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INTRODUCTION

Viruses are important and active components of
the biosphere and can be found anywhere on the
planet where cellular life exists. Through infection of
microbial populations, viruses are significant drivers
of ecological change in terms of host community
composition and biogeochemical cycling due to cell
lysis (Fuhrman 1999, Berdjeb et al. 2011), bacterial
respiration rate due to lysis-induced changes in
organic matter quality (Bonilla-Findji et al. 2008,
Ram et al. 2013), and host metabolic capabilities due
to horizontal gene transfer (Lindell et al. 2004, Kelly
et al. 2013). The advent of metagenomics, which

allows the sequencing of all the DNA present in an
environmental sample without relying on cultures,
has revolutionized the study of viral ecology and
enabled unprecedented views of the taxonomic and
functional diversity of the global virome.

While viral metagenomics has been used to inves-
tigate a wide variety of sample types including fer-
mented foods (Park et al. 2011), hotsprings (Schoen-
feld et al. 2008), and eukaryote-associated virus
assemblies (Dinsdale et al. 2008, Cantalupo et al.
2011), the majority of studies have focused on marine
samples (Breitbart et al. 2002, 2004, Angly et al.
2006). The current catalogue of viromes include rela-
tively few freshwaters, and these tend to focus on
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exotic or extreme environments such
as Antarctic lakes (López-Bueno et
al. 2009), hypersaline lakes (Sime-
Ngando et al. 2011), or ephemeral
desert ponds (Fancello et al. 2013).
Inland freshwaters provide a wide
variety of ecosystem services, includ-
ing (but not limited to) drinking water,
irrigation, aquaculture, fish and shell-
fish production, recreation, wildlife
habitat, and aesthetic value (Postel &
Carpenter 2012). In spite of their im -
portance, the viral communities of only
2 temperate freshwater lakes from a
single study have been described using
high-throughput DNA sequencing
(Roux et al. 2012).

The goals of the present  study were
to investigate the viral community
composition, taxonomic and functional
diversity of Lake Matoaka, a temper-
ate, eutrophic lake in southeastern Virginia, USA. In
particular, 3 sampling sites were chosen to represent
a gradient of inputs and anthropogenic impacts: a
sub-watershed stream mouth draining unmanaged
secondary growth forest, a sub-watershed stream
mouth draining developed university campus, and
the main body of the lake. Comparisons across these
sites will provide insights as to how viral community
composition may be influenced by human activities.
Furthermore, comparing our results to other viral
meta genomes will improve our understanding of
how viral community structure varies by habitat type.

MATERIALS AND METHODS

Sampling sites

Lake Matoaka is a freshwater impoundment in
Williamsburg, Virginia, USA, covering roughly 16 ha
with an average depth of 2.5 m (max. depth 4.75 m)
and water residence time of 75 d (Pensa & Chambers
2004). The lake was established by English colonists
in 1718 through damming of the original creek sys-
tem to form a mill-pond, making it the oldest man-
made lake in Virginia and one of the oldest in the
New World. Lake Matoaka is currently fed by 5
perennial streams and surface water runoff from its
600 ha watershed. College Creek to the north and
Crim Dell Creek to the east are 2 major tributaries to
the lake and are more heavily impacted by the
nearby college campus and city of Williamsburg.

Pogonia Creek and Strawberry Creek are 2 smaller
streams that feed into the lake from the west (Fig. 1)
and drain the minimally impacted ~150 ha College
Woods preserve. The specific sample collection sites
were the Crim Dell Mouth (CDM; 37.267° N,
76.721° W), the Pogonia Mouth (PM; 37.268° N,
76.727° W), and Matoaka open water (MO; 37.264° N,
76.722° W). The Crim Dell Creek sub-watershed has
substantial development present (the College of
William & Mary campus) while the Pogonia sub-
watershed is dominated by secondary-growth forest.
Crim Dell Creek and Pogonia Creek contribute water
to Lake Ma to aka at a base flow rate of 0.012 and
0.006 m3 s−1, respectively (http:// media.wm.edu/
content / as/kecklab / Weather/KeckWeather.htm).

Viral metagenome construction

Surface samples were collected from each site on
11 March 2013 in acid-washed polycarbonate bot-
tles. A YSI-63 hand-held multimeter was used to
measure temperature and conductivity and a YSI-55
hand-held probe was used to measure dissolved
oxygen in the field. Samples were placed on ice and
processed immediately upon return to the lab ac -
cording to Thurber et al. (2009). Briefly, bacteria
were removed by filtering 2 l samples through
0.22 µm and the filtrate was precipitated using poly-
ethylene glycol (PEG-8000) (10% w/v) and NaCl
(1 M) and incubated at 4°C overnight. Viral particles
from the PEG pellet were purified using CsCl den-
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Fig. 1. Sampling sites at Lake Matoaka, Virginia, USA, and its watershed. MO,
Matoaka open water; CDM, Crim Dell Mouth draining the William & Mary
College campus (more impacted); PM, Pogonia Mouth draining the College 

Woods preserve (less impacted)
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sity gradient ultracentrifugation (1.7, 1.5, and 1.35 g
ml−1 layers in SM buffer; virus particles collected
from the 1.5−1.35 g ml−1 boundary) and DNAse
treatment. Nucleic acids were extracted using the
formamide procedure as previously de scribed
(Thurber et al. 2009). Viral nucleic acids were
amplified using the Illustra Genomiphi V2 DNA
amplification kit (GE Healthcare Life Sciences).
Reactions were pooled and purified using the QIA-
gen DNeasy blood and tissue kit (QIAgen) before
sequencing on a Roche Applied Sciences GS-FLX+
platform (454 Life Sciences).

Environmental metadata

Viral and bacterial abundance was determined
using SYBR Gold-epifluorescence microscopy from
triplicate subsamples (Noble & Fuhrman 1998, Hard-
bower et al. 2012). Virus-to-bacterium ratios were
calculated based on averages of both viral and bacte-
rial abundances for each sample. Bacterial produc-
tion rate was determined based on 3H-Leu incorpora-
tion rate from triplicate subsamples (Kirchman et al.
1985, Chin-Leo & Kirchman 1988). Nutrient levels
(NO2 + NO3, NH4 and total phosphorus) were deter-
mined using colorimetric assays with water filtered
through Whatman glass fiber filters (GF/F) (Parsons
et al. 1984). Chlorophyll a (chl a) was determined
spectrophotometrically (Lorenzen 1967). Dissolved
organic carbon was analyzed using GF/C (0.2 µm
average pore size)-filtered water on a Shimadzu
TOC-500. These data are summarized in Table S1 in
the Supplement at www.int-res.com/articles/suppl/
a075p117_supp.pdf.

Taxonomic and functional annotations

All libraries were dereplicated prior to analysis.
The viral metagenome libraries were annotated using
MG-RAST v. 3.3.6 (Meyer et al. 2008) and Metavir v.
2.0 (Roux et al. 2014) using an E-value cutoff of 10−5,
with MG-RAST accession numbers 4523574.3 (CDM),
4523575.3 (PM) and 4523576.3 (MO). MG-RAST gen-
erates taxonomic assignments based on BLASTx
searches against the M5NR database (which includes
SEED, KEGG, NCBI nr, Phantome, GO, EBI, JGI,
UniProt, VBI, and eggNOG), and functional assign-
ments based on BLASTx searches against the SEED-
Subsystem database. Metavir  generates taxonomic
assignments of virus-related sequences based on
BLASTx searches against  RefSeq Virus database.

Contig assembly

Viral metagenomes were assembled using the GS
De Novo Assembler v. 2.8 (Roche Diagnostics). Open
reading frames (ORFs) were annotated in Metavir,
which predicts ORFs for each contig through Meta-
GeneAnnotator and compares them to the RefSeq
Virus protein database by BLASTp (E-value cutoff of
10−3) and by HMMScan (Bit score cutoff of 30) to the
PFAM database (Roux et al. 2014).

Viral community structure and diversity

Circonspect and GAAS (Genome relative Abun-
dance and Average Size) (Angly et al. 2006, 2009)
were installed on the SciClone computing cluster at
the College of William & Mary (www. hpc. wm. edu/
SciClone/Home) and run in the Unix environment.
Results were exported to PHACCS (Angly et al. 2005)
and MaxiPhi (Angly et al. 2006), which were run
using MATLAB (R2014.a). Contig spectra were gen-
erated by Circonspect, which was run using 10 000
randomly selected 100 bp reads and generating
assemblies with Minimo using the default parame-
ters of 35 bp overlap with 98% similarity. Community
structure and α-diversity were modelled in PHACCS
using the contig spectra from Circonspect and aver-
age genome size from GAAS. Power law, exponen-
tial, logarithmic, and log-normal rank-abundance
models were tested, and the best model was selected
based on lowest error values. β-diversity was esti-
mated with MaxiPhi by using cross-contig spectra
from Circonspect, assuming 1000 permutations and a
power-law community model. γ-diversity was esti-
mated with PHACCS based on the mixed contig
spectrum of the combined viral metagenomes (Angly
et al. 2006).

RESULTS

Taxonomic distribution

A total of 48.4 Mbp were generated from the 3 sites
(CDM, 11.6 Mbp; PM, 18.4 Mbp; MO 18.4 Mbp), cor-
responding to 123 481 individual reads (post-QC)
with an average read length of 391 bp. Roughly 10%
(10.6 to 10.9%) of reads failed quality checks based
on Duplicate Read Inferred Sequencing Error Esti-
mation (DRISEE; Keegan et al. 2012), k-mer profiles,
and nucleotide bias within reads, and were removed
from subsequent analysis (Fig. 2a). Annotation of
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reads using MG-RAST indicated that 23.9 to 25.7%
of reads had homology to known sequences, while
over 60% had no known homologs in public data-
bases (Fig. 2a). Of the reads with known homology,
19.5 to 19.9% were classified as viruses (Fig. 2b).
Reads were also assessed using Metavir for in-depth
analysis of library taxonomic composition using the
GAAS tool (Angly et al. 2009). GAAS normalizes the
number of hits according to genome size, generating
a more accurate estimate of species abundances within
a metagenome. According to the Metavir annotation,

the majority of reads annotated as of viral origin
belonged to dsDNA viruses and, among these, >79%
matched with Caudovirales. Sequences belonging to
Podoviridae were the most abundant in all meta -
genomes, followed by Siphoviridae, then Myoviridae
(Table 1). All other identifiable viral families repre-
sented <1% of the total virome. The most repre-
sented viral genotype according to Metavir was
Puniceispirillum phage, which ranged from 8.23 to
8.66% in each sample (Table 2). Only one eukaryotic
virus, which infects the algae Dunaliella viridis, was
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Fig. 2. (a) Classification of reads (Failed QC: did not meet minimum length/quality parameters; Known: predicted protein of
known function; Unknown: predicted protein of unknown function; Unclassified: sequence contained no predicted open read-
ing frame) and (b) domain of known reads according to best BLAST hit using MG-RAST (E-value cutoff of 10−5) from 3 sites

at Lake Matoaka and its watershed. Sites: CDM, Crim Dell Mouth; PM, Pogonia Mouth; MO, Matoaka open water

Group                                               Order                                  Family                             CDM (%)          PM (%)          MO (%)

dsDNA viruses,                                   –                                Adenoviridae                           0.14                  0.34                0.03
no RNA stage                                     –                               Ampullaviridae                          0.00                  0.02                0.00

                                                             –                                  Ascoviridae                             0.30                  0.36                0.33
                                                             –                                Baculoviridae                           0.02                  0.01                0.00
Caudovirales                             Myoviridae                               9.36                                  10.11                 8.78

                                                                                                 Podoviridae                            37.57                37.12              38.46
                                                                                                Siphoviridae                           28.51                28.19              28.73
                                                                                     Unclassified Caudovirales                 4.55                  4.36                4.83
Herpesvirales                          Herpesviridae                             0.03                                   0.01                  0.02

                                                                                            Alloherpesviridae                        0.01                  0.00                0.00
                                                             –                                  Iridoviridae                             0.06                  0.02                0.04
                                                             –                              Lipothrixviridae                         0.00                  0.00                0.02
                                                             –                                 Mimiviridae                             0.06                  0.09                0.06
                                                             –                             Phycodnaviridae                         0.76                  0.72                0.62
                                                             –                                   Poxviridae                              0.00                  0.01                0.00
                                                             –                                  Rudiviridae                             0.02                  0.02                0.02
                                                             –                    Unclassified dsDNA phages              13.62                13.90              12.69
                                                             –                    Unclassified dsDNA viruses                1.10                  1.37                1.44
ssDNA viruses                                     –                                   Inoviridae                              0.11                  0.06                0.22
                                                             –                                 Microviridae                            0.00                  0.08                0.00
                                                             –                    Unclassified ssDNA viruses                0.07                  0.05                0.04
Unclassified phages                            –                                           –                                      3.68                  3.14                3.66
Unclassified virophages                      –                                           –                                      0.04                  0.03                0.00

Table 1. Classification of reads hitting viral sequences: comparison of the taxonomic composition of water samples from Lake
Matoaka, Virginia, USA, and its watershed. Analysis computed in Metavir via the GAAS (Genome relative Abundance and
Average Size) tool (Angly et al. 2009) from a BLAST comparison with NCBI RefSeq complete viral genomes proteins using 

BLASTx (E-value < 10−5). Sites: CDM, Crim Dell Mouth; PM, Pogonia Mouth; MO, Matoaka open water
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detected at >1% abundance, and this virus was only
found in the MO metagenome. Two additional virus
genotypes were identified as unique to MO, Sulfito-
bacter phage pCB2047-A and cyanophage KBS-P-1A
(Table 2).

Annotation of reads using MG-RAST indicated that
68.7 to 71.4% of known reads were classified as Bac-

teria (Fig. 2b). The most representative bacterial
 phylum in all samples was Proteobacteria followed
by Firmicutes and Bacteroidetes, which comprised
roughly 40%, 10%, and 7% of each library, respec-
tively (Table S2 in the Supplement).

Functional annotation

Metabolic subsystems were annotated using MG-
RAST, based on the best BLASTx hit against the
SEED-subystems database. About 6% (6.2 to 6.7%)
of reads could be classified by function in this way.
The most represented subsystem in each sample was
related to phages, prophages, and transposable ele-
ments, accounting for 40.5 to 43.7% of each meta -
genome. Other highly represented (>5%) functional
categories included nucleoside and nucleotide meta -
bolism; clustering-based subsystems; cofactors, vita-
mins, prosthetic groups, and pigments; and DNA
metabolism (Fig. 3). Pairwise comparisons of the
metabolic profiles of each library using t-tests showed
that subsystems related to respiration were signifi-
cantly more highly represented (p < 0.01) in PM as
compared to MO. The representation of carbohy-
drate metabolism was significantly higher (p < 0.05)
in PM as compared to CDM (Fig. 3).

Contig assembly and analysis

A total of 1986 contigs were assembled (454
CDM, 801 PM, and 731 MO), representing 25.6 to
29.3% of reads. The average contig size across all
libraries was 1.28 kbp, with the largest contigs
being 29.8 to 34.8 kbp long (Table S3 in the Sup-
plement). Contigs were annotated using Metavir,
which compares se quences to the RefSeq Virus
database using BLASTp (E-value threshold of
10−3). Contigs were adenine-thymidine (AT)-rich
(54.7 to 58.5%) with a high proportion of predicted
open reading frames with no match in any data-
base (ORFans), roughly 85% of ORFs across all
contigs (Table S4 in the Supplement). The ORFs
with known function coded for recognizable phage
structural, genome packaging, and nucleotide meta -
bolism genes. Contigs were also mapped against
the most abundant reference genome using the
contig analysis tools available through Metavir.
The reference genome with the highest coverage
in each of the 3 libraries was Puniceispirillum
phage HMO-2011, with genome coverage of 51.5
to 55.9% (Table S5 in the Supplement).
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Table 2. The most represented viral genotypes for 3 sites at
Lake Matoaka and its watershed. Viral genotypes computed
via the GAAS (Genome relative Abundance and Average
Size) tool (Angly et al. 2009) using BLASTx (E-value < 10−5).
Only viral genotypes comprising ≥1% of the total meta -
genome are shown. Hosts for all predicted viral species were
bacteria, except for Dunaliella viridis virus SI2, which infects
eukaryotic algae. Sites: CDM, Crim Dell Mouth; PM, Pogonia 

Mouth; MO, Matoaka open water

Metagenome                                                        % total 
Viral species                                                  metagenome

CDM
Puniceispirillum phage HMO-2011                    8.66
Persicivirga phage P12024L                                4.05
Pelagibacter phage HTVC010P                          2.09
Celeribacter phage P12053L                               1.94
Persicivirga phage P12024S                                1.71
Marinomonas phage P12026                               1.58
Flavobacterium phage 11b                                  1.57
Pseudoalteromonas phage RIO-1                       1.54
Roseobacter phage SIO1                                     1.46
Cellulophaga phage phi38:1                               1.37
Pelagibacter phage HTVC019P                          1.31
Cellulophaga phage phi46:1                               1.13

PM
Puniceispirillum phage HMO-2011                    8.24
Persicivirga phage P12024L                                5.18
Cellulophaga phage phi38:1                               1.84
Flavobacterium phage 11b                                  1.66
Persicivirga phage P12024S                                1.66
Celeribacter phage P12053L                               1.66
Pelagibacter phage HTVC010P                          1.62
Roseobacter phage SIO1                                     1.30
Pelagibacter phage HTVC019P                          1.21
Marinomonas phage P12026                               1.21
Ralstonia phage RSK1                                         1.18
Pseudoalteromonas phage RIO-1                       1.12

MO
Puniceispirillum phage HMO-2011                    8.23
Persicivirga phage P12024L                                3.10
Pelagibacter phage HTVC010P                          2.11
Celeribacter phage P12053L                               1.82
Sulfitobacter phage pCB2047-A                         1.62
Pelagibacter phage HTVC019P                          1.55
Ralstonia phage RSK1                                         1.51
Roseobacter phage SIO1                                     1.45
Pseudoalteromonas phage RIO-1                       1.30
Persicivirga phage P12024S                                1.27
Marinomonas phage P12026                               1.19
Cellulophaga phage phi38:1                               1.13
Cyanophage KBS-P-1A                                       1.13
Dunaliella viridis virus SI2                                  1.05
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Community structure and diversity

Based on PHACCS results, the community struc-
tures of the Lake Matoaka viral metagenomes —
defined by richness (R), evenness (E), and Shannon-
Wiener diversity index (H’) — were graphically
represented as rank-abundance curves and best
modeled by the power law (Fig. S1 in the Supple-
ment). MO had the highest richness and overall
diversity (R = 7662, H’ = 8.66) followed by PM (R =

6622, H’ = 8.46), and then CDM (R = 4956, H’ = 8.17)
(Table 3). The γ-diversity represented by all 3 lake
viral communities was estimated at 7360 genotypes
with H’ of 8.58 (Table 3). To measure species similar-
ity between the viral communities, the β-diversity
was estimated using cross-contig spectra (Angly et
al. 2005). This approach compares the sequences in
common and the changes in the rank-abundance of
genotypes (percent shared and percent permuted,
respectively) between viromes without relying on
database matches. According to the MaxiPhi results,
the 3 sites were highly similar in terms of shared viral
genotypes but with large differences in rank-abun-
dances of genotypes across sites (Fig. 4). At 92% sim-
ilarity, MO and CDM had the lowest overlap of geno-
types between any pair of sites, but the low degree of
permutation suggests that shared genotypes were
found at similar rank-abundances. By contrast, MO
and PM were highly similar with 99.7% of viral geno-
types shared across the 2 sites, but the larger degree
of permutation (3.87%) suggests that the same geno-
types exist at different rank abundances within the 2
samples. This trend is especially pronounced in com-
paring the 2 stream mouths: while both sites appear
to share similar viral genotypes, the high degree of
permutation (9.18%) indicates that genotypes that
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                                         CDM        PM        MO     Mixed

Avg. genome size (bp)   59 538     63 132    62 914   61 861
Error                                 25.49       83.02     10.27     13.54
Richness                           4956        6717      7662      7360
Evenness                          0.961       0.886     0.968     0.964
Most abundant                0.915       0.716     0.594     0.711
genotype (%)

H’                                       8.17         8.46       8.66       8.58

Table 3. Comparison of viral community structure and diver-
sity at Lake Matoaka, and its watershed according to PHACCS
analysis. Parameters: average shotgun sequence length
850 bp, overlap 20 bp, max. 100 000 genotypes; model, Power
Law. H’, Shannon-Wiener diversity index. Sites: CDM, Crim
Dell Mouth; PM, Pogonia Mouth; MO, Matoaka open water; 

Mixed, aggregate of all 3 sites

Fig. 3. Relative abundance of reads from samples taken at Lake Matoaka and its watershed assigned to functional subsystems
using MG-RAST. Classification based on best BLAST hit (E-value cutoff of 10−5) using M5NR database. Asterisks indicate
metabolic functions with significantly different (p < 0.05) representation across the lake metagenomes based on pairwise 

comparisons (t-tests). Sites: CDM, Crim Dell Mouth; PM, Pogonia Mouth; MO, Matoaka open water
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may be highly abundant in one stream are relatively
rare in the other (Fig. 4).

Comparison with other freshwater viral
metagenomes

The 3 Lake Matoaka viral metagenomes were com-
pared to the viromes of other freshwater studies,
including 2 French lakes (Roux et al. 2012), 4 Saha-
ran gueltas (Fancello et al. 2013), 3 aquaculture ponds
(Rodriguez-Brito et al. 2010), and 4 waste water treat-
ment plant samples (Tamaki et al. 2012). Three mar-
ine viral metagenomes (Angly et al. 2006) and a
Chesapeake Bay virome (Bench et al. 2007) were also
included in the comparison. Sequences were classi-

fied according to best BLASTx hit against the M5NR
database and multiple comparisons were visualized
using principal coordinate analysis (PCoA) on the
MG-RAST server. Metagenomes clustered broadly
ac cording to habitat, with marine samples clustering
in the bottom right quadrant and the large lakes and
waste water treatment plant samples gathering in top
left quadrant (Fig. S2 in the Supplement). The viro -
mes from the present study clustered closely together
and were grouped in the top-right quadrant with the
aquaculture and Chesapeake Bay samples. PM was
separated slightly from MO and CDM, in the direc-
tion of the large lake and waste water treatment
plant samples.

To obtain a broader comparison independent of re -
ference databases, our freshwater viral meta genomes
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Fig. 4. Pairwise comparisons and estimation of beta diversity (as determined by MaxiPhi) of the metagenomes sampled at Lake
Matoaka and its watershed. For each plot, y-axis values show the fraction of modeled genotypes shared between any pair of
viromes; x-axis values show the fraction of topmost model abundances permuted; colors indicate likelihood scale; stars indi-
cate maximum likelihood. Numerical values within each plot show estimated percentage of viral genotypes shared (first value)
and estimated percent permuted (second value). Sites: MO, Matoaka open water; CDM, Crim Dell Mouth; PM, Pogonia Mouth
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were compared to each other, as well as 33 other viral
metagenomes encompassing multiple sample types
(Dinsdale et al. 2008, Rodriguez-Brito et al. 2010)
using tBLASTx. The resulting hierarchical clustering
tree, drawn in R using the pvclust package (distance
method = correlation, cluster method = average,
bootstrap number = 10 000), indicated a grouping of
viral communities according to 4 main sampling en -
vironments: eukaryote-associated, hypersaline waters,
marine and low-salinity waters, and fresh waters
(Fig. 5). Within the freshwater cluster, 4 sub-groups
were observed, consisting of: (1) samples from Saha-
ran gueltas, (2) samples from Lake Matoaka, (3) sam-
ples from larger French lakes (Pavin and Bourget),
and (4) samples from aquaculture ponds.

DISCUSSION

The development of tools to sequence and analyze
metagenomes has revolutionized the study of viral
ecology. Since the advent of metagenomics, viruses
have been studied in widely varying systems from
the open ocean to fermented foods (Angly et al. 2009,
Park et al. 2011). However, the viral communities of
relatively common inland freshwaters such as small,
temperate lakes are underrepresented in the litera-
ture. Currently, viral metagenomes have been ana-

lyzed for 2 freshwater lakes: Lake Bourget (meso -
trophic, 4450 ha) and Lake Pavin (oligotrophic, 44 ha),
both located in France (Roux et al. 2012). No studies
have yet explored viral composition of eutrophic
lakes, which encompass approximately half of all
inland freshwater lakes in the US (US EPA 2009). In
the present study, 3 viral metagenomes from Lake
Matoaka, representing the mouths of 2 feeding
streams and the main body of the lake, were com-
pared to provide a fine-grained view of the viral com-
munities present in a eutrophic freshwater system.
To our knowledge, it is the first metagenomic study of
a small (16 ha), temperate, eutrophic lake.

Methodological considerations and limitations

As with most viral metagenome studies, a 0.22 µm
filtration step was included during sample process-
ing to remove cells. Large viruses were likely re -
moved during this process, resulting in the low
 representation of Mimiviridae (≤0.01%) and Phycod-
naviridae (≤0.76%) in the present study, despite
these families being common in other aquatic envi-
ronments (Ghe din & Claverie 2005). Another concern
is the use of GenomiPhi to amplify the viral DNA to
ensure enough starting product for sequencing.
GenomiPhi uses a phi29-derived DNA polymerase,
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Fig. 5. Hierarchical cluster tree based on tBLASTx comparisons across viral metagenomes from this study and other studies
representing a wide variety of water body types, geographical locations, and environments. Numerical values to the right of
each branch point indicate approximately unbiased p-values; values to the left indicate bootstrap probability. Samples shown
are from this study (temperate lake, Virginia, USA), Saharan Gueltas (El Berbera, Ilij, Molomhar; Fancello et al. 2013), temper-
ate lakes in France (Lake Bourget, Lake Pavin; Roux et al. 2012), tilapia aquaculture (California, USA; Rodriguez-Brito et al.
2010), marine water column (Bay of British Columbia, Gulf of Mexico, Arctic Sea, Sargasso Sea; Angly et al. 2006), solar
salterns (California, USA; Rodriguez-Brito et al. 2010), corals (Dinsdale et al. 2008), microbialites (Mexico; Desnues et al. 

2008), tilapia-associated (Rodriguez-Brito et al. 2010) and mosquito-associated (Ng et al. 2011)
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which has been shown to preferentially amplify small
ssDNA (Angly et al. 2006, López-Bueno et al. 2009,
Roux et al. 2012). Despite this, our libraries exhibited
a high representation of dsDNA viruses (>96%,
Table 1), which suggests that any quantification bias
caused only minor variations in the results. Roughly
70% of known reads were classified as bacteria,
which is consistent with previous viral metagenomes
(Angly et al. 2006, Rodriguez-Brito et al. 2010, Roux
et al. 2012, Fancello et al. 2013). Inspection of viral
concentrates using epifluorescence microscopy re -
vealed no evidence of bacterial contamination. The
high number of bacterial hits is likely due to a num-
ber of factors, including database bias towards bacte-
rial se quences and horizontal gene transfer between
viruses and microbial hosts, allowing viruses to gain
bacterial host genes and vice-versa (Seguritan et al.
2003, Sullivan et al. 2005).

Comparison of Lake Matoaka viral metagenomes

Water samples from the mouths of 2 tributaries and
the open water of Lake Matoaka were selected for
this study. Of the sequences returned, over 60% had
no known homologs in public databases (Fig. 2a),
supporting the idea that much of the global viral
diversity remains unknown. Generally, the tax-
onomies of the 3 Lake Matoaka metagenomes were
similar, being dominated by dsDNA tailed bacterio-
phages (Tables 1 & 2). Upon deeper inspection of
phage genotypes, viruses known to infect common
freshwater bacteria, particularly Flavobacteria and
Proteobacteria (Zwart et al. 2002), were the most rep-
resented in all 3 samples (Table 2). The fact that
cyanophages and viruses infecting eukaryotic algae
were found at abundances >1% only in MO repre-
sented a noticeable difference between the 3 libraries
(Table 2). However, it is reasonable that the hosts for
these viruses would be found at greater abundances
in the open water, where they are able to re ceive
direct sunlight for photosynthesis as opposed to the
more shaded stream mouths. Indeed, this interpreta-
tion is supported by the higher chl a concentration at
MO as compared to the other sites (Table S1).

Analysis of the β-diversity of these samples also
revealed that each sample contained similar viral
genotypes but with large differences in the represen-
tation of each genotype across sampling sites. This is
consistent with the results of a previous study
(Rodriguez-Brito et al. 2010) that suggest that sam-
ples from the same ecosystem (in this case, a fresh-
water lake) tend to display a characteristic taxonomy.

The lower degree of overlap between CDM and MO
(92%, Fig. 4) is consistent with the greater disparity
in genotype richness between the 2 sites. There may
have been viral genotypes present in the richer MO
community that simply were not found in the less-
diverse CDM community (Table 3). However, the rel-
atively large volume of water flow from CDM may
explain the similar rank-abundances across these 2
sites since CDM is a larger feeder of MO and con-
tributes more to the overall microbial community
composition of the lake. By contrast, while PM ex -
hibits different rank-abundance of viral genotypes
from MO, the relatively small proportion of water
flow that PM provides into the lake means that PM
contributes much less to the microbial community
composition of the lake as a whole (Site MO). The
comparison between the PM and CDM communities
is most interesting. The high degree of overlap sug-
gests that the same fundamental set of viral geno-
types are found in both sub-watersheds. However,
the large degree of permutation (9.18%, Fig. 4) sug-
gests that differences in land use patterns have sig-
nificant impacts on the representation of particular
genotypes within the community.

In terms of metabolic capabilities, it is interesting
that the PM library showed significantly higher rep-
resentation of genes associated with respiration and
carbohydrate metabolism as compared to MO and
CDM, respectively (Fig. 3). While the PM sample had
the lowest bacterial and viral abundances of the 3
sites, the bacterial production rate was almost twice
as high as that measured in the MO sample, and 10-
fold higher than that measured in the CDM sample
(Table S1). These differences in bacterial production
rate likely stem from the quantity and quality of car-
bon compounds available within each site. Viruses
may acquire different metabolic genes which pro-
vide selective advantage during infection under par-
ticular growth requirements imposed upon the host
community (Lindell et al. 2004, Kelly et al. 2013).
Thus, it is possible that viruses at PM have acquired
a higher proportion of genes associated with respira-
tion and carbohydrate metabolism based on selective
pressures placed upon the host community at this site.

According to PHACCS analysis, MO displayed the
highest richness and overall diversity while CDM
had the least (Table 3). One explanation for the
observed differences in viral diversity is that each of
the stream mouth sites receive inputs from their
respective streams while MO receives many inputs
from creeks and surface runoff from the College
Woods basin. In this regard, the main body of the lake
represents a sort of mixing chamber that includes
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viruses that have entered the lake from various
sources, as well as viruses that have been produced
in situ. This interpretation is supported by the fact
that the viral genotypes from MO exhibited a large
degree of overlap with both stream mouths (Fig. 4).
At the same time, the larger representation of cyano -
phages and algal viruses at MO (Table 2) reflects the
likely production of these viruses at that particular
site. The Crim Dell Mouth, which exhibited the low-
est viral richness, is also subject to the greatest human
impact. It receives regular nutrient inputs via runoff
from the campus grounds, as well as additional
inputs from road and parking lot runoff, and refuse
from the campus community. In contrast, the Pogonia
stream is surrounded by ~480 ha of undeveloped
oak-hickory forest, and is subject to much lower
human impact. This finding agrees with other studies
indicating that ecosystems that are highly im pacted
by human activity tend to display lower biodiversity
compared to less impacted areas (Rodrigues et al.
2013, Goldenberg Vilar et al. 2014). Recent studies
have indicated that this trend extends to microbes
including bacteria and fungi (Kebli et al. 2012,
Rodrigues et al. 2013), and one previous report sug-
gested that viral richness is likewise impacted (Fan-
cello et al. 2013). The results of the present study
support the hypothesis that an inverse relationship
between degree of human impact and species rich-
ness also applies to viruses.

Comparison with other aquatic communities

Estimated richness is highly variable across differ-
ent viral metagenomes. With an average richness of
~6000 viral genotypes, Lake Matoaka falls in the
middle of the spectrum among currently character-
ized freshwater systems. The expansive, mesotrophic
Lake Bourget shows an order of magnitude greater
richness (~40 000 genotypes) while the average rich-
ness of desert gueltas (perennial freshwater ponds)
was about an order of magnitude lower (~400 geno-
types) (Roux et al. 2012, Fancello et al. 2013). The
proportion of unknown sequences in Lake Matoaka
is typical of other viromes, with fewer than 30%
sequences returning database matches. The samples
from Lake Matoaka were generally AT-rich with a
high proportion of ORFans (Table S4). These features
appear to be characteristic of viral metagenomes and
increase our confidence that the sequences are viral
in origin, despite the high percentage of unknowns.

The Lake Matoaka viromes were all dominated by
tailed, dsDNA bacteriophages from the order Cau-

dovirales. While the desert gueltas were also domi-
nated by Caudovirales, albeit to a lesser extent (Fan-
cello et al. 2013), this trend is not common to all
freshwater viromes. In the 2 large freshwater lakes in
France, the ssDNA microvirus and circovirus groups
were the main constituents, encompassing 73 to 92%
of the libraries (Roux et al. 2012). It is possible that
the representation of circoviruses within a library
depends partially upon the version of the GenomiPhi
kit used for a particular library preparation. How-
ever, these specific details are not available for the
Lake Bourget and Lake Pavin libraries for compari-
son. No doubt multiple technical differences in
virome preparations can bias the eventual represen-
tation of ssDNA viruses. Additionally, a study that
analyzed the seasonal differences in viral communi-
ties in an Antarctic lake found that ssDNA viruses
were more dominant in the spring whereas dsDNA
viruses were more abundant in the summer (López-
Bueno et al. 2009). Since most freshwater viral meta -
genome projects, including the present study, have
relied upon single time-point samples, it remains an
open question whether or not other lakes exhibit
such temporal shifts in viral community composition.

Comparison of aquatic viral metagenomes based
on PCoA (Fig. S2) indicated a general grouping
according to sample type. However, this analysis is
limited to sequences with matches in reference data-
bases. Based on hierarchical clustering in which
complete viromes were compared to each other via
BLASTx, viral communities appear to group accord-
ing to environment type, with viral meta genomes from
freshwater samples forming a distinct cluster (Fig. 5).
This re flects significant genetic similarity between
these viral assemblages, in spite of large geographic
distances between sample locations (eastern North
America, western North America, Europe, and Africa).
These results also reinforce similar findings from an
independent research group (Roux et al. 2012).

CONCLUSIONS

We found that the viral communities of a temper-
ate, eutrophic freshwater lake were of intermediate
richness (~5000 to 7500 genotypes) when compared
to other freshwater viromes. The sub-watersheds of
the lake and open lake sites shared over 90% of the
same viral genotypes, but differed greatly in the rank
abundance of genotypes by site. This suggests that
the lake watershed shares a common core of virus
genotypes but that land use practices can impact the
rank-abundance of genotypes within a given site.
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Our results supported the hypothesis that anthro-
pogenic impacts can reduce species richness and that
this trend extends to viral communities. Finally, hier-
archical clustering of multiple viromes supported the
idea that freshwater viral communities are geneti-
cally distinct from other virus assemblages.
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