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Summary

Reclaimed water use is an important component of
sustainable water resource management. However,
there are concerns regarding pathogen transport
through this alternative water supply. This study char-
acterized the viral community found in reclaimed
water and compared it with viruses in potable water.
Reclaimed water contained 1000-fold more virus-
like particles than potable water, having approxi-
mately 108 VLPs per millilitre. Metagenomic analyses
revealed that most of the viruses in both reclaimed
and potable water were novel. Bacteriophages domi-
nated the DNA viral community in both reclaimed and
potable water, but reclaimed water had a distinct
phage community based on phage family distribu-
tions and host representation within each family.
Eukaryotic viruses similar to plant pathogens and
invertebrate picornaviruses dominated RNA metage-
nomic libraries. Established human pathogens were
not detected in reclaimed water viral metagenomes,
which contained a wealth of novel single-stranded
DNA and RNA viruses related to plant, animal and
insect viruses. Therefore, reclaimed water may play
a role in the dissemination of highly stable viruses.
Information regarding viruses present in reclaimed
water but not in potable water can be used to identify
new bioindicators of water quality. Future studies will
need to investigate the infectivity and host range of
these viruses to evaluate the impacts of reclaimed
water use on human and ecosystem health.

Introduction

Increasing urbanization on a global scale places enor-
mous pressure on finite freshwater supplies. The use
of alternative water supplies is therefore an important
component of sustainable water resource management
practices across the world (Levine and Asano, 2004).

Reclaimed water (i.e. the reusable end-product of waste-
water treatment) is an important alternative water supply
since it reduces the discharge of wastewater effluent into
surface waters and contributes to water conservation by
supplying water for activities that do not require drinking
water quality standards. For more than 20 years Florida
has been on the forefront of water reuse efforts in the USA
(Young and York, 1996). Local freshwater supplies are
insufficient for supporting rapid population growth in
Florida, which has lead regulatory agencies to increase
emphasis on beneficial water reuse, such as water recla-
mation (Overman and Pirozzoli, 1996). Reclaimed water
is currently used in Florida for non-potable public water
supply, agricultural irrigation, environmental enhance-
ment, industrial uses and groundwater recharge (Florida
Department of Environmental Protection, 2007).

Reclaimed water has successfully been used as an
alternative water resource for decades (Young and York,
1996; Levine and Asano, 2004). Nevertheless, as water
reuse applications increase and reclaimed water distribu-
tion expands, there are some concerns that need to be
addressed to ensure protection of public health and the
health of the environment. One of the biggest issues
regarding reclaimed water use is pathogen transport.
Since the microbiological content of this water supply is
still largely unknown, it is difficult to assess which patho-
gens can potentially be spread through this alternative
water supply. Viruses are a group of particular concern
because they include highly stable pathogens that can be
resistant to standard wastewater treatment processes.
Although reclaimed water meets water quality standards,
for practical reasons, current quality control methods do
not test the presence of pathogens directly (Salgot et al.,
2001). The spread of viral pathogens through reclaimed
water is a real possibility as several studies have
detected enteric viruses in treated wastewater, including
reoviruses, astroviruses, saproviruses, rotaviruses,
noroviruses, adenoviruses, hepatitis A viruses and
enteroviruses (Morace et al., 2002; Sedmak et al., 2005;
Bofill-Mas et al., 2006; Haramoto et al., 2006; 2008; Arraj
et al., 2008; Katayama et al., 2008; Meleg et al., 2008).
In spite of these findings, most of the microbiological
research in treated wastewater has been directed towards
bioindicator organisms, such as faecal coliforms, to indi-
rectly reflect the presence of enteric bacteria and viruses.
It has been shown that bacterial indicators, such as
faecal coliforms, do not correlate with the occurrence of
viral pathogens in wastewater (Harwood et al., 2005;
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Haramoto et al., 2006; Carducci et al., 2008). These find-
ings have led several scientists to propose a suite of
bioindicator organisms, including bacteria and coliphage,
as well as viral indicators, such as human adenoviruses
and polyomaviruses as a more sensitive tool to detect
viral pathogens (Harwood et al., 2005; Bofill-Mas et al.,
2006; McQuaig et al., 2006; Carducci et al., 2008).

Concerns regarding reclaimed water use mainly focus
on human pathogens, since most of the water is derived
from domestic (human) wastewater. However, reclaimed
water may also be a reservoir for non-human pathogens
that are present in human waste. For example, it has been
shown that plant viruses dominate the RNA viral commu-
nity in human faeces (Zhang et al., 2006). Other studies
have identified animal rotavirus strains of unknown origin
cocirculating with human strains in sewage and treated
wastewater (Villena et al., 2003; Meleg et al., 2008).
Recently, a metagenomic study of viruses in stool from
South Asian children identified an abundance of novel
picornaviruses related to the Enterovirus genus (i.e.
cosaviruses) and four new viral species related to the
Dicistroviridae, Nodaviridae, Circoviridae families and the
Bocavirus genus (Kapoor et al., 2008; Victoria et al.,
2009). Therefore, the diverse viral flora in human faeces
may contain plant, insect and animal viruses, in addition
to human pathogens.

It is critical to have a comprehensive understanding of
viruses in reclaimed water as this alternative resource
becomes more widely used. Information regarding viruses
will help regulatory agencies to make informed decisions
about reclaimed water use to minimize negative impacts

upon human and environmental health. The main objec-
tive of this study was to examine the abundance and
diversity of viruses found in reclaimed and potable water
samples from south-west Florida, USA, through direct
epifluorescent microscopy and metagenomic sequencing
of purified viral particles from these water sources. Bac-
teriophages (phages) were abundant in both potable and
reclaimed water; however, differences in phage commu-
nity composition between these water supplies can be
exploited to identify potential bioindicators of water quality.
Reclaimed water also contained a wealth of novel viruses
related to plant, animal and insect pathogens, suggesting
that highly stable viruses can spread through the use of
this alternative water supply.

Results and discussion

Abundance of virus-like particles

The concentration of virus-like particles (VLPs) in various
traditional and alternative water supplies, including well,
potable and reclaimed water, was determined through
SYBR Gold staining and epifluorescent microscopy.
Potable and well water had VLP concentrations on the
order of 105 and 106 VLPs ml-1 respectively (Fig. 1A). The
VLP concentrations found in potable water are similar to
those observed in other studies, which have found an
abundance of bacteria (on the order of 105 cells ml-1) and
VLPs (on the order of 106-107 VLPs ml-1) using direct
counts (Rinta-Kanto et al., 2004; Berney et al., 2008).
Reclaimed water samples contained approximately 1000-

Fig. 1. A. Epifluorescent microscopy counts of virus-like particles (VLPs) found in conventional water supplies (well and potable water), raw
sewage and reclaimed water (RW).
B. Transmission electron micrographs of virus-like particles found in reclaimed water (the bar in each panel is 100 nm). Viral counts include
well water samples collected from private shallow wells (n = 5); potable water samples collected at a plant nursery (n = 3); raw sewage and
RW effluent samples collected at a wastewater treatment plant (n = 3 for each); and RW samples at the point-of-use obtained from different
public sprinklers and a plant nursery (n = 8). Error bars represent one standard deviation.
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fold more VLPs (on the order of 108 VLPs ml-1) than the
conventional water supplies studied. In order to compare
the abundance of VLPs in raw sewage, after treatment,
and at the downstream point-of-use, several samples
originating from a single wastewater treatment plant were
collected. The average VLP concentrations for treated
reclaimed water effluent and at the point-of-use were
similar to the VLP concentrations in raw sewage (Fig. 1A).
Examination of purified reclaimed water VLPs by trans-
mission electron microscopy (TEM) showed an abun-
dance of viruses resembling known phages and plant
pathogens (Fig. 1B).

Although average VLP concentrations were similar in
raw sewage and reclaimed water (~108 VLPs ml-1), this
should not be considered an indication of treatment effi-
ciency. Virus-like particles counted with epifluorescent
microscopy are not necessarily infectious virus particles.
The infectivity of the virus particles will rely heavily upon
the type of wastewater treatment. This study focused on
reclaimed water from a treatment plant using secondary
treatment (activated-sludge) with chlorine disinfection,
which is typical of wastewater reclamation facilities in
Florida (Florida Department of Environmental Protection,
2007). In addition, high VLP concentrations in reclaimed
water samples may reflect the abundance of phages in
treated effluent. A study investigating bacteriophage
populations in an activated sludge system found that
there was a net production of phages in the system, with
total phage concentrations in the supernatant of an
activated-sludge reactor and the unchlorinated effluent
measuring as high or higher than those in sewage enter-
ing the reactor (Ewert and Paynter, 1980). The abundance
of phages in reclaimed water was also supported by TEM
of viral concentrates, where an abundance of phage-like
particles was observed compared with other VLPs
(examples of VLPs shown in Fig. 1B) and by the domi-
nance of phage-like sequences in the reclaimed water
DNA viral metagenomes (see below).

Overview of metagenomic analyses

This study utilized a metagenomic sequencing approach
to examine the viruses present in reclaimed water. The
advantage of this method is that it surveys the complete
viral community, without selection based on host or
sequence similarity to known viruses. DNA viral metage-
nomes were obtained from a potable water sample
(‘Potable’), and reclaimed water samples at the point-of-
discharge (‘Effluent’) and the point-of-use (‘Nursery’ and
‘Park’) (Table 1). Corresponding RNA viral metagenomes
were sequenced from reclaimed water samples at
the point-of-discharge (‘Effluent’) and the point-of-use
(‘Nursery’) (Table 1). It was not possible to obtain enough
RNA from the potable water sample for pyrosequencing
and, thus, a comparison between reclaimed and potable
water RNA viral communities could not be achieved.

All DNA and RNA reclaimed water libraries were analy-
sed individually. However, there were no notable differ-
ences in the distribution of phages and viral types
between the Effluent and the point-of-use, for both DNA
and RNA libraries, suggesting that the viral community
composition does not change significantly in the dis-
tribution system. Therefore, all reclaimed water DNA
libraries sequence distributions, including Effluent, Park
and Nursery, were averaged together and shown as
‘Reclaimed DNA’ in the results. The Effluent and Nursery
RNA library distributions were averaged together as well,
and are referred to as ‘Reclaimed RNA’.

For metagenomic sequence analysis, more than
230 000 raw reads for each library were used for contig
assembly in the SeqMan program (DNASTAR) (Table 1).
The average raw sequence length for Effluent, Nursery
and Potable libraries was 245 nt while the average length
for the Park library was 136 nt. The majority (68–97%) of
the sequences in each metagenome assembled into
contigs larger than 200 nt (Table 1). Contigs larger than
200 nt were utilized for BLASTX searches against the

Table 1. List of samples used to construct metagenomic libraries and overview of the total number of sequences and contigs for each library.

Sample
Date of
collection

Volume
collected Description Library

No. of
raw reads

No. of
contigs

Raw reads
in contigs (%)

Park 9/7/2006 50 l Reclaimed water collected
from a public sprinkler

DNA 307 069 8 327 67.60

Effluent 5/10/2007 100 l Reclaimed water collected
at a treatment plant

DNA 260 304 26 729 78.40
RNA 232 929 5 392 96.70

Nursery 5/10/2007 100 l Reclaimed water collected
at a plant nursery

DNA 281 542 27 372 76.60
RNA 287 014 13 887 92.00

Potable 5/10/2007 100 l Potable water collected
at a plant nursery

DNA 231 715 4 923 95.60

All samples were collected in Manatee County, Bradenton, FL. Samples collected at the ‘point-of-use’ (Park and Nursery) receive reclaimed water
from the wastewater treatment plant where ‘point-of-discharge’ samples (i.e. Effluent) were collected. The number of contigs includes all contigs
analysed by BLASTX (i.e. contigs larger than 200 bases).
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GenBank non-redundant (nr) protein database since
longer read length increases the chances of identifying
homologies in the database (Wommack et al., 2008).

Novel sequences

Summaries of the BLASTX similarities for the reclaimed
and potable water viral metagenomes are shown in Fig. 2.
Over 50% of the viral metagenomic sequences (both DNA
and RNA) identified in reclaimed water metagenomes had
no significant similarity to proteins in GenBank, suggest-
ing the novelty of viruses in this alternative water source
(Fig. 2A). This is similar to previous studies, in which the
majority of the sequences in environmental viral metage-
nomes had no similarities to known genes in the data-
base, indicating the high proportion of unknown viruses in
the environment (Breitbart et al., 2002; Breitbart et al.,
2004; Angly et al., 2006; Culley et al., 2006; Bench et al.,
2007). The Potable library had a higher proportion of
sequences (56%) with significant similarities to
sequences in GenBank compared with reclaimed water
libraries, but a large fraction of the viral community still
could not be identified.

Mobile genetic elements

All BLASTX results with an E-value of < 0.001 were analy-
sed using the MEGAN software to identify the different taxa
present in reclaimed and potable water viral communities.
Since viral particles were purified extensively prior to iso-
lating DNA and RNA, contigs with their best matches to
proteins from cellular organisms (i.e. bacteria, archaea
and eukaryotes) were further compared against the
ACLAME database to identify proteins related to mobile
genetic elements (i.e. plasmids and phages). For all
metagenomes, more than 60% of the sequences that
were classified as bacteria were re-classified as plasmids
or phages after performing a BLASTX analysis against
the ACLAME database. Although sequences similar to
eukaryotes and archaea were not as abundant as the
bacterial sequences, 15–56% of eukaryotic and 40–70%
of archaeal sequences were also re-classified in the same
manner. The discrepancy between the results obtained
from searching the GenBank versus ACLAME databases
may be due to an abundance of unidentified prophage-
like sequences within microbial genomes in GenBank
(Fouts, 2006). Similarities to mobile genetic elements are
common in previously sequenced DNA viral metage-
nomes from other sources (Breitbart et al., 2002; 2003;
2004; Bench et al., 2007; Kim et al., 2008).

Hits to mobile genetic elements dominated all the viral
metagenomes (Fig. 2B). For reclaimed water DNA librar-
ies, 51% of the known sequences were similar to viral
proteins, whereas the majority of the sequences in the

reclaimed water RNA libraries and potable water DNA
library were similar to proteins found in plasmids. More
than 99% of plasmid-like protein sequences were identi-
fied after re-analysing sequences with hits to cellular
organisms through the ACLAME database. Although most
of the sequences identified were similar to hypothetical
proteins, numerous integrases, transposases, recombi-
nases and replication-associated proteins, among others,
were identified. Since viral particles were purified by CsCl
gradients and DNase treatment to remove contaminating
cells and free DNA, plasmids should have been elimi-
nated before viral DNA and RNA isolation. However,
phages and plasmids share a number of characteristics
as both contain machinery for gene transfer and replica-
tion. Moreover, there may be genetic exchange between
plasmids, phages and other mobile genetic elements
within a bacterial host (Boltner et al., 2002; Mark Osborn
and Böltner, 2002), and this exchange may lead to gene
organization and protein similarities between plasmids
and phages (Hazen et al., 2007). In addition, some proph-
ages (e.g. pKO2, PY4, P1, N15, LE1, f20 and fBB-1)
replicate in their hosts as low-copy-number plasmids
instead of integrating into the host genomes (Ikeda and
Tomizawa, 1968; Inal and Karunakaran, 1996; Eggers
et al., 2000; Girons et al., 2000; Ravin et al., 2000; Briani
et al., 2001; Casjens et al., 2004). It is possible that there
is an abundance of previously undescribed phages con-
taining plasmid-like proteins in potable water as 52% of
the identified sequences had similarities to plasmid pro-
teins (Fig. 2B). The abundance of plasmid-like sequences
in reclaimed water RNA libraries may reflect the abun-
dance of novel RNA viruses with plasmid-like properties
such as the endornaviruses. Currently, four species of
dsRNA viruses with plasmid-like properties found in some
rice and bean species have been classified by the Inter-
national Committee on Taxonomy of Viruses as members
of the Endornavirus genus (Gibbs et al., 2005). In addi-
tion, double-stranded RNA viruses with plasmid-like prop-
erties have been found in plants, algae, fungi, protozoa
and insects and, thus, endorna-like viruses may be widely
distributed among eukaryotes (Horiuchi and Fukuhara,
2004; Fukuhara et al., 2006; Osaki et al., 2006).

Comparison of DNA and RNA viral sequences

The fraction of metagenomic sequences with similarities
to known viral proteins suggests there are fundamental
differences between the DNA and RNA viral communities
in reclaimed water (Fig. 2C). The potable and reclaimed
water DNA viral communities were dominated by phages
(more than 98% of the contigs), with only one contig
similar to an archaeal virus protein. In contrast, the RNA
viral community in reclaimed water was dominated by
eukaryotic viruses. Similar results have been found in viral
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Fig. 2. Overview of the average distribution of contigs larger than 200 nt for potable and reclaimed water metagenomic libraries based on
BLASTX analysis (E-value < 0.001).
A. Percentage of contigs that had homologues in the GenBank protein database (‘assigned’) versus contigs for which no homologues were
found (‘no hits’).
B. Distribution of ‘assigned’ contigs according to their top BLASTX homologues in GenBank and ACLAME databases.
C. Host distribution of top viral homologues in GenBank and ACLAME. For reclaimed water DNA libraries eukaryotic hosts included animals,
insects, algae and protists. For RNA libraries all viruses identified as prokaryotic viruses had hits to DNA phage. The environmental category
refers to contigs with similarities to marine viruses believed to infect protists.
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metagenomic studies of human faeces where the DNA
community was dominated by phages (Breitbart et al.,
2003), whereas the RNA community was dominated by
eukaryotic viruses (Zhang et al., 2006; Finkbeiner et al.,
2008; Kapoor et al., 2008). The same trend has also been
observed in marine viral metagenomes (Breitbart et al.,
2002; Angly et al., 2006; Culley et al., 2006; Bench et al.,
2007). This trend may represent an important fundamen-
tal difference between these viral types that persists
across systems; however, it may simply reflect the under-
representation of RNA phage genomes in the database.
To date, there are only 11 complete RNA phage genomes
in GenBank. The small number of RNA phages in the
database compared with DNA phages may lead to an
underestimation of RNA phages identified through
metagenomic surveys of natural populations in different
environments.

Phages

Since the DNA viral community was dominated by
phages, DNA metagenomic sequences were analysed
against the Phage Sequence Databank, containing the
complete genomes of 512 phages and prophages.
Although phages were abundant in DNA viral metage-
nomes from both potable water and reclaimed water,
there were distinct dominant phage types identified in
each of these water sources based on the distribution of
top phage homologues identified in the Phage Sequence
Databank. The phages in potable water were dominated
by prophages while reclaimed water libraries had a similar
proportion of hits to phages in the Siphoviridae family and
prophages (Fig. 3A). The abundance of phages belonging
to the Siphoviridae family in reclaimed water is consistent
with a viral metagenomic study performed in human
faeces (Breitbart et al., 2003) and suggests that members
of the Siphoviridae are potential indicators of faecal pol-
lution. In addition, the prevalence of Siphoviridae in
reclaimed water suggests that members of this viral family
are resistant to chlorination. This is consistent with previ-
ous studies, which demonstrated that some phages from
the Siphoviridae family are more resistant to chlorination
than male-specific phages (i.e. MS2) and some members
of the Microviridae (i.e. phiX174) and Myoviridae (i.e.
MY2) families (Duran et al., 2003). Together, these find-
ings suggest that members of the Siphoviridae family
could be further explored as potential bioindicators as
they represent an abundant group of viruses in human
sewage that are fairly resistant to wastewater treatment
(chlorination).

For all sequences that had significant similarities to the
Phage Sequence Databank, the host for the top phage
hit was examined. Differences in host representation
within each phage family indicate that reclaimed water

has a distinct phage community when compared with
potable water (Fig. 3). Although prophages were abun-
dant in both potable and reclaimed water libraries, the
host distribution was quite different. The Potable library
was dominated by hits to prophages identified in different
strains of Escherichia coli (~12% of total phage hits),
whereas prophages in reclaimed water libraries had a
more even distribution of hosts including, but not limited
to, Xyllela spp., Ralstonia spp., Steptococcus spp. and
Pseudomonas spp. (less than 4% of the total phage hits
for each) (Fig. 3B). Differences in host distributions were
also noted within the Myoviridae (Fig. 3D) and Podoviri-
dae (Fig. 3E) families.

Total somatic coliphages (viruses that infect E. coli) and
male-specific (F+) RNA coliphages have been used as
viral indicators of faecal contamination (Griffin et al.,
2000; United States Environmental Protection Agency,
2001; Cole et al., 2003; Harwood et al., 2005). However,
the results presented here suggest that coliphages are
not appropriate for this purpose. DNA coliphages were
found in potable and reclaimed water, indicating that their
presence does not reflect water quality. In addition, the
metagenomic data gathered during this study demon-
strate that coliphages were not the most abundant phages
in reclaimed water (Fig. 3). Phages infecting Salmonella
spp. were more abundant in reclaimed water (~7%) than
coliphages (~5%) and their abundance in potable water
was not as high (~4%) as coliphages (~12%). The most
abundant host in reclaimed water libraries was Burkhold-
eria spp. (~9.5%), while phages infecting this host were
less abundant in potable water (~2.5%). Therefore,
phages that infect hosts other than E. coli should be
explored as potential bioindicators of water quality.

Eukaryotic DNA viruses

The role of reclaimed water in the dissemination of human,
animal and plant viral pathogens is currently unknown.
Therefore, one of the goals of this study was to examine the
prevalence of different eukaryotic viral groups in reclaimed
water. The types of eukaryotic viruses found in reclaimed
water metagenomic libraries, based on their best BLASTX

homologies in GenBank, are summarized in Tables 2
and 3. No eukaryotic viruses were detected among the
sequences from potable water (Fig. 2C).

Eukaryotic viral sequences in the DNA libraries were
dominated by viruses containing single-stranded DNA
(ssDNA) circular genomes, including plant pathogens
from the Geminiviridae and Nanoviridae families (Tables 2
and 3) and animal pathogens from the Circoviridae family
(Table 3) (Rosario et al., 2009). It is important to note that
the amino acid identities to known viral proteins were
less than 60%, suggesting that these are novel viruses
with weak similarities to known ssDNA viruses. The
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Fig. 3. Distribution of phage families (A) identified through TBLASTX analysis of DNA contigs against the Phage Sequence Databank and host
representation within prophage (B), Siphoviridae (C), Myoviridae (D) and Podoviridae (E).
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identification of ssDNA viruses in reclaimed water sug-
gests that they may be resistant to chlorination. This is
consistent with the known resistance of small ssDNA
viruses to wastewater treatment (Nwachcuku and Gerba,
2004) and suggests the presence of these viruses in
treated effluent should be further explored.

Circular ssDNA viruses are likely overrepresented in the
libraries due to the multiple displacement amplification
(MDA) step utilized before pyrosequencing. MDA has
been shown to selectively amplify circular single-stranded
genomes by 2 or 3 orders of magnitude compared with

other DNA types in a mixed community (Kim et al., 2008).
Despite this enrichment, this study demonstrates that cir-
cular ssDNA viruses can be disseminated through
reclaimed water. To date, most of the research regarding
circular ssDNA viruses has focused on pathogens infect-
ing agriculturally important crops and animals (e.g. Todd,
2000; Seal et al., 2006). However, a recent metagenomic
study used MDA to identify novel circular ssDNA viral
genomes in a rice paddy soil sample (Kim et al., 2008),
suggesting they are more abundant in the environment
than previously recognized.

Table 2. Plant viruses identified in reclaimed water metagenomic libraries.

Plant virus homologue
Taxonomic
classification

Amino acid
identity range (%) Library

RNA libraries
Cherry rasp leaf virus Comoviridae family 37 Effluent
Tobacco etch virus Potyviridae family 33 Nursery
Maize chlorotic dwarf virus Sequiviridae family 24–35 Effluent, Nursery
Parsnip yellow fleck virus 32 Nursery
Rice tungro spherical virus 26–38 Effluent, Nursery
Paprika mild mottle virus Tobamovirus genus 77–98 Effluent, Nursery
Pepper mild mottle virus 80–100 Effluent, Nursery
Tobacco mild green mosaic virus 97–100 Effluent
Tobacco mosaic virus 89–100 Effluent, Nursery
Tomato mosaic virus 87–100 Effluent, Nursery
Cardamine chlorotic fleck virus Tombusviridae family 57 Nursery
Maize chlorotic mottle virus 53 Nursery
Melon necrotic spot virus 34–99 Effluent, Nursery
Pelargonium flower break virus 61 Nursery
Oat dwarf virus Reoviridae family 45 Nursery*
Pea stem necrosis virus Unclassified 60 Nursery

DNA libraries
African cassava mosaic virus-Uganda Mild Geminiviridae family 30–36 Nursery
Ageratum yellow vein virus-associated DNA 1 33–34 Nursery
Alternanthera yellow vein virus 45 Nursery
Bean leaf curl Madagascar virus 44 Nursery
Bean yellow dwarf virus 24 Nursery
Beet curly top Iran virus 44 Nursery
Beet curly top virus 35 Nursery
Beet mild curly top virus 26 Nursery
Chickpea chlorotic dwarf Sudan virus 30–40 Nursery, Park
Chili leaf curl Pakistan virus 43 Nursery
Chloris striate mosaic virus 30–39 Effluent*, Nursery
Clerodendron yellow mosaic virus 32 Nursery
Cotton leaf curl Alabad virus 33 Nursery
Cotton leaf curl Multan virus 33 Nursery
East African cassava mosaic virus (Uganda variant) 45 Nursery
Emilia yellow vein virus 24 Nursery
Eupatorium yellow vein virus 37 Nursery*
Maize streak virus 22 Nursery*
Rhynchosia golden mosaic virus 50 Nursery
Squash leaf curl virus 29 Nursery
Squash leaf curl Yunnan virus 31–36 Nursery
Tobacco yellow dwarf virus 38–40 Nursery*
Banana bunchy top virus Nanoviridae family 28–56 Effluent, Nursery*
Coconut foliar decay virus 30–42 Effluent
Faba bean necrotic yellows virus 33–52 Nursery
Milk vetch dwarf virus 52 Nursery
Nanovirus-like particle 28–45 Nursery*
Subterranean clover stunt virus 38–43 Nursery

The identity range refers to the amino acid level identity between contigs and their top homologue in the nr protein database. *Sequences similar
to DNA viruses that were found in RNA libraries and vice versa.
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Eukaryotic RNA viruses

All the viral-like sequences in the RNA viral metagenomes
were similar to positive-sense RNA eukaryotic viruses
(Tables 2 and 3). Sequences similar to proteins from the
proposed Picornavirales order (Le Gall et al., 2008) domi-

nated the libraries, suggesting an unprecedented abun-
dance of novel picorna-like viruses in reclaimed water.
Some sequences were similar to picornaviruses that
infect vertebrates, including members of the Enterovirus,
Parechovirus, Rhinovirus and Kobuvirus genera, which
have been associated with diseases in humans and

Table 3. Eukaryotic viruses, other than plant viruses, identified in reclaimed water metagenomic libraries.

Virus host Virus homologue
Amino acid
identity range (%) Library

RNA libraries
Human Rhinovirus sp. 24–36 Effluent, Nursery

Enterovirus sp. 28–36 Effluent, Nursery
Parechovirus 32–35 Effluent, Nursery
Aichi virus 34 Nursery

Animal Porcine enterovirus sp. 25 Effluent
Bovine enterovirus 25 Effluent
Simian enterovirus sp. 26–30 Nursery
Seneca valley virus 32 Effluent
Ljungan virus 25 Effluent
European brown hare syndrome virus 29 Effluent, Nursery
Hepatitis C virus subtype 1a 29 Effluent*

Invertebrates Taura syndrome virus 25–37 Effluent, Nursery
Cricket paralysis virus 28–56 Effluent, Nursery
Drosophila C virus 27–35 Effluent, Nursery
Plautia stali intestine virus 26–51 Effluent, Nursery
Rhopalosiphum padi virus 34 Nursery
Himetobi P virus 25–42 Effluent, Nursery
Triatoma virus 22–42 Effluent, Nursery
Aphid lethal paralysis virus 27–36 Effluent, Nursery
Kashmir bee virus 38–43 Effluent, Nursery
Acute bee paralysis virus 32–43 Effluent, Nursery
Israel acute paralysis virus of bees 30–74 Effluent, Nursery
Solenopsis invicta virus 1 25–48 Effluent, Nursery
Homalodisca coagulata virus-1 24–54 Effluent, Nursery
Honey bee slow paralysis virus 27–31 Effluent, Nursery
Nora virus 28–54 Effluent, Nursery
Sacbrood virus 31 Nursery
Acheta domesticus virus 37 Effluent

Other Euk. Heterosigma akashiwo RNA virus 27–51 Effluent, Nursery
(Algae, diatoms, fungi) Schizochytrium single-stranded RNA virus 31–50 Effluent, Nursery

Rhizosolenia setigera RNA virus 24–57 Effluent, Nursery
Sclerophthora macrospora virus A 36–37 Effluent*, Nursery*

DNA libraries
Human NA NA NA
Animal Bird circovirus sp. 27–65 Effluent*, Nursery*, Park

Swine circovirus sp. 25–50 Effluent*, Nursery*, Park
Canarypox virus 31–38 Effluent, Nursery
Crocodilepox virus 51–57 Effluent, Nursery
Cercopithecine herpesvirus sp. 31–33 Effluent
Lymphocystis disease virus 1 30 Effluent
Rock bream iridovirus 31 Effluent
Parapoxvirus 41 Effluent
Equine herpesvirus sp. 26 Nursery

Invertebrates Epiphyas postvittana NPV 60 Effluent
Costelytra zealandica iridescent virus 42 Effluent
Invertebrate iridescent virus 6 31–36 Nursery
Melanoplus sanguinipes entomopoxvirus 51–61 Park

Other Euk Paramecium bursaria Chlorella virus sp. 26–52 Effluent, Nursery
(Algae, protists) Acanthocystis turfacea Chlorella virus 1 35–51 Effluent, Nursery

Ostreococcus virus OsV5 32–45 Effluent, Nursery
Emiliania huxleyi virus 86 39 Nursery
Acanthamoeba polyphaga mimivirus 30–41 Effluent, Nursery

The identity range refers to the amino acid level identity between contigs and their top homologue in the nr protein database. *Sequences similar
to DNA viruses that were found in RNA libraries and vice versa.
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animals (e.g. Yamashita et al., 1995; 2001; Rotbart, 2002;
Yamada et al. 2004; Benschop et al., 2008). However, this
does not necessarily mean that there are viruses in
reclaimed water that cause human disease, since amino
acid identities to known human pathogens were very low
(< 36%). Furthermore, the majority of the picorna-like
viruses were similar to viruses that infect invertebrates.
Numerous sequences were similar to marine picorna-like
viruses, Marine JP-A and JP-B, believed to infect protists
based on phylogeny and genome characteristics (Culley
et al., 2007). These sequences were classified in the envi-
ronmental category (Fig. 2C) because the Marine JP-A
and JP-B genomes were assembled from marine meta-
genomic libraries and a definitive host has not been
identified (Culley et al., 2006).

Reclaimed water RNA libraries also contained
sequences similar to insect and arthropod picornaviruses
from the family Dicistroviridae and an insect virus (i.e.
Nora virus) that may belong to a new picorna-like family
(Habayeb et al., 2006). A recent study of stool from
South Asian children also identified an abundance of
sequences related to picornaviruses of invertebrates,
including members of the Dicistroviridae and Nodaviridae
families (Victoria et al., 2009). However, these types of
viruses have not been reported in human faeces from
the USA population and, thus, the source of novel
picorna-like viruses found in reclaimed water remains to
be determined. Future studies need to investigate the
relationship between picorna-like viruses in reclaimed
water and viruses from known hosts to determine if the
reclaimed water viruses belong to known picornavirus
families and if virus hosts can be inferred based on
phylogenetic analysis (Culley et al., 2003; Culley and
Steward, 2007).

Both DNA and RNA reclaimed water metagenomes
contained a diverse group of sequences related to plant
viruses (Table 2). Most of the viruses were novel as they
shared less than 60% amino acid identities to known
viral proteins. However, all the viruses belonging to the
Tobamovirus genus and the Melon necrotic spot virus
(MNSV) from the Tombusviridae family had high amino
acid identity (> 90%) to known plant pathogens. Viruses
from these groups are known to have extremely stable
virions that can resist high temperatures and are insen-
sitive to organic solvents and non-ionic detergents
(Fauquet et al., 2005). In the early 1980s, the tombusvi-
rus Tomato bushy stunt virus was used to demonstrate
that humans can act as carriers of plant pathogens by
consuming infected produce and shedding infective viral
particles in their faeces (Tomlinson and Faithfull, 1982). It
was suggested that plant viruses with no known vectors,
such as most tobamoviruses and tombusviruses, may
have certain ‘alimentary resistance’ (i.e. stay intact after
passing through alimentary tract), which enables humans

and other animals to act as carriers of these viruses
(Tomlinson and Faithfull, 1982). Interestingly, all the
tobamoviruses and MNSV detected in the reclaimed
water metagenomes have also been previously detected
in faecal samples from healthy individuals (Zhang et al.,
2006). The tobamovirus Pepper mild mottle virus
(PMMoV) was the most abundant virus in RNA viral
metagenomes from individual faecal samples, and was
still capable of infecting plants after passing through the
human gut (Zhang et al., 2006). PMMoV was subse-
quently detected at concentrations greater than 104 cop-
ies ml-1 in both raw sewage and treated effluent samples
collected throughout the USA (E. Symonds, K. Rosario
and M. Breitbart, unpublished). MNSV and most of the
tobamoviruses, including PMMoV, were detected in
reclaimed water samples both at the point-of-discharge
(Effluent library) and at the point-of-use (Nursery library),
indicating that stable viruses may reach irrigation
systems. The tobamovirus Tomato mosaic virus (ToMV)
and MNSV have been detected in irrigation systems in
other countries (Gosalvez et al., 2003; Boben et al.,
2007); however, data regarding the presence of plant
pathogens in irrigation systems in the USA are not avail-
able. These findings indicate that reclaimed water may
serve as a mechanism for the spread of highly stable
plant pathogens that exhibit alimentary resistance. The
infectivity of these plant viruses needs to be examined to
determine if reclaimed water use represents a potential
problem for the agricultural sector.

Conclusions

This study identified the dominant DNA and RNA viral
types in reclaimed water, thus making a significant contri-
bution to current microbiological data regarding treated
wastewater. The DNA viral community in both reclaimed
and potable water was dominated by phages. However,
there were clear differences between both communities
as demonstrated by phage family representation and host
distribution in the different libraries. From a water quality
standpoint, it is useful to evaluate which types of phages
endure wastewater treatment processes in order to iden-
tify potential viral bioindicators. Finding strong bioindica-
tors that correlate with the presence of human viruses is
not an easy task as different viruses exhibit varying levels
of resistance to wastewater treatment (Nwachcuku and
Gerba, 2004). Natural phage populations found in waste-
water offer a range of resistance to disinfection (chlorina-
tion) that may represent most of the viruses that can be
found in water (Duran et al., 2003). Therefore, phage
populations in reclaimed water offer an untapped source
of potential bioindicators.

The metagenomes also uncovered a wealth of novel
eukaryotic viruses present in reclaimed water. DNA
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metagenomic libraries revealed the presence of viruses
similar to ssDNA viruses, including plant and animal
pathogens from the Geminiviridae, Nanoviridae and Cir-
coviridae families. The RNA metagenome contained an
abundance of plant pathogens known to be resistant to
environmental degradation, including members of the
Tobamovirus genus and Tombusviridae family. The RNA
metagenome also contained an abundance of picorna-
like viruses. Some of these picorna-like viruses may be
related to human pathogens; however, the majority of
these novel viruses are most closely related to insect and
protist viruses. None of the established human pathogens
(e.g. enteroviruses, hepatitis viruses and caliciviruses)
were detected during this study, suggesting that these
viruses were not abundant relative to phages and other
eukaryotic viruses in the reclaimed water samples. The
genetic information gathered during this study can be
used to design molecular assays to detect viral types of
interest and assess their abundance in wastewater and
ecosystems exposed to wastewater discharge. Future
research needs to evaluate the host range, infectivity and
ecological impacts of novel viruses identified in reclaimed
water to ensure the appropriate use of this important
alternative water supply.

Experimental procedures

Enumeration and visualization of virus-like particles

SYBR Gold staining and epifluorescent microscopy (Chen
et al., 2001; Shibata et al., 2006; Patel et al., 2007) was used
to enumerate VLPs in well, potable and reclaimed water
samples as well as in raw sewage. Potable water samples
(n = 3) were collected from spigots at the point-of-use (plant
nursery) in Manatee County (Brandenton, FL). Well water
samples (n = 5) were collected from private shallow wells
in Pinellas County (St. Petersburg, FL). Reclaimed water
samples were collected at the point-of-discharge (i.e. waste-
water treatment plant, n = 3) and at the point-of-use (i.e.
public sprinklers, fountains, spigots at a plant nursery, n = 8)
in Pinellas County (St. Petersburg, FL) and Manatee County
(Bradenton, FL). Raw sewage samples (n = 3) were collected
from a raw inflow stream at a wastewater treatment plant.
Raw sewage and reclaimed water samples at the point-of-
discharge and point-of-use originated from the same waste-
water treatment facility, which uses activated sludge followed
by chlorination for disinfection. All samples for VLP enumera-
tion were collected in sterile 50 ml conical tubes and
processed within 3 h. Samples were fixed with 2% para-
formaldehyde and then subsamples were filtered onto a
0.02 mm Anodisc (Whatman, Maidstone, Kent, UK). For raw
sewage and reclaimed water samples, 10 ml was diluted into
1 ml of sterile water to prepare the slides, whereas 3–5 ml of
well and potable water samples was directly filtered onto the
Anodisc. Filters were stained with 1¥ SYBR Gold (Invitrogen,
Carlsbad, CA, USA) for 10 min in the dark, and virus particles
were counted digitally (Chen et al., 2001) in at least eight
fields of view for each sample.

Transmission electron microscopy was used to examine
the morphology of virus particles in reclaimed water. For this
purpose, purified viral particles (see below) were dried down
overnight onto copper 400-mesh carbon coated formvar
grids. Grids were stained with 1% uranyl acetate for 20 s and
air-dried before visualization on a Hitachi 7100 transmission
electron microscope.

Viral isolation and extraction of nucleic acids

Viruses were purified from four different samples: potable
water (‘Potable’), reclaimed water at the point-of-discharge
from the wastewater treatment plant (‘Effluent’) and
reclaimed water at two points-of-use, a plant nursery
(‘Nursery’) and a public park sprinkler (‘Park’) (Table 1). For
each sample, viruses were concentrated and purified from
50 to 100 l of water (Table 1) using a combination of
tangential flow filtration, density-dependent centrifugation
and nuclease treatment (Breitbart et al., 2002; 2003; 2004;
Zhang et al., 2006; Thurber et al., 2009). Each water sample
was first filtered through a 0.2 mm tangential flow filter (TFF)
(GE Healthcare, Westborough, MA, USA) to remove bacte-
ria, eukaryotes and large particles. Viruses in the filtrate
were concentrated using a 100 kDa TFF until the final
sample volume was less than 1 l. All TFF viral concentrates
were then filtered through a 0.22 mm Sterivex filter (Millipore,
Billerica, MA, USA) to remove any bacterial contamination.
The viral concentrate from potable water was further con-
centrated through polyethylene glycol (PEG 8000) precipita-
tion in order to obtain enough nucleic acids for metagenomic
sequencing, and treated with 10% chloroform to remove
contaminating microbial cells. TFF viral concentrates from
reclaimed water and the PEG-precipitated concentrates
from potable water were loaded onto a cesium chloride
(CsCl) density gradient, ultracentrifuged at 61 000 g for 3 h
at 12°C, and the 1.2–1.5 g ml-1 fraction was collected.
Examination of the different CsCl fractions by SYBR Gold
staining and epifluorescent microscopy revealed a signifi-
cant number of VLPs that remained in the sample reservoir,
therefore the sample fraction was re-loaded onto a second
CsCl density gradient and processed with the same
procedure. The 1.2–1.5 g ml-1 fractions collected from both
gradients were pooled together. This double CsCl gradient
procedure allowed the recovery and isolation of the vast
majority of VLPs. After CsCl purification, viral fractions were
treated with DNase I to further eliminate free DNA. Samples
were not treated with RNase due to the potential for RNase
to destroy the nucleic acids of some RNA viruses (Griffin
et al., 2000; Cole et al., 2003). DNase-treated VLPs were
further concentrated using centrifugal concentration filters
(Microcon Ultracel YM-30; Millipore, Bedford, MA, USA)
before nucleic acid extraction. After final purification and
concentration, viral DNA and RNA were simultaneously
extracted from viral concentrates using the QIAmp MinElute
Virus Spin Kit (Qiagen, Valencia, CA, USA). Extracted
nucleic acids were split into two fractions, one for DNA librar-
ies and one for RNA libraries. The RNA fraction was treated
with DNase I using the DNA-free Kit (Ambion, Austin, TX,
USA) followed by random-primed cDNA synthesis using the
SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen).
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Library construction and pyrosequencing

Four DNA and two RNA viral metagenomes were pyrose-
quenced at the Genome Institute of Singapore (Table 1). For
this purpose, DNA and cDNA samples were amplified in
triplicate reactions with GenomiPhi V2 DNA Amplification Kit
(GE Healthcare, Little Chalfont, Bukinghamshire, UK). All
GenomiPhi reactions were purified using standard phenol/
chloroform extraction and ethanol precipitation (Sambrook
and Russell, 2001). The amplification products were pooled
and 4 mg was processed for pyrosequencing with the GS-FLX
sequencer (454 Life Sciences, Roche) according to the
manufacturer’s protocol. The Park-DNA sample was ampli-
fied in duplicate by the GenomiPhi reaction and purified
amplification products (4 mg) were processed for shotgun
sequencing using a GS20 sequencer (454 Life Sciences,
Roche). Sequences have been deposited to the Short Read
Archive (SRA) at NCBI (accession numbers: SRA008294).

Bioinformatics

For metagenomic sequence analysis, raw reads longer than
100 nt were assembled into contigs using SeqMan (DNASTAR,
Madison, WI) with a criteria of � 95% identity over at least
35 nt (Table 1). Contigs larger than 200 nt were then com-
pared against the GenBank non-redundant (nr) protein data-
base using BLASTX (Altschul et al., 1997) (E-value < 0.001).
These BLASTX results were analysed using the Metagenome
Analyzer (MEGAN) software (Huson et al., 2007) to identify the
different taxa present in reclaimed and potable water viral
metagenomes. Contigs with best matches to cellular organ-
isms (i.e. bacteria, archaea or eukaryotes) were further
compared against the ACLAME (‘A Classification of Mobile
Genetic Elements’) database using the same parameters as
in GenBank to identify mobile genetic elements, including
phage and plasmids (Leplae et al., 2004; 2006). All contigs
from the DNA libraries with significant hits to phages and
cellular organisms were also analysed against the Phage
Sequence Databank (http://scums.sdsu.edu/phage/) using
TBLASTX (E-value < 0.001) in order to identify the dominant
phage families in the DNA metagenomes.

A number of chimeric sequences were identified after
manual examination of contigs. This chimera problem was
more pronounced in the RNA libraries, making genome
assemblies impossible from the RNA libraries. These artifacts
were most likely the result of the multiple displacement ampli-
fication (MDA) used to obtain enough nucleic acids for
pyrosequencing (Lasken and Stockwell, 2007). In addition,
MDA is known to have amplification biases selecting for cir-
cular ssDNA templates (Kim et al., 2008). Therefore, the rela-
tive abundance of different viral sequences, such as ssDNA
and RNA viruses, was not used to infer the relative abun-
dance of different DNA and RNA eukaryotic viruses. Instead,
this study focused on contigs to evaluate the different types of
viruses present in reclaimed water as opposed to investigat-
ing the absolute abundance of individual raw reads. Analysis
of contigs rather than individual raw reads has several advan-
tages. First, this strategy reduces the number of sequences
to be analysed by eliminating redundant sequences (i.e. iden-
tical sequences assemble into the same contig). Second,
contigs are longer than individual reads, which increases the

chances of finding significant matches in the database by
increasing sequence length (Wommack et al., 2008). Third,
analysis of contigs may help collapse the effects of artifacts
caused by MDA, as chimeras are likely to form within the
same template (Lasken and Stockwell, 2007).

Acknowledgements

This research was funded by grants to M.B. from the National
Science Foundation (MCB-0701984) and Alfred P. Sloan
Foundation (BR-4772). K.R. was funded by a Bridge to the
Doctorate Fellowship from the National Science Foundation
and the Saint Petersburg Progress Endowed Fellowship. The
Genome Institute of Singapore (GIS) sequencing team pro-
vided the Roche 454 sequencing data. Y.R. was funded by
Singapore A*STAR and NHGRI (R01 HG004456-01 and
R01HG003521-01).The authors would like to acknowledge
Tony Greco for the TEM analysis and Dana Hall and Wah
Heng Lee for assistance with the bioinformatics analysis.
Reclaimed water sampling was possible thanks to the col-
laboration of Owrang Kashef, Jan Tracy, David Shulmister
and Chris Collins.

References

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J.H.,
Zhang, Z., Miller, W., and Lipman, D.J. (1997) Gapped
BLAST and PSI-BLAST: a new generation of protein data-
base search programs. Nucleic Acids Res 25: 3389–3402.

Angly, F.E., Felts, B., Breitbart, M., Salamon, P., Edwards,
R.A., Carlson, C., et al. (2006) The marine viromes of four
oceanic regions. PloS Biol 4: 2121–2131.

Arraj, A., Bohatier, J., Aumeran, C., Bailly, J.L., Laveran, H.,
and Traore, O. (2008) An epidemiological study of enteric
viruses in sewage with molecular characterization by
RT-PCR and sequence analysis. J Water Health 6: 351–
358.

Bench, S.R., Hanson, T.E., Williamson, K.E., Ghosh, D.,
Radosovich, M., Wang, K., and Wommack, K.E. (2007)
Metagenomic characterization of Chesapeake Bay viri-
oplankton. Appl Environ Microbiol 73: 7629–7641.

Benschop, K.S.M., Stanway, G., and Wolthers, K.C. (2008)
New human parechoviruses: six and counting. In Emerging
Infections 8. Scheld, W.M., Hammer, S.M., and Hughes,
S.M. (eds). Washington, DC, USA: American Society for
Microbiology, pp. 53–74.

Berney, M., Vital, M., Hulshoff, I., Weilenmann, H.U., Egli, T.,
and Hammes, F. (2008) Rapid, cultivation-independent
assessment of microbial viability in drinking water. Water
Res 42: 4010–4018.

Boben, J., Kramberger, P., Petrovic, N., Cankar, K., Peterka,
M., Strancar, A., and Ravnikar, M. (2007) Detection and
quantification of Tomato mosaic virus in irrigation waters.
Eur J Plant Pathol 118: 59–71.

Bofill-Mas, S., Albinana-Gimenez, N., Clemente-Casares, P.,
Hundesa, A., Rodriguez-Manzano, J., Allard, A., et al.
(2006) Quantification and stability of human adenoviruses
and polyomavirus JCPyV in wastewater matrices. Appl
Environ Microbiol 72: 7894–7896.

Boltner, D., MacMahon, C., Pembroke, J.T., Strike, P., and
Osborn, A.M. (2002) R391: a conjugative integrating

Viruses in reclaimed water 2817

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 2806–2820

http://scums.sdsu.edu/phage/


mosaic comprised of phage, plasmid, and transposon ele-
ments. J Bacteriol 184: 5158–5169.

Breitbart, M., Salamon, P., Andresen, B., Mahaffy, J.M.,
Segall, A.M., Mead, D., et al. (2002) Genomic analysis of
uncultured marine viral communities. Proc Natl Acad Sci
USA 99: 14250–14255.

Breitbart, M., Hewson, I., Felts, B., Mahaffy, J.M., Nulton, J.,
Salamon, P., and Rohwer, F. (2003) Metagenomic analy-
ses of an uncultured viral community from human feces.
J Bacteriol 185: 6220–6223.

Breitbart, M., Felts, B., Kelley, S., Mahaffy, J.M., Nulton, J.,
Salamon, P., and Rohwer, F. (2004) Diversity and popula-
tion structure of a near-shore marine-sediment viral com-
munity. Proc R Soc Lond B Biol Sci 271: 565–574.

Briani, F., Deho, G., Forti, F., and Ghisotti, D. (2001) The
plasmid status of satellite bacteriophage P4. Plasmid 45:
1–17.

Carducci, A., Morici, P., Pizzi, F., Battistini, R., Rovini, E., and
Verani, M. (2008) Study of the viral removal efficiency in a
urban wastewater treatment plant. Water Sci Technol 58:
893–897.

Casjens, S.R., Gilcrease, E.B., Huang, W.M., Bunny, K.L.,
Pedulla, M.L., Ford, M.E., et al. (2004) The pKO2 linear
plasmid prophage of Klebsiella oxytoca. J Bacteriol 186:
1818–1832.

Chen, F., Lu, J.R., Binder, B.J., Liu, Y.C., and Hodson, R.E.
(2001) Application of digital image analysis and flow cytom-
etry to enumerate marine viruses stained with SYBR gold.
Appl Environ Microbiol 67: 539–545.

Cole, D., Long, S.C., and Sobsey, M.D. (2003) Evaluation of
F+ RNA and DNA coliphages as source-specific indicators
of fecal contamination in surface waters. Appl Environ
Microbiol 69: 6507–6514.

Culley, A.I., and Steward, G.F. (2007) New genera of RNA
viruses in subtropical seawater, inferred from polymerase
gene sequences. Appl Environ Microbiol 73: 5937–5944.

Culley, A.I., Lang, A.S., and Suttle, C.A. (2003) High diversity
of unknown picorna-like viruses in the sea. Nature 424:
1054–1057.

Culley, A.I., Lang, A.S., and Suttle, C.A. (2006) Metagenomic
analysis of coastal RNA virus communities. Science 312:
1795–1798.

Culley, A.I., Lang, A.S., and Suttle, C.A. (2007) The complete
genomes of three viruses assembled from shotgun librar-
ies of marine RNA virus communities. Virol J 4: 69.

Duran, A.E., Muniesa, M., Moce-Llivina, L., Campos, C.,
Jofre, J., and Lucena, F. (2003) Usefulness of different
groups of bacteriophages as model micro-organisms for
evaluating chlorination. J Appl Microbiol 95: 29–37.

Eggers, C.H., Casjens, S., Hayes, S.F., Garon, C.F.,
Damman, C.J., Oliver, D.B., and Samuels, D.S. (2000)
Bacteriophages of spirochetes. J Mol Microbiol Biotechnol
2: 365–373.

Ewert, D.L., and Paynter, M.J.B. (1980) Enumeration of
bacteriophages and host bacteria in sewage and the
activated-sludge treatment process. Appl Environ Microbiol
39: 576–583.

Fauquet, C.M., Mayo, M.A., Maniloff, J., Desselberger, U.,
and Ball, L.A. (2005) Virus Taxonomy. Eighth Report of the
International Committee on Taxonomy of Viruses. San
Diego, CA, USA: Academic Press.

Finkbeiner, S.R., Allred, A.F., Tarr, P.I., Klein, E.J., Kirkwood,
C.D., and Wang, D. (2008) Metagenomic analysis of
human diarrhea: viral detection and discovery. PloS
Pathog 4: e1000011.

Florida Department of Environmental Protection (2007) 2006
Reuse Inventory. Tallahassee, FL, USA: Florida Depart-
ment of Environmental Protection.

Fouts, D.E. (2006) Phage_Finder: automated identification
and classification of prophage regions in complete bacte-
rial genome sequences. Nucleic Acids Res 34: 5839–5851.

Fukuhara, T., Koga, R., Aoki, N., Yuki, C., Yamamoto, N.,
Oyama, N., et al. (2006) The wide distribution of endornavi-
ruses, large double-stranded RNA replicons with plasmid-
like properties. Arch Virol 151: 995–1002.

Gibbs, M.J., Pfeiffer, P., and Fukuhara, T. (2005) Genus
endornavirus. In Virus Taxonomy: Eighth Report of the
International Committee on Taxonomy of Viruses. Fauquet,
C.M., Mayo, M.A., Maniloff, J., Desselberger, U., and Ball,
L.A. (eds). San Diego, CA, USA: Academic Press, pp.
603–605.

Girons, I.S., Bourhy, P., Ottone, C., Picardeau, M., Yelton, D.,
Hendrix, R.W., et al. (2000) The LE1 bacteriophage repli-
cates as a plasmid within Leptospira biflexa: construction
of an L. biflexa-Escherichia coli shuttle vector. J Bacteriol
182: 5700–5705.

Gosalvez, B., Navarro, J.A., Lorca, A., Botella, F., Sanchez-
Pina, M.A., and Pallas, V. (2003) Detection of Melon
necrotic spot virus in water samples and melon plants by
molecular methods. J Virol Methods 113: 87–93.

Griffin, D.W., Stokes, R., Rose, J.B., and Paul, J.H. (2000)
Bacterial indicator occurrence and the use of an F+ specific
RNA coliphage assay to identify fecal sources in Homo-
sassa Springs, Florida. Microb Ecol 39: 56–64.

Habayeb, M.S., Ekengren, S.K., and Hultmark, D. (2006)
Nora virus, a persistent virus in Drosophila, defines a new
picorna-like virus family. J Gen Virol 87: 3045–3051.

Haramoto, E., Katayama, H., Oguma, K., Yamashita, H.,
Tajima, A., Nakajima, H., and Ohgaki, S. (2006) Seasonal
profiles of human noroviruses and indicator bacteria in a
wastewater treatment plant in Tokyo, Japan. Water Sci
Technol 54: 301–308.

Haramoto, E., Katayama, H., Phanuwan, C., and Ohgaki, S.
(2008) Quantitative detection of sapoviruses in wastewater
and river water in Japan. Lett Appl Microbiol 46: 408–
413.

Harwood, V.J., Levine, A.D., Scott, T.M., Chivukula, V.,
Lukasik, J., Farrah, S.R., and Rose, J.B. (2005) Validity of
the indicator organism paradigm for pathogen reduction in
reclaimed water and public health protection. Appl Environ
Microbiol 71: 3163–3170.

Hazen, T.H., Wu, D., Eisen, J.A., and Sobecky, P.A. (2007)
Sequence characterization and comparative analysis of
three plasmids isolated from environmental Vibrio spp.
Appl Environ Microbiol 73: 7703–7710.

Horiuchi, H., and Fukuhara, T. (2004) Putative replication
intermediates in Endornavirus, a novel genus of plant
dsRNA viruses. Virus Genes 29: 365–375.

Huson, D.H., Auch, A.F., Qi, J., and Schuster, S.C. (2007)
MEGAN analysis of metagenomic data. Genome Res 17:
377–386.

Ikeda, H., and Tomizawa, J.I. (1968) Prophage P1 an extra-

2818 K. Rosario et al.

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 2806–2820



chromosomal replication unit. Cold Spring Harb Symp
Quant Biol 33: 791–798.

Inal, J.M., and Karunakaran, K.V. (1996) Phi 20, a temperate
bacteriophage isolated from Bacillus anthracis exists as a
plasmidial prophage. Curr Microbiol 32: 171–175.

Kapoor, A., Victoria, J., Simmonds, P., Slikas, E.,
Chieochansin, T., Naeem, A., et al. (2008) A highly preva-
lent and genetically diversified Picornaviridae genus in
South Asian children. Proc Natl Acad Sci USA 105: 20482–
20487.

Katayama, H., Haramoto, E., Oguma, K., Yamashita, H.,
Tajima, A., Nakajima, H., and Ohyaki, S. (2008) One-year
monthly quantitative survey of noroviruses, enteroviruses,
and adenoviruses in wastewater collected from six plants
in Japan. Water Res 42: 1441–1448.

Kim, K.H., Chang, H.W., Nam, Y.D., Roh, S.W., Kim, M.S.,
Sung, Y., et al. (2008) Amplification of uncultured single-
stranded DNA viruses from rice paddy soil. Appl Environ
Microbiol 74: 5975–5985.

Lasken, R.S., and Stockwell, T.B. (2007) Mechanism of
chimera formation during the Multiple Displacement Ampli-
fication reaction. BMC Biotechnol 7: 19.

Le Gall, O., Christian, P., Fauquet, C.M., King, A.M.Q.,
Knowles, N.J., Nakashima, N., et al. (2008) Picornavirales,
a proposed order of positive-sense single-stranded RNA
viruses with a pseudo-T=3 virion architecture. Arch Virol
153: 715–727.

Leplae, R., Hebrant, A., Wodak, S.J., and Toussaint, A.
(2004) ACLAME: a CLAssification of mobile genetic ele-
ments. Nucleic Acids Res 32: D45–D49.

Leplae, R., Lima-Mendez, G., and Toussaint, A. (2006) A
first global analysis of plasmid encoded proteins in the
ACLAME database. FEMS Microbiol Rev 30: 980–994.

Levine, A.D., and Asano, T. (2004) Recovering sustainable
water from wastewater. Environ Sci Technol 38: 201A–
208A.

Mark Osborn, A., and Böltner, D. (2002) When phage,
plasmids, and transposons collide: genomic islands, and
conjugative- and mobilizable-transposons as a mosaic
continuum. Plasmid 48: 202–212.

McQuaig, S.M., Scott, T.M., Harwood, V.J., Farrah, S.R., and
Lukasik, J.O. (2006) Detection of human-derived fecal
pollution in environmental waters by use of a PCR-based
human polyomavirus assay. Appl Environ Microbiol 72:
7567–7574.

Meleg, E., Banyai, K., Martella, V., Jiang, B., Kocsis, B.,
Kisfali, P., et al. (2008) Detection and quantification of
group C rotaviruses in communal sewage. Appl Environ
Microbiol 74: 3394–3399.

Morace, G., Aulicino, F.A., Angelozzi, C., Costanzo, L.,
Donadio, F., and Rapicetta, M. (2002) Microbial quality of
wastewater: detection of hepatitis A virus by reverse
transcriptase-polymerase chain reaction. J Appl Microbiol
92: 828–836.

Nwachcuku, N., and Gerba, C.P. (2004) Emerging water-
borne pathogens: can we kill them all? Curr Opin Biotech-
nol 15: 175–180.

Osaki, H., Nakamura, H., Sasaki, A., Matsumoto, N., and
Yoshida, K. (2006) An endornavirus from a hypovirulent
strain of the violet root rot fungus, Helicobasidium mompa.
Virus Res 118: 143–149.

Overman, A.R., and Pirozzoli, H.J. (1996) Impact of popula-
tion trends on reuse. Florida Water Resour. J. November:
37–38.

Patel, A., Noble, R.T., Steele, J.A., Schwalbach, M.S.,
Hewson, I., and Fuhrman, J.A. (2007) Virus and prokaryote
enumeration from planktonic aquatic environments by epi-
fluorescence microscopy with SYBR Green I. Nat Protoc 2:
269–276.

Ravin, V., Ravin, N., Casjens, S., Ford, M.E., Hatfull, G.F.,
and Hendrix, R.W. (2000) Genomic sequence and analysis
of the atypical temperate bacteriophage N15. J Mol Biol
299: 53–73.

Rinta-Kanto, J.M., Lehtola, M.J., Vartiainen, T., and Marti-
kainen, P.J. (2004) Rapid enumeration of virus-like par-
ticles in drinking water samples using SYBR green
I-staining. Water Res 38: 2614–2618.

Rosario, K., Duffy, S., and Breitbart, M. (2009) Diverse
circovirus-like genome architectures revealed by environ-
mental metagenomics. J Gen Virol (in press).

Rotbart, H.A. (2002) Treatment of picornavirus infections.
Antiviral Res 53: 83–98.

Salgot, M., Campos, C., Galofre, B., and Tapias, J.C. (2001)
Biological control tools for wastewater reclamation and
reuse. A critical review. Water Sci Technol 43: 195–201.

Sambrook, J., and Russell, D.W. (2001) Molecular Cloning:
A Laboratory Manual. New York, NY, USA: Cold Spring
Harbor Laboratory Press.

Seal, S.E., vandenBosch, F., and Jeger, M.J. (2006) Factors
influencing begomovirus evolution and their increasing
global significance: implications for sustainable control. Crit
Rev Plant Sci 25: 23–46.

Sedmak, G., Bina, D., MacDonald, J., and Couillard, L.
(2005) Nine-year study of the occurrence of culturable
viruses in source water for two drinking water treatment
plants and the influent and effluent of a wastewater
treatment plant in Milwaukee, Wisconsin (August 1994
through July 2003). Appl Environ Microbiol 71: 1042–
1050.

Shibata, A., Goto, Y., Saito, H., Kikuchi, T., Toda, T., and
Taguchi, S. (2006) Comparison of SYBR Green I and
SYBR Gold stains for enumerating bacteria and viruses by
epifluorescence microscopy. Aquat Microb Ecol 43: 223–
231.

Thurber, R.V., Haynes, M., Breitbart, M., Wegley, L., and
Rohwer, F. (2009) Laboratory procedures to generate viral
metagenomes. Nat Protoc 4: 470–483.

Todd, D. (2000) Circoviruses: immunosuppressive threats to
avian species: a review. Avian Pathol 29: 373–394.

Tomlinson, J.A., and Faithfull, E. (1982) Isolation of infective
Tomato bushy stunt virus after passage through the human
alimentary tract. Nature 300: 637–638.

United States Environmental Protection Agency (2001)
Method 1602: Male-specific (F+) and Somatic Coliphage
in Water by Single Agar Layer (SAL) Procedure. Wash-
ington, DC, USA: United States Environmental Protection
Agenc.

Victoria, J.G., Kapoor, A., Li, L., Blinkova, O., Slikas, B.,
Wang, C., et al. (2009) Metagenomic analyses of viruses in
the stool of children with acute flaccid paralysis. J Virol 83:
4642–4651. JVI.02301-02308.

Villena, C., El-Senousy, W.M., Abad, F.X., Pinto, R.M., and

Viruses in reclaimed water 2819

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 2806–2820



Bosch, A. (2003) Group A rotavirus in sewage samples
from Barcelona and Cairo: emergence of unusual geno-
types. Appl Environ Microbiol 69: 3919–3923.

Wommack, K.E., Bhavsar, J., and Ravel, J. (2008) Metage-
nomics: read length matters. Appl Environ Microbiol 74:
1453–1463.

Yamada, M., Kozakura, R., Ikegami, R., Nakamura, K., Kaku,
Y., Yoshii, M., and Haritani, M. (2004) Enterovirus
encephalomyelitis in pigs in Japan caused by Porcine
teschovirus. Vet Rec 155: 304–306.

Yamashita, T., Sakae, K., Kobayashi, S., Ishihara, Y.,
Miyake, T., Mubina, A., and Isomura, S. (1995) Isolation of
cytopathic small round virus (Aichi-Virus) from Pakistani

children and Japanese travelers from Southeast Asia.
Microbiol Immunol 39: 433–435.

Yamashita, T., Ito, M., Tsuzuki, H., and Sakae, K. (2001)
Identification of Aichi virus infection by measurement of
immunoglobulin responses in an enzyme-linked immun-
osorbent assay. J Clin Microbiol 39: 4178–4180.

Young, H.W., and York, D.W. (1996) Reclaimed water reuse
in Florida and the South Gulf Coast. Florida Water Resour.
J. November: 32–36.

Zhang, T., Breitbart, M., Lee, W.H., Run, J.Q., Wei, C.L., Soh,
S.W.L., et al. (2006) RNA viral community in human feces:
prevalence of plant pathogenic viruses. PloS Biol 4: 108–
118.

2820 K. Rosario et al.

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 2806–2820


	emi_1964 2806..2820

