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ABSTRACT
Two experiments were conducted to test whether viruses, small auto- and heterotrophic nanoflagellates were key factors
regulating at relatively short-term (4 days) and nearby periods (April vs. May) the bacterial community in surface waters of Lake Geneva. 2.5 L containing polycarbonate bottles were incubated in situ with either <2 µm or <10 µm filtered
water with additions of either virus-free water or a viral concentrate. Abundances of viruses, prokaryotes and small
autotrophs were obtained each day using flow cytometry, while bacterial richness was assessed using 16S rDNA
PCR-DGGE and auto- and heterotrophic flagellates counted with epifluorescence microscopy at t0 and t96. Transmission electron microscopy was also used to assess virus-induced bacterial mortality at the start and the end of the experiments. Cloning-sequencing was applied on PCR products obtained after excision of selected DGGE bands to highlight more specifically the identity of bacteria of interest in the context of the experiment. The autotrophs and grazer
presence and/or the virus enrichment resulted in different effects on the structure of the bacterial community and the
impact was also different with the period. In May, bacterial structure changes seemed to be related to the impact or influence of the eukaryotes (including nanoflagellate grazers), while viruses might have a higher impact on the bacterial
community structure the month before. This study provides new persuasive evidence that the presence of viruses and
small eukaryotes are likely to drive bacterial community composition and shifts on the short-term in lacustrine ecosystems. More interestingly, such effects seem to be different between viruses and grazers, the ones sustaining, the others
reducing bacterial community composition.
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1. Introduction
Heterotrophic bacteria represent the most abundant cellular group of planktonic organisms in peri-alpine lakes
[1,2]. This community is known to be centrally involved
in biogeochemical cycling, playing a primordial role in
nutrient cycling, organic matter formation and decomposition, and representing a relevant link inside the pelagic
food webs, typically as a prey for higher trophic levels
[3-6]. In lakes, multiple interacting factors and processes
drive natural microbial communities and it has been
shown that biotic interactions (i.e. predator-prey or parasite-prey dynamics) as well as abiotic factors (resources
and physical parameters) play a significant role in shaping bacterial communities [7-11]. Our conceptual understanding of the role of heterotrophic bacteria in pelagic
ecosystems and in global biogeochemical cycles is clo*
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sely linked to our understanding of how their growth rate,
abundance, distribution and diversity are controlled.
Despite the considerable attention that has been paid to
bacterioplankton over past decades, the dynamic of aquatic bacterial community structure is still poorly understood. Typically, how the environment governs bacterial activity and diversity patterns remains a key issue in
aquatic microbial ecology. Several investigations dealing
with the temporal evolution of the bacterial community
structure and composition in lakes have been performed
and different trends have been highlighted according to
the studied lakes. While some studies described a pronounced seasonal evolution of the bacterial community
composition in lakes [12-16], others demonstrated a
more gradual change and did not find any apparent connection with seasonality [17-19]. Using Denaturing Gradient Gel Electrophoresis (DGGE) of PCR-amplified
partial 16S rRNA gene fragments and multivariable staAiM
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tistical approaches, Berdjeb et al. (2011, [11]) explored
recently the patterns of change in the bacterial community structure (BCS) over a complete year in the mesotrophic Lake Bourget and the oligotrophic Lake Annecy
(France), two ecosystems situated in the same ecoregion
as Lake Geneva. These authors revealed significant differences in the BCS between the two lakes, characterized
by a higher richness in the oligotrophic ecosystem. Even
if BCS presented similar vertical patterns in the two lakes,
its temporal dynamics differed greatly between depths
and lakes, with temporal scale patterns being much longer in the mesotrophic ecosystem. Direct gradient multivariate ordination analyses showed that a complex array
of biogeochemical parameters was the driving force behind BCS shifts in both lakes, and it was revealed that
60% to 80% of the variance was explained only by bottom-up factors in both lakes, indicating the importance of
nutrients and organic matter from autotrophic origin in
controlling the BCS. Top-down regulation by flagellates
together with ciliates or viruses were found only in the
hypolimnion but not in the epilimnion for both lakes and
explained less than 18% of the bacterial community
changes during a complete year.
Some studies have investigated the individual effects
of flagellates and/or viruses on bacterial communities in
terms of abundance, activity and diversity [20-25]. The
study of Berdjeb et al. (2011, [11]) cited above on
French peri-alpine lakes probably missed the impact of
both the viruses and the heterotrophic grazers on the
bacterial community structure since it was realised using
inappropriate time scale (i.e. every month), while daily to
weekly scale are more adapted to investigate microbial
interactions. We know indeed that both viruses and small
(nanoflagellated) grazers can be variable causes of bacterial mortality and be responsible for 10% - 60% of daily
bacterial loss in lacustrine ecosystems ([21] and references therein; [26,27]). Both processes can impact the
size distribution of bacterial communities through “sizeselective mortality” for flagellates [28,29], and “hostspecificity” for viruses [22]. Moreover, viruses can act
indirectly on bacterial structure throughout the release of
virus-induced cell debris (alimenting the pool of dissolved and particulate organic matter (DOM and POM)
and inorganic nutrients) which can be utilized by noninfected bacteria, enhancing in fine growth and production of some bacterial groups [30,31]. Also, viral lysis
and protozoan bacterivory may act additively to reduce
bacterial production and sustain diversity [24,25] but
other experimental studies reported contrasting results
[23,32] highlighting the variety of complex relationships
between bacteria, viruses and protists [33]. Whether cells
are grazed or lysed may have different ecological and
biogeochemical consequences, the organic matter and
nutrients reaching or not higher trophic levels, influenceCopyright © 2013 SciRes.

ing in fine bacterial diversity and the relationship between diversity and ecosystem functioning [25,30].
In the present study, we examined the impact of viruses and protistan grazing on bacterioplankton abundance and richness in Lake Geneva at a key period of the
year (e.g. spring). To reach this goal, we conducted two
field studies at nearby periods (April and May) and used
size fractionation and virus enrichment approaches. Our
main goal was to examine the separated and combined
effects of viruses, grazers and small autotrophs on the
bacterial abundance, growth rate and structure and to
compare it in different environmental conditions. Our
aim was to monitor the short-term dynamical response of
the microbial and viral loops, in response to virus enrichment and/or protistan grazer manipulation, by focusing on the variation of the bacterial community assemblage that may be central in these biotic interactions.
We found that viral lysis and flagellated bacterivory
impacted the bacterial community structure of Lake Geneva. More importantly, our data suggest that, at this
period of the year, the impact could change rapidly (from
viral lysis to protistan grazing) and resulted in different
trajectories, sustaining or decreasing bacterial diversity.

2. Materials and Methods
2.1. Study Site
Lake Geneva, located at the border between France and
Switzerland, is the largest natural western European lake
located at an altitude of 372 m, with an area of 582 km2,
a maximum width and length of 13 and 72 km respectively, and a volume of approximately 89 × 109 m3. Following restoration programs, Lake Geneva has been reported to be mesotrophic in recent years, with total
phosphorus concentrations varying for the period 2004 to
2011 between 22 and 30 µgP·L−1 [34,35]. Water samples
were obtained from the monitoring reference station
(SHL2), located in the middle and deepest part (309 m)
of the lake. Water temperature was obtained with a conductivity-temperature-depth measuring device (CTD
SBE 19 Seacat profiler, SEABIRD) while chlorophyll a
was obtained from the BBE Fluoroprobe [36]. Nutrient
concentrations (P-PO4, N-NO3 and N-NH4) were analyzed according to the French standardized protocols
(AFNOR).

2.2. Experimental Set-Up for Estimating Viral vs.
Protozoan Impact on Heterotrophic Bacteria
Immediately after sampling, water samples were used in
microcosm fractionation/enrichment experiments conducted following Noble et al. (1999, [37]). The first experiment was performed in April (from 05 to 10) and the
second one in May (from 10 to 15) 2004, in order to
AiM
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cover the end of the mixing period and the early stratifycation water column period, respectively. Consequently,
both experiments, also noted here after M1 and M2, were
conducted at distinct but nearby periods of the year in
terms of microbial plankton dynamics and diversity [e.g.
1,21,29,38].
For each experiment, an integrated >100-L sample was
taken in the 0 - 10 m surface layer, using a pump and a
long flexible pipe controlled from the boat via an electric
cable and a 12-V battery. We took into account the dead
volume of the tube that was about 15 L. Back to the
laboratory, water sample was filtered through a series of
100- and 10-µm mesh filters (NYCOM, Buisine, France),
and then through a 2 µm filter (Nucleopore, Whatman)
under low differential pressure (<50 mm Hg). A 20-L
volume dedicated to obtain a viral concentrate was filtered through 0.2 µm polycarbonate filters (MilliPore)
and were subjected to tangential ultra-filtration using a
30,000-molecular-weight-cutoff spiral-wound Millipore
ultrafiltration cartridge (regenerated cellulose, PLTK
Prep/scale TFF, 1 ft2, Millipore) in order to obtained
ultra-filtered water and a viral concentrate (also noted
here after with the letter “e” for enriched). The efficiency
of each filtration step, i.e. the check for the absence of
metazooplankton, rotifers, ciliates, flagellates and picoplankton was performed, at the beginning and the end
of the experiments, using both microscopy and flow cytometry (see below).
The general experimental design consisted in the incubation of the <2 or <10 µm filtered water with additions of the same volume (<10% of the total volume) of
either ultra-filtered water or the virus concentrate in
2.5-L polycarbonate bottles (previously acid washed and
rinsed 3 times with milliQ water). The different water
treatments, i.e. the water without small predators (i.e.
heterotrophic nanoflagellates, HNF) and autotrophic cells
(<2 µm) and the water without metazooplankton and
ciliates (<10 µm) but with nanoflagellates (both heterotrophic and pigmented), enriched or not with the viruses,
were incubated in 2.5 L polycarbonate Nalgene (Bioblock) sample containers previously acid-washed and
rinsed 3 times with milliQ water and autoclaved. Samples so prepared were divided in duplicates. Once filled,
the bottles were incubated back in situ at a depth of 2.5
meter in Lake Geneva, for 4 days. For flow cytometry
analysis, sub-samples were taken from each duplicate,
early, each morning (i.e. t0, t24, t48, t72 and t96). Samples for epifluorescence and transmission microscopy and
DGGE analyses were taken at the beginning (t0, day 0)
and at 96 hours (t96) of the experiment. The absence/
presence at t0 of HNF in the <2-µm fraction and of small
ciliates (e.g. prostomes and bacterivorous scuticociliates)
in the <10-µm fraction was checked revealing only a
small HNF contamination in the <2 µm treatment.
Copyright © 2013 SciRes.
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2.3. Flow Cytometry Analysis (FCM)
Viruses (that could be discriminated into 4 distinct groups,
see 38) and (free-living in the <2 µm and total in the <10
µm treatment) heterotrophic bacteria were counted using a FACSCalibur flow cytometer (Becton Dickinson)
equipped with an air-cooled laser providing 15 mW at
488 nm and its original filter set-up. Counts were obtained on fixed samples using glutaraldehyde (0.5% final
concentration) for 30 minutes, then diluted in either 0.02
µm filtered fresh water (for the bacteria) or 0.02 µm filtered TE buffer (0.1 mM Tris-HCL and 1 mM EDTA,
pH 8) for the viruses. Heterotrophic bacteria were then
incubated with SYBR Green I (at a final 10−4 dilution of
the commercial stock solution, Molecular probes) for 15
min. Viruses were incubated with SYBR Green I (5 ×
10−5 final dilution), for 5 min at ambient temperature,
followed by 10 min at 75˚C and again 5 min at room
temperature, prior to FCM analysis [1]. For the analysis
of the phytoplankton (i.e. the picocyanobacteria and the
other autotrophs), samples were analysed without fixation or dye, directly on rough samples. FCM listmode
files were then analyzed using CYTOWIN [39].

2.4. Epifluorescence (EFM) and Transmission
Electron Microscopy (TEM) Analyses
Glutaraldehyde (1% final concentration) was used to fix
the small protozoan (i.e. the flagellates). Samples were
filtered (pressure < 100 mm Hg) on polycarbonate membranes (diameter: 25 mm, pore size: 0.8 µm), stained
with primulin (modified from [40] and stored for only a
few days at −20˚C until analysis. Slides were examined
by epifluorescence microscopy (EFM) under UV light to
count the heterotrophic flagellates and under blue light to
count the pigmented autotrophic flagellates (magnification: 1.250×). Green light (545 nm) was used to display
phycoerythrin-containing flagellates (i.e. cryptophytes).
Samples were also taken at t0 and t96 in all treatments and fixed with formalin (5% final concentration)
for the analysis of infected cells by transmission electron
microscopy (TEM). For such an analysis, the samples
were kept at 4˚C for about two weeks. The formalinfixed bacteria contained in 8-mL subsamples were harvested by ultracentrifugation onto 400 mesh NI electron
microscope grids with carbon-coated Formvar film, by
using a Centrikon TST 41.14 Swing-Out-Rotor run at
70,000 × g for 20 min at 4˚C [41]. Each grid was then
stained for 30 s with uranyl acetate (2% wt/wt) and examined using a JEOL 1200EX TEM operated at 80 kV at
a magnification of ×40,000. A cell was considered to be
infected when the phages inside could clearly be recognised on the basis of shape and size. At least 600 bacterial cells were inspected per sample for a target number
range of infected cells of 20 - 25 per sample. The miniAiM
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mum number of phages found in an infected cell was five.
To estimate the virus-induced bacterial mortality (VIBM),
the frequency of visibly infected cells (FVIC, as a percentage) was first related to the frequency of infected
cells (FIC) as follows: FIC = 9.524 FVIC − 3.256 [42].
The FIC was then converted to the virus-induced bacterial mortality (VIBM) according to Binder (1999, [43]):
VIBM = (FIC + 0.6 FIC2)/(1 − 1.2 FIC). In a steady-state
system, the bacterial mortality due to viral lysis matches
the bacterial production which is removed by lysis [44].
Thus, multiplying the lysed bacterial production by the
burst size (i.e. the number of viruses produced per cell)
yields the viral production [45].

2.5. Growth and Grazing Rates Measurements
Bacterial net growth rates (d−1) with bacterial predators
(i.e. in the <10 µm fraction) and without predators (i.e. in
the <2 µm fraction) were calculated from the difference
in abundances from day 0 to day 1, day 1 to day 2, etc (t
= 24 h), assuming exponential growth. The bacterial loss
rate due to the grazing activity was calculated as the difference between the net growth rates in treatments with
and without the predators. At t0, before manipulation, the
grazing rate of flagellates on heterotrophic bacteria was
also measured from bead ingestion as described in Domaizon et al. (2003, [46]). Briefly, experiments were
conducted in duplicate in 250-ml glass containers where
tracer particles were added. A stock solution of tracer
particles (0.5 µm) was prepared from a concentrated solution of Fluoresbrite Plain Microspheres (Polysciences)
and was treated with bovine serum albumin (0.5 mg
mL−1) to avoid clumping of particles. The final concentration of microbeads in the experimental bottles was
from 5 to 10% of the bacterial concentration in the lake.
The plankton was acclimatized for at least 5 min in the
incubation bottles before beads were injected. Based on
preliminary measurements of predation kinetics, we
chose an incubation time of 15 min. Bead concentration
at t0 and t15 was estimated by EFM after filtration onto
polycarbonate filters (0.2 µm pore size). The incubation
was stopped by adding ice-cold glutaraldehyde (2% final
concentration). The microbeads ingested were enumerated after filtering 30 ml sub-samples onto a 0.8-µm polycarbonate membrane and staining with primulin.

2.6. Bacterial Community Structure and
Banding Pattern Analysis
Analysis of the bacterial community structure was assessed using Denaturing Gradient Gel Electrophoresis
(DGGE). We are aware that DGGE only provides limited
information about the richness of natural communities
but it was in the context of this study easy to use and
susceptible to reveal major shifts for dominant groups.
Copyright © 2013 SciRes.

After DNA extraction (as described in [47]) and quantification according to the absorbance at 260 nm using
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific), DNA extracts of the sampled community were then
stored at −20˚C until PCR amplification. PCR reactions
were carried out according to the PCR cycle described in
Dorigo et al. (2006, [47]) and using the Eubacteria-specific primer 358-GC [48] and the universal primer 907
rM [49]. PCR products were verified by agarose gel electrophoresis. DGGE analysis was performed on PCR fragments, essentially as described in Dorigo et al. (2006,
[47]) but by using Ingeny PhorU-2 (Ingeny international)
and a linear gradient of the denaturants urea and formamide, which increased from 40% at the top of the gel to
80% at the bottom. Digital images of the gels were obtained using Geldoc (BioRad).
The DGGE banding patterns were analyzed using the
GelCompar II software package (Applied Maths, Kortrijk, Belgium). Briefly, banding patterns were first standardized with a reference pattern included in all gels.
Each band was described by its position and its relative
intensity in the profiles which could be described as the
ratio between the surface of the peak and the sum of the
surfaces for all the peaks within the profile [50]. A similarity matrix between densitometric curves of the band
patterns was calculated based on the Bray-Curtis index.
To investigate the relationships between the bacterial
community structure and measured biological variables,
a Canonical Correlation Analysis (CCA) was performed
using the software package XLSTAT-ADA. CCA generates an ordination plot that shows the main pattern of
variation in community structure as accounted for by
measured variables. The variables were submitted to the
forward selection procedure, in which the statistical significance of the term was tested by the unrestricted
Monte Carlo permutation test (999 permutations). Explanatory variables with p-values greater than 0.05 were
excluded from further analyses.

2.7. Cloning-Sequencing
For an overview of the bacterial community composition
(at the OTU level), some DGGE bands were excised,
placed in sterile water and stored at −20˚C. Due to the
great number of bands, we chose and sequenced only a
selection that was interesting in the context of this study.
Prior to cloning, each excised DGGE band was subjected
to a freeze-thaw cycle and then centrifuged. DNA fragments contained in the supernatant were used as template
for PCR amplification as described above. The new resulting PCR products were cloned using an Invitrogen
cloning kit (TOPO TA cloning) according to the manufacturer’s instructions. Between 10 and 20 positive
clones for each band were randomly selected, checked by
PCR using the 358 F (without the GC queue) and 907 rM
AiM
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M1
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primers, and finally sequenced using the 358F primer
(GATC Biotech). The sequences were then edited, aligned with Genedoc (http://www.nrbsc.org/gfx/genedoc/)
and checked for chimeras using Bellerophon [51] and the
Ribosomal Database Project (RDP) [52]. Sequences were
subjected to BLAST and the RDP database to determine
the level of identity with other bacterial 16S rRNA gene
sequences available in GenBank.
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3. Results
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3.1. Initial Conditions and Filtration Effects

Table 1. Physical (water temperature), chemical (N-NH4,
N-NO3, P-PO4) and biological (chlorophyll a and grazing
rates) characteristics of Lake Geneva at the beginning of
each experiment.

Temperature (˚C)

April

May

6.35

8.88

−1

0.003

0.022

−1

0.64

0.47

0.018

0.003

Chlorophyll a (µg·L )

0.48

3.14

Bacteria grazed/day (×104)

13

6.4

N-NH4 (mg·L )
N-NO3 (mg·L )
P-PO4 (mg·L−1)
−1

Copyright © 2013 SciRes.
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The experiment was repeated twice, in April (M1) and
May (M2) 2004, when both physical and chemical conditions were significantly different (e.g. Table 1). Water
temperature, the ratio of dissolved N/P, N-NH4, and
chlorophyll a concentrations were indeed significantly
higher in May while concentrations of P-PO4 and N-NO3
were higher in April. The heterotrophic bacterial mean
concentrations, at the beginning of April and May, were
4.2 × 106 and 2.5 × 106 cells·mL−1, respectively. Virus
mean concentrations at the start of M1 and M2 experiments were 3.4 × 107 part·mL−1 in April and 4.9 × 107
part·mL−1 in May. The addition of the viruses in the “enrichment treatment” elevated their abundance by approximately 26.5% in the <10 µm enclosure and 58.3%
in the <2 µm enclosure in April, but only by 18.4% in the
<2 µm enclosure in May. In April, HNF mean abundances were 3.9 × 102 and 0.95 × 102 cells·mL−1 in the
treatment <10 and <2 µm, respectively. In May, concentrations were 2.7 × 102 and 0.4 × 102 cells·mL−1 in the
<10 and <2 µm treatments, respectively. Concentrations
of the pigmented flagellates (PF) also varied between
treatments and periods with 10 × 102 and 0.96 × 102 cells
mL−1 in the <10 treatment in M1 and M2, respectively.
All together, these data highlight that the initial conditions of the two periods investigated were very different.
This was also clear when considering the structure of the
flagellates (Figure 1) and their grazing rates. During M1

1 200

Chrysophyceae
Others

800
Cafeteria-like
400

Uniflagellates
Chrysomonads (Spumella)

0
<2 t0

<2 t96

<10 t0

<10 t96

Figure 1. Abundances at t0 and t96, in the fractions <2 and
<10 µm, of the different flagellated populations. Crytophyteae and Chrysophyteae correspond to the pigmented organisms. Note the different scales between M1 and M2.

(April), HNF were mainly represented by Chrysomonads
(Spumella) and uniflagellated forms in the <2 µm fraction, and in the <10 µm treatment there were also Cryptomonads (Katablepharis) and Cafeteria-like cells. Pigmented forms were represented in the <10 µm treatment
by Chrysophytes and Cryptophytes found in approximately the same proportions (i.e. 4.5 × 102 and 5.5 × 102
cells mL−1). In May (M2), in the <2 µm treatment there
were Cryptomonads (Katablepharis), Chrysomonads
(Spumella) and some uniflagellates with proportions of
the two latter that were lower than during M1. Pigmented
forms (also represented by Chrysophytes and Cryptophytes) were only present in the <10 µm fraction and
their concentration was also clearly lower (e.g. 0.2 × 102
and 7.7 × 102 cells mL−1) compared to M1 (Figure 1).
Before each experiment, HNF were responsible for 1.3 ×
105 and 6.4 × 104 bacteria grazed per day in April and
May, respectively. At last, we also observed at the beginning of the experiments that the bacterial richness was
higher in May (M2) than in April (M1) with 33 - 36 vs.
26 - 29 bands, respectively (Figures 2 and 3).
The <2 µm filtration removed all the pigmented flagellates that were not detected at t0 nor at t96, whatever
the experiment considered. In April, 75.5% of HNF were
removed by the <2 µm filtration operation (Figure 1). In
May, 84.6% of these HNF were removed. Contrary to
both HNF and PF, the different filtration steps did not
modify significantly bacterial and viral abundances. For
AiM
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Figure 2. Bacterial community structure observed for the different treatments (<2, e < 2, <10) at the beginning (t0) and at the
end (t96) of the two experiments (m1 and m2) conducted in April and May 2004, visualized by DGGE of PCR-amplified 16S
rRNA genes. Numbers correspond to the position of the different bands excised, cloned and sequenced.

µm treatment. These differences were however not significant, at p < 0.01.

3.2. Effect of Treatments on Abundances and
Bacterial Growth Rate

Figure 3. Number of DGGE bands in the two experiments
at t0 and t96 in the different treatments. The stars symbolize significant differences (p < 0.01).

the DGGE banding patterns, no significant differences
were observed in April or May when comparing the <2
µm and the <2 µm enriched treatment, in terms of band
numbers and position (Figure 2). We observed however
3 bands more in April and 3 bands less in May when
considering the <10 µm treatment compared to the <2
Copyright © 2013 SciRes.

In the <2 µm fraction, bacterial abundances increased by
a factor 2 to 3 between t0 and t96 whatever the experiment considered, and growth rate was indeed found to
vary between 0 and 0.42 d−1 and 0 and 0.47 d−1 in M1
and M2, respectively, during the course of the experiment (Tables 2 and 3). HNF concentrations were also
characterised by an important increase between t0 and
t96 during M1 while viruses remained relatively constant,
concomitantly to an important decrease of the VIBM. In
M2, both the HNF and viruses increased only slightly
and VIBM also decreased as for M1. From TEM analysis,
the viral-induced bacterial mortality seemed to be relatively low throughout the experiment varying indeed
between 5.6% ± 2.2% in April and 5.4% ± 2.4% in May
at the beginning of the experiments and between 1.1% ±
0.9% in April and 2.1% ± 2.0% in May at the end. VIBM
was always significantly lower at the end of the experiments and characterised by small values (i.e. between 0%
and 4.2%).
In the <10 µm treatment, bacterial abundance also increased but in a lower extent than in the <2 µm fraction.
While the bacterial concentration increased with high
growth rate during the first two days (reaching at day 2
0.59 and 0.65 d−1 during M1 and M2, respectively), it
was then considerably reduced, likely in response to
AiM
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Table 2. Microbial community abundances (heterotrophic bacteria, viruses, heterotrophic and pigmented flagellates) and
percentage of bacterial mortality due to viral lysis (VIBM) between t0 and t96 hours in the different experiments. Each data
corresponds to the mean value of the duplicates.
t0

t96

<2

<10

<2 E

<10 E

<2

<10

<2 E

<10 E

4.0E+6

4.3E+6

4.1E+6

4.3E+6

9.1E+6

7.4E+6

1.1E + 7

8.6E + 6

3.6E+7

3.4E+7

5.7E+7

4.3E+7

3.4E+7

4.1E+7

4.7E+7

4.9E+7

9.5E+1

3.9E+2

7.0E+2

1.2E+3

Pigmented Flagel. (Cell·ml )

0

1.0E+3

0

2.4E+3

VIBM (%)

8.79

3.89

4.76

0.04

1.29

2.14

1.16

2.4E+6

2.7E+6

2.3E+6

5.9E+6

4.1E+6

6.8E+6

4.9E+7

4.9E+7

5.8E+7

5.5E+7

6.1E+7

6.7E+7

4.3E+1

2.7E+2

5.2E+1

9.2E+2

Pigmented Flagel. (Cell·ml )

0

9.6E+1

0

3.9E+2

VIBM (%)

3.77

8.24

0.13

4.22

April
Heter. Bact. (Cell·ml−1)
−1

Virus (Part·ml )
Heter. Flagel. Cell·ml−1)
−1

5.05

May
Heter. Bact. (Cell·ml−1)
−1

Virus (Part·ml )
Heter. Flagel. Cell·ml−1)
−1

4.24

1.86

Table 3. Net growth rates (d−1) calculated as µ = Ln(Cf-Ci)/(Tf-Ti) and grazing rates (d−1) calculated as m = µ < 2 − µ < 10
(provided low or absence of viral lysis).
April

May

<2

<10

<2 E

<10 E

<2

<10

<2 E

t0-t24

0.00

0.00

0.10

0.08

0.33

0.24

0.27

t48-t24

0.33

0.35

0.59

0.53

0.47

0.65

1.03

t72-t48

0.42

0.19

0.26

0.08

0.06

−0.20

−0.29

t96-t72

0.06

0.00

0.00

0.00

0.00

−0.26

0.07

<10 E

µ

m
t0-t24

0.00

0.02

0.09

t48-t24

−0.02

0.06

−0.18

t72-t48

0.23

0.18

0.26

t96-t72

0.06

0.00

0.26

grazing, with loss rate about 0.26 d−1.
In the viral-enriched samples, the heterotrophic bacterial concentration also increased by a factor 2 to 3 between the start and end of the experiment, whatever the
treatment (<2 or <10) or the period (April or May). However, patterns considered day by day were very different
in M1 and M2 with growth rates two to three fold higher
in May compared to April in the <2 µm fraction during
the first two days of the experiment, followed by an imCopyright © 2013 SciRes.

portant mortality loss thereafter merely observed in May
(Table 3). Viral concentrations were globally the same at
t0 in M1 and M2 in the enriched fraction but at the end of
the experiment, at t96, viruses were signifycantly reduced in M1 while they were significantly increased in
M2. We only made the experiment of enriching with
viruses the <10 µm fraction in April and, in this case,
viruses were also increased significantly between t0 and
t96 (Table 2).
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3.3. Effect on Treatments on the Bacterial
Community Richness and Structure
Figure 3 shows the number of the PCR-DGGE bands
related to the bacterial community in the different experiments at t0 and t96 and in the different treatments.
The number of bands varied throughout the experiments
between 26 and 33 and between 22 and 37 in M1 and M2,
respectively. The number of common bands between M1
and M2 was 41% on average. During M2, there was no
significant difference in terms of band numbers between
t0 and t96 for the <2 and <2 enriched treatment, however
a modification of structure is observed (at t96 in the <2
µm treatment 2 additional bands and in the <2 µm enriched treatment 3 bands lost). By contrast, there was a
significant difference recorded between t0 and t96 in
these two treatments during M1 with a higher richness
(increase by 6 or 7 bands) recorded at the end of the experiment. In another hand, there was no evolution during
M1 for the <10 µm treatment while diversity decreased
significantly in this treatment during M2 (richness was
reduced by 11 bands).
Among the bands sequenced (Table 4, Figure 2), B10
was common to all the samples. From this band, 8 sequences out of 10 obtained were related to the genus
Pseudomonadales (class Gammaproteobacteria) during
M1, the two other sequences corresponding to the genus
Burkholderiales (class Betaproteobacteria). The affiliation of this band was clearly not monospecific, and this
was obvious from the sequencing results obtained for M2
(no clear discrimination for the taxonomic assignment of
this band). We selected one band (B9) that was observed
only in <10 µm treatments (in both M1 and M2, at t0 and
t96), suggesting that bacteria associated to this band were
probably not a free small size bacteria, but were associated to microbes in the size fraction (for instance phycosphere bacteria). This band was affiliated to Flavobacterium (Bacteroides) during M1 and rather to a Gammaproteobacterium during M2. We were also interested in
identifying taxa that disappeared during incubation, for
this purpose, we sequenced B1 that was present in M1
(not in M2), at t0, in both <2 and <10 µm treatment but
absent at t96. This band was mainly associated to uncultured Cyanobacteria and Betaproteobacteria. Similarly,
Band 8 referring to Rhodococcus was present everywhere
at t0 but disappeared thereafter. However it concerned
only M2. Another example of one band disappearing at
t96 is Band 4 (affiliated mainly to BetaproteobacteriaBurkholderiales and Gammaproteobacteria-Pseudomonadale) which had a particular pattern since it was in the
<2 µm treatment at t0 but disappeared at t96, whatever
the treatment, enriched or not. Band 3 was observed as a
band which increased in intensity, only in enriched treatments (<2E) during M1 (low intensity in the <2 µm
treatment at t0, higher intensity at t96 only in enriched
Copyright © 2013 SciRes.

samples and absence at t96 for non-enriched samples).
This band could also correspond to the band G in M2
(see Figure 1). This band seemed thus to be directly associated to a viral effect but its taxonomic affiliation was
difficult, being possibly Brevundimonas or Methylobacterium (Alphaproteobacteria) or Arthrobacter or Microbacterium (Actinbacteria). Band A concerned <10 µm
samples but if it was present at t0, it disappeared at t96,
suggesting here a clear grazing impact or a synergistic
effect of viruses and grazers. The same could be said for
Band 7 (affiliated mainly to Arthrobacter or Rhodococcus, Actinobacteria) which also concerned <10 µm samples (disappearance of the band at t96). Band E also
concerned <10 µm treated samples but, comparatively to
the previous ones, it appeared at t96 while it seemed absent at t0 (probably within the rare taxa). These bands A
and E belonged to the same bacterial groups (i.e. Betaproteobacteria-Burkholderiales and Gammaproteobacteria-Pseudomonadale) and observed changes occurred
within these groups.
Cluster analysis based on the quantification of the
band position and intensity showed firstly that the two
experiments could be separated, suggesting a clear seasonal pattern in the response of the bacterial diversity to
the different treatments. Secondly, <2 and <10 µm treatments were clearly separated, but the separation between
each treatment seemed to be more important in M1
compared to M2 (Figure 4). Typically, the <10 µm treatment during M2 clustered separately from the other treatments.

Figure 4. Cluster analysis of DGGE profiles based on band
position and intensity. The scale bar represents the BrayCurtis similarity index. M1 and M2 correspond to the two
experiments conducted in April and May, respectively.
T1-T2 and E1-E2 correspond to the replicates of the control
and the enriched treatment, respectively. t0 and t96 correspond to day 0 and day 4 for each experiment.
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Table 4. Phylogenetic information about the bacterial groups corresponding to the excised and sequenced DGGE bands obtained during M1 and M2.
Bands N˚

Number of sequenced clones

10

10

Bacterial group

% obtained with >98% BLAST identity

Gammaproteobacteria (Pseudomonadales)

33

Betaproteobacteria
(Burkholderiales)
Uncultured bacteria

33
33

Betaproteobacteria
(Rhodocyclales)
A

E

12

11

Betaproteobacteria
(Burkholderiales)

42

Gammaproteobacteria (Pseudomonadales)

20

Betaproteobacteria
(Burkholderiales)

80

(Burkholderiales)
12

8

10

11

30

(Pseudomonadales)
Uncultured bacteria

10

(Arthrobacter, Rhodococcus)

85

Bacteroidetes
(Flavobacterium)

15

Actinobacteria
(Rhodococcus)

100

Bacteroidetes
B

3

(Hymenobacter)

66

Actinobacteria
(Corynebacterium)

33

Bacteroidetes
C

6

(Hymenobacter)

50

Bacteria
(Deinococcus)

50

Bacteroidetes
D

1

4

11

(Hymenobacter)

75

Bacteria
(Deinococcus)

25

Uncultured Cyanobacterium

33

Uncultured betaproteobacterium
Bacteroidetes
(Flexibacter)
Alphaproteobacteria
(Methylobacterium)

3

9
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12

8

60

Gammaproteobacteria

Actinobacteria
7

33

Gammaproteobacteria
(Pseudomonadales)

Betaproteobacteria
4

25

50
17
66

(Brevundimonas)

14

Actinobacteria
(Microbacterium)

30

Bacteroidetes
(Flavobacterium)
uncultured gammaproteobacteria

25
75
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According to the CCA, the cumulative percent variance of the bacterial diversity-biological variables relationship indicated that the first and second canonical axes
accounted for 26.7% and 18.1% of this variance for M1
and for 28.1% and 19.1% of this variance for M2. Thus,
the first two axes accounted for less than 50% of this
variance whatever the period of the experiment considered (Figure 5). As subsequent axes accounted for less
than 10% of the variance each, they were not considered
further. During M1, the first canonical axis was highly
positively correlated to almost all the cellular forms (i.e.
the picocyanobacteria and the other phytoplanktonic
populations observed with FCM, the heterotrophic and
pigmented flagellates) but also to VLP3 and VLP4
(likely viruses enable to infect eukaryotes, e.g. [1,26,38])
while it was negatively correlated to the heterotrophic
bacteria. Associated to this axis and variables, there were
all the <10 µm treated samples. The second canonical
axis was associated to VLP1 and VLP2 (i.e. viruses reported to infect prokaryotes, e.g. [1,26]) and VIBM, and
enriched <2 µm treatments at T96 were positively associated to this axis while <2 µm treatments not enriched at
the same time were negatively related to this axis. For
M2, the CCA revealed a distinct pattern with VLP3 and
VLP4 not associated, as for M1, with the cellular forms
and the <10 µm treatments. Also the association between
the heterotrophic bacteria and <2 µm treatments were
clearer.

4. Discussion
Over the last two decades, predation by protists [28,53]
and lysis by viruses [30,54] have been shown to be two
main causes of bacterial mortality. However, studies that
interested experimentally to the effects/impacts of protistan bacterivory and/or viral lysis on bacterial richness
or diversity remain rare and this is particularly true for
freshwater ecosystems [20,23,31,32,55]. Moreover, these
experimental studies produced contradictory results,
some suggesting that both viral lysis and protistan bacterivory do sustain bacterial diversity, the others reporting opposite effects. Our results are original since our
experiments were conducted at two nearby periods but
characterised by significant differences in terms of physical, chemical and biological in situ initial conditions.
Our study reveals that a shift of “predator” control mechanism from viruses to flagellates was likely and could
explain on one hand the increase and on the other hand
the decrease of the bacterial community richness. Our
contribution provides new persuasive evidence that the
presence of viruses and small heterotrophs can explain in
part bacterial community structure and shifts on the
short-term in lacustrine ecosystems, with possible contrasting impacts.
Copyright © 2013 SciRes.

Figure 5. Canonical correspondence analysis of the bacterioplankton community structure for the two experiments
(M1 in the upper part and M2 below) using available biological parameters. VLP = virus-like particles, Hbact = heterotrophic bacteria, Picocyano = picocyanobacteria, PhytoNoPico = all phytoplankters other than picocyanobacteria
detected by FCM, PigFlag = pigmented nanoflagellates,
HNF = heterotrophic nanoflagellates. Results of the permutation tests were highly significant (p < 0.001).

4.1. Limits of the Method
The size fractionation approach and viral particles concentration we used in this study to highlight specific biotic relationships within the microbial world is obviously
a short-cut of the reality. This is particularly true when
considering viral vs. protozoan effects on bacterioplankton since a complex set of interactions is likely to occur
among these communities so that separating them may
AiM
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introduce some bias [33,56,57]. Although bottle experiments have been commonly used to examine a variety of
processes within the microbial world, incubating water
samples in restricted bottle volumes has also been shown
to prevent what may really occur in nature, i.e. the development and interactions of some different microbial
communities, because of confinement and handling effects [58]. In our experiment, we chose to work with a
“large” volume (i.e. 2.5 L) and on a relatively short-term
duration (96 h) to reduce bottle confinement effects, as
already proposed and used successfully elsewhere [25,
31]. Such a design was thus assumed to be realistic
enough to study microbial interactions between viruses,
bacteria and small protists and obtain significant changes
in the bacterial community structure in response to natural or modified biotic pressure. However, we are aware
that, as our experimental protocol for the <2 µm treatment did not result in a complete removal of the heterotrophic nanoflagellates, this could have bias some of our
conclusions. It is noteworthy however that HNF reducetion was high, between 75 and 83% compared to the <10
µm treatment.

4.2. Was There a Viral Effect on the Bacterial
Community
The <2 µm treatments were analysed to highlight the
possible relationships between the viruses and the freeliving bacteria, when released from the eukaryotic pressure both in terms of resource competition and grazing.
The main results were that during the first experiment
(April), we observed after 96 h a significant and similar
increase of the bacterial richness in both the enriched and
non-enriched treatments while no significant changes
were observed during the second experiment (May). This
increase was paralleled by bacterial abundances multiplied by 2 to 3, and a reduction of the viral abundance
(the VBR being reduced by app. a factor of 3). By contrast, viral concentration increased over the course of the
experiment in May while the bacterial abundance evolved similarly than in April (the VBR being also reduced, as during M1, but in a lower extent). In addition,
we clearly observed a higher intensity (in the <2 µm and
enriched samples) or apparition of DGGE bands only in
the <2 µm fraction. All together, these results suggested
that viruses could sustain bacterial diversity at a period
(April) where viral lysis could be high as supported by
the highest abundance of the bacteria and resource availability (see Tables 1 and 2) at t0 in M1 compared to M2,
that was also corroborated by high growth rates (see Table 3) measured in April compared to May. It is possible that viruses could control abundance within some
host bacterial groups according to Thingstad (2000)’s
model [59]. Thus, it is suggested that viruses could control the diversity of the prokaryotes, typically by killing
Copyright © 2013 SciRes.
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the most competitive (e.g. abundant) members of the prokaryotic community following the “killing the winner”
hypothesis [59,60] as proposed or demonstrated elsewhere [8,10,22,45,61-63].
As the viral enrichment did not induce significant
modifications of the bacterial richness compared to the
control in April, this could be explained by the fact that
enough lytic agents (related to the number of susceptible
cells and/or cell receptors) were already present in the
sample and that increasing this amount did not change
the ratio of infected cells (and this was indirectly supported by the low VIBM). It is noteworthy however that,
in May, while there was no significant difference between t0 and t96 in terms of bacterial diversity in the <2
µm treatment, we observed a weak reduction of the
DGGE band numbers in the enriched treatment. This
may suggest that, at this period (limited by the resources
and characterised by a reduced bacterial growth rate)
compared to the month before, increasing the lytic agents
could be important to induce bacterial diversity shifts.
This result is particularly interesting since we could only
enrich by 18% the viral abundance in M2 while it was
about 58% in April. If realistic, it also means that the
effect of the viruses in May could have been completely
different from April, with here a clear reduction of the
bacterial community richness. Such a proposal could be
sustained from a previous study we conducted in Lake
Bourget where we observed indeed significant differences in viral lysis vs. grazing on bacterial mortality between April and May [27].
Among reasons why we did not observe any signifycant viral effect during M2, we can also refer to mechanisms and processes potentially involved in viral infectivity decay, in particular bacterial exoenzymatic activity
[64], degradation by solar (UV) radiation [64-66] and
grazing by phagotrophic flagellates [67-69] that could
have been higher in May compared to April. It is likely
indeed that viral susceptibility to the different factors
mentioned above may vary greatly over time and space
and these processes should be rigorously tested in terms
of loss of infectivity, because this could help better explaining viral role on bacterial community regulation.
All together, our results reveal or suggest the seasonal
variability in abundance and in the lytic action of the
viruses, as already highlighted in this lake and others
[26]. Our results support on one hand the idea that viral
regulation of bacterial diversity may be significant during
high cellular activities and periods of high bacterial
growth rates. In another hand, viruses infecting cells characterized by reduced metabolism could have reduced the
lytic mechanism, and consequently the impact on bacterial mortality and diversity could have been lower in May.
Indeed, lysogenic infection is considered the most favourable way of bacterial infection in waters characterAiM
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ized by low bacterial production [70-72] and a such a
strategy has been highlighted in the neighbouring lake
Bourget by Thomas et al. (2011, [27]) who reported that
oligotrophic conditions may drive viral life strategies
towards lysogenic rather than lytic infection.

4.3. Was there a Grazing Effect on the Bacterial
Community Structure?
When considering the <10 µm treatment, it is noteworthy
reminding here that the effect of the viruses and of the
flagellates (both hetero- and autotrophic) was mixed.
While the <2 µm treatment revealed an increase of the
bacterial richness in April, no significant differences
were recorded between t0 and t96 in the <10 µm treatment at this period, suggesting at first sight that protists
had no effect on the bacterial community structure. In
another hand, it was not impossible that an antagonistic
effect occurred with the viruses. Indeed, viral abundances
increased only in the <10 µm treatment (and not in the
<2 µm) in April (enriched or not) and in all treatments in
May and, during this second experiment, a significant
decrease of the bacterial richness was recorded in the <10
µm treatment. Such a decrease was paralleled by an increase of the HNF and PF by a factor of app. 4 while the
increase was significantly lower in April. Also, PO4 and
NH3 were considerably reduced in May while NH4 (generally considered as a product of intense grazing) was
enhanced. In April, it is thus not possible that predators
and viruses could act antagonistically since it is known
that the action of the viruses can be strongly conditioned
by the presence of predators [33] and that viruses can
also be preys for nanoflagellates in lacustrine cosystems
[69]. Also, and rather than structural changes, the maintenance of the bacterial richness that we observed in
April (compared to the <2 μm treatment) could be due to
the presence of pico- and nanophytoplankton ensuring
the recycling of favourable nutrients. Indeed, we noticed
that the effect of maintaining diversity in the <10 μm
treatment was higher when the pigmented flagellates
abundances were high (10 fold higher in April).
Modifications of the heterotrophic bacterial diversity
in response to protistan predation (typically by the heterotrophic flagellates) have been demonstrated for long
(i.e. [73-76]). In our study, the presence of the bacterial
consumers was associated to a dramatic change of the
prokaryotic community structure in May, while bacterial
abundance did not change much. Such discrepancy between bacterial abundances, diversity and even cell activity is well known [77]. Various explanations for bacterial community structure changes have been envisaged,
including strategies of resistance to predation of certain
bacterial strains. According to Jurgens et al. (1999, [73]),
when predation of protozoa is a major selection pressure,
under-represent taxa may become dominant in particular
Copyright © 2013 SciRes.

through the formation of filaments resistant to predation.
Protists controlling morphological characteristics of the
bacteria or triggering the development of grazing-resistant morphologies have been often observed [5,78-81].
The development of bacteria with a higher motility has
also been reported [82] and this may constitute a strategy
to escape predators [83]. At last, Lebaron et al. (1999,
[84]) suggested that the strategy of resistance of some
bacterial species could occur via the production of larger
active cells and small inactive cells during each cell division. In our case, diversity was significantly reduced
suggesting that previous mechanisms of defence were
probably reduced at the scale of the community. In contrast to the study of Jardillier et al. (2005, [8]), performed
in Lake Pavin (France), the predators did not seem to act
as controlling agents of the bacterial abundance, while
viruses were likely responsible for significant changes in
the composition of the prokaryotic com- munity. Berdjeb
et al. (2011, [31]) also reported that the presence of both
predators (nanoflagellates < 5 µm in size and viruses) did
not seem to have a clear influence upon bacterial community structure in Lakes Annecy and Bourget. The results found here was more similar to those of Hornak et
al. (2005, [55]) who studied the impact of available resources, predation and viral lysis on bacterial diversity,
in the reservoir Rimov (Czech Republic) and showed that
predators and resources were important to explain bacterial diversity changes compared to viruses. Our results
could also be compared to Weinbauer et al. (2007, [23])
who also reported in a freshwater reservoir bacterial diversity reduction in response to the synergistic effect of
the two top-down controls (i.e. viral lysis and protozoan
grazing).

5. Conclusion
Although the fractionation by filtration was not entirely
successful, our data suggested that a separate effect of
viral infection from predatory loss may be possible. In
another hand, this study also highlighted that grazers and
viruses may act synergistically or antagonistically on
bacterial community structure of Lake Geneva, depending of the periods of the year, in relation to the resource
availability and the metabolic activity of the bacteria.
This finding completes other studies conducted on French
peri-alpine lakes, e.g. the one by Jacquet et al. (2007,
[56]) who reported that virus-induced bacterial mortality
was enhanced by the presence of small predators or the
one by Berdjeb et al. (2011, [31]) who also demonstrated
the synergy of viruses and flagellates on bacterial activity,
but not on the bacterial community structure. As already
pointed by Miki and Jacquet (2008, [33]), interactions
between viruses, bacteria and nanoflagellates remain
complex, even at the community level. Our analysis was
mainly based on possible impacts of either viruses or
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grazers on bacterial abundance and diversity. It is noteworthy however that taking into account nutrients could
change a little our interpretation. Indeed, we can also
imagine that viruses did not have any effect since viral
enrichment did not change significantly the DGGE band
number compared to the <2 µm treatment. If so, the observed change of the bacterial community structure could
be due mainly to the absence of the eukaryotes as a response of the release of the competition for the nutrients
between the bacteria and the eukaryotes or the grazing
pressure. From our data, we could conclude that, in April,
there was no strong nutrient limitation, only a weak
competition with phytoplankton but potentially a high
grazing pressure. In May, however, competition for the
resources and omnivory increased but grazing could be
lower. To conclude unambiguously, additional experiments would be needed. A treatment free of viruses but
with flagellates should be added for a better understanding of the impact of the ones and the others. Also, our
experiments, performed only twice, in April and May,
should be extended to other periods of the year, with a
set-up separating all possible effects and interactions of
viruses and nanoflagellates. Complemented with measures of the quality and quantity of the organic matter,
such a study would help to understand more deeply the
role of viruses and nanoflagellates on bacterial diversity
in Lake Geneva and beyond.
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