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Abstract Double-stranded DNA viruses infecting
eukaryotic algae (e.g., phycodnaviruses) and cyanobacte-
ria (e.g., cyanophages) are now recognized as widespread
and ubiquitous in aquatic environments. However, both
the diversity and functional roles of these viruses in fresh
waters are still poorly understood. We conducted a year-
long study in 2011 of the community structure of plank-
tonic virus groups in the upper lit layer of two important
freshwater natural ecosystems in France, Lake Annecy
(oligotrophic) and Lake Bourget (oligo-mesotrophic).
Using PCR-DGGE to target a number of different struc-
tural and functional signature genes, i.e.,g20, g23, psbA,
polB, and mcp, the phytoplankton viruses were shown to
display temporal and spatial variability. There were
marked seasonal changes in community structure for all
viral groups in Lake Bourget, but only for T4-like my-
oviruses and psbA-containing cyanophages in Lake Ann-
ecy. The multivariate statistical analyses revealed that (1)
various environmental factors can directly or indirectly
explain the community structure observed for each phy-
toplankton viral group, and (2) temporal patterns of T4-
like myovirus community structure were similar between
the two lakes. In general, our results (1) suggest that the
observed algal virus patterns were associated with signifi-
cant shifts in phytoplankton biomass and/or structure,
which in turn were shaped by the abiotic environment, and
(2) support the Bank model proposed by Breitbart and
Rohwer (Trends Microbiol 13:278-284, 2005). This study
provides new evidence that freshwater lakes contain a
significant diversity of algal viruses, and that the distri-
bution of these viruses strongly mirrors that of their hosts.
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Introduction

Phytoplankton comprises both autotrophic prokaryotes
(e.g., cyanobacteria) and eukaryotic microalgae. Con-
centrated in the upper lit surface waters of both marine
and freshwater ecosystems, they harvest solar energy
and produce half of all organic matter on earth. They
are responsible for fueling nearly all heterotrophic pro-
cesses (Karl 2007; Boyce et al. 2010), including remin-
eralization by bacteria, as one of the main pathways in
surface waters (Kirchman et al. 2009). Phytoplankton
also supports complex microbial-based food webs in
aquatic environments; they are the main prey for
organisms from higher trophic levels, from unicellular
zooplankton all the way up to metazoans (Karl 2007).
Phytoplankton community structure is regulated by a
large set of environmental factors, among which biotic
interactions (such as predation and lysis) may be particu-
larly important (Brussaard 2004; Kagami et al. 2007
Chambouvet et al. 2008). In the 1990s, it was shown that
phytoplankton biomass or primary productivity can be
significantly reduced due to viral infection (Suttle et al.
1990; Proctor and Fuhrman 1990). Further evidence of
this effect has come from studies showing the significant
role of viruses in algal bloom control or termination
(Nagasaki et al. 1994; Jacquet et al. 2002; Gastrich et al.
2004). It is now widely recognized that viruses are a main
cause of phytoplankton mortality and that they mediate
the flow of nutrients and energy towards higher trophic
levels by, for instance, diverting a significant portion of
available organic matter to the dissolved pool. This pro-
cess, referred to as the “viral shunt” (Wilhelm and Suttle
1999), may dissipate up to 25 % of the carbon initially
fixed during photosynthesis (Suttle 2007). Although dif-
ferent mechanisms of resistance have been developed by
phytoplankton populations (e.g., Thomas et al. 2012),
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algal viruses still impact, to varying degrees, the dynamics,
diversity and structure of phytoplankton communities. As
well, particular fluctuations in abiotic factors are likely to
exert a strong control on virus—host interactions.

To date, work on isolating and characterizing viruses
infecting phytoplankton has focused mainly on the dou-
ble-stranded-DNA viruses (Nagasaki and Bratbak 2010;
Short 2012). The dsDNA viruses infecting eukaryotic
phytoplankton, known as phycodnaviruses, infect a
variety of eukaryotic microalgae, including Chlorophyta,
Dinophyta, Haptophyta, and Heterokonta. They belong
to a viral category referred to as nucleocytoplasmic large
DNA viruses (NCLDVs) and have a polyhedral capsid,
no tail or envelope, and large dsSDNA genomes ranging
from 160 to 560 kb (Wilson et al. 2009). By contrast, both
ssRNA and dsRNA viruses infecting phytoplankton are
generally associated with hosts from a specific group or
species, such as diatoms, raphidophytes, dinoflagellates,
or prymnesiophytes. These viruses have not been as well
studied as their dsDNA counterparts (e.g., Brussaard
2004; Nagasaki et al. 2004; Tomaru et al. 2008), although
the work of Culley and colleagues clearly suggested they
are important in terms of both diversity and abundance
(Culley et al. 2006, 2007; Steward et al. 2013). The viruses
infecting prokaryotic phytoplankton are known as cy-
anophages. These dsDNA viruses belong to three families
with differing tail morphology (Suttle 2000; Mann 2003):
the Myoviridae are T4-like phages and have a long con-
tractile tail, the Podoviridae are T7-like phages and
sometimes have a short contractile tail, and the Siphovi-
ridae are lambda-like phages and have a long, non-con-
tractile tail. To date, the most studied group in aquatic
ecosystems has been the Myoviridae (Breitbart et al. 2002;
Clokie et al. 2010).

To study the diversity of viruses, different molecular
tools (e.g., metagenomic, pulsed-field gel electrophore-
sis, PCR-associated approaches) have been used. Unlike
prokaryotes or eukaryotes, in which the 16S rDNA or
the 18S rDNA gene is conserved, there is no universal
genetic marker in viruses and so the assessment of virus
diversity using PCR or PCR-based approaches has to
resort to group-specific gene markers (Short et al. 2010).
The markers pol/B and mcp, which encode for DNA
polymerase and the major capsid protein, respectively,
have been used to examine phycodnavirus diversity in
both marine and freshwater systems (Chen et al. 1996;
Short and Suttle 2002, 2003; Short and Short 2008;
Larsen et al. 2008; Clasen and Suttle 2009; Park et al.
2011; Gimenes et al. 2012). The T4-like portal-protein-
encoding gene g20 has been used extensively to examine
cyanomyovirus communities in a variety of both marine
and freshwater ecosystems (Fuller et al. 1998; Wilson
et al. 1999; Zhong et al. 2002; Marston and Sallee 2003;
Frederickson et al. 2003; Dorigo et al. 2004; Wang and
Chen 2004; Short and Suttle 2005; Miihling et al. 2005;
Wilhelm et al. 2006; Wang et al. 2010; Parvathi et al.
2012; Clasen et al. 2013; Zhong and Jacquet 2013a). By
contrast, cyanopodoviruses have been studied only in
marine environments, and only recently (Chen et al.

2009; Huang et al. 2010; Dekel-Bird et al. 2013), mainly
using the DNA polymerase gene pol/A4. Data is also
lacking for cyanosiphoviruses, even though several
genomes of these cyanophages are now available for the
Mediterranean Sea, the Atlantic Ocean, and Chesapeake
Bay (Sullivan et al. 2009; Huang et al. 2012; Mizuno
et al. 2013; Ponsero et al. 2013). Other genetic markers,
such as host-derived auxiliary metabolic genes (Breitbart
et al. 2007; Goldsmith et al. 2011) (mainly psbA, which
encodes the photosystem II D1 protein, but also psbD,
which encodes the D2 protein of the photosystem II, or
phoH, which encodes a phosphate-starvation-inducible
protein), have also been used for studies in a variety of
environments (Sullivan et al. 2006; Sharon et al. 2007;
Sandaa et al. 2008; Chénard and Suttle 2008; Wilhelm
and Matteson 2008; Wang et al. 2009; Goldsmith et al.
2011; Clasen et al. 2013; Zhong and Jacquet 2013a).
Finally, the g23 gene, which encodes the major capsid
protein, can be used to identify T4-like myoviruses
(including cyanomyoviruses), and several studies have
been proposed for either marine or freshwater environ-
ments (Filée et al. 2005; Butina et al. 2010, 2013; Lopez-
Bueno et al. 2009; Huang et al. 2011; Jamindar et al.
2012; Bellas and Anesio 2013; Zheng et al. 2013).

The microbial and viral ecology of western European
peri-alpine lakes (and fresh waters in general) have been
poorly investigated. For viruses, studies have largely
focused on phages, and algal viruses (mainly cyano-
phages) have only been investigated on a few occasions
in these ecosystems (Dorigo et al. 2004; Duhamel et al.
2006; Personnic et al. 2009; Parvathi et al. 2012). Re-
cently, we showed the prevalence of a variety of algal
virus signature genes in two peri-alpine lakes, Annecy
and Bourget (France), and attempted to assess algal
virus diversity (e.g., Zhong and Jacquet 2013a, b).
However, the community structure dynamic of various
algal virus groups has not been provided yet. We
therefore decided to use PCR-DGGE with five different
primer-sets targeting different groups of phytoplankton
viruses, the objective being to more fully describe algal
virus community dynamics. We also quantified a num-
ber of biotic (e.g., host) and abiotic factors in order to
study their influence on algal virus community structure.
Our aims were to (1) uncover the community dynamics
of different viral groups infecting phytoplankton, (2)
compare the observed patterns between two ecosystems
located in the same eco-region but characterized by
different trophic states and phytoplankton communities,
and (3) relate viral community structure dynamics to
host diversity or abundance and abiotic variables.

Materials and methods
Sample collection and processing
Water samples were collected once or twice each month

between January and November 2011 from Lake Ann-
ecy and Lake Bourget. For each lake, the samples were



taken at a single reference station (corresponding to the
place where the limnological monitoring survey is per-
formed) located at the deepest part of the lake (e.g.,
45.8727°N, 6.1645°E for Lake Annecy and 45.94167°N,
6.0305°E for Lake Bourget). We obtained 14 samples for
Lake Annecy, and 18 for Lake Bourget. We collected
>20 1, integrating the water column from the surface to
a depth of 20 m using an electric pump and tubing. The
water was stored in a polycarbonate flask in the dark at
4 °C until filtration. A few hours after sampling, we
filtered the 20-1 samples through a 60-um mesh to re-
move large particles, and then through 1-pum filters
(Millipore, Bedford, MA, USA). The filtrate (<1-pm
fraction) was concentrated to a volume of 200-250 ml
using several Millipore spiral-wound ultrafiltration car-
tridges along the year (up to 4 for each lake and always
used for the same lake in order to prevent cross-con-
tamination, and the cartridge was cleaned before and
after each application using hot 0.1 N NaCl solution
and sterile Milli-Q water) with a molecular weight cutoff
of 30,000 Da (regenerated cellulose, PLTK Prep/scale
TFF, 1 ft2; Millipore). Finally, we filtered the <1-um
concentrated fraction through 0.45-um filters (Millipore)
twice. We then stored 10-ml aliquots of this <0.45-um
viral concentrate (VC) at —20 °C until further process-
ing.

Physicochemical and biological variables

Classical relevant limnological parameters for assessing
lake characteristics and better understanding plankton
dynamics were measured (Wetzel 2001; Jacquet et al.
2012b). Nutrient concentrations (total nitrogen, N-NHy,
N-NO;, SiO,, P-POy, and total phosphorus) were mea-
sured at each station following standard AFNOR pro-
tocols (details are available at http://www.afnor.org).
We used a conductivity, temperature, and depth mea-
suring device (Sea-Bird SEB 19 SEACAT Profiler) and a
chlorophyll (Chl) fluorescence fluoroprobe (BBE
Moldenke, Germany) to obtain vertical profiles for
water temperature, pH, conductivity, and dissolved
oxygen and chlorophyll a concentrations.
Phytoplankton cells were enumerated using optical
microscopy as described in Rimet et al. (2009). The cy-
anomyoviruses were enumerated using qPCR carried
out on the viral concentrate (VC) using the non-degen-
erate primer set CPS4/5 (Wilson et al. 1999). The 20-ul
gPCR reaction contained 1x QuantiTect SYBR Green
PCR Master Mix (Qiagen), 0.5 uM of each primer, and
2 pl of the viral concentrate. The thermal cycling was
conducted in a Rotor-Gene 3000 (Corbett Research)
with the following program: 5 min denaturing at 95 °C,
followed by 45 cycles of denaturing at 95 °C for 30 s,
annealing at 48 °C for 30 s, and extension at 72 °C for
30 s. Nine tenfold serial diluted standards (ranging from
9% 107" to 9 x 10’ molecules) were run in duplicate
along with two no-template control reactions containing
2 ul of nuclease-free water. The plasmid standards
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contained a cloned g20 gene amplified from environ-
mental samples, which was linearized by a restriction
digest of EcoR I, purified by the illustra GFX PCR
DNA and Gel Band Purification Kit (GE Healthcare,
Waukesha, WI, USA), and quantified using a Nano-
Drop ND-1000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). The (correct) size of the amplicon
(i.e.,165 bp) was checked using gel-electrophoresis, and
the melting curves also confirmed that the fluorescence
signal corresponded to a single-sized DNA fragment.
The qPCR amplification efficiency was 1.003 for the
cloned amplicons (with » > 0.99, n = 9). The calcula-
tion of concentrations was based on the assumption that
cyanomyoviruses contained only one g20 gene copy per
particle, following Sandaa and Larsen (2006).

We counted the virus-like particles, heterotrophic
prokaryotes (mainly bacteria), picocyanobacteria [rep-
resented by the phycoerythrin-rich (PE-rich) Synecho-
coccus spp. (Personnic et al. 2009)], using a
FACSCalibur flow cytometer (Becton-Dickinson)
equipped with an air-cooled laser set at 15 mW and
488 nm. Prior to the FCM analysis, the virus-like par-
ticles (VLPs) were fixed with a 0.5 % glutaraldehyde
solution (grade I, Merck) for 30 min in the dark, then
diluted in 0.02-um filtered TE buffer (0.1 mM Tris—HCl
and 1 mM EDTA, pH 8), and incubated with SYBR
Green I (at a final 5 x 10> 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 (procedure based on
Brussaard (2004) and modified by Personnic et al.
(2009)). We also obtain heterotrophic bacterial counts
on fixed samples that were diluted in 0.02-pm filtered
lake water sample and then incubated with SYBR Green
I (10~* dilution of the commercial stock solution) for
15 min. For photosynthetic cells (i.e.,the picocyanobac-
teria), we used no fixative or fluorochrome. Instead, we
used fresh samples to which we added a suspension of
I-um beads (Molecular Probes). We transferred the
FCM listmode files to a PC and analyzed them using the
custom software CYTOWIN (Vaulot 1989). More de-
tails about the FCM analysis and data treatment can be
obtained in Marie et al. (1999, 2000).

PCR amplification and DGGE

In order to detect a majority of the sequences present in
the environment and to avoid any possible interference
of the GC clamp on natural samples, we conducted the
PCR in two stages as previously described (Short and
Suttle 2002; Sandaa et al. 2010). Briefly, the first PCR
stage using the (treated) VC as template was conducted
with the primer set in the absence of the GC clamp. The
second PCR was then performed on the product of the
first stage PCR, using the GC-clamp-containing primer
set (i.e., with a 40-nt GC clamp attached to the 5 of the
forward primer). The PCRs were performed using a
TProfessional Thermocycler (Biometra, Gottingen,
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Table 1 List of primers and optimized conditions used in this study

Gene  Targeted Encoded Primers (5-3") Annealing DGGE References
markers viruses proteins temperature gradient
O (%)

g20 Cyanomyovirus T4-like portal CPS 1.1: GTAGWATWTTYTAYATTGAYGTWGG 46 25-50 Sullivan

protein CPS 8.1: ARTAYTTDCCDAYRWAWGGWTC et al. (2008)
g23 T4-like Major capsid ~ MZIAlbis: GATATTTGIGGIGTTCAGCCIATGA 50 45-70  Filee

myovirus protein MZIA6: CGCGGTTGATTTCCAGCATGATTTC et al. (2005)

psbA Cyanophage Photosystem Pro-psbA-1F: AACATCATYTCWGGTGCWGT 50 40-60 Sullivan

II protein DI~ Pro-psbA-IR: TCGTGCATTACTTCCATACC et al. (20006)
polB Phycodnavirus Family B DNA AVS 1: GARGGIGCIACIGTIYTIGAYGC 51 40-70  Chen

polymerase AVS 2: GCIGCRTAICKYTTYTTISWRTA et al. (1996)
mep Phycodnavirus Major capsid  mcp Fwd: GGYGGYCARCGYATT 45 45-70  Larsen

protein

mcp Rev: TGIARYTGYTCRAYIAGGTA

et al. (2008)

Germany) with 25 pl of reaction mix containing 1x PCR
buffer, 4 mM MgCl,, 200 uM of each dNTP, 0.4 uM of
each primer (Table 1), 0.5 U of Platinum® Taq DNA
polymerase (Invitrogen, Carlsbad, CA, USA) and 1 pl
of (treated) VC (containing approximately 10° VLPs).
Prior to the PCR with the pshA4 gene, the VC was treated
with DNase (0.002 unit DNase I for 1 pl VC, Sigma, St.
Louis, MO, USA) to remove environmental free DNAs
and thus avoid the potential amplification of psbA4 se-
quences from free DNAs released from cellular hosts.
The removal of host DNAs from PCR templates was
checked by verifying negative amplification of 16S
rRNA gene in a polymerase chain reaction using uni-
versal primers (i.e.,Eubacteria-specific primer set 358F/
907rM; Berdjeb et al. 2011). For PCR conducted with
the polB and mcp genes, VCs were treated using the
freeze—thaw method described by Short and Short
(2008), which consists of three repetitions of heating for
3 min at 95 °C followed by freezing at —20 °C until the
liquid becomes solid (see the Supporting Information
and Fig. S1).

The typical program for the first-stage PCR was a
15-min virion lysing and denaturation at 95 °C followed
by 34 cycles of denaturation at 95 °C for 30 s, annealing
for 30 s, extension at 72 °C for 45 s, and a final exten-
sion at 72 °C for 5 min. The program for the second-
stage PCR was a 5-min denaturation at 95 °C, followed
by 24 cycles of denaturation at 95 °C for 30 s, annealing
for 30 s, extension at 72 °C for 45 s, and a final exten-
sion at 72 °C for 5 min. The annealing temperatures for
each primer set were tested and optimized as summa-
rized in Table 1.

The DGGE was conducted in a 6 % polyacrylamide
gel with an optimized linear denaturing gradient (100 %
denaturant is defined as 7 M urea and 40 % deionized
formamide). The linear denaturing gradient was opti-
mized and determined for each set of amplicons (Ta-
ble 1). Approximately 200 nanograms of amplicons
(estimated using gel densitometry) from the second-stage

PCR (for samples of all marker genes) were loaded into
wells. Electrophoresis was carried out for 16 h in 1x
TAE buffer (pH 7.4) (40 mM Tris-base, 20 mM sodium
acetate, 1 mM EDTA) at 120 V and a constant tem-
perature of 60 °C using the CBS-DGGE 2000 system
(C.B.S. Scientific Co., San Diego, CA, USA). The gels
were stained in a 30-ml TAE solution (40 mM Tris,
20 mM sodium acetate, 1 mM EDTA, pH 7.4) con-
taining 2X SYBR Green I (10,000x, Molecular Probes,
Invitrogen) for 45 min before visualizing on a UV
transilluminator (Tex-35 M, Bioblock Scientific) and
photographing with GelDoc (Bio-Rad, Hercules, CA,
USA). Due to the limited number of wells in our DGGE
device, we ran samples in two gels (one for Lake Annecy
and the other for Lake Bourget for each marker gene).
To standardize the banding pattern in each gel, a pooled
sample (corresponding to equal volumes of all obtained
samples from the two lakes mixed together) was loaded
in the middle and each side of the gels. To identify the
DGGE bands shared by the two lakes, in addition to the
pooled sample, the samples of the other lake (those
possessing typical distinct banding pattern) were also
loaded at the same time in the DGGE migration to serve
as a reference. It is noteworthy here that, for each
marker gene, the reproducibility of the observed pat-
terns was checked through the repetition of DGGE runs
giving the same results (i.e., band number, position, and
relative intensity). At last, it is noteworthy that we
confirmed that the bands did indeed correspond to ex-
pected viral DNASs by isolating, cloning, and sequencing
a representative of each band type (Zhong and Jacquet
2013a, b, 2014).

DGGE banding pattern analysis and statistical analysis
The DGGE banding patterns were analyzed using the

GelCompare II software package (Applied Maths,
Kortrijk, Belgium) after digitalization of the DGGE



gels. We selected the bands manually, one by one, and
not by using the automatic function of the software,
since we noticed that the automatic selection of bands
could lead to underestimation. Two operators repeated
twice this operation. Similarities between samples were
estimated by Jaccard’s similarity index based on the
absence or presence of bands for which positions were
discriminated unambiguously with a 1 % tolerance. The
UPGMA method was used to construct the dendrogram
from a binary matrix of similarity values.

We used the Mantel test applying Spearman’s rank
correlation coefficient as the test statistic and 999 per-
mutations to test the null hypothesis of “no relationship
between matrices”. We could thus analyze whether the
Jaccard’s similarity matrix of the viral community of
Lake Annecy was related to that of Lake Bourget for
each gene examined.

We ran a Pearson’s correlation analysis to identify
relationships between the number of DGGE bands and
either phytoplankton taxa number or cell abundance,
and between the relative abundance of specific bands
and specific phytoplankton taxa.

To investigate the relationships between each virus
community structure and measured environmental
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 ac-
counted for by measured environmental variables. Dif-
ferent variables were submitted to the forward selection
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procedure, in which the statistical significance of the
term was tested by the unrestricted Monte Carlo per-
mutation test (999 permutations). Explanatory variables
with p values greater than 0.05 were excluded from
further analyses. The obtained ordination axes (based
on community structure data) are linear combinations of
environmental variables that best explain community
structure data. Our interpretation refers to canonical
variation only.

Results
Environmental and biological characteristics

Table 2 reports the minimum, maximum, and mean
values for the different variables monitored during the
study. For both lakes, water temperature (Temp) in
surface waters began to increase in late February,
reached its maximum in September, and then decreased
until November. The concentration of total nitrogen
(Ntot) and N-NOsj started to decrease in March. In Lake
Bourget, total phosphorus (Ptot) and P-PO, decreased
after reaching a peak in early April and February,
respectively, while in Lake Annecy they started to in-
crease only in late summer. Concentrations of N-NHy
showed a significant increase in spring in Lake Bourget,
while it remained relatively stable throughout the year in
Lake Annecy. The mean concentration of P and N
nutrients was about 1.5-8 times higher in Lake Bourget

Table 2 Minimum, maximum, and mean values for the different biological and environmental variables presented in this study

Variables Lake Bourget Lake Annecy

Min. (month) Max. (month) Mean  SD Min. (month) Max. (month) Mean SD
Temp (°C) 5.5 (Feb) 16.9 (Sep) 12.5 4 5.2 (Feb) 17.4 (Sep) 12.6 4.5
Light (pmol m~2 s~ 1) 12.6 (Jan) 404.6 (Jun) 227 122.7  29.7 (May) 484.9 (Jun) 2333 1444
Dis. Oxy (mg 171 7 (Sep) 12.8 (Apr) 9.5 1.6 9.5 (Jan) 15.4 (Apr) 11.5 1.4
Ptot (ug 171 7 (Jul) 27 (Apr) 12 5 4 (May) 11 (Aug) 5.9 2
P-PO, (g 17h) 2 (Oct) 10 (Feb) 5 2 1 (Oct) 4 (Sep) 2.5 0.9
Ntot (ug 1Y) 333 (Nov) 758 (Mar) 537 109 167 (Nov) 397 (Mar) 284 65
N-NO; (ug 1) 175 (Nov) 510 (Mar) 318 96 10 (Nov) 243 (Mar) 111 67
N-NH, (ng 171 2 (Jan) 57 (Apr) 16 16 1 (Jan) 8 (Oct) 4.6 2.2
SiO; (ng 1’1? 790 (Sep) 3,030 (Feb) 1737 762 907 (Nov) 3,503 (Mar) 2,532 891
Chla (mg 1) 1.47 (Jan) 13.67 (Apr) 4.17 3.1 0.11 (Mar) 0.32 (Aug) 0.24 0.06
Het. bacteria (10° cells ml™") 13.8 (Feb) 45 (Apr) 26.4 7.6 5.76 (Jul) 33.9 (Oct) 18.1 6.92
Synechococcus spp. (10* cells mI™")  0.22 (May) 16 (Aug) 4.14 4.36 4.45 (Jun) 15.6 (Mar) 9.17 3.35
Cyanobacteria (png 17Y) 0.03 (May) 529 (Nov) 78.2 1344 0 (Feb) 371.2 (Jun) 41.2 97.8
Chlorophyceae (pg 17" 1 (Feb) 306.3 (Oct) 106.7 104.8 0.9 (Jul) 168.8 (May) 24.5 42.7
Chrysophyceae (pg 171 0 (Mar) 1225.3 (Jun) 251.6 3414 13.9 (Feb) 354.6 (Apr) 162.6 112.4
Prymnesiophyceae (ug 1Y 2 (Mar) 234.3 (Apr) 30.3 53.8 0 (Jun) 17.9 (May) 3.9 5
Cryptophyceae (pg 1) 11.4 (Jun) 2670 (Apr) 368.8 702.6 17.1 (Jun) 108.1 (Apr) 51.7 50.4
Diatomeae (ug 1) 13 (Sep) 636.7 (Nov) 187.2 161.6  20.4 (Oct) 540.8 (Jun) 267.7 178.7
Dinophyceae (g 17! 0* 515.5 (Aug) 1353 163.3 0 (Nov) 339 (Sep) 71.2 1029
Zygophyceae (ug 177) 0* 271.2 (May) 18 655 0% 17 (Sep) 2.2 5
VLPI (107 part. ml~ ) 3.5 (Jan) 27.5 (May) 8.88 5.04 2.75 (Jun) 10 (Sep) 5.14 2.2
VLP2 (10° part. ml~") 20.6 (Feb) 66.9 (May) 44.5 13.6 4.3 (Jun) 85 (Sep) 414 20.9
Cyanomyovirus (10* part. ml~!) 9.37 (Mar) 942 (Sep) 108 208 2.79 (Jan) 367 (Sep) 89.5 105

Abbreviations are explained in the text
Min. minimum, Max. maximum, SD standard deviation

# Several months can be implied. For Dinophyceae in Lake Bourget: Jan, Feb, Apr, May, and Nov. For Zygophyceae in Lake Bourget:
Jan, Mar-Jul, Sep and Oct. For Zygophyceae in Lake Annecy: Jan—Jun, Oct and Nov
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than in Lake Annecy. The concentration of chlorophyll
a (Chla) increased between early March and early April
in both lakes, reaching a higher, sustained level in Lake
Bourget.

The temporal dynamics of the major phytoplankton
groups, both in terms of biomass and cell abundances,
are reported in Fig. 1. Unicellular forms of both pro-
karyotic and eukaryotic phytoplankton dominated,
comprising >80 % of community biomass in Lake
Annecy, and >90 % in Lake Bourget. The average
proportion of colonial cells was tenfold higher in Lake
Annecy (18 % of total cells) than in Lake Bourget
(1.7 %). Among the 163 examined phytoplankton taxa
observed in the two ecosystems, 33 % were members of
the Chrysophyceae, and this group dominated phyto-
plankton community composition in both lakes. In
general, the number of taxa observed was higher in Lake
Bourget than in Lake Annecy for all classes of phyto-
plankton except the Diatomeae and Dinophyceae (Table
S1). The average annual phytoplankton biomass in Lake
Bourget was 1.9-fold higher than that of Lake Annecy.
The filamentous and colonial cyanobacteria accounted
for only 7 % of overall phytoplankton biomass for both
lakes. The Chrysophyceae, Diatomeae, and/or Crypto-
phyceae dominated the phytoplankton biomass. The
dominant species were Rhodomonas minuta and Dino-
bryon divergens for Lake Bourget, and Cyclotella costei,
Dinobryon divergens, and Cyclotella kuetzingiana for
Lake Annecy. In Lake Bourget, Cryptophyceae (31 %)
dominated, while in Lake Annecy it was the Diatomeae

(43 %). In terms of abundance, however, Chlorophy-
ceae (30 %) predominated in Lake Bourget, although
Prymnesiophyceae were also prevalent (18 %). For these
two classes, the dominant species were Chlorella vulgaris
and Erkenia subaequiciliata. By contrast, Diatomeae
(33 %) predominated in Lake Annecy, while Prymnesi-
ophyceae (6 %) and Chlorophyceae (11 %) were less
abundant. Cyanobacterial abundances were also higher
in Lake Annecy than in Lake Bourget. This was con-
firmed by the FCM counts: picocyanobacteria (e.g.,
phycoerythrin-rich Synechococcus spp.) being twofold
higher in Lake Annecy, with a mean of 9.2 x 10* cells
ml~!. Likewise, the microscopy examination revealed
1.6-fold fewer filamentous forms (86.8 cells ml™"), and
4.1-fold more colonial forms (334 cells mlI™') in Lake
Annecy than in Lake Bourget. By contrast, both the
biomass and cell abundances of (eukaryotic) microalgae
were on average 1.1-8.2-fold higher in Lake Bourget,
with the exception of the diatoms. Likewise, the mean
concentrations of heterotrophic bacteria (Hbact), cya-
nomyoviruses, VLP1 and VLP2 (i.e., the two groups we
could detect within the virus-like particles using FCM)
were 1.5-, 1.2-, 1.7-, and 1.1-fold higher, respectively, in
Lake Bourget than in Lake Annecy.

Community structure of phytoplankton viruses

We investigated phytoplankton virus community struc-
ture using PCR-DGGE targeting the g20, g23, psbA,

Bourget Annecy

4E+03 4E+03
= =

T, 3E+03 T_' 3E+03
oo
2 2

»  2E+03 »n  2E+03
] ]
© ©
E £
=2 K=l

5 1603 3 16:03

O0E+00 = 0E+00

Bl B2 B3 B32 B4 B42 B5 BS2 B6 B6-2 B7 B8 B82 B9 B9-2 B0 Bll Al A2 A3 A4 A5 A52 A6 A6-2 A7 A7-2 A8 A9 Al0 All

1.6E+04 4E+03
E £

€ 1.2E+04 £ 3E+03
© K|
3 g

o 8E+03 o 2E+03
= =
© ©

2 403 B 103
3 3

2

< <

0E+00

0E+00

Bl B2 B3 B3-2 B4 B42 B5 B52 B6 B6-2 B7 B8 B82 B9 B9-2 B10 Bll

Al A2 A3 A4 A5 A5-2 A6 A6-2 A7 A7-2 A8 A9 A10 A1l

W Zygophyceae

u Dinophyceae

u Diatomeae

u Cryptophyceae

W Prymnesiophyceae ® Chlorophyceae

u Chrysophyceae ® Cyanobacteria

Fig. 1 Temporal dynamics of phytoplankton biomass and cell
abundance throughout 2011 in Lakes Bourget and Annecy. Note
that the scale is the same for biomass, but not abundance, for the
two lakes. The sample codes give the lake (4 Annecy, B Bourget)

and the month of sampling (1-11). The ““—2" designates the second
sampling time. So, for example, A6 and A6-2 are the first and
second samples taken in June from Lake Annecy. B6 is the first
sample taken in June from Lake Bourget



polB, and mcp marker genes. The temporal variability of
DGGE bands was examined for each viral group in each
lake (Fig. 2; Table 3). The variation could be different
between the two lakes and between distinct viral groups.
No identical fingerprint could be detected between two
samples of either lake or different time points. The
maximum number of bands per sample could be 1.5 to
15-fold higher than the minimum (Table 2). In each
lake, most of the DGGE bands (82-100 % of the ob-
tained bands) varied with time, while only a few or even
none was detected to be present in all samples
throughout the year.

The DGGE banding pattern analysis with 70 %
similarity (Fig. 3) revealed that mcp phycodnaviruses
clustered into three distinct groups for Lake Bourget:
spring, summer, and autumn to winter. No seasonal
clustering pattern was detected for Lake Annecy. With
45 % similarity, the polB phycodnaviruses banding
pattern in Lake Bourget clustered into three distinct
groups: winter to early spring, spring, and summer to
autumn. For Lake Annecy, only two clusters emerged,
with the similarity percentage set at 60 % containing
samples from winter, and summer to autumn. Spring
samples did not cluster together. The DGGE banding
pattern analysis with 45 % similarity (Fig. 3) revealed

Lake Annecy
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that the psbA-containing cyanophages clustered into
three distinct groups in Lake Bourget (late winter to
early spring, mid-spring to early summer, and late
summer to mid-winter), and in Lake Annecy (winter to
spring, mid-summer, and autumn). The fingerprints of
g20 cyanomyoviruses in Lake Bourget clustered into
four distinct groups with similarity percentage set at
45 %: winter to mid-spring, late spring, early autumn,
and late autumn. The summer samples did not cluster
together. There was no clear seasonal pattern for Lake
Annecy. At last, the DGGE banding pattern analysis
with 75 % similarity (Fig. 3) revealed that T4-like my-
oviruses in Lake Bourget clustered into three distinct
groups: late winter to mid-spring, late spring, and
summer to autumn. For Lake Annecy, samples from late
winter to spring, summer to early autumn, and late au-
tumn grouped together.

Viral community composition in relation to biotic
and abiotic variables
The canonical correspondence analysis (CCA) showed

that 47.3 % of mcp phycodnavirus structure variance
was explained by seven parameters in Lake Annecy, and

Lake Bourget

Bl B2 B3 B3-2 B4 B4-2 B5 B5-2 B6 B6-2 B7 B8 B8-2 B9 B9-2B10 Bll

mmcp WpolB WpsbA mg23 mg20

Fig. 2 Temporal changes in the number of DGGE bands throughout 2011 in Lakes Annecy and Bourget for the different viral gene
markers investigated during this study. Sample codes are as in Fig. 1

Table 3 Summary of DGGE results

Gene Lake Bourget Lake Annecy Annecy and
markers Bourget
Min. Max. Mean Sub  Persisting ~ Min. Max. Mean Sub  Persisting  Bandsin Total
(month) total bands (%) (month) total bands (%) common
mep 16 (Jan) 33 (May) 29 58 1.7 4 (Jan) 38 (May) 24 68 0.0 42 85
polB 3 (Feb) 20 (Sep) 12 492 24 1 (Apr) 15 (Jul) 8 24 42 12 54
g20 7 (Feb) 17 (Nov) 11 41 2.4 7 (Feb) 16 (Nov) 12 27 18.5 16 52
psbA 5 (Jul) 25 (Mar) 17 33 9.1 5 (Jul) 16 Nov) 11 24 4.2 18 39
g23 20 (Jul) 40 (Sep) 33 61 1.6 28 (Jan) 40 (Nov) 33 56 10.7 42 75

The minimum, maximum, and mean number of bands for each viral gene marker for each lake are shown. Also shown for each gene
marker are: “‘sub-total”, the total number of different band types detected throughout the year (by lake); “persisting bands”, the
percentage of bands present in all samples taken throughout the year (by lake); “bands in common”, the number of bands shared by both
lakes; and “‘total”, the total number of bands found, both lakes combined
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Fig. 3 Clustering analysis of the DGGE fingerprinting patterns obtained for each viral signature gene for Lakes Annecy and Bourget in 2011

46.5 % by ten variables in Lake Bourget. These vari-
ables were VLP1, VLP2, Chla, Temp, Chlorophyceae,
Diatomeae, and Dinophyceae for both lakes, while Oxy,
Ptot, and Ntot were specific to Lake Bourget (Fig. 4).
For phycodnavirus structure estimated from pol/B gene,
VLP1, VLP2, Ntot, NH4, Ptot, POy, Chla, Temp, and
Chlorophyceae were associated to 45.6 and 44.7 % of
the community structure variance for Lake Annecy and
Bourget, respectively (Fig. 4). In total, 54.7 % of g20
cyanomyophage structure variance was explained by
nine variables in Lake Annecy, and 52.7 % explained by
seven variables in Lake Bourget (Fig. 5). VLP1, VLP2,
Cyanomyoviruses, Temp, Syn, Ptot, and Cyanobacteria
were common to both lakes, while P-PO, and Ntot were
specific to Lake Annecy. For pshA-containing cyano-
phages, 61.8 and 49.3 % of community structure vari-
ance was explained by eight and ten variables in Lake
Annecy and Bourget, respectively. VLP1, VLP2, Cya-
nomyoviruses, Syn, Ptot, Chla, Temp, and Cyanobac-
teria were common to both lakes, while P-PO, and Ntot
were, again, specific to only one lake, this time Lake
Bourget. For g23 T4-like myoviruses (including all cy-
anophages), VLP1, VLP2, Temp, Syn, Ntot, Ptot, and
Hbact were associated to 54.4 and 53.1 % of the vari-
ance in Lake Annecy and Lake Bourget, respectively
(Fig. 5).

We carried out a Pearson’s correlation analysis to
identify relationships between the number of viral DGGE
bands and both the number of phytoplankton taxa and cell
abundances. For taxa number, significant correlations (at
least p < 0.05) were found between polB and Chryso-

phyceae (r = 0.59, n = 14) and between mcp and
Chrysophyceae (r = 0.56, n = 14) in Lake Annecy, and
between pol/B and Chlorophyceae (r = 0.53, n = 18),
between po/Band Chrysophyceae (r = 0.59,n = 18),and
between mcp and Diatomeae (r = —0.64,n = 18)in Lake
Bourget. Only the last correlation was negative. For host
abundances, positive correlations were only found be-
tween DGGE bands number and cyanobacteria: g20 with
Synechococcus spp. (r = 0.681) and psbA with cyano-
bacteria (r = 0.549) in Lake Annecy, and g20 with cya-
nobacteria (r = 0.61) in Lake Bourget. Further, a more
detailed analysis, using again the Pearson’s correlation
test, was also carried out to examine possible links between
the dynamics of each DGGE band (in terms of relative
abundance) and phytoplankton taxa. We found that a
single band could be related to several phytoplankton taxa
(up to 12) as well as a single phytoplankton taxa could be
related to several distinct bands (up to 40 % of bands,
Table S3).

Discussion

Our study is a comprehensive, in-depth study of phy-
toplankton virus (both dsDNA algal virus and cyano-
phage) community structure over a complete year in two
large and deep peri-alpine lakes with different trophic
states, Lake Annecy (oligotrophic) and Lake Bourget
(oligo-mesotrophic). By using a variety of viral gene
markers, we obtained an unprecedented portrait of the
virus community infecting mainly phototrophic organ-
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counts as constrained variables to explain temporal changes in
algal virus community structure (mcp and polB). Red lines point in
the direction of increasing values for each variable. The length of
the trait indicates the degree of correlation with the represented

isms in these two major alpine lakes. We also examined
the complex relationships that exist between these viru-
ses, their potential hosts, and the physico-chemical
environment. Using the PCR-DGGE approach allowed
us to fingerprint the “richness” of the most abundant
groups and dynamics of a number of specific viral
groups through the analysis of PCR-amplified gene
fragments. Previous studies using this method have fo-
cused mainly on marine systems and only on a single
gene, typically g20 (Wilson et al. 2000; Frederickson
et al. 2003; Sandaa and Larsen, 2006), polB (Short and
Suttle 2002, 2003) or mcp (Schroeder et al. 2003;
Martinez-Martinez et al. 2007). Only Parvathi et al.
(2012) have carried out a comparable study, but they
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looked at only one ecosystem and over a much shorter
time period (i.e., Lake Geneva in summer and fall).

Methodological drawbacks
Sampling strategy

We are aware that using integrated water samples (i.e.,
mixed water from the surface to a depth of approxi-
mately 20 m) and sampling only every 3—4 weeks may
have masked some relationships between phytoplankton
and their associated viruses. Indeed, phytoplankton cells
are not distributed homogeneously in the water column,
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and our sampling strategy could have obscured fine and/
or important interactions between phytoplankton and
co-occurring viruses at specific depths. Moreover, it is
well known that virus—host interactions may occur at
very short time scales, i.e., within a few hours (Heldal
and Bratbak 1991), and at microscales (Seymour et al.
2006). This means that the ideal sampling method
would, with no doubt, be taking samples at discrete
depths and at a higher frequency. 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 (Jacquet et al. 2012a), so
we decided to sample the viruses using the same regime.

Molecular biology considerations

Hurwitz et al. (2013) have just published a study in
which they compared the efficacy of ultrafiltration versus
FeCl; precipitation with the use of DNase sucrose and/
or CsCl gradients in concentrating and purifying ocean
virus communities. They showed that ultrafiltration
probably leads to an underestimation of viral genotype
diversity (especially for the Phycodnaviridae and pod-
oviruses) compared to the FeCls-precipitated virus
method. As we used the classical ultrafiltration method,
by which we measured on average >65 % loss of viral
particles, it is likely that we also have underestimated
viral genotype diversity.

Since there is no single universal gene present in all
viruses, making inferences about total viral diversity in
natural communities is always difficult. Although we
made an effort to use several gene markers to circumvent
this problem, it is well known that primers used to target
specific groups can still miss a large portion of the
existing diversity (Short et al. 2010). We tried to mitigate
this problem by using primers that target different con-
served genes among certain groups of viruses that infect
closely related hosts. These primers have been used to
amplify key structural or functional viral genes (see
Table 1): the g20 gene from cyanomyoviruses, g23 from
T4-like myoviruses (including cyanomyoviruses), psbA
from psbA-containing cyanophages (including cyano-
myoviruses and -podoviruses), and mcp and po/B from
phycodnaviruses. Nevertheless, because of the specificity
of the primers used, we may not have captured the full
viral diversity in the lakes. This is probably particularly
true in the case of eukaryotic algal viruses, as evidenced
by the results of a phylogenetic analysis conducted in
parallel, which revealed that mcp and polB primers tar-
get distinct members of the phycodnaviruses, and both
can only detect a limited number of viral groups (Zhong
and Jacquet 2013b). It must also be noted that our
analysis was restricted to a subset of dSDNA viruses that
did not include some viral groups of phytoplankton like
the cyanosiphoviruses (for which no primers are yet
available), and this study did not consider ssDNA and
RNA, which may be quantitatively important (Roux
et al. 2012; Steward et al. 2013).
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There are a number of limitations with the DGGE
fingerprinting method. Theoretically, each band in a
DGGE gel represents a different viral population pres-
ent in the community and, therefore, each PCR of an
environmental sample produces a unique fingerprint
that reflects the composition of the community ampli-
fied. However, such a technique can only provide
information on dominant groups (i.e., representing,
theoretically, >1 % of the population), so our analysis
may be missing some minor groups or groups that were
not dominant at the time of the sampling (Berdjeb et al.
2011). Moreover, we are aware that one DGGE band
can contain multiple genotypes as long as the sequences
possess the same GC content. It is thus possible that
these sequences/genotypes varied over time so that their
composition inside a single band could also be different
from one date to another. Another caveat is that some of
the bands that appear in fingerprints may be the result of
amplification or electrophoretic artifacts, leading in fine
to erroneous conclusions because some actually non-
existent populations are included in the community
analysis. However, this was not the case in our study
(e.g., Zhong and Jacquet 2013a, b, 2014). Thus, despite
all these caveats, fingerprinting aquatic virus communi-
ties using DGGE, which allowed us comparing the
community composition for multiple samples, was very
useful in the context of this study because of cost-effi-
ciency and rapidity.

Contrasting community structures and dynamics
between the two ecosystems

For all gene markers except mcp, we found a higher
number of different DGGE band types in Lake Bourget
than the oligotrophic Lake Annecy (Table 3), suggesting
that the oligo-mesotrophic ecosystem can sustain higher
virus “‘diversity” (or at least a higher number of domi-
nant groups). This observation is consistent with our
finding that there was a higher number of taxa of their
potential hosts in Lake Bourget (Table S1). By contrast,
when considering mcp, Lake Annecy displayed higher
“diversity” than Lake Bourget (68 versus 58 bands).
This could be explained by (1) higher “diversity” of the
potential hosts of these viruses in Lake Annecy, and/or
(2) the amplification of multiple copies of the mcp gene
from genomes of some specific phycodnaviruses in this
lake (Zhong and Jacquet 2013b) as previously suggested
or shown for Chloro- (Fitzgerald et al. 2007a, b, ¢) and
Prasinoviruses (Derelle et al. 2008; Moreau et al. 2010;
Weynberg et al. 2011). Members of the Diatomeae and
Dinophyceae may be potential hosts for these phycod-
naviruses in both lakes, as suggested by the relatively
high number of taxa (nine for Dinophyceae, 20 for Di-
atomeae), their significant biomass, and the results of the
CCA showing that these two classes were indeed related
to mcp band pattern (Figs. 1, 4). Our phylogenetic
analysis showed that 34 % of obtained mcp sequences
belonged to phycodnaviruses of unknown hosts, of
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which one-third were from Lake Annecy (Zhong and
Jacquet 2013b). Strikingly, diatoms dominated the
phytoplankton community in Lake Annecy, both in
terms of biomass and abundance, especially between
May and September, when they accounted for up to
64 % of total phytoplankton abundance. As competitive
algal dominants could have more chance to be infected
than rarer algae (Fuhrman 1999), it seems likely that
diatoms are more likely to be the hosts of these phy-
codnaviruses. This result is interesting since, to the best
of our knowledge, no dsDNA virus infecting (freshwa-
ter) diatoms has been reported thus far. To date, only
RNA or ssDNA viruses have been isolated from dia-
toms (e.g., Rhizosolenia, Chaetoceros), and exclusively
from seawater (Nagasaki 2008). A very promising re-
search avenue would, therefore, be the isolation of
dsDNA viruses infecting freshwater diatoms. In Lake
Annecy, potential hosts could be Cyclotella costei and
Fragilaria crotonensis, two species dominating the dia-
tom community, especially in spring (Fig. 4). In Lake
Bourget, the phycodnaviruses could be associated to
other species such as Asterionella formosa, Fragilaria
ulna var. acus and Stephanodiscus minutulus that domi-
nated the diatom community from January to April
(Fig. 4).

For all signature genes examined, the majority of the
DGGE band types varied over time in abundance, and
only a few persisted throughout the entire year (Ta-
ble 3). This observation agrees with the Bank model,
which asserts that only a small portion of the global pool
of viruses is active and abundant at any given time, with
the majority remaining rare and/or inactive (Breitbart
and Rohwer 2005). Such temporal variation was also
observed for phytoplankton abundance and composi-
tion (Fig. 1; Table S1), supporting the idea that viral
activity is probably directly influenced by the abundance
and growth of their phytoplankton hosts (Short et al.
2011). One could argue that our finding that the viruses
did not persist throughout the annual cycle is an artifact,
a failure of detection associated with using the DGGE
method. However, taking mcp and g23 in Lake Bourget
as an example, the minimum number of bands detected
for these two marker genes remained relatively high (16
and 20 bands, respectively), yet we observed that less
than 2 % of these bands persisted throughout the year
(Table 3).

The five phytoplankton virus groups examined (Ta-
ble 1) all exhibited marked seasonal dynamic patterns in
Lake Bourget, while this was the case only for psbA-
containing cyanophages and T4-like myoviruses in Lake
Annecy. The patterns were even significantly correlated
between the two lakes for T4-like myoviruses (Mantel
test, r = 0.12, p < 0.0001, « = 0.05), but not for the
psbA-containing cyanophages (r = —0.01, p = 0.892,
o = 0.05). As these two ecosystems are situated in the
same ecoregion, we hypothesize that these differences
are not related to climatic fluctuation, but rather to
differences in host abundance and diversity, and water
chemistry. In Lake Annecy, relative to Lake Bourget,

the oligotrophic conditions (with prolonged stratifica-
tion, P source limitation) result in a relatively reduced
phytoplankton biomass and the absence of marked
seasonal variation in abundance for some phytoplank-
ton groups (Fig. 1; Zhong et al. 2013). As a result, the
band patterns of some viral groups (i.e., the cyano-
myophages and the phycodnaviruses) may remain rela-
tively stable throughout the year. Nevertheless, the
seasonality recorded for T4-like myoviruses and psbA-
containing cyanophages band patterns also suggests that
these viral groups are sensitive to their environment. The
hosts for T4-like myoviruses are likely mainly hetero-
trophic bacteria as revealed from phylogenetic analysis
(Zhong and Jacquet 2014), for which major shifts in
abundance and community composition have been ob-
served in these lakes (e.g., Personnic et al. 2009; Berdjeb
et al. 2011). We hypothesize that bacterial diversity and/
or heterotrophic processes vary seasonally, resulting in
marked seasonal patterns in bacteriophage community
composition in the two lakes. The dynamic patterns
observed for hosts of psbA-containing cyanophages may
be associated with major shifts in Synechococcus strains
while the abundance of the whole picocyanobacterial
community remains relatively abundant and present
throughout the year in both lakes. Note that such shifts
in Synechococcus strains were recently observed in the
neighboring Lake Maggiore by Callieri et al. (2012). Due
to the presence of the pshA gene in cyanophage gen-
omes, photosynthesis could be maintained or enhanced
in both lakes (Mann et al. 2003; Millard et al. 2004;
Lindell et al. 2005; Sullivan et al. 2006; Bragg and
Chisholm 2008; Brauer et al. 2012).

Phytoplankton virus community structure in relation
to biotic and abiotic factors

The CCAs revealed complex relationships between bio-
tic and environmental parameters. Overall the biotic
environmental variables examined explained between 45
and 62 % of variance in phytoplankton virus commu-
nity structure. For both lakes, the band patterns of
psbA-containing cyanophages and cyanomyoviruses
(g20), but not T4-like phages (g23) and phycodnaviruses
(mcp and polB), were related to the abundance of cya-
nomyoviruses. This result is consistent with the taxo-
nomic identity of g20 and psbA genes. By contrast,
VLP1 and VLP2 were involved in the community
structuring of all viral groups, suggesting that these two
viral groups could contain both phycodnaviruses and
cyanophages. This contrasts to what has been proposed
previously, i.e., that VLPI and VLP2 may be strongly
associated with bacteriophages and cyanophages,
respectively (Personnic et al. 2009). We tried to address
this question by regularly sorting VLP1 and VLP2 over
the course of our study and by testing all primers on the
sorted particles. We found on several occasions that the
signature genes of phycodnavirus (polB) and cyano-
phage (g20, psbA) could be amplified from sorted VLP1



(Table S2). Thus, it is likely that VLP1 mainly contains
bacteriophages, but this does not entirely rule out the
presence of cyanophages and/or phycodnaviruses in this
group.

Among the biotic factors explaining g20 and pshbA
band patterns, Synechococcus spp. were important
(Fig. 5). This result is consistent with the finding that the
PE-rich picocyanobacteria dominate the cyanobacterial
community in peri-alpine lakes (Personnic et al. 2009;
Domaizon et al. 2013), and the finding that all psbA
sequences obtained were of Synechococcus phage origin
(Zhong and Jacquet 2013a). Chlorophyll a (a proxy for
phytoplankton biomass) could explain both mcp and
polB band patterns from January to April in Lake
Bourget, and in summer in Lake Annecy, suggesting
that major shifts of the phytoplankton were responsible
for the changes in the composition of phycodnavirus
communities. More specifically, Chlorophyceae, dia-
toms and dinoflagellates were related to mcp band pat-
terns at different periods of the year in both lakes, while
only Chlorophyceae was associated with po/B band
patterns. These results are in agreement with our phy-
logenetic analysis (Zhong and Jacquet 2013b), which
showed that the primer targeting po/B can only amplify
sequences from viruses infecting Chlorophyta, while mcp
targets a larger span of phycodnaviruses. While 60 % of
the mcp sequences belonged to viruses infecting Prym-
nesiophyceae (Zhong and Jacquet 2013b), the CCA did
not detect a significant role for Prymnesiophyceae in
determining mcp band patterns for either lake (Fig. 3).
This result could be due to the fact that Prymnesio-
phyceae are small unicellular cells (difficult to identify)
and that only one species, Erkenia subaequiciliata, was
thus unambiguously reported. Although this taxon was
quantitatively important, accounting for up to 46 % of
the phytoplankton abundance in Lake Bourget in April
and 22 % in Lake Annecy in May, the correlation test
analysis with mcp bands showed that its dynamic only
coupled with two bands in Lake Bourget but no band in
Lake Annecy. Therefore, this study suggests that E.
subaequiciliata may, in fact, not be the main cause of
Prymnesiophyceae virus production, at least at the an-
nual and/or community scales. The CCA did not reveal
Chrysophyceae to be related to either po/B nor mcp
structuring, contrasting thus with the Chrysophyceae in
Lake Annecy. A more detailed analysis revealed in fact
that 80 % of mcp or polB bands were coupled with the
abundance of at least one examined Chrysophyceae taxa
(Table S3): 25 % to Kephyrion sp. in Lake Annecy and
around 15 % to Dinobryon divergens, Dinobryon cy-
lindricum and Kephyrion sp. in Lake Bourget. Chryso-
phyceae (e.g., Dinobryon divergens) dominated the
phytoplankton biomass in both lakes but at relatively
low abundance. This result is interesting since only less
than ten viruses have been isolated from Chrysophyceae:
Hydrurus (Hoffman 1978), Aureococcus (Gastrich et al.
1998), Paraphysomonas and Chromophysomonas (Preisig
and Hibberd 1984) and none have been characterized so
far (Van Etten et al. 1991). With the absence of available
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genome sequences, our phylogenetic analysis from either
polB or mcp sequences were unable to identify viruses
infecting Chrysophyceae but the statistical analysis
supported that some polB or mcp sequences could be
related to this phytoplankton group.

Abiotic factors may also be responsible for deter-
mining virus community structure, through direct effects
like viral decay, or through indirect effects via viral
hosts. We found that temperature was an important
factor, since it was linked to band patterns for all five
viral groups examined. It is likely that temperature is the
primary factor driving host growth and temporal chan-
ges in host availability, thereby acting indirectly on viral
community structure (Grover and Chrzanowski 2006;
Callieri et al. 2012). P and N concentrations could ex-
plain mcp band patterns in Lake Bourget, but not in
Lake Annecy, suggesting a weak bottom-up control of
the mcp-primer-targeted phycodnaviruses by these re-
sources in the oligotrophic lake. From January to April
in Lake Bourget, g20, mcp and g23 band patterns were
related to Ptot, while psbA and polB were related to POj.
The fact that different sources of P available at the same
time in the lake were responsible for the community
structuring of different viral groups, could reflect dif-
ferences in host-virus relationships vis-a-vis the resource.
The difference could even be observed between psbA-
containing-cyanophages and cyanomyoviruses, which
may infect the same host species, Synechococcus spp.
(Zhong and Jacquet 2013a). It is suggested that different
strains of Synechococcus were likely involved in pro-
ducing psbA-containing-cyanophages that could be cy-
anomyo- and/or cyanopodoviruses. It is well known that
cyanomyoviruses have a broad host range, while cy-
anopodoviruses have a narrow host range, and only a
few studies have reported that a single Synechococcus
stain can produce myovirus and podovirus at the same
time (Sullivan et al. 2006, 2008; Wang and Chen 2008).
It is thus likely that most pshA sequences were of
podovirus origin and, indeed, we found that 82 % of the
obtained psbA sequences had closer phylogenetic prox-
imity to Synechococcus podovirus (S-CBP1 and S-CBP3)
than to myovirus (Zhong and Jacquet 2013a).

At last, we observed that NH,4 was also an environ-
mental variable explaining polB band pattern in both
lakes. Previous studies reported that members of Chlo-
rophyta have ammonium uptake abilities (Taylor and
Rees 1999; Watanabe and Miyazaki 1996; Fujita et al.
1988). In Lake Bourget, significant enrichment of NHy
was detected for March to June, peaking in late April
(data not shown), a phenomenon known to be associ-
ated with zooplankton excretion at this period of the
year (Jacquet et al. 2012b). The CCA showed that NH,4
could explain the po/B community structuring in May
and June, when the concentrations of NH, decreased. It
is possible that the decline in NHy4 supply had a strong
impact on the hosts of these phycodnaviruses. More-
over, polB band patterns seemed associated with a re-
stricted number of nutrients (NH4, Ntot, PO4 and Ptot)
at different periods of the year (Fig. 3), indicating that
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Chlorophyta and its viruses were greatly affected by
nutrient availability in both lakes. No relationship was
found with NOj for any of the viral groups examined.

Conclusions

Our investigation of Lakes Annecy and Bourget shows
that the community structure of phytoplankton viruses
is diverse, varies with time and ecosystem and it provides
new evidence for the Bank model proposed by Breitbart
and Rohwer (2005). In general, the number and relative
contributions of the parameters shaping community
structure in the five viral groups were not dramatically
different between the two lakes. Rather, these parame-
ters acted differently on each viral group at different
times of the year in each lake. A more detailed analysis
would be now necessary to refine specific host commu-
nity dynamics. Also, to avoid biases associated to
DGGE, other molecular approaches such as the deep-
sequencing (using next-generation sequencing technolo-
gies to sequence amplicons of marker genes from both
viruses and hosts) could provide a better resolution to
assess diversity and virus-host interactions. It is worthy
to note that obtaining good and specific primers remains
also crucial. For such a goal, some efforts have still to be
invested in the isolation and characterization of new
viruses and hosts, to valid current primers and/or design
new ones. At last, in the context of such a survey,
working at different discrete depths and with a higher
time scale resolution should considerably increase our
knowledge on viral ecology and diversity.
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