankton Abundance, Structure,
and Distribution in Lakes Annecy and Bourget

Viruses displayed both vertical and temporal variations in
Lakes Annecy and Bourget. The patterns observed for viral
abundances in the two ecosystems were, however, different
for the three examined viral groups (VLP1, VLP2, and
VLP3). Likewise, the community structure and the abundance
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were uncoupled. These results could be due to the different
trophic states of the two lakes and/or to differing patterns of
host diversity and/or to varying dynamics in response to
environmental variables (light availability, oxygen concentra-
tion, nutrients availability, etc.) as highlighted in a parallel
study [74]. A particular feature was the higher development of
VLP2 and VLP3 in “deep waters” of Lake Annecy. This may
be linked to the higher transparency in this lake compared to
Lake Bourget (8.7 vs. 7.4 m); the higher light availability at
lower depths would enable some microorganisms to develop
despite limited nutrient. Typically, in Lake Annecy,
picocyanobacterial abundance can be relatively high below
20 m, and also different groups (corresponding to different
phycoerythrin contents) have been observed in this lake with a
group which is absent in Lake Bourget (Jacquet, unpublished).
This could explain why VLP2 and picocyanobacteria were
correlated in Lake Annecy (compared to Lake Bourget) sug-
gesting possible relationship between the two groups. By
contrast, mean viral abundance was higher in Lake Bourget,
which supports the previous finding that both heterotrophic
bacteria and phytoplankton are more abundant in this
lake [29, 60].

Compared to viral abundance, there was not an important
difference between the total number of PFGE bands obtained
in Lake Annecy (50) and Lake Bourget (47), but the diversity
of the bands differed between the two ecosystems with ap-
proximately one third of the bands not detected in both lakes.
Moreover, the PFGE analysis did not reveal any clear seasonal
changes in either lake. No band persisted in all of the samples
throughout the year, suggesting that the 2005 seed-bank mod-
el of Breitbart and Rohwer [7] could apply to virioplankton in
Lakes Annecy and Bourget and perhaps even to alpine lakes
in general. Indeed, only a few types of viruses could be
detected at any given time suggesting that most of them were
rather rare and/or inactive. Viral activity was likely directly
influenced by the abundance and growth of viral hosts in the
lakes [52]. It is noteworthy that this hypothesis has been
corroborated by the results of a previous study of phytoplank-
ton viruses in the same lakes [74].

A main difference in virioplankton composition between
the two lakes is that Lake Annecy contained at least five viral
populations with a genome size >500 kb, ranging from 500 to
620 kb, and this was a major cause of the outnumbering PFGE
bands in this lake. These large genomes (e.g., 510, 538, 565,
596, and 620 kb) were present throughout the year. The
existence of large genome sizes has been previously reported
for Lake Klocktjarn, another oligotrophic lake, but also for
Lake Erken, a mesotrophic lake, by Lymer et al. [85]. The
detection of large viral genome sizes in oligotrophic condi-
tions is striking but it may reflect the existence of unique host
and/or viral features such as the presence of more auxiliary
metabolic genes in response to stress adaptation by virus. Of
the five viral populations with large genome size, two

relatively abundant bands (596 and 565 kb) were examined
using PCR, but we did not obtain a positive match with algal
virus or cyanophage primers. This result suggests that these
viruses were not viruses infecting phytoplankton, provided
that the primers could detect them unambiguously.

Occurrence and Genome Size Range of Phytoplankton
Viruses

Our PCR assay showed that viruses infecting phytoplankton
(including cyanobacteria) in Lakes Annecy and Bourget
ranged from 65 to 486 kb: the cyano(myo)phages ranged from
65 to 317 kb and the phycodnaviruses from 79 to 486 kb. To
the best of our knowledge, our investigation is the first for
freshwater, and other studies have not used as many primers
[46, 52, 58]. Our analysis is, of course, not complete as we did
not, for example, investigate either cyanopodoviruses or
cyanosiphoviruses due to a lack of primers, or a lack of
efficient primers, for these groups. Note that currently known
genomes of cyanopodovirus and cyanosiphovirus are 41–
48 kb [86–91] and 30–108 kb [83, 92, 93], respectively. Our
PFGE analyses have also revealed such genome sizes, so it is
possible that they could be related to these cyanophage types,
whose presence we have, in fact, previously shown [56].

The genome size of phycodnaviruses was in the range of 79
to 486 kb based on mcp , whereas it was between 223 and
263 kb based on polB . Such a difference is not surprising
given the recent finding that these two primers probably target
distinct viral groups [55]. Indeed, primers can amplify mcp
from a large range of phycodnavirus groups, including
Prasinovirus , Chlorovirus , Prymnesiovirus , PoV group,
Raphidovirus , etc. Most of the mcp -positive PFGE- ands
were within the genome size range of 155 to 560 kb, which
is typically what has been observed for phycodnaviruses
[94–96]. However, we also found two bands outside of this
range, at 142 and 79 kb. To the best of our knowledge, the
smallest phycodnavirus genome obtained so far is
Feldmannia sp. virus (FsV-158) at approximately 155 kb
[94]. Our result indicates therefore that, in peri-alpine lakes,
some phycodnaviruses may be as small as 79 kb. This hy-
pothesis warrants further investigation. AVS1/2 primers are
only able to amplify polB of phycodnaviruses infecting mem-
bers of Chlorophyta (Prasinovirus , Chlorovirus , etc.) [55,
97]. Based on currently known genomes of prasinoviruses
(180 to 200 kb) [98–101] and chloroviruses (321 to 369 kb)
[9], the five polB -positive PFGE bands obtained (223 to
263 kb) were related to neither Prasinovirus nor
Chlorovirus . This finding is again consistent with a parallel
study we conducted on the same samples which revealed that
the majority of the polB sequences belonged neither to the
marine prasinovirus cluster (MpV, OtV, OlV, and BpV) or to
the freshwater chlorovirus group [55]. Here again, the ques-
tion is asked to know whether our study may suggest the
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existence of unknown phycodnaviruses infecting other mem-
bers of Chlorophyta with a genome size of around 250 kb. It
also highlights the lack of knowledge on viruses that infect
freshwater eukaryotic algae [102].

The two marker genes used to detect cyanophages (i.e.,
g20 and psbA) provided the same genome size range esti-
mates (65 to 317 kb), but only 5 out of the 10g20 -positive
PFGE bands were also positive to psbA amplification. Such a
result makes sense because g20 targets cyanomyoviruses and
psbA can be found in cyanomyo- and in cyanopodoviruses
[56, 103, 104]. Our results, therefore, agree with the previous
finding that not all cyanomyoviruses possess host-derived
psbA gene in their genomes [104]. The cyanomyoviruses in
peri-alpine lakes seemed to be characterized by genome sizes
larger than what has been reported until now (i.e., from 161 to
253 kb) by several authors [91, 105–110]. It is noteworthy,
however, that Sandaa and Larsen [52] and Sandaa et al. [58]
reported larger genome size for cyanophages in Norwegian
coastal waters (up to 380 kb). Taken together, these results
suggest that the genome of cyanomyoviruses may be both
larger and smaller than currently thought.

T4-like myoviruses can infect a wide range of hosts from
proteobacteria to cyanobacteria [111]. The maximum genome
size is currently thought to be 253 kb with the cyanophage P-
SSM2 [91], and the minimum 147 kb with HTVC008M, a
phage infecting SAR11 [112]. However, our study revealed
genome sizes ranging from 41 to 317 kb. Among the 13g23 -
positive PFGE bands obtained, 10 (65 to 317 kb) could be
explained by the presence of cyanomyoviruses since they
were also positive to g20 . The other three (41, 79, and
223 kb) were negative to g20 . Likewise, another study con-
ducted in two North American estuaries also using PFGE and
g23 to amplify DNA reported that T4-like myoviruses have a
broad genome size range of between 23 and 242 kb [46].
These results are consistent with ours and suggest the T4-like
myoviruses may be both larger and smaller than previously
suggested.

Contrasting Virioplankton Morphology in the Two
Ecosystems

The majority of the viruses observed using TEM were tailed
phages. Only 13 % were untailed. These results are consistent
with the finding that bacteria are the most abundant cellular
forms in these peri-alpine lakes [29], and thus, tailed phages
are also expected to be numerous. However, it is important to
note that TEM analysis probably missed a significant portion
of phage diversity as suggested by the metagenomic survey of
Lake Bourget conducted by Roux et al. [21] which revealed
that 92.3 % of identifiable virus-like sequences were related to
ssDNA virus (essentially the Microviridiae). We also have to
keep in mind that RNA viruses may also be important, as
suggested by recent studies [15, 23, 24].

Both of the lakes we studied sustained relatively high
proportions of siphoviruses, with podoviruses predominating
in Lake Annecy and myoviruses in Lake Bourget. This differ-
ence between the lakes may be due to their different trophic
states and/or host species diversity. Indeed, podoviruses are
known to have a narrower host range than myoviruses and
also are more likely to exhibit lysogeny processes than are
Siphoviridae. Their dominance in the oligotrophic Lake
Annecy could thus be a result of nutrient limitations affecting
very specific host species, thereby favoring the lysogeny life
cycle. In contrast, myoviruses are known to be lytic over a
broad host range. Our own results suggested indeed that the
myoviruses were the main cause of bacterial mortality in both
lakes and that most of them could be related to the VLP2
group (see below). However, we did not sort individual VLPs
from flow cytometry to identify them by TEM to confirm the
reality of such correlations.

Our study revealed that unicellular bacteria (rod- and cocci-
shaped) accounted for, on average, greater than 92 % of
infected cells in both lakes, and therefore, it could be these
bacteria that are responsible for the high bacterial mortality
rates. In Lake Annecy, a higher proportion of infected bacteria
were cocci and short rod forms, while in Lake Bourget the
dominant forms were elongated and fat rods. Again, this
reflects differences in host diversity and/or physiology be-
tween the lakes. Indeed, bacteria can adapt their morphology
in response to environment (e.g., nutrients uptake, mobility,
escaping predator) [113, 114]. Rod-shaped cells are favored in
nutrient-rich environments, whereas small coccal-shaped bac-
teria are often dominant in low nutrient waters [115]. In Lake
Bourget (oligomesotrophic), elongated rod shapes were rela-
tively important compared to other morphotypes. Pradeep
et al. [116] found a similar result for Lake Créteil, France.
Note at last that we could not observe infected
picocyanobacterial cells.

Contrasting Functional Role of Bacteriophages in the Two
Ecosystems

Our results showed that between 1.7×105 and 1.1×106 bac-
terial cells per milliliter and per day have to be lysed in order
to maintain the observed viral production in Lake Bourget
(mean=4.7×105), while it was between 9×104 and 1.6×106

cells mL−1 day−1 in Lake Annecy (mean=4.5×105). On aver-
age, higher fractions of infected bacteria and bacterial mortal-
ity rates were observed in Lake Annecy compared to Lake
Bourget, suggesting a more important viral control in the
oligotrophic lake. If so, this result could thus be important to
explain (1) viral control of the bacterial population size and (2)
nutrient's recycling through lysis. Note that such aspects have
been reported elsewhere in other oligotrophic lakes or marine
waters [117–119]. It is thus possible that, in lakes with low
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productivity, a strong lytic activity would allow to support the
metabolic activity of prokaryotes.

There was no relationship between bacterial and viral
abundances and between VIBM and total VLP for Lake
Bourget when considering the whole viral abundance.
However, we did find a weak positive relationship between
VLP2 and VIBM (r =0.55, n =19, p <0.05). The correlation
was even stronger for Lake Annecy (r =0.74, n =13, p <0.01).
For both lakes, however, the relationship between lytic activ-
ity and VLP1 was not significant. This result is original since,
to the best of your knowledge, it is the first time that such a
relationship is provided by discriminating the importance of
VLP1 vs. VLP2. In most cases, absences of positive relation-
ships have been reported between viral abundances and their
lytic activity [6, 120]. A significant positive relationship is
interpreted as meaning the viral group is a cause of bacterial
mortality. Our results suggest that VLP2, rather than VLP1,
may be responsible for the lytic activity exhibited by the viral
community. It would be interesting to test experimentally
whether, and under what conditions, VLP2 is the dominant
cause of bacterial mortality, both in these peri-alpine lakes and
elsewhere.

Of the three morphologically different bacteriophages
types, the myovirus abundance was positively and significant-
ly correlated to VIBM whatever the lake (r =0.89, p <0.001).
By contrast, negative and significant correlations were found
between VIBM and podoviruses in Lake Annecy (r =−0.87,
n =13, p =0) and between VIBM and siphoviruses in Lake
Bourget (r =−0.88, n =19, p <0.001). Moreover, most of the
viruses observed in visibly infected cells were myoviruses.
These results could thus suggest that the myoviruses were the
main cause of bacterial mortality in these lakes. The negative
relationship between VIBM and the podoviruses in Lake
Annecy and between VIBM and the siphoviruses in Lake
Bourget suggested that viral lysis may cause enrichment in
the form of increased dissolved organic matter, which is
then made available for the noninfected fraction of the
bacterioplankton [121]. Collectively, the fact that both the
FCM-observed VLP2 and TEM-observed myoviruses could
explain bacterial mortality suggested that these two viral
groups were related. Indeed, positive and significant corre-
lations were detected between VLP2 and myoviruses in
Lake Bourget (r =0.73, n =17, p <0.01) and Lake Annecy
(r =0.67, n =13, p <0.05). What we now need is more
research on these relationships and on the potential hosts
of these viral groups.

Conclusion

This 1-year investigation of virioplankton in two peri-alpine
lakes revealed a temporal, vertical, and geographical variabil-
ity in viral abundance, structure, morphology, and lytic

activity. The observed differences between the two ecosys-
tems in virioplankton and cell morphotypes of infected bacte-
ria may be due to differences in trophic states and/or to
differences in host diversity or physiology linked to environ-
mental pressures. We observed links among virus-induced
bacterial mortality, FCM-observed VLP2, and TEM-
observed Myovirus, suggesting that myoviruses were the
main cause of bacterial mortality, with the active fraction
being detected in the VLP2 FCM signature. Finally, we were
able to detect phytoplankton viruses, and these viruses appear
to have a larger genome size range than previously reported.
This study provides important new evidence of the quantita-
tive, qualitative, and functional importance of viruses in lakes.
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