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Abstract
Microviridae is a subset of single-stranded DNA (ssDNA) viruses infecting bacteria. This group of phages has been previously observed to be
very abundant (representing >90% of the total known viral metagenomic sequences) in Lake Bourget. However, this observation was made only
during one period (in summer) and from a single sample collected at a single depth (near surface). This result suggests the importance of these
viruses, poorly examined thus far, especially in fresh waters. In this study, performed on the two largest natural lakes in France (e.g. Lakes
Annecy and Bourget), Microviridae structure was determined each month throughout the year (2011) using PCR-DGGE, with primers that target
the major-capsid-protein-encoding gene VP1; cloning/sequencing was used to investigate their diversity. Our results confirm that Microviridae
are diverse in peri-alpine lakes and are mainly represented by gokushoviruses. We also found for the first time ssDNA viruses belonging to
Alpavirinae, another subfamily within Microviridae recently proposed by Krupovic and Forterre (2011), generally prophages infecting members
of the Phylum Bacteroidetes. Our data also support highly variable community composition and dynamics of individual components whose
patterns were different between lakes, suggesting distinct host communities and/or abiotic influences between the two ecosystems. We point out
that most of the major observed ssDNA Microviridae viruses display boom-bust patterns (with a sharp increase/decline) in their dynamics, with
high relative abundances, suggesting brutal control of hosts and rapid regulation of the host community structure.
© 2015 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Viruses are the most abundant biological entities in the
biosphere [46]. They are highly diverse, both genetically and
morphologically. Our knowledge is largely based on dsDNA
viruses, especially the tailed dsDNA viruses of the Caudovir-
ales family [2,3]. However, over the last decade and, more
specifically, during the past 5 years, with the emergence of
viral metagenomics tools and protocols (for instance, use of
multiple displacement amplification [MDA] that preferentially
amplifies circular single-stranded DNA [18]), an increasing
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amount of research has revealed the importance of ssDNA
viruses in a variety of ecosystems (reviewed in [36]). It is now
recognized that the ssDNA viral community has been largely
underestimated (because of technical constraints, such as
insufficient staining in fluorescence-based methods such as
flow cytometry and epifluorescence microscopy, or insufficient
material when using PFGE). Its importance (both in terms of
diversity and/or abundance) has been highlighted in lakes
[23,38], desert ponds of the Mauritanian Sahara desert [10],
reclaimed water [37], aquifers [45], stromatolithes [9], corals
[55], ground and marine sediments [18,62], coastal estuaries
[20e22,27] and the ocean in general [1,4,53].

Single-stranded DNA viruses are generally small
(15e30 nm), non-tailed, with a circular genome between 1.4
and 8.5 kb and, on average, less than 10 genes [20,39]. Ac-
cording to the International Classification of Taxonomy of
reserved.
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Viruses (ICTV 2012), 10 families have been recognized in this
group. In aquatic ecosystems, the Microviridae has been re-
ported to be the most frequently represented family, and, in
particular, viruses from the Gokushovirinae subfamily
[13,39,53]. Viruses of the Microviridae are constituted by five
genes, three encoding for the protein capsid (with VP1 coding
for the major part of this viral capsid), REP encoding for the
replication protein and ORF5 encoding for the encapsulation
protein. Thus far, genes targeted to investigate Microviridae
ssDNA diversity have been mainly VP1 [13,21,22] and REP
[53].

Over the past few years, we have developed an interest in
the diversity of viruses in peri-alpine lakes (Bourget, Annecy
and Geneva lakes). Our previous works [30, 57e61] focused
only on dsDNA viruses, and we showed that this community is
numerous, very diverse and plays a key role in the functioning
of these lakes. However, an earlier metagenomic study [38] of
a summer sample collected at a single depth in Lake Bourget
suggested that the viral community was mainly composed of
ssDNA viruses (>90% in relative abundance) and that these
viruses belonged mainly to the Microviridae family. Despite
the quantitative importance of these ssDNA viruses, their
ecology is still largely unknown and needs to be assessed in
these lakes. Current known Microviridae studies [13,21,53]
focused on their geographical and vertical distribution.

In this study, we sought first to investigate the diversity and
temporal changes in the ssDNA virus community using PCR-
DGGE and cloning/sequencing approaches in two peri-alpine
lakes characterized by distinct trophic states and host bacterial
communities. Secondly, we attempted to reveal factors likely
to affect the community structures of these viruses. Our
questions were thus numerous: Can PCR-DGGE be used to
detect ssDNA viruses in peri-alpine lakes? What are the
structural patterns of ssDNA viruses in these lakes? Can we
explain these patterns by environmental variables? Can new
viruses be identified for peri-alpine lakes?

2. Materials and methods
2.1. Sampling
Water samples were collected once every month between
January and November 2011 at reference stations of Lakes
Annecy (Lat N 45.8727, Long E 6.1645333) and Bourget (Lat
N 45.7469, Long E 5.86015), corresponding to the deepest
part of each lake. We obtained 14 samples for Lake Annecy
and 18 for Lake Bourget. Twenty-one liters, integrating the
water column from surface to 20 m depth, was collected using
an electric pump and tubing, and water was stored in a poly-
carbonate flask placed in the dark at 4 �C before filtration
steps. A few hours following sampling, 20 l samples were first
filtered through a 60 mm mesh and then filtered through 1 mm
pore-size filters (Millipore, Bedford, MA, USA). The filtrate
(i.e. <1 mm fraction) was concentrated to a volume of
200e250 ml using a 30,000 Da-molecular-weight-cutoff
spiral-wound millipore ultrafiltration cartridge (regenerated
cellulose, PLTK Prep/scale TFF, 1 ft2; Millipore). To ensure
that all remaining small free-living bacteria were removed, we
twice filtered the <1 mm concentrated fraction through
0.45 mm pore-size filters (Millipore). The absence of cellular
contamination was verified using flow cytometry (not shown).
2.2. Physico-chemical variables
A variety of classical limnological variables were obtained
using multiparameter probes such as the Sea-Bird SEB 19
SEACAT Profiler and the chlorophyll fluorescence Fluorop-
robe (BBE Moldenke, Germany), that enabled obtaining ver-
tical profiles for water temperature, pH, conductivity,
dissolved oxygen and chlorophyll a concentrations. Nutrient
concentrations (total nitrogen, NeNH4, NeNO3, SiO2,
PePO4 and total phosphorus) were measured at each station
following standard AFNOR protocols (details are available at
http://www.afnor.org).
2.3. Transmission electron microscopy (TEM) analysis
TEM was used to visualize and count the different mor-
photypes of viruses. Briefly, 8 ml formalin-fixed samples kept
at 4 �C were harvested by ultracentrifugation onto 400 mesh
NI electron microscope grids with a carbon-coated Formvar
film, using a Centrikon TST 41.14 Swing-Out-Rotor run at
70,000 � g for 20 min at 4 �C [43,56]. 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 and 40,000�
magnification. The negatives were scanned with Adobe Pho-
toshop and phage dimensions were determined using IMAGEJ
software.
2.4. Bacterial and virus quantification
Bacteria and VLPs (virus-like particles with stained
nucleic acids, likely virions) were quantified using a FACS-
Calibur flow cytometer (Becton Dickinson) equipped with an
air cooled laser providing 15 mW at 488 nm. Cells in the
raw-water sample (untreated) were fixed with glutaraldehyde
(0.5% final concentration, grade I, Merck) for 30 min in the
dark, then diluted in 0.02 mm filtered lake water (for the
bacteria) and 0.02 mm filtered Tris EDTA (for the viruses).
Samples were incubated with SYBR Green I (at a final 10�4

dilution of the commercial stock solution; Molecular Probes),
for 15 min at ambient temperature for the bacteria and for
10 min with heating for the VLPs [15,31]. For VLPs, it is
noteworthy that FCM enables observing mainly dsDNA vi-
ruses (but not ssDNA viruses; [12]). Listmode files obtained
were then transferred and analyzed on a PC using the
custom-designed freeware CYTOWIN [54]. More details
about FCM analysis and data treatment can be obtained
elsewhere [15].
2.5. PCR and cloning sequencing
Prior to PCR, viral DNAs were purified for each sample
using the QIAamp MinElute Virus Spin Kit (Qiagen), and then

http://www.afnor.org
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genomic DNAs were pre-amplified by enzyme phi29 using the
Genomiphi V2 DNA Amplification Kit (GE Healthcare)
following the manufacturer's instructions. The latter step is
crucial and enables enrichment of ssDNA, conversion from
ssDNA to dsDNA and linearization required for PCR reactions
[22]. It is noteworthy that, whatever the conditions tested, we
did not succeed by PCR in directly amplifying VP1 from
purified ssDNA without pre-amplification by MDA. Pre-
amplified genomic DNAs were used as a template for PCR.
PCRs were carried out in a DNA Thermal Cycler T-Profes-
sional (Biometra) to amplify a 800 bp major capsid protein
encoding gene VP1 using primer set microVP1-F1/R2 [21].
The mix was made with 25 mL of 1X PCR buffer, 4 mM
MgCl2, 25 mg of bovine serum albumin (Invitrogen), 200 mM
of dNTP, 1 mM of each primers, 1 U of Platinum® Taq DNA
polymerase (Invitrogen) and 1 mL of DNA template. The PCR
program started with initial denaturation of 5 min at 95 �C,
followed by 30 cycles of denaturation at 95 �C for 30 s,
annealing at 54 �C for 30 s and elongation at 72 �C for 50 s,
and a final elongation for 5 min at 72 �C. It is noteworthy that
some samples (July and October for Lake Bourget) could not
be amplified despite MDA protocol.

Amplicons were purified using the QIAquick PCR purifi-
cation kit (Qiagen), and then cloned to pCR®4-TOPO® vectors
using the TOPO TA Cloning kit (Invitrogen). On an average,
24 selected clones for each monthly sample were sent to
GATC Biotech (Constance, Germany) for sequencing. After
trimming and correcting sequences using BioEdit 7.0.5.3, we
obtained 99 distinct non-redundant nucleotide sequences, with
nucleotide similarity varying between 41.8% and 99.9%,
following pairwise alignments using SDT [28]. Sequences
were deposited in GenBank under reference accession
numbers KR092804 to KR092902.
2.6. Phylogeny
The obtained nucleotide sequences were translated into
amino acids using the online translate tool (http://www.hiv.
lanl.gov/content/sequence/TRANSLATE/translate.html).
These deduced amino acid sequences were aligned using
MAFFT version 7 [17], with representatives of the cultured
Microviridae and environmental sequences of different
defined clusters from other studies [13,19e21,39,53,62].
Multiple alignments were then curated using Gblocks [7]
employing a less stringent option that allowed for gaps in-
side the final blocks. We constructed phylogenies using both
the Bayesian inference and maximum likelihood methods.
Bayesian inference was conducted using MrBayes 3.2.1 [35]
with two runs, four chains, three millions generations, sam-
pling every 100 generations, a burn-in value of 25% and
mixed models of amino acid substitution. The maximum
likelihood phylogeny was constructed using PhyML 3.0 [11]
with 100 bootstrap replicates and with the best model of
acid amino substitution and rate heterogeneity. The best
model for the aligned sequence dataset was determined using
MEGA 6 [47] and was the LG model and gamma-distributed
substitution rates.
2.7. PCR-DGGE
DGGE was used to reveal the community structure of
Microviridae in both lakes. Prior to DGGE, a separate PCR
was conducted for each sample as described above but using
the GC primers (the same primers, but with the addition of a
GC clamp of 40 nucleotides on the reverse primer), to add a
GC tail on the amplicons. These amplicons were then purified
using the QIAquick PCR purification kit (Qiagen).

DGGE was conducted in 6% polyacrylamide gels with
optimized linear denaturing gradient (100% denaturant is
defined as 7 M urea and 40% deionized formamide). The
linear denaturing gradient was 20e60% for VP1 amplicons.
Approximately 200 ng DNA (quantified using a Nanodrop
1000 Spectrophotometer (Thermo Scientific)) were loaded
into wells with 5 ml of 5 X loading buffer (12.5% Ficoll,
25 mM tris, 5 mM EDTA [pH 8.0], 0.5% SDS, 0.1% [wt/vol]
xylene cyanol and 0.1% [wt/vol] bromophenol blue). Elec-
trophoresis was carried out for 16 h in 1 X TAE buffer [pH
7.4] (40 mM Tris-base, 20 mM sodium acetate, 1 mM EDTA)
at 120 V and a constant temperature of 60 �C using the CBS-
DGGE 2000 system (C.B.S.Scientific Co., Inc.). Gels were
stained in a 2 X SYBR Green I (Molecular Probles, Invi-
trogen) solution for 45 min and were visualized on a UV
transilluminator (Tex-35M, Bioblock Scientific) and photo-
graphed with GelDoc (BioRad).

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 auto-
matic function of the software, since we noticed that automatic
selection of bands could lead to underestimation. Two opera-
tors repeated this operation twice. Similarities between sam-
ples were estimated by Jaccard's similarity index based on the
absence or presence of bands for which positions were
discriminated unambiguously with 1% tolerance. The
UPGMA method was used to construct the dendogram from a
binary matrix of similarity values.
2.8. Statistics
To investigate the relationships between virus community
structure and measured environmental variables, Canonical
Correlation Analysis (CCA) was performed using software
package XLSTAT-ADA. CCA generates an ordination plot
that shows the main patterns of variation in community
structure as accounted for measured environmental variables.
Different 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.

To evaluate whether the VP1 Microviridae assemblage
(based on sequences) of Lake Annecy differed from that of
Lake Bourget, we carried out statistical analyses using the
UniFrac distance metric statistical tools available at http://
unifrac.colorado.edu/ [24,25]. We used the unweighted
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UniFrac option in order to compare community composition
based on the presence/absence (i.e. on qualitative data) from
the Bayesian phylogenetic tree. Finally, we conducted a P-test
based on the UniFrac distance matrix generated for VP1
Microviridae assemblages of Lake Annecy and Lake Bourget.

3. Results
3.1. Diversity of ssDNA viruses
We obtained 99 unique sequences, among which 36 were
exclusively found in Lake Bourget, 47 were detected only in
Lake Annecy and 16 were common to both ecosystems. After
phylogenetic analysis, all VP1 sequences obtained from these
two lakes were grouped into the Microviridae family, of which
92% clustered into Gokushovirinae subfamily and the other
8% were grouped with Bacteroidetes prophages of the Alpa-
virinae subfamily (bootstrap support value ¼ 58; Fig. 1). We
were able to discriminate three major clusters (based on both
Bayesian inference posterior probabilities and maximum-
likelihood bootstrap values at nodes superior to 20) in the
gokushoviruses for a large proportion of sequences, referred to
as LAB-Sub1, LAB-Sub2 and LAB-Sub3 that included 26%,
36% and 21% of total VP1 sequences, respectively. Clusters
LAB-Sub2 and LAB-Sub3 contained VP1 sequences of
gokushovirus genomes obtained from Lake Bourget by Roux
et al. (2011b) which were previously assigned to clade “Lake-
100 as described in Labont�e et al. (2015). Yet, LAB-Sub1 could
be a new evolutionary cluster, as it does not include any VP1
sequences of known gokushoviruses genomes. When exam-
ining the habitat/origin of these VP1 sequences, we could not
discriminate them based on ecosystem, season or month.
However, when all VP1 sequences were pooled, Unifrac
analysis revealed significant differences between Lake Annecy
and Lake Bourget ( p ¼ 0.01), suggesting distinct community
compositions between the two lakes.
3.2. Structure of the ssDNA virus community
The number of VP1 DGGE bands varied between 1
(February) and 13 (May) in Lake Annecy and between 5
(March and May) and 13 (June) in Lake Bourget (Fig. 2). We
obtained 36 and 19 different bands for Lake Annecy and Lake
Bourget, respectively. For both lakes, a total of 43 unique
DGGE bands were obtained, among which 12 were common
to both ecosystems, and the band patterns varied through time
between the lakes. Only one band could be detected in all
samples from the two lakes. DGGE banding pattern analysis
(Fig. 2) revealed the existence of four clusters forMicroviridae
assemblages in Lake Annecy, discriminating the end of sum-
mer and autumn (September, October, November) from the
summer months (July, August), with a part of the spring period
(symbolized by March and May) and the other months cor-
responding to the end of winter and spring (February, April,
June). However, such seasonality was relatively weak, since a
significant difference was consistently recorded between each
month, also suggesting a very dynamic structure over a shorter
time scale (see Discussion). For Lake Bourget, samples were
grouped into two main clusters, from late winter to mid-spring
and from late-spring to autumn, with 25% similarity between
the two. There was no clear seasonal pattern.
3.3. Dynamic patterns of individual ssDNA viruses
We examined the dynamics of individual constituents of
Microviridae (corresponding to DGGE bands) for each sample
obtained throughout the year. We detected variability in in-
tensity in nearly all bands. The relative abundance of a band
could increase or decrease up to 29-fold between two consec-
utive sampling dates. As an example, the relative abundance of
band b12 increased from 2.6 to 74.1% between April and May
in Lake Bourget (Fig. 3, Fig. S1). Some other bands also
switched from undetectable to dominant and vice versa. For
instance, band b10 ‘bloomed’ in April in Lake Bourget, but
disappeared just after (Fig. 3, Fig. S1). Overall, we observed
three different dynamic patterns for the different VP1 bands: (i)
a “bloom-bust” pattern (a dramatic increase or decrease with a
sharp peak, either episodic or very occasional); (ii) relatively
stable fluctuations (within relatively narrow limits); (iii) only
gradual progression through time (including seasonal variation,
monotonic increase or decrease). Often, different patterns in the
two lakes could be observed for a selected band (e.g. b3, b6,
b10, b12, etc.; Fig. S1). However, similar dynamics could also
be detected in both lakes, but the amplitude and timing of the
increase/decline was different (e.g. b1, b7, b13, etc.; Fig. S1);
b13, for instance, boomed from undetectable in June in both
lakes, while it started to re-bloom in Lake Annecy in October,
but not in Lake Bourget; b1 increased from undetectable during
SeptembereOctober in both lakes, but the amplitude of the
change was different (relative abundance increase to 24.2% in
Lake Bourget, but only up to 11% in Lake Annecy); b7 began to
boom earlier in Lake Bourget (August) than in Lake Annecy
(October).

The examination of each monthly sample revealed that
Microviridae virus assemblage was dominated by only a few
bands (Fig. S2). The most abundant bands accounted for up to
89.5% of total Microviridae virus abundance in Lake Annecy
(e.g. b109 in August) and up to 74.1% in Lake Bourget (e.g.
b12 in May). We found that the identity of the dominant bands
changed with time and differed between lakes, as did band
dominance. When examining the dynamics of 13 of these
dominant bands obtained from either Lake Annecy or Bourget
across the year (Fig. S2), we found that: (i) they were detected
only at certain times of the year (e.g. b7 in autumn in both
lakes, etc.) or even just once (e.g. b10 in Lake Bourget in
April; b115 in Lake Annecy in June), while none of them
consisted of persistent bands (detectable throughout the year);
(ii) most of them dominated only once in our samples, (iii) a
few others could reoccur as dominants (e.g. b104 in Lake
Annecy); (v) a majority (4 out of 5) of the dominant bands of
Lake Bourget (b7, b10, b12 and b15) could be detected in
Lake Annecy, while none of the predominant bands of Lake
Annecy (b104, b105, b106, b109, b112, b115, b118 and b112)
were detected in Lake Bourget.



Fig. 1. Bayesian phylogenetic tree based on alignment of 194 homologous amino acid positions of the major capsid protein encoding gene VP1 from 167 VP1

sequences. Sequences are from lakes Annecy and Bourget,Microviridae isolates and other environments (e.g. representative sequences of different defined clusters

from other studies). Values at nodes are the Bayesian inference (BI) posterior probabilities and maximum likelihood (ML) bootstrap values (BI/ML). The inner ring

represents VP1 sequences of the marine field (violet), freshwater (orange) and the others (antique bronze). The middle ring with color strips in green corresponds to

sequences from Lake Annecy. In the outer ring, sequences labeled with color strips (purple) are from Lake Bourget. “Others” in the color key panel indicates VP1

sequences obtained from marine and freshwater sediments, microbialites, sewage water and human gut, mouth, feces or tissue.
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3.4. Viral assemblage structure in relation to biotic and
abiotic factors
We examined the relationships between VP1 assemblage
and environmental and biological variables using canonical
correspondence analysis (CCA), and then tested the
significance of the relationships using Monte Carlo permuta-
tions (999 iterations). Six descriptors explained 53.5% of the
variance in VP1 ssDNA virus assemblage in Lake Bourget.
These factors were the temperature and the abundance of
VLP1, heterotrophic bacteria, Synechococcus, PO4 and NH4.
Comparatively, for Lake Annecy, the number of variables was



Fig. 2. Schematic outline of the presence/absence of the VP1 DGGE bands in the two lakes (A, B) during 2011. Cluster analyses of VP1 DGGE fingerprinting

patterns (C, D), obtained using UPGMA clustering of Jaccard's similarity matrix based on the presence/absence of bands.
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seven (plus NO3) and explained only 40.7% of the variance of
VP1 ssDNA virus assemblage. Each variable could play a
(direct or indirect) role at different periods of the year for each
lake (Fig. 4, see Discussion).

4. Discussion

During the last decade, we have explored viral ecology
(abundance, dynamics, distribution, lysis vs. lysogeny)
[16,31,44,49,58] and diversity [31,57,59e61] in peri-alpine
lakes. Our previous works focused only on dsDNA viruses,
and we showed that this community is abundant, highly
diverse and likely to play an important role in the functioning
of these lakes (e.g. Lakes Annecy, Bourget and Geneva).
However, in 2012, Roux and colleagues, for one of these peri-
alpine lakes (Lake Bourget), showed that ssDNA viruses were
largely underestimated and might form the bulk of viral di-
versity, with more than 90% sequence representatives. In a
parallel study, Holmfeldt et al. (2012) also reported that
ssDNA viruses were largely underestimated using conven-
tional techniques such as flow cytometry or microscopy, or
molecular tools more suited to targeting dsDNA viruses. Our
study is one of the rare studies indicating that ssDNA viruses
are likely an important component of the phage community in
lakes, the role of which remains to be determined.

Our results suggest that microviruses are diverse in (peri-
alpine) lakes. The number of VP1 genotypes obtained
throughout a complete year, as revealed by both cloning/
sequencing and PCR-DGGE, was higher in Lake Annecy than
in Lake Bourget. This may be related higher richness of
potential hosts of Microviridae in oligotrophic Lake Annecy
compared to mesotrophic Lake Bourget. This observation is in
contrast to most of the examined dsDNA viruses (cyanoph-
ages, T4-like myophages and phycodnaviruses; [59]) for
which we had previously reported an inverse result for the
same survey.

When checking the phylogenetic affiliations of the VP1
sequences, 92% grouped together with gokushoviruses, for
which the primers had been initially designated [21]. However,
8% of VP1 sequences were closely related to Bacteroidetes
phages of the Alpavirinae, a subfamily of Microviridae
recently proposed [19]. It is noteworthy that these Bacter-
oidetes ssDNA viruses (BMV1 to BMV7) have not been iso-
lated thus far, and they have been referred to prophages
infecting members of the phylum Bacteroidetes (i.e. Bacter-
oides eggerthii, Bacteroides plebeius, Prevotella bergensis and
Prevotella buccalis) obtained from the human gut, mouth,
feces and tissues [19]. Our finding is thus the first detection of
such ssDNA Alpavirinae viruses (either lysogenic or lytic) in
aquatic environments using a PCR-based approach. The po-
tential hosts of these ssDNA Alpavirinae viruses could be
members of the Bacteroidetes. This is not impossible, since a
previous metagenomic study [8,14] suggested that Bacter-
oidetes were indeed diverse, the third most abundant bacterial
phylum in Lakes Annecy and Bourget. More interestingly,
these Alpavirinae were only recorded once in Lake Annecy in
July, suggesting specific geographic and temporal distribution
for these viruses. This could be explained by the fact that
Alpavirinae are lysogenic and were induced in July in Lake
Annecy in response to favorable conditions.



Fig. 3. Dynamics of all Microviridae VP1 DGGE bands in 2011 for the two lakes. The Y-axis indicates the relative abundance for each band, i.e. the normalized

percent contribution of each band to the total ssDNA virus assemblage in the sample.
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In this study, we did not obtain sequences related to
Pichovirinae, another new group of Microviridae proposed by
Roux et al. (2011b), which is characterized by a distinct
genomic organization within core genes compared to the three
other subfamilies (Alpavirinae, Microvirus and Gokushovir-
inae). This does not mean that Pichovirinae are absent in peri-
alpine lakes. Indeed, the metagenomic study of Roux et al.
(2012a) for a single sample obtained from Lake Bourget in
July 2008 revealed significant numbers of sequences related to
Pichovirinae, and those authors succeeded in assembling them
in an intact genome named “Bourget_523 or MET7_523” [39].
After analysis of the sequence, we noticed that the MicroVP1
primers do not match VP1 of Pichovirinae Bourget_523.
Thus, the design of other primers could be very helpful for
more specifically targeting these viruses.

We observed highly dynamic structures for Microviridae
communities in Lakes Annecy and Bourget. We measured
changes in the identity of predominant hosts and modifications
in the relative abundance of individual constituents and rapid
shifts in the community structure/composition across the year
which also differed between lakes. Indeed, we observed: (i)
different community compositions and identities for the
dominant bands; (ii) distinct dynamic patterns for individual
community constituents; (iii) seasonality in Lake Annecy, but
not in Lake Bourget. This could reflect the different trophic
status of the two lakes where distinct virus and potential host
communities exist [59]. A high proportion of bands (88.9% of
the bands in Lake Annecy and 68.4% of the bands in Lake
Bourget; Fig. 3) displayed a boom-bust pattern (i.e. a sharp
increase/decrease, potentially indicative of the killing the
winner strategy; [48]). Most of these bands were marked by a
single sharp peak (particularly in Lake Annecy; e.g. b10, b12,
b14, b109, b112, b115, etc.; Fig. 3). It seems likely that these
Microviridae were opportunistic viruses (either lytic or lyso-
genic, able to emerge as dominant from rare/undetectable
when conditions were favorable), suggesting they play a key



Fig. 4. CCA using both environmental variables and biological counts as constrained variables (Temp ¼ water temperature; PO4; NO3; NH4; VLP1 ¼ virus-like

particles group 1; Syn ¼ PE-rich picocyanobacteria belonging to Synechococcus spp; Bact ¼ heterotrophic bacteria) to explain temporal changes in ssDNA virus

assemblage structure (based on presence/absence of DGGE band and relative abundance). The sample codes give the lake (A ¼ Annecy, B¼ Bourget) and the

month of sampling (2e11). A6 is the sample taken in June from Lake Annecy and B6 is thus the sample taken in June from Lake Bourget.
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role in host mortality and community structuring. Interest-
ingly, these viruses could display similar patterns in both lakes
(e.g b13 in June; Fig. S1), while, in most cases, they differed
(e.g. b10, b12, b15, b17, b2). This suggests that ssDNAviruses
act differently toward their potential hosts in each lake where
biotic and abiotic influence differ.

In comparison to dsDNA viruses that also infect some
bacterial hosts (e.g. T4-like myoviruses; [57]), we found in
Microviridae a higher relative abundance when a band
boomed (up to 89.5%; Fig. S2, Fig. 3). This may be explained
by the fact that ssDNA viruses are smaller in size and genome
(up to 8.5 kb), and consequently with a short latent period,
thus resulting in high burst size [20,21]. However, we may not
rule out bias associated with MDA which may unevenly
amplify some single-stranded DNAs [22] and also the DGGE
where one band may contain multiple VP1 genotypes/se-
quences [59], so that the high relative abundance recorded for
some DGGE bands might be an artifact of amplification or the
contribution of several different ssDNA viruses. These biases
could also be true for analysis of community structure (Fig. 2),
the dynamics of individual constituents (Fig. 3) and CCA
analysis (Fig. 4). However, because we used temporal reso-
lution to investigate ssDNA virus community dynamics,
assuming the bias related to MDA is random, our results are
likely to reflect overall ssDNA virus community structure and
dynamics.

CCAs revealed that biotic environmental variables
explained between 40.7% and 53.5% of the variance of
Microviridae community structures. Potential bacterial hosts
(i.e. the heterotrophic bacteria Synechococcus spp.), viral
group VLP1 and nutrients (PO4 and NH4 in both lakes, NO3 in
Lake Annecy) were retained as significant variables (i.e.
P < 0.05) mediating the relationships between virus
assemblage, host abundance and environmental factors. In
general, the number and relative contribution of variables
shaping the ssDNA virus assemblage structure were not
dramatically different between the two lakes. Rather, these
variables acted differently on each viral group at different
times of the year in each lake. This may explain a large portion
of the temporal variability in viral community structure in each
lake. The fact that we found some relationships between the
abundances of VLP1 with the ssDNA virus assemblage is
surprising, since ssDNA viruses are too small to be counted in
FCM. This suggests that some ssDNA viruses were counted
with VLP1 (i.e. both ssDNA and dsDNA viruses were asso-
ciated with small-genome-size bacteriophages, e.g. <80 kb, in
this FCM signature). Another possibility that would explain
possible relationships between VLPs and ssDNA viruses is
that associations exist between these communities that remain
to be determined. This hypothesis makes sense in light of
results recently obtained by [40], who detected, for SUP05
bacteria (i.e. chemoautotrophic bacteria that drive sulfur
cycling and energy flow in oxygen minimal zones of the
ocean), co-infection by Microviridae-Caudovirales, suggest-
ing that some hosts could be “shared” by different viral types
(e.g. ssDNA viruses and dsDNA viruses). Finally, we should
bear in mind that this result could simply be an artifact due to
technical bias associated with DGGE and/or MDA.

The correlations found between the abundance of hetero-
trophic prokaryotes and ssDNA virus assemblage were ex-
pected, as bacteria are well-known potential hosts for these
viruses. Currently known Microviridae (either the lytic iso-
lates or the prophage genome obtained from lysogenized host
genomes) have been detected in the bacterial phyla of the
Proteobacteria, Tenericutes, Chlamydiae and Bacteroidetes
[5,12,19,22,40], and these groups are indeed important in
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these lakes [8,15]. It is noteworthy that a recent study con-
ducted in coastal seawaters revealed diverse ssDNA viruses
infecting SUP05 (a clade of sulfur oxider within gamma-
Proteobacteria), and suggested that the host range of gokush-
oviruses is much wider. Interestingly, we also found Syn-
echococcus abundance to be correlated with changes in
ssDNA virus assemblage, also suggesting OTUs of this com-
munity to be potential hosts. This is not impossible, since one
Microviridae prophage has already been detected for Syn-
echococcus spp. by [26]. However, the biological relationship
we found was relatively weak and likely to point to missing
variables. For instance, ssDNA viruses have been shown to
infect diatoms [29,50e52] and Archaea [32e34,41].

Among abiotic factors, water temperature, PO4 and NH4

seemed to be related to Microviridae assemblage composition
in both lakes, but they acted differently over the months.
Temperature is an important factor, probably acting as a pri-
mary factor driving host growth, temporal changes in host
availability and viral decay, thereby acting directly and indi-
rectly on viral community structure [6,59]. Phosphorus is a
limiting nutrient for both autotrophs and heterotrophs in
oligotrophic lakes such as Lake Annecy, and is seasonally
depleted even in Lake Bourget. Our results suggested that PO4

could explain part of the variation in the assemblage of
Microviridae in mid-summer to early autumn in Lake Annecy
and in the spring in Lake Bourget. This was likely to be related
to the rapid growth of heterotrophic bacteria following pro-
liferation of phytoplankton and nutrient depletion. CCA
analysis also suggested NH4 to be related to the ssDNA viral
structure. This result echoes the study of [42], who showed
that bacterial lysis can result in ammonium production through
the liberation of dissolved organic N re-mineralized by unin-
fected bacteria that, in turn, can fuel primary production. Note
that we also reported this possible effect for dsDNA viruses in
a previous study [59]. Lastly, the NO3 concentration was also
associated with the ssDNA virus structure, but only in Lake
Annecy. From the same samples, we did not detect such a
relationship for Microviridae in Lake Bourget or for previ-
ously examined dsDNA viruses (e.g phycodnaviruses, cya-
nophages, T4-like myoviruses) in the two lakes. The
mechanism is a puzzle, but such a result could suggest
bottoms-up control by this resource only in oligotrophic eco-
systems. Once again, it is noteworthy that both DGGE (see
details in [59]) and MDA (uneven amplification of initial
template either among distinct taxa from a sample or the same
taxon from different samples; see [22]) are biased methods.
We are aware that our interpretation concerning community
structure, the dynamics of individual constituents and CCA
analysis (that links environmental factors to community
structure) should thus be taken with caution.

In conclusion, we reveal a diverse and variable ssDNAvirus
community whose composition and temporal dynamic patterns
for individual components could be very different between
lakes. The fact that ssDNA viruses replicate/multiply quickly
may explain our observation of the significant variations in
community composition and the relative abundance of indi-
vidual constituents, the high proportion of bands with boom-
bust patterns and the dramatic and sharp increases in their
relative abundance when booming. Unique sequences were
also discovered. Futures studies should: (i) monitor specific
Microviridae and their hosts using qPCR, for instance, to
reveal their importance in mortality and community struc-
turing; (ii) examine how important lysogeny can be in ssDNA
viruses; (iii) study other groups of ssDNA viruses and their
potential hosts from which a limited number of isolates have
been obtained in aquatic environments.
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