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a b s t r a c t

There are 100 times more virions than eukaryotic cells in a healthy human body. The characterization

of human-associated viral communities in a non-pathological state and the detection of viral pathogens

in cases of infection are essential for medical care and epidemic surveillance. Viral metagenomics, the

sequenced-based analysis of the complete collection of viral genomes directly isolated from an

organism or an ecosystem, bypasses the ‘‘single-organism-level’’ point of view of clinical diagnostics

and thus the need to isolate and culture the targeted organism. The first part of this review is dedicated

to a presentation of past research in viral metagenomics with an emphasis on human-associated viral

communities (eukaryotic viruses and bacteriophages). In the second part, we review more precisely the

computational challenges posed by the analysis of viral metagenomes, and we illustrate the problem

of sequences that do not have homologs in public databases and the possible approaches to

characterize them.

& 2012 Elsevier Inc. All rights reserved.
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Viral infections and the need for better viral discovery tools

Viral infections may become more prevalent in the future as

multiple factors contribute to the emergence of new viral patho-

gens (Delwart, 2007; Wang, 2011). The expansion of the human

population has led to the removal of barriers between animal and

human communities, which favors the development of zoonoses.

In addition, modern immunosuppressive therapies create favor-

able environments for the replication of viruses that are not

commonly pathogenic. Furthermore, the spread of viruses world-

wide is promoted by globalization and climate change, which

extend the active ranges for some viral vectors, and there still

exist several common pathologies, such as encephalitis and many

respiratory syndromes, for which extensive classical diagnostic

testing has failed to determine the etiology and which are thought

to be of viral origin (Glaser et al., 2003; Quan et al., 2007).

Thus, an improved detection of newly emerging and re-emerging

viruses and a systematic characterization of the full range of viruses

that infect humans are needed (Anderson et al., 2003).

Classical methods of viral detection have several limitations.

First, most of them are based on isolation and culture of the viral

pathogen, but frequently the virus or its host cannot be cultivated

under laboratory conditions, or the virus does not exhibit its

characteristic cytopathic effects in culture (Specter, 1992). Moreover,

these methods target known agents, and they are thus unsuitable

for the detection of unexpected pathological agents or for the

discovery of new ones. Immunological assays, for example, fail to

identify unexpected or unknown viruses because such viruses are

usually too divergent to cross-react. With respect to molecular tools,

viruses lack a universally conserved genetic marker to target, and

PCR assays directed towards conserved sequences within viral

groups can only identify close variants of those groups (Staheli

et al., 2011; Rose et al., 1998). Although the use of a wide set of

different and highly degenerate primers has allowed the identifica-

tion of numerous viruses (Culley et al., 2003), it does not allow a

systematic and comprehensive screening to determine the identity

of every virus that may be present.

Viral metagenomics and its first applications

Metagenomics, which is commonly defined as the sequenced-

based analysis of the whole collection of genomes directly isolated

from a sample (Handelsman et al., 1998), overcomes the principal

limitations of the classical tools for viral detection. In fact, unlike

traditional techniques for microbial and viral identification, metage-

nomics does not require prior isolation and clonal culturing for

species characterization, nor does it rely on previous assumptions

about what organisms are expected to be present or the genomic

sequences that are to be targeted. Thus, it is particularly suitable to

provide a global overview of the community diversity (species

richness and distribution) and functional (metabolic) potential and

to identify new species. In principle, it allows the identification of any

organism, including those commonly not detected because they are

difficult to isolate and grow under laboratory conditions. Such

organisms are estimated to constitute between 90% and 99% of

microbial species (Rappé and Giovannoni, 2003; Pace, 1997). Indeed

the method of viral isolation, library preparation and sequencing

affects the type of viruses which are retrieved. These issues have to be

considered when analyzing the taxonomical profile of a metagenome

and will be discussed later (see ‘‘General considerations on technical

issues and potential biases in metagenome preparation’’).

Metagenomics has a wide variety of applications from ecology

and environmental sciences (Breitbart et al., 2002; Dinsdale et al.,

2008) to the chemical industry (Lorenz and Eck, 2005) and human

health (Turnbaugh et al., 2007; Ravel et al., 2010; Sullivan et al.,

2011; Nakamura et al., 2009; Minot et al., 2011). Historically, it

was first associated with the study of uncultured microbial

organisms (bacteria and archaea) in environmental samples

(Handelsman et al., 1998; Hugenholtz and Tyson, 2008). More

recently, it has also been applied to the characterization of viral

communities, a task that it is particularly suited for because the

small size of viral genomes makes their coverage more compre-

hensive using the same number of metagenomic sequences. The

first example of viral metagenomics was performed by Breitbart

et al. in 2002. This study revealed that viral diversity had been

widely underestimated because, in approximately 200 l of marine

water, more than 7000 different viral genotypes were found. This

high degree of viral genetic diversity has been confirmed by

further metagenomic studies of marine water (Angly et al., 2006),

marine sediments (Breitbart et al., 2004) and freshwater (Lopez-

Bueno et al., 2009). Today, viruses are considered the most

abundant and diverse living forms on earth (Culley et al., 2006;

Suttle, 2005). Their diversity has been explored by metagenomics

in a wide variety of environments: oceans (Williamson et al.,

2008), stromatolites (Desnues et al., 2008), acidic hot springs

(Rice et al., 2001), and subterranean and hypersaline environ-

ments (Dinsdale et al., 2008).

Identifying human-associated viral communities (the human virome)

A preliminary step in identifying viral agents that cause

disease is the characterization of the viral microflora associated

with humans in a non-pathological state. To date, only a few viral

metagenomic studies have been performed on human samples.

Moreover, due to the limited availability and size of human

samples, most of these studies used fecal samples (Reyes et al.,

2010; Breitbart et al., 2008,2003; Minot et al., 2011,2012; Zhang

et al., 2006; Kim et al., 2011).

The first contribution to the assessment of the human virome

by metagenomics was made in 2003 by Breitbart et al. who

studied the DNA virus community that was associated with the

human gut through partial shotgun sequencing of the feces of a

healthy adult. Most of the sequences generated were unknown

(59% according to a tblastx search against the Genbank non-

redundant database with an E-valueo1eÀ03). Among the iden-

tifiable viral sequences, the majority were phages (Breitbart et al.,

2003). The community was estimated to have a high richness

(approximately 1200 different genotypes) and diversity as esti-

mated by the Shannon–Wiener index (H0
¼6.4 nats) which deter-

mines species diversity on the basis of both the number of species

and the relative contribution of each of these species to the total

number of individuals in a community. Breitbart et al. performed

an analogous study in 2008 using the feces of a 1-week-old infant.

Similarly to the 2003 study, an elevated percentage of unknown

sequences (66%) and a significant abundance of phages were

found. Similar observations were also reported by two recent

studies on the DNA virome of the human gut (Reyes et al., 2010;

Minot et al., 2011) in which the percentage of unknown

sequences was 81% and 98%, respectively, and phages dominated

the viral community. However, the richness and diversity of these

viral communities were significantly lower in comparison with

the results obtained by Breitbart in 2003 and in particular to the

1-week-old infant, whose virome richness was 8 genotypes and

whose Shannon–Wiener index was only 1.63 nats. In addition to

the DNA viruses, the RNA viruses of the human gut have also been

studied (Zhang et al., 2006; Nakamura et al., 2009). In a study

performed using stool samples from two healthy adults, Zhang

et al. found that only 8.9% of the sequences were unknown

(tblastx search with Eo1eÀ03) and that among the identifiable

viral sequences there was an insignificant number of phages.

The majority of the identifiable viruses were plant viruses (91.5%).

Among these viruses, they found viruses that infect consumable
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crops and fruits, which were most likely introduced through

consumption of contaminated produces. They also observed that

the viral community was dynamic and that it changed substan-

tially in the same individual over time (Zhang et al., 2006).

Few other body sites have been targeted by viral metagenomics.

In 2005, Breitbart and Rohwer analyzed the DNA virus communities

associated with blood samples from healthy donors, and they were

able to recover sequences from a novel anellovirus whose presence in

the general population was then confirmed by specific PCR on a pool

of 100 blood donors (Breitbart and Rohwer, 2005). In 2010, Willner

et al. analyzed the DNA virus community of the human oral cavity

using oropharyngeal swabs and showed that it was dominated by

phages; the only eukaryotic virus detected was Epstein–Barr virus

(Willner et al., 2010). A comparative study between patients affected

by cystic fibrosis and healthy individuals showed that, in a non-

disease state, the DNA virus community populating the sputum,

which should be representative of the human respiratory tract, was

again dominated by phages; among the eukaryotic viruses detected

were adenoviruses, herpesviruses and poxviruses (Willner et al.,

2009). Moreover, different individuals presented different viral

communities, which likely were representative of a random sample

of the inhaled organisms from the exterior environment; these viral

particles are thought to establish transient infections that are rapidly

cleared by the immune system or to be simply removed from the

airway by mucociliary clearance. Interestingly, these communities

were transient from a taxonomic point of view but constant with

respect to the metabolic functions encoded. The estimated richness

was 243 different genotypes, and the diversity, as measured by the

Shannon–Wiener index, was as low as 4.83 nats.

A human salivary virome has also been described (Pride et al.,

2011). Saliva samples from five healthy human subjects were

studied over a 2- to 3-month period. The viral communities were

dominated by bacteriophages, in contrast to the communities

from human stool samples or the respiratory tract, and were

likely the result of environmental influences. More than 122

thousands of homologs to genes involved in bacterial pathogeni-

city were identified in the salivary virome. This suggests that the

bacteriophages contained in the saliva may serve as a reservoir of

virulence-associated genes in the human oral environment.

Today, the assessment of the human virome in the non-disease

state is still widely incomplete. Viral metagenomic studies character-

izing the common ‘‘viral flora’’ associated with humans in the non-

disease state need to be continued because they constitute a

reference point in viral metagenomic clinical investigations. Indeed,

they provide a baseline against which clinical samples can be

compared to identify novel or divergent human viruses and assess

which viruses are potentially responsible for idiopathic human

diseases.

Bacteriophages in the human virome

Metagenomic studies aimed at characterizing the human

virome have noted the prevalence and ubiquity of bacteriophages

(viruses of bacteria) in humans. The vast majority of human

viruses recovered by metagenomics were identified as viruses of

bacteria, as shown in salivary (Pride et al., 2011), respiratory tract

(Willner et al., 2009), gastrointestinal tract (Reyes et al., 2010)

and oropharyngeal samples (Willner et al., 2010).

It is estimated that approximately 1013 to 1015 bacteriophages

populate the human body (Haynes and Rohwer, 2011). These

bacteriophages may have a substantial role in shaping and

regulating human bacterial communities through lysis and hor-

izontal gene transfer; a similar role has already been shown in

environmental bacterial communities (Letarov and Kulikov, 2009;

Weinbauer, 2004; Breitbart et al., 2004). Thus, they are also

thought to be able to influence healthy and disease

states in humans by, for example, eradicating certain bacteria

or by conferring on bacteria a new pathogenic phenotype

(Breitbart and Rohwer, 2005). Metagenomic analysis of viral

communities populating the human oropharynx has suggested

that bacteriophages are important reservoirs of virulence genes,

such as the platelet-binding factors pblA and pblB, for oropharyngeal

bacteria. Moreover, considerable differences were observed in the

human respiratory tract between the bacteriophage communities

associated with healthy subjects and the communities of cystic

fibrosis patients (Willner et al., 2009). Antibiotic resistance genes

were also found in bacteriophages colonizing cystic fibrosis patients,

which could be passed through horizontal gene transfer to other

bacterial communities and make those bacteria resistant. This

phenomenon may represent a potential new therapeutic target

to prevent the emergence of multidrug-resistant bacteria, which

is a major problem in the treatment of cystic fibrosis patients

(Fancello et al., 2011).

Clinical applications: discovery of human pathogens

The first application of viral metagenomics to human clinical

research was in 2008 when Palacios et al. used the 454/Roche

pyrosequencing platform to detect the pathogen responsible for a

cluster of fatal transplant-associated diseases and identified a

new arenavirus that was transmitted through solid-organ trans-

plantation (Palacios et al., 2008). Since that initial study, viral

metagenomics has led to the discovery of other previously

unknown and potentially pathogenic viruses in stool samples

(Victoria et al., 2009; Sullivan et al., 2011; Finkbeiner et al., 2008;

Holtz et al., 2008), nasopharyngeal aspirates (Allander et al.,

2005), serum/blood samples (Sullivan et al., 2011; Briese et al.,

2009; McMullan et al., 2012) and a frontal lobe biopsy (Quan,

2010) collected from patients affected by idiopathic diseases. An

overview of viral metagenomics studies on human clinical sam-

ples is provided in Table 1.

The interest in applying viral metagenomics to human patients

comes not only from its capacity to identify new viruses that

could potentially be implicated in a targeted disease but also from

its capacity to confirm the presence of known pathogenic viruses

even at concentrations lower than the levels detectable by PCR

(Nakamura et al., 2009). Moreover, metagenomics can also high-

light unexpected tropisms of known viruses and the potential

pathogenicity of known viruses that are not suspected in the

studied disease and thus are not targeted by standard diagnostic

tests. An example is the implication of yellow fever virus in the

hemorrhagic fever outbreak in October, 2010, in Uganda

(McMullan et al., 2012). Also in 2010, Greninger et al. demon-

strated that metagenomics was an efficient approach to rapidly

identify and characterize the full genome of a flu virus without a

priori information (Greninger et al., 2010). Clinical applications of

viral metagenomics can also give important clues about which

therapeutic measures to develop. For example, the metagenomic

study of the viral communities populating human lungs in cystic

fibrosis patients and healthy controls revealed that the diseased

and non-diseased states are defined by their metabolic, rather

than phylogenetic, profiles. Thus, therapeutic measures may be

more effective if directed at changing the respiratory environ-

ment rather than targeting the dominant taxa (Willner et al.,

2009, 2010).

General considerations on technical issues and potential biases

in metagenome preparation

The way a viral metagenome is generated can widely affect the

type of viruses retrieved and it should be taken into consideration

for downstream analyses. Most of the biases related to
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metagenome preparation have already been discussed elsewhere

(Morgan et al., 2010; Thomas et al., 2012). Here, we will briefly

resume potential biased related to viral particles isolation, nucleic

acid amplification and the sequencing technology used.

Viral particle isolation is usually performed by a combination

of filtration and/or (ultra)centrifugation. Viral particles can be

further purified onto a cesium chloride density gradient (Thurber

et al., 2009). Sample filtering is often necessary to eliminate

contamination by host cells and other non-viral cells. Because

viral genomes generally are shorter than those of their eukaryotic

or prokaryotic hosts, a minimal contamination would result in the

preferential sequencing of those longer genomes which would

‘‘mask’’ viral sequences. However, most environmental metage-

nomic studies filter samples at 0.2 mm, which does not allow

recovering large viruses and thus introduces a bias in the

resulting metagenome taxonomic composition as already pointed

out elsewhere (Thurber et al., 2009).

Another issue in metagenomes preparation is the need of a

nucleic acids amplification step before sequencing as a result of

the small amount of nucleic acids extracted from isolated viral

particles. This is particularly critical for human-associated viral

metagenomes as the volume of available sample may be more

limited than in environmental studies. Nucleic acids may be

amplified using the LASL (Linker Amplified Shotgun Library)

method where the viral DNA (or the cDNA obtained from viral

RNA genomes) is fragmented, ligated with an adapter and PCR

amplified with a single primer specific to the adapter (Breitbart

et al., 2002). Because the adapter ligation is only possible for

dsDNA fragments, ssDNA viral genomes are not amplified and

cannot be recovered in the metagenome (Kim and Bae, 2011).

Table 1

Viral metagenomic studies on human samples for clinical application. Targeted disease, nucleic acids type (DNA or RNA viral genomes), sample type, eventual discovery of

new viruses and sequencing technology are reported, as well as the method of viral particles isolation and the computational tools used for assembly and annotation.

Targeted

disease

Nucleic

acid

Samples New virus discovered Sequencing

method

Viral particles

isolation

Assembly Annotation Reference

Lower

respiratory

tract infection

DNA

RNA

Nasopharyngeal

aspirates

Parvovirus, coronavirus Sanger Ultracentrifugation;

0.22 mm filtering

Not performed BLAST (Allander

et al., 2005)

Human merkel

cell carcinoma

RNA Cell carcinoma

tissues

(biopsies)

Polyomavirus 454/Roche (Direct nucleic acids

extraction)

Not performed BLAST (Feng et al.,

2008)

Diarrhea RNA Stool Astrovirus, torque teno

virus, norovirus,

picobirnavirus, enterovirus,

nodavirus

Sanger Centrifugation;

0.45 mm filtering

Not performed BLAST (Finkbeiner

et al., 2008)

Acute

respiratory

infections and

diarrhea

RNA Nasopharyngeal

aspirates, stool

– 454/Roche Centrifugation Not performed BLAST, SSEARCH (Nakamura

et al., 2009)

Fatal transplant-

associated

disease

RNA Brain,

cerebrospinal

fluid, serum,

kidney, liver

Arenavirus 454/Roche (Direct nucleic acids

extraction)

CAP3 (Huang and

Madan. 1999)

BLAST (Palacios

et al., 2008)

Hemorragic

fever

RNA Liver biopsies,

serum

Arenavirus 454/Roche (direct Nucleic acids

extraction)

GCG Package

(Accelrys, San Diego,

CA, USA)

CLC RNA

Workbench (CLC

bio, Århus,

Denmark)

(Briese

et al., 2009)

Acute flaccid

paralysis

DNA Stool Bocavirus, picornaviruses,

circovirus, nodavirus,

dicistroviruses

454/Roche,

Sanger

Centrifugation;

0.45mm filtering

Sequencher (Gene

Codes Corporation,

Ann Arbor, MI USA)

BLAST (Victoria

et al., 2009)

Cystic fibrosis DNA Sputum – 454/Roche 0.45 mm filtering;

CsCl gradient

PHRAP (www.phrap.

org)

BLAST, MG-RAST (Willner

et al., 2009)

Upper

respiratory

tract infection

RNA Nasopharyngeal

aspirates

– Illumina (Direct nucleic acids

extraction)

Geneious (http://

www.geneious.com)

BLAST (Greinger

et al., 2010)

Encephalitis RNA Frontal cortex

(biopsy)

Astrovirus 454/Roche (Direct nucleic acids

extraction)

GreenPortal website

(http://tako.cpmc.

columbia.edu/Tools)

BLAST (Quan,

2010)

Chronic fatigue

syndrome

DNA

RNA

Serum – 454/Roche,

Sanger

0.22 mm/0.45 mm

filtering;

ultracentrifugation

miraEST (Chevreux

et al., 2004)

BLAST (Sullivan

et al., 2011)

Acute

exacerbation

of idiopathic

pulmonary

fibrosis

RNA Bronchoalveolar

lavage and

serum

– Illumina (Direct nucleic acids

extraction)

Not performed MegaBLAST,

BLAST

(Wootton

et al., 2011)

Lower

respiratory

tract

infections

DNA &

RNA

Nasopharyngeal

aspirates

Rhinovirus C 454/Roche 0.22 mm/0.45 mm

filtering;

ultracentrifugation

miraEST (Chevreux

et al., 2004)

MegaBLAST,

BLAST

(Lysholm

et al., 2012)

Hemorragic

fever

RNA Serum – 454/Roche (Direct nucleic acids

extraction)

Newbler (Roche);

CLC (CLC bio,

Aarhus, Denmark)

BLAST, MEGAN (McMullan

et al., 2012)

Cystic fibrosis DNA Lung tissue

(biopsies)

– 454/Roche 0.45 mm filtering;

CsCl gradient

CAP3 (Huang and

Madan, 1999)

BLAST (Willner

et al., 2011)

Tropical febrile

illness

DNA

RNA

Serum Circovirus Illumina (Direct nucleic acids

extraction)

Not performed BLAST (Yozwiak

et al., 2012)
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Another common technique is the multiple displacement ampli-

fication (MDA), i.e. the isothermal amplification of the DNA (or

the cDNA obtained from viral RNA genomes) by using random

hexamers and the phi29 DNA polymerase. MDA is known to

amplify more efficiently small circular DNA than linear DNA and

preferentially ssDNA rather than dsDNA (Kim and Bae, 2011; Kim

et al., 2011). It may also generate chimeras (Lasken and Stockwell,

2007) and introduce quantitative biases (Yilmaz et al., 2010). As

different protocols can give different views on the diversity of the

viral community studied, the biases introduced in the metagen-

ome preparation have to be considered in downstream analyses

and further comparative metagenomics.

Computational tools and algorithms in clinical viral

metagenomics

One of the hardest challenges in metagenomic studies is

sequence analysis, particularly because there is a large amount

of data. For this reason, bioinformatics is essential to extract

meaningful information from metagenomes. Computational ana-

lysis of metagenomes is particularly challenging in the case of

viral community surveys. Viruses have an extremely high muta-

tion rate, and they can be highly divergent, which hampers the

identification of known homologs using similarity searches. In

addition, viruses may exist in a proviral form, which complicates

the task of distinguishing viral genomic sequences from host

sequences. In the workflow for the analysis of a viral metagen-

ome, the principal steps, aside from quality processing of raw

reads, address the taxonomical and functional characterization of

metagenomes, the gene prediction, the (partial) assembly of the

genomes, the characterization of the community structure and

diversity and comparisons of metagenomes. Due to the earlier

and wider expansion of bacterial metagenomics over viral meta-

genomics, the first tools developed in this field were designed for

the analysis of bacterial communities (Kunin et al., 2008; Wooley

and Ye, 2010; Raes et al., 2007; Wooley et al., 2010) and may be

unsuitable for the analysis of viral communities (see Fig. 1). The

following sections present the computational tools and algo-

rithms commonly used in viral metagenomics, with specific

attention paid to clinical research.

Pre-processing and quality control

A typical metagenomic data workflow begins with quality

control and the pre-processing of the raw reads produced by

high-throughput sequencing technologies. The main goal is to

create a high-quality metagenomic dataset that is faithfully

representative of the genotypes present in the sample and of

their relative abundances. Quality control includes the investiga-

tion of length, GC content, quality score, number of ambiguous

bases ‘‘N’’ and the sequence complexity distribution of the reads.

The criteria and methods for quality control are highly dependent

on the sequencing technology used. These are general issues for

all kinds of studies using data from high-throughput sequencing

technologies and therefore are not the object of this review.

Instead, we will treat here another pre-processing issue which

is specific to metagenomics and in particular viral metagenomics:

Fig. 1. Overview of the main issues and tools for computational analysis in genomics, metagenomics and viral metagenomics. For each step of the computational analysis,

we reported specific issues, if any, relative to (non viral) metagenomic and viral metagenomics. Corresponding computational tools are reported in italic.
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the presence of contaminating sequences in raw metagenomes.

Filtering should be performed to obtain a metagenome that only

contains sequences of interest (i.e., viral sequences). Filtering step

limits misassemblies, and the resulting reduced size of the dataset

speeds up the downstream analysis. There are two main sources

of contamination: (i) primers and their eventual concatenations

that are produced when metagenomes are generated by pre-

amplification with primer-based methods (e.g., RNA virus com-

munities generated by a Whole Transcriptome Amplification

approach); and (ii) genomic material from organisms present in

the sample that are not the targets of the metagenomic survey

(e.g., host eukaryotic cells or prokaryotic material when the viral

community is being studied). To eliminate contaminating pri-

mers, TagCleaner (Schmieder et al., 2010) and TagDust (Lassmann

et al., 2009) can be used on 454/Roche- and Illumina-generated

sequences, respectively. Contamination from genomic material

can be removed after a BLAST search of all the reads that match

with the genomes of the contaminating organisms; this task is

automated by DeconSeq (Schmieder and Edwards, 2011). Recent

studies have shown that viral metagenomes generated from

human samples may contain over 90% host-derived sequences

when nucleic acids are isolated without prior elimination of host

or bacterial cells (Nakamura et al., 2009). Contamination from

host genomic material can still represent a serious concern even

in protocols that have been optimized to remove host and

bacterial cells. For example, in a study by Willner et al., the

percentage of human-derived sequences could be as high as 34%

(Willner et al., 2009), although their protocol included a filtration

step at 0.45 mm and a viral particle purification step using a

cesium chloride gradient.

Human viral metagenomes are frequently dominated by

sequences annotated as bacteria (Edwards and Rohwer, 2005;

Rosario and Breitbart, 2011). Annotation and removal of bacterial-

annotated reads must be carefully evaluated, as part of these

might come from genes of bacterial origin transferred to their

phages (Beumer and Robinson, 2005; Ghosh et al., 2008) or from

excised prophages mistakenly annotated as bacteria. Recently, it

has been proposed that the extensive presence of bacterial-like

genes in viral metagenomes could be due to the presence of Gene-

Transfer Agents (GTA) (Kristensen et al., 2010). These are phage-

like particles found in a wide range of prokaryotes which are able

to mediate gene transfers (Lang et al., 2012). Although similar to

transducing bacteriophages, their production by a cell does not

result from a phage infection, the amount of DNA packaged in

GTAs is insufficient to encode the protein components of the

particle itself and it contains a random piece of the genome of the

producing cell. So far, the proportion of GTAs in viral metagen-

omes is unknown and the reason for such a large number of

bacterial sequences retrieved from viral metagenomes is not clear

(Lang et al., 2012).

Annotation, assembly and estimation of the community diversity

and structure

Taxonomic identification, i.e., the assignment of each sequence to

the genome from which it was generated, is one of the main goals of

metagenomic studies. Indeed, it is a difficult task, especially for reads

produced by high-throughput sequencing technologies that are only

50–500 nucleotides. Because of their short lengths, these reads are

less informative and can be difficult to classify. An assembly step

introduced prior the taxonomic classification could thus be very

helpful by providing a better accuracy and sensitivity in the sequence

assignments. At the same time, assembly itself constitutes a challenge

in metagenomic studies which may be simplified by previous binning

of sequences according to their putative taxonomic assignment

(Garcı́a Martı́n et al., 2006; Woyke et al., 2006). Taxonomic

assignment and assembly, although described separately in the

following sections, are deeply intertwined.

Taxonomic classification

Taxonomic classification is currently one of the most active

fields in metagenomics. Several approaches have been developed

and can be principally classified as either ‘‘similarity-based’’

methods or ‘‘composition-based’’ methods.

Similarity-based methods are most frequently used to describe

the taxonomic profile of viral metagenomes. They are usually based

on BLAST searches (Altschul et al., 1990), although other useful

algorithms exist, including FAAST, which uses pyrosequencing

flowpeak information to improve the alignment accuracy (Lysholm

et al., 2011), or BLAT (Kent, 2002). Because most metagenomic

sequences belong to unknown organisms, searches based on strin-

gent E-values can yield too few classifiable sequences. In contrast,

less stringent E-values can result in a high number of incorrect

assignments. Thus, a few similarity-based taxonomic classifiers have

been developed to evaluate taxonomic assignments that are based

on alignment parameters. One of the most frequently used is

MEGAN (Huson et al., 2007), a rank-flexible taxonomic classifier,

i.e., a classifier that attempts to assign reads to the most appropriate

taxonomic level when lacking sufficient phylogenetic information

without forcing them to a particular rank to avoid misclassification

of ambiguous reads. Although MEGAN has been adopted for viral

metagenomic analysis (Kim et al., 2011; Yang et al., 2011), it was not

specifically developed for this task. Conversely, ProViDE (Program

for Viral Diversity Estimation) is a software tool based on a set of

alignment parameter thresholds that are specific for viral metage-

nomic analysis (Ghosh et al., 2011). These thresholds take into

account the patterns of sequence divergence and the non-uniform

taxonomic hierarchies observed within/across viral taxonomic

groups to increase the percentage of correct taxonomic assignments.

Several biases affect the performance of similarity-based taxonomic

classification methods. First, the content of public sequence data-

bases is incomplete and only poorly reflects the existing biological

diversity (McHardy and Rigoutsos, 2007). This is especially true in

the viral world, which is mostly unknown; the majority of

sequences obtained from viral metagenome projects has no homol-

ogy to previously described sequences stored in public databases

(Edwards and Rohwer, 2005) and cannot be classified by similarity

searches. Moreover, viruses have high genetic diversity and diver-

gence, which limits the probability of finding remote similarities

between unknown and known viruses. Indeed, BLASTx, rather than

BLASTn, searches are suggested for the classification of metage-

nomic sequences (Kunin et al., 2008). Because synonymous muta-

tions are bypassed in the translation step, this method is more

sensitive for recovering remote similarities. Additionally, the short

lengths of metagenomic sequences can make reaching statistical

significance in similarity searches difficult; prior assembly into

longer sequences (called contigs) can thus be helpful in the

taxonomic analysis. Finally, another drawback of these methods is

that they are extremely time consuming.

Composition-based methods are taxonomic classification meth-

ods that are based on nucleotide composition. They are computa-

tionally faster than similarity-basedmethods, and they are useful for

the classification of sequences that are highly divergent from the

sequences in public databases. However, they depend on read length

and have lower accuracy than similarity-based methods. They start

from the assumption that the genome sequence composition varies

among different organisms. Indeed, sequence composition is driven

by taxonomy-related forces, such as the translational selection

exerted on the synonymous codon usage of coding sequences, the

polymerase nucleotide incorporation biases, the context-dependent

mutation pressures and the optimal growth temperature of the
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organism (Karlin et al., 1997,1994; Perry and Beiko, 2010;

Deschavanne et al., 1999). Genomic sequence composition has been

shown to be sufficiently organism-specific to allow discrimination

among several species (Kariin and Burge., 1995; Karlin et al., 1997)

and thus to be employed for taxonomic classification. In addition, in

the study by Teeling et al., the GC content and tetranucleotide

signatures were adapted for the taxonomic classification of

sequences from bacterial soil metagenomes (Teeling et al., 2004a).

One of the first composition-based taxonomic methods, the TETRA

software, is based on the computation of tetranucleotide usage

patterns and performs comparisons with pre-computed patterns

from organisms in a reference dataset (Teeling et al., 2004b).

Unfortunately, this reference dataset does not contain viral gen-

omes, and comparisons are not yet possible for viral metagenomes.

More recently, programs based on the oligonucleotide composition

of variable-length genome fragments have also been developed to

achieve higher accuracy and sensitivity, including PhyloPythia

(McHardy et al., 2007) and Phymm (Brady and Salzberg, 2011);

other programs have been specifically developed to work correctly

with metagenomes that exhibit both even and highly uneven

species abundance distributions, e.g., Metacluster 3.0 (Leung et al.,

2011) and Metacluster 4.0 (Wang et al., 2012). Finally, there are

hybrid methods that combine similarity-based and composition-

based approaches, including SPHINX (Mohammed et al., 2011) and

PhymmBL (Brady and Salzberg, 2011). However, all of these meth-

ods are not suitable for viral metagenomes analysis because they are

not trained or benchmarked on viral genomes. To our knowledge,

the only composition-based tool specifically suited to predict the

taxonomy of viral metagenomic sequences is MGTAXA (http://

mgtaxa.jcvi.org), which was developed at the J. Craig Venter

Institute and is freely available on the galaxy platform (http://

galaxyproject.org). Based on Phymm, it is trained on viral genomes

as well. Although composition-based methods have mostly been

used for bacterial metagenomes, this approach has already been

successfully tested on viral sequence classifications (Trifonov and

Rabadan, 2010; Willner et al., 2009). Moreover, nucleotide composi-

tion analysis can also be used to infer the potential hosts of

uncharacterized viral sequences. Indeed, the genome nucleotide

composition of a virus is influenced by its host because it depends

on the host for its replication (Kapoor et al., 2010). However, the

compositional similarity between bacteriophage genomes and their

hosts’ genomes can be a confounding factor in the classification task.

Therefore, the application of composition-based classification meth-

ods to viral metagenomes is a promising field of research, but

further efforts in this area are needed.

Assembly

Assembly of metagenomic data is a complicated task due to the

following factors: (i) the presence of several different genomes;

(ii) non-species-specific contigs; (iii) conserved genomic regions that

are shared between distantly related species; iv) the high frequency

of polymorphisms and genome variation even at the subspecies

level; (v) repeated regions; and (vi) the different coverages across

species due to uneven species frequencies in the sample. The

extreme richness and complexity of an environmental metagenomic

sample and the limited depth of sequencing make virtually impos-

sible to assemble all the individual genomes of a metagenomic

project. However, it can be possible to reconstruct the genome(s) of

the dominant species in the case of a highly uneven community.

This is particularly true for viruses due to their shorter genome

lengths. Such scenarios are of particular interest in metagenomics

that is applied to clinical research because viral infection is expected

to produce high viral loads of one dominant viral genotype over

other residual viruses. Other interests of assembly are an improved

length of assembled contigs compared to unassembled reads, which

facilitates the taxonomic assignment and increases its accuracy in

case of ambiguous reads. Moreover assembly may provide full-

length coding sequences for subsequent analyses. Finally, assembly

reduces the volume of the dataset and therefore the processing

requirements.

So far, most studies have used de novo assemblers developed

for single genome sequencing. The choice of assemblers

depends on the average read length of the dataset, thus on the

sequencing technology used. Phrap (http://www.phrap.org), Ara-

chne (Batzoglou et al., 2002) and JAZZ (Aparicio et al., 2002) were

for example used for Sanger-generated reads. Following the

development of next-generation sequencing technologies and

their application to metagenomic studies new versions of these

de novo assembly tools and completely new algorithms were

implemented to deal with the high throughput short reads

generated by these technologies. Most of the new algorithms

were based on the ‘‘de Bruijn graph’’ approach. Euler (Pevzner

et al., 2001), ALLPATH (Butler et al., 2008), Velvet (Zerbino and

Birney, 2008), SOAPdenovo (Li et al., 2009) and AbySS (Simpson

et al., 2009) were initially developed for very short reads

(o100 bp). The commercial assembler Newbler was implemen-

ted by Roche to specifically assemble 454-generated reads. For

more information about these and further single genome NGS

assemblers we address the reader to a specific review on this

subject (Miller et al., 2010).

Still these assemblers were not specifically designed for metagen-

omes assembly. Some strategies had been adopted to make classic

assemblers suitable for the analysis of metagenomic data, including

the use of reference sequences (Rusch et al., 2007) and the pre-

binning of reads on the basis of their sequence composition, which

should be suggestive of their taxonomic classification (Garcı́a Martı́n

et al., 2006; Woyke et al., 2006). These methods may be affected by

errors and may produce fragmented assemblies, hampering down-

stream analysis. These limits have been highlighted on simulated

metagenomes (Pignatelli and Moya, 2011; Mavromatis et al., 2007).

More recently, new assembly algorithms have been imple-

mented that specifically address the metagenome assembly

problems. Genovo, for example, is an assembler based on the

construction of a Bayesian probabilistic model of read generation

from metagenomic samples, and it functions by discovering likely

sequence reconstructions under this model (Laserson et al., 2011).

Another approach is the assembly of translated ORFs rather than

raw reads. This method, implemented by MetaORFA (Ye and Tang,

2009), simplifies the assembly task because it eliminates repeated

regions (which are much more frequent in non-coding DNA than

in ORFs) and thus avoids chimeric contigs. The assembly

of sequences with synonymous mutations can also be easier

because these mutations do not appear at the amino acid level,

i.e., in translated ORFs. A further advantage is that downstream

homology searches on longer peptide sequences assembled from

ORFs are more sensitive and specific than searches using raw

reads or single ORFs identified in an individual read. Another

metagenome-specific assembler is Meta-IDB, which is not only

capable of reconstructing longer contigs but also provides multi-

ple alignments of similar contigs from different subspecies

(variants) of the same species (Peng et al., 2011). Longer contigs

can be produced because of two of the program’s strengths: (i) its

efficiency in eliminating genomic regions that are common to

multiple species, thus isolating species that are different from

each other; and (ii) its capacity to produce a unique consensus for

different variants of the same subspecies instead of different

contigs. Variations of this consensus are then represented by a

multiple sequence alignment. Similarly to Meta-IDB (Peng et al.,

2011), MetaVelvet (Namiki et al., 2012) and Bambus2 (Koren

et al., 2011) focus on the detection of genomic repeats, which can

generate chimeric sequences, and on the detection of
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polymorphisms, which can fragment the assembly into multiple

contigs that represent different variants of the same subspecies

(Koren et al., 2011). Moreover, Bambus2 is capable of using mate-

paired data for metagenome scaffolding (i.e., the process through

which read pairing information is used to order and orient the

contig along a chromosome). Bambus 2 is used for the scaffolding

step of the assembly process and is compatible with the output of

most modern assemblers. Finally, among de novo assemblers

specifically implemented for metagenome assembly, we can cite

MAP (Metagenomic Assembly Program) which is developed for

Sanger and 454/Roche generated reads (Lai et al., 2012). It uses

mate pairs information to construct contigs when repeats con-

found the assembly.

Genotype abundances, community diversity and structure

An application of taxonomic classification and assembly is the

characterization of the community’s diversity and structure,

which relies on estimating the number of different genotypes in

the sample (richness) and defining their relative abundances and

distribution (evenness) among the metagenomes. Simple read

counts are often erroneously used to indicate relative abunda-

nces of different genotypes or different protein families within a

metagenome. Indeed, metagenomic sequences only are a subset

of the genomic sequences present in the sample and are obtained in a

stochastic manner through high-throughput sequencing. Thus, longer

genomes have a higher probability of being sequenced. Moreover,

metagenomes usually contain high percentages of unknown

sequences, which are usually not accounted for in the results of

similarity-based taxonomic classification methods and which,

conversely, should be considered in diversity estimates. The

problem of the accurate estimation of species’ relative abun-

dances has been addressed by the GAAS tool. GAAS (Genome

relative Abundance and Average Size) is a freely available tool

fundamentally based on the assumption that the probability that

a genome will be sequenced in a metagenomic study is directly

proportional to its length (Angly et al., 2009). Thus, it performs

sequence similarity searches and normalizes the number of reads

recovered for a specific genome to the length of that genome, thus

achieving more precise estimates. The accuracy of GAAS depends

on the frequency of the ambiguous taxonomic assignment of

reads (i.e., reads that cannot be reliably assigned to a unique

genome) as it weights hits only by E-value (Xia et al., 2011;

Lindner and Renard, 2012). The more recent GRAMMy tool

(Genome Relative Abundance estimates based on Mixture Model

theory) filters hits by E-value, alignment length and identity rate,

and it manages ambiguous read assignments in a probabilistic way

(Xia et al., 2011). It performs taxonomic assignment and computes

the probability that each read is assigned to one of the reference

genomes. Estimates of relative abundances as well as log-likelihood

and standard error are then computed by maximum likelihood

method. A different approach is implemented by GASiC (Genome

Abundance Similarity Correction) (Lindner and Renard, 2012). This

tool assumes that similarities among reference genomes are one of

the major sources of ambiguities in reads assignments. Thus it

computes abundances on the basis of reads alignments to reference

genomes and then it directly uses observations on reference

genomes similarities to correct the observed abundances. The

community structure and diversity of viral communities can be

estimated from metagenomic data using the Circonspect (Angly

et al., 2006) and PHACCS tools (Angly et al., 2005). Circonspect uses

an external assembly program and a bootstrap technique to auto-

mate the generation of the contig spectrum, which is the count of

the number of contigs of each different size in an assembly. It relies

on the assumption that the larger the contigs in the contig spectrum

are for one genotype, the higher is the number of copies and the

more abundant is this genotype. Thus, a highly diverse metagenome

is supposed to produce a high number of small contigs and vice

versa for a less diverse one. The contig spectrum is used as an input

by PHACCS (PHAge Communities from Contig Spectrum) along with

the average genome size estimated by GAAS to mathematically

model the structure of viral communities and make predictions

about diversity. Indeed, because not all sequences are entirely

sequenced in a metagenomic survey, it predicts diversity by

constructing models of species’ relative abundances from available

data and then extrapolating the diversity expected at an infinite

sampling effort. In this way, it gives estimates of community

richness, evenness and diversity. Interestingly, the method uses all

of the available information, i.e., both known and unknown

sequences. Indeed, it is based on the contig spectrum, which is

computed using the whole set of metagenomic sequences.

Statistical tools for the analysis of clinical metagenomic samples

Statistical considerations are essential for the correct inter-

pretation of metagenomic data in a wide range of cases, such as

accurately estimating species’ relative abundances or the com-

munity diversity. Metagenome comparisons also require statisti-

cal tests to assess the significance of observed differences or

normalization procedures to account for the different sizes of the

compared metagenomes. Most tools in comparative metage-

nomics were specifically developed for phylogenetic comparisons

and, in particular, for 16S rRNA gene metagenomic surveys. Other

tools were then developed for random sequencing of high-

throughput data, such as ShotgunFunctionalizeR (Kristiansson et al.,

2009) for functional comparisons of metagenomes. This tool focuses

on the abundance of gene families, i.e., sets of functionally similar

genes. Changes in gene family abundances between metagenomes

can be linked to functional differences based on their corresponding

annotations. XIPE-TOTEC (Rodriguez-Brito et al., 2006) is a rapid and

user-friendly non-parametric statistical test that is designed for

pairwise comparisons. However, a common issue with these tools is

their inability to address multiple comparisons. This is an essential

task in viral metagenomics when applied to clinical research

because it relies on the comparison of two populations (patients

and controls), each comprising multiple samples. Furthermore, it

is of vital interest to precisely identify what is the statistically

significant differential feature between the two populations

studied (patients and controls) when we aim to detect, for

example, those viruses whose presence or absence contributes

to human disease.

Recently, Metastats (White et al., 2009) and STAMP (Parks and

Beiko, 2010) have been developed to identify differentially abun-

dant features between metagenomes. Metastats has been speci-

fically implemented for clinical metagenomic sample analyses,

and it provides a robust statistical framework. Metastats nor-

malizes data to account for differences in metagenome sizes, can

be confidently applied to non-normally distributed data, applies

multiple comparison corrections and handles sparse counts using

Fisher’s exact test. STAMP is another valuable tool that uses

confidence intervals and effect size statistics (i.e., the magnitude

of the observed difference). Confidence intervals are more infor-

mative than the more commonly used p-value. Effect size

statistics are used to assess whether a differentially abundant

feature is not only statistically significant (as indicated by the

p-value) but also biologically relevant; arbitrarily small effects

can have statistically significant p-values when the sample sizes

are sufficiently large.

These methods are of paramount interest for the detection of

differentially abundant features in clinical samples compared

with healthy controls. However, the assessment of an observed

correlation between a specific feature and the disease state is a
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much more complicated task. Disease-association studies are

complicated by the wide range of different viral genotypes

observed in many viral groups in which each genotype can be

associated or not to different symptoms. In addition, many viral

infections seem to cause symptoms only in a subset of indivi-

duals, and co-infections can further complicate the interpretation

of the results. The efficacy and informativeness of the described

types of comparative analyses depend on the depths to which the

functional and/or taxonomical annotations of viral metagenomes

are performed. Although metagenome comparisons have yielded

useful information to researchers about the differences, for

example, between the viral communities associated with the

sputa of healthy individuals and cystic fibrosis patients (Willner

et al., 2009), they are still based on partial views of the sampled

communities. Indeed, they do not take into consideration the

unknown metagenomic sequences, which constitute a significant

proportion of viral metagenomes. Conversely, Maxiphi (Angly

et al., 2006) allows comparison of metagenomes at the sequence

level rather than at the annotation level so that all of the reads are

informative. Briefly, this tool assembles a random subset of

sequences that equally represents each metagenome and ana-

lyzes the amount of overlap between sequences from different

metagenomes, i.e., how many sequences from one metagenome

overlap with sequences from another metagenome. The amount

of this overlap indicates the degree of similarity between the two

metagenomes. Then, it performs Monte Carlo simulations to

estimate whether the differences are due to changes in the

relative abundances of the viruses in the two metagenomes or

to the presence of fundamentally different viruses. The output is

the estimation of the ‘‘beta-diversity’’, which is based on the

percentages of species that are shared between the metagenomes

and the percentages of the permuted abundances of these species.

However, we lack tools that precisely identify the statistically

significant differential features between two metagenomes while

considering unknown sequences in the comparison. Thus, further

efforts should be applied to this area to improve metagenome

annotation and decrease the percentage of unknown sequences.

Characterization of the ‘‘unknown’’

The first metagenomic surveys performed on environmental

viral communities showed that more than 60% of the sequences

had no significant similarity to sequences stored in public

databases (Edwards and Rohwer, 2005). A high percentage of

unidentifiable sequences, classified as ‘‘unknown,’’ are also found

in metagenomic studies on viral communities that are associated

with humans. The taxonomic identification and functional anno-

tation of metagenomic sequences is a major problem, and until

now it has been addressed mostly through BLAST searches.

However, it is estimated that the use of existing BLAST-based

approaches for taxonomic classification results in 10% to 90% of

sequences being returned as unknown (Huson et al., 2007).

Several factors contribute to the limited recovery rate of these

approaches: (i) the short read lengths produced by high-

throughput sequencing technologies; (ii) the incompleteness of

public sequence databases; and (iii) sequencing errors. It has been

proposed that integrating BLAST scores with information about

gene adjacency will increase the efficacy of these similarity

searches (Weng et al., 2010). In this approach, unclassified contigs

or individual reads are blasted using less stringent E-values, and

all of the top 250 hits are selected and compared in a pairwise

fashion. Adjacent hits that are not consistent with the genomic

arrangement of their reference genome are discarded, and

between the remaining pairs the ones with the minimum E-value

products are selected and used for taxonal classification of the

sequence. However, this approach is based on the evolutionary

conservation of gene order, which has been shown to be an

important feature in prokaryotes but not in viruses (Tamames

et al., 1997; Tamames, 2001).

Another approach to characterize unknown sequences by

similarity-based methods derives from research on conserved

protein domains, which are evolutionarily more conserved than

the primary sequence and which can identify more remote

similarities. Several databases of conserved protein domains exist,

including Pfam, CDD, SMART and TIGRFAM (Punta et al., 2011;

Marchler-Bauer et al., 2011; Letunic et al., 2011; Haft, 2003).

These databases are commonly explored using BLAST or HMM-

based alignments. The HMM-based alignment method has a high

sensitivity for detecting remote homologs (Karplus et al., 1998).

However, it cannot optimally classify sequences with frameshift

errors. Thus, sequencing errors, such as those produced by high-

throughput sequencing in metagenomic projects can hamper the

identification of such domains. Recently, a new method of domain

classification has been implemented that corrects for frameshift

translations and is more suitable to metagenomic data analysis:

HMM-FRAME (Zhang and Sun, 2011).

Another similarity-based approach for tentative sequence

identification is phylogenetic analysis. This approach is based on

the assumption that unknown genes, which are true remote

homologs of known genes, should group with them in a phylo-

genetic tree. The construction of a phylogenetic tree for each

unidentifiable sequence is rather inaccessible and time consum-

ing for biologists without bioinformatics expertise. Thus, a user-

friendly automated pipeline has been developed for the construc-

tion of multiple phylogenetic trees: Phylogena (Hanekamp et al.,

2007). This tool allows automatic phylogenetic annotation of

unknown sequences through an automated BLAST search of

homologous sequences followed by the choice of a representative

subset, computation of multiple alignments and construction of

the phylogenetic tree. Still, this approach relies on the presence of

(remote) homologs of the sequence in public databases and

cannot be applied to highly divergent sequences. A radically

different approach, independent from sequence similarity, is the

use of composition-based methods for taxonomic classification,

already cited in this review, which does not depend on the

presence of homologs in public databases.

No more specific in silico methods are available, to our knowl-

edge, for the characterization of unknown sequences. Some wet-

lab experiments can be performed at this point, such as the

cloning and expression of the unknown putative coding

sequences followed by the characterization of the encoded

protein’s three-dimensional structure. Alternatively, it could be

useful to study the metabolic function of the sequence by

expressing it in Escherichia coli and observing the bacteria’s

growth in a chemostat culture. Recently, the cloning of sequences

from a human gut microbiome and gulls metagenomes completed

by an antibiotic resistance screening of the clones has allowed

identifying several uncharacterized genes as antibiotic-resistance

genes (Sommer et al., 2009; Martiny et al., 2011). However, given

the large amount of unknown putative encoding sequences, the

wet-lab approach is not an economical approach for characteriz-

ing all of them. Further in silico tools are thus needed to perform

this task.

Next-generation sequencing technologies and the need for a common

standardized pipeline analysis

The metagenomic field evolves in parallel with the develop-

ment of sequencing technologies. The first metagenomic studies

were based on Sanger sequencing, which yielded reads of

approximately 800 bp. Later, the so-called ‘‘next-generation’’

sequencing (NGS) technologies were developed, which are
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currently capable of a much higher throughput, providing a more

complete picture of the community and allowing discrimination

between different sub-populations within the same sample. The

first and still most used NGS platform is Roche/454 sequencing

(Margulies et al., 2005). Recently, NGS such as ABI/SOLiD (Applied

Biosystems by Life Technologies), the SMRT sequencing (Pacific

Biosciences) and Illumina/Solexa (Bennett, 2004) which have

even higher throughputs in comparison to Roche/454, have

appeared. The SOLiD technology generates reads as short as 50

bp; thus, at the current state of the art, it is not used for

metagenomic studies but only for whole genome re-sequencing

(where deep sequencing allows correction of sequencing errors

and detection of subpopulations) or RNA-sequencing projects.

The single-molecule real-time (SMRT) sequencing technology

was developed by Pacific Biosciences in 2009 (Eid et al., 2009). In

principle, it should allow to reach average read lengths as high as

3000 bp with instances of over 10,000 bp. However, accuracy of

single reads is only at 85% which, up to now, makes the

technology unusable in its current form for metagenomic applica-

tions. Illumina/Solexa technology, instead has already been

successfully employed both in 16S rRNA metagenomic surveys

on bacterial communities and in viral metagenomic projects

(Greninger et al., 2010). It generates reads of about 100–150 bp

and an output of up to 600 Gb per run. Its capacity to identify

known and unknown viruses in biological samples has been

compared to that of the Roche/454 platform in a blind metage-

nomic study on samples artificially spiked with viruses (Cheval

et al., 2011). The results showed higher sensitivity for the

detection of known viruses for the Illumina technology, which is

most likely due to its considerably higher output compared to

Roche/454. Conversely, Roche/454 sequencing performed better

at the identification of unknown viruses because it generates

longer reads, which allow easier assembly of de novo contigs of

sufficient size to suggest the presence of a new virus.

The development of adapted bioinformatics tools still consti-

tutes a bottleneck for the spread of the Illumina technology in the

field of viral metagenomics. Most bioinformatics tools for meta-

genomic analyses were optimized for pyrosequencing-generated

sequences and are not suitable for Illumina-generated reads

whose shorter lengths complicate the taxonomic assignment of

the reads and the assembly task. Moreover, we still need addi-

tional tools to routinely assemble or compare and combine data

sets from different kinds of sequencing technologies, such as the

recent Segminator II (Archer et al., 2012) and ngs_backbone

softwares (Blanca et al., 2011).

Conclusions

The field of bioinformatics for metagenomics is very dynamic

and new programs are continuously being created to manage the

new NGS-generated data. Initial metagenomic studies used sev-

eral tools previously developed for single genomic projects.

However, it has become evident that metagenomics brings

specific issues which have to be addressed by specific or adapted

algorithms. Analyses that may be common with single genomics

projects still present some specific issues when performed on

metagenomic data. For instance, the assembly of a metagenome

may be challenged by the presence of sequences from different

organisms that share some genomic regions, further leading to

the in silico generation of chimeric contigs. New assemblers have

thus been specifically developed for metagenomic studies. In

addition, some issues are specific to the nature of studied

community (viruses, bacteriay). Hence, the computational tools

developed initially for bacterial metagenomics may not be applic-

able to viral metagenomics and this is particularly true in the

annotation field. Fig. 1 reports examples of tools developed for

each step of a metagenomic analysis and the specific issues

(if any) which have to be addressed in metagenomics (with

emphasis on viral metagenomics). Indeed, a variety of different

programs can be adapted for metagenomic analyses and fre-

quently small in-house scripts are required. Presently, no com-

mon strategies have been established for the analysis of viral

metagenomes and no universal standard parameters exist for

assembly, BLAST searches or the quality trimming of reads. All of

these factors make viral metagenomic analyses difficult to com-

pare and difficult to reproduce. Standardization and coordination

of efforts to analyze viral communities that are associated with

humans are needed, which have already been undertaken in the

Human Microbial Project for bacterial communities. In this view,

although no completely exhaustive databases exist for viral

metagenome submission and analysis, some platforms have been

developed that allow for storage, public access and analysis of

metagenomes, such as MetaVir (Roux et al., 2011) and VIROME

(Wommack et al., 2012) and VMGAP (Viral MetaGenome Annota-

tion Pipeline) for functional annotation (Lorenzi et al., 2011). Such

initiatives constitute valuable first efforts towards data sharing

and analysis standardization.
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web-service and a stand-alone program for the analysis and comparison of
tetranucleotide usage patterns in DNA sequences. BMC Bioinformatics 5, 163.

Thomas, T., Gilbert, J., Meyer, F., 2012. Metagenomics—a guide from sampling to
data analysis. Microb. Inf. Exp. 2, 3.

Thurber, R.V., Haynes, M., Breitbart, M., Wegley, L., Rohwer, F., 2009. Laboratory
procedures to generate viral metagenomes. Nat Protocols 4, 83–470.

Trifonov, V., Rabadan, R., 2010. Frequency analysis techniques for identification of
viral genetic data. MBio 1. (e00156-10–e00156-17).

Turnbaugh, P.J., Ley, R.E., Hamady, M., Fraser-Liggett, C.M., Knight, R., Gordon, J.I.,
2007. The Human Microbiome Project. Nature 449, 804–810.

Victoria, J.G., Kapoor, A., Li, L., Blinkova, O., Slikas, B., Wang, C., Naeem, A., Zaidi, S.,
Delwart, E., 2009. Metagenomic analyses of viruses in stool samples from
children with acute flaccid paralysis. J. Virol. 83, 4642–4651.

Wang, L.F., 2011. Discovering novel zoonotic viruses. N. South Wales Public Health
Bull. 22, 113.

Wang, Y., Leung, H.C., Yiu, S.M., Chin, F.Y., 2012. MetaCluster 4.0: a novel binning
algorithm for NGS reads and huge number of species. J. Comput. Biol. 19,
241–249.

Weinbauer, M.G., 2004. Ecology of prokaryotic viruses. FEMS Microbiol. Rev. 28,
127–181.

Weng, F.C., Su, C.-H., Hsu, M.-T., Wang, T.-Y., Tsai, H.-K., Wang, D., 2010. Reanalyze
unassigned reads in Sanger based metagenomic data using conserved gene
adjacency. BMC Bioinformatics 11, 565.

White, J.R., Nagarajan, N., Pop, M., 2009. statistical methods for detecting
differentially abundant features in clinical metagenomic samples. PLoS Com-
put. Biol. 5, e1000352.

L. Fancello et al. / Virology 434 (2012) 162–174 173

�� ������� ���� ������

��



Williamson, S.J., Rusch, D.B., Yooseph, S., Halpern, A.L., Heidelberg, K.B., Glass, J.I.,
Andrews-Pfannkoch, C., Fadrosh, D., Miller, C.S., Sutton, G., Frazier, M.,
Venter, J.C., 2008. The Sorcerer II Global Ocean Sampling Expedition: metage-
nomic characterization of viruses within aquatic microbial samples. PLoS ONE
3, e1456.

Willner, D., Furlan, M., Haynes, M., Schmieder, R., Angly, F.E., Silva, J., Tammadoni,
S., Nosrat, B., Conrad, D., Rohwer, F., 2009. Metagenomic analysis of respiratory
tract DNA viral communities in cystic fibrosis and non-cystic fibrosis
individuals. PLoS ONE 4, e7370.

Willner, D., Furlan, M., Schmieder, R., Grasis, J.A., Pride, D.T., Relman, D.A., Angly,
F.E., McDole, T., Mariella, R.P., Rohwer, F., Haynes, M., 2010. Colloquium Paper:
metagenomic detection of phage-encoded platelet-binding factors in the
human oral cavity. Proc. Natl. Acad. Sci. USA 108, 4547–4553.

Willner, D., Haynes, M.R., Furlan, M., Hanson, N., Kirby, B., Lim, Y.W., Rainey, P.B.,
Schmieder, R., Youle, M., Conrad, D., Rohwer, F., 2011. Case studies of the
spatial heterogeneity of DNA viruses in the cystic fibrosis lung. Am. J. Respir.
Cell Mol. Biol. 46, 127–131.

Wooley, J.C., Godzik, A., Friedberg, I., 2010. A primer on metagenomics. PLoS
Comput. Biol. 6, e1000667.

Wooley, J.C., Ye, Y., 2010. Metagenomics: facts and artifacts, and computational
challenges. J. Comput. Sci. Technol. 25, 71–81.

Wommack, K.E., Bhavsar, J., Polson, S.W., Chen, J., Dumas, M., Srinivasiah, S.,
Furman, M., Jamindar, S., Nasko, D.J, 2012. VIROME: a standard operating
procedure for analysis of viral metagenome sequences. Stand. Genomic. Sci. 6,
421–433.

Wootton, S.C., Kim, D.S., Kondoh, Y., Chen, E., Lee, J.S., Song, J.W., Huh, J.W.,
Taniguchi, H., Chiu, C., Boushey, H., Lancaster, L.H., Wolters, P.J., DeRisi, J.,

Ganem, H.R., Collard, H.R., 2011. Viral infection in acute exacerbation of

idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 183, 1698–1702.
Woyke, T., Teeling, H., Ivanova, N.N., Huntemann, M., Richter, M., Gloeckner, F.O.,

Boffelli, D., Anderson, I.J., Barry, K.W., Shapiro, H.J., Szeto, E., Kyrpides, N.C.,

Mussmann, M., Amann, R., Bergin, C., Ruehland, C., Rubin, E.M., Dubilier, N.,

2006. Symbiosis insights through metagenomic analysis of a microbial con-

sortium. Nature 443, 950–955.
Xia, L.C., Cram, J.A., Chen, T., Fuhrman, J.A., Sun, F., 2011. Accurate genome relative

abundance estimation based on shotgun metagenomic reads. PLoS ONE 6, e27992.
Yang, J., et al., 2011. Unbiased parallel detection of viral pathogens in clinical

samples using a metagenomic approach. J. Clin. Microbiol. 49 (10), 3463–3469.
Ye, Y., Tang, H., 2009. An ORFome assembly approach to metagenomics sequences

analysis. J. Bioinformatics Comput. Biol. 7, 455–471.
Yilmaz, S., Allgaier, M., Hugenholtz, P., 2010. Multiple displacement amplification

compromises quantitative analysis of metagenomes. Nat. Methods 7, 943–944.
Yozwiak, N.L., Skewes-Cox, P., Stenglein, M.D., Balmaseda, A., Harris, E., DeRisi, J.L.,

2012. Virus identification in unknown tropical febrile illness cases using deep

sequencing. PLoS Neglected Trop. Dis. 6, e1485.
Zerbino, D.R., Birney, E., 2008. Velvet: algorithms for de novo short read assembly

using de Bruijn graphs. Genome Res. 18, 821–829.
Zhang, T., Breitbart, M., Lee, W.H., Run, J.-Q., Wei, C.L., Soh, S.W.L., Hibberd, M.L.,

Liu, E.T., Rohwer, F., Ruan, Y., 2006. RNA viral community in human feces:

prevalence of plant pathogenic viruses. PLoS Biol. 4, e3.
Zhang, Y., Sun, Y., 2011. HMM-FRAME: accurate protein domain classification for

metagenomic sequences containing frameshift errors. BMC Bioinformatics 12,

198.

L. Fancello et al. / Virology 434 (2012) 162–174174

�� ������� ���� ������

��



������� �

������������� �����

������������

��





�� ������� ������ ������������� ����� ������������

��� ������� �� ������� �� ��� ������� � �������

����� ������ �� ����� ����������� ��

���� ��������� ����� �� ��� ��������

���� ������

������� �� ��� ������� � ����������� ������ �� �����

����������� �� ���� ��������� ����� �� ��� �����������

�������

�������� ������� ����� ���������� ������ ����������� �����

��������� ����������� ��������� ������ �������� �������

������������

��������� �� ���� �������� ���� ���� ������������

� ����� �� ��������� ��� ��� �������� ������������ �� ����������

����������� ������ �������� ��� ����� ������������� �����������

������� �� ��������� ��� �� ���� ������� ����� ��������� �������

� ������������� ������� ������ ������������������������������

��



�� ������� ������ ������������� ����� ������������

�������� �� ������� �

������ �� ����� ����� ����� ��������� ��� �������� �� ���� ���

������ ���� �� ��� �������� ����� ����������� ���������� ����� ���

����������� ��� ��� �������� �� ���������� ����� ���������� �� �������

�� ����� � ����� ���������� ���������� ���� ��� ���� ���� � ���

������ �� ������ ��� ��������� �� ������ ���������� ����� ���

���� �������� ���� ����� ��������� �� ���� �� ���������� ����������

���� ��� ����� ����������� ���� ����� ������������� ������� �����

���������� ���������� ���� �� ����������� ���� ���� ��� ���� ������

�� ���������� ��������� ���������� ���� �������� ���� ����������

����� ������� �� ������ ��� ����� �������������� �� ���� �� ����

������������ ��� ����������� �� ��� ������ ����� �� ������� ��� ����

��������� ����� ���������� ��� ��������� �� ������ ����������

���� � ����������� ���� �� ������� ��� ������ ��������� �����������

������� �� ��������� ���������� ��������� �� ����� ����������� ����

����� �������� �����

����� �� ������� ��� ���� ����������� ����� �� ����� ��������

���� ���������� ���� ���������� ��������� ������ �� ����� ������� ��

��� ��� ������ �� ������� �� ������� ��� ������ ��� ���� �� �������

������������ �� ��� ����� �������� ������� �� ����� � ��� ������

������� ����� ����� �������� �������� ���������� ��� ������ ���� ���

��������������� ������� �� ������ ����� ���� �������� ��� ��������

�� �������������� ��� ������ �� ����� �������� ������������ ���� ����

�� ���� ����� �� ������������ ��� �������� ��� ��������� �� ������� ��

���� ������ ����� �� ���� ������ �������� ��� �������� ������ ��

��� ���� ���������� ������ ������� ��� ������ ��� �������� �������

�� � �������� ������ ������� ���� ��������� �� �������� ��� �����

������� � ����� ���� ���� ����� ����� µ�� �������� �� ��� ��������

���� �� ����� ��������� �� � ������ �������� ��������� ����� ��� ���

���������� �������� ����� ��� φ�� ���������� ��� ��������������

��� �������� �� ��������� ���� �������� ������� ����� ��� �����

��



�� ������� ������ ������������� ����� ������������

������� ����� ��������� ���� ���� ������� �� ������ ��������������� ��

���������� ��������������� ������ ��� ������������� ������������

����� ����������������� ��� ������� ���� ���� ��������� �� ����

������� �������������� �������� ���� ��� �������� �� ������ ���������

������ ��� �� � ����� ����� ���� �������� �� �������� �����������

��������� �� �������� ����� ��������� ��� ��� ����� ��������� ��

�� �������� � ������ ���� ��������� ����� ��������� �������� ����

��� �������� ���� ��� ��������� ��� �� ��������� ��������� ������� ��

������� ��������� ���� ������ � ������ ����������� �� ��� ������������

��� �� ��� ����� �������� ��� �� ������� ����� ��������� ������

��� ������ ������ ��������������� �� ��� �������� ������ ���� ��

��� ���������� �� ����� ������� ���������� ���������� ��������� ����

����������� �������������� �� ��������� ��� ������� ����� ������

���� ��� ������������� �� � ������ ���������� �� ��������� ������

������������� ��� ������ ��������� ������������� ����������� ������

����� �� ������������ ���� ��� ���� ���������� �� ������� ��������

�� ��� ������� ����� ��������� ������� ������ ���� ��� ����������

��� ����� ����� �� ��� �����

��



ORIGINAL ARTICLE

Viruses in the desert: a metagenomic survey of viral
communities in four perennial ponds of the
Mauritanian Sahara

Laura Fancello1, Sébatien Trape2, Catherine Robert1, Mickaël Boyer1,3, Nikolay Popgeorgiev1,
Didier Raoult1 and Christelle Desnues1
1Unité de recherche sur les maladies infectieuses et tropicales émergentes, URMITE UM63, CNRS 7278, IRD
198, Inserm 1095, Aix-Marseille Université, Faculté de médecine, Marseille, France and 2IRD, UR CoReUs2,
promenade Roger-Laroque, Nouméa cedex (New Caledonia), France

Here, we present the first metagenomic study of viral communities from four perennial ponds
(gueltas) located in the central Sahara (Mauritania). Three of the four gueltas (Ilij, Molomhar and
Hamdoun) are located at the source of three different wadis belonging to the same hydrologic basin,
whereas the fourth (El Berbera) belongs to a different basin. Overall, sequences belonging to tailed
bacteriophages were the most abundant in all four metagenomes although electron microscopy and
sequencing confirmed the presence of other viral groups, such as large DNA viruses. We observed a
decrease in the local viral biodiversity in El Berbera, a guelta with sustained human activities,
compared with the pristine Ilij and Molomhar, and sequences related to viruses infecting crop pests
were also detected as a probable consequence of the agricultural use of the soil. However, the
structure of the El Berbera viral community shared the common global characteristics of the pristine
gueltas, that is, it was dominated by Myoviridae and, more particularly, by virulent phages infecting
photosynthetic cyanobacteria, such as Prochlorococcus and Synechococcus spp. In contrast, the
Hamdoun viral community was characterized by a larger proportion of phages with the potential for
a temperate lifestyle and by dominant species related to phages infecting heterotrophic bacteria
commonly found in terrestrial environments. We hypothesized that the differences observed in the
structural and functional composition of the Hamdoun viral community resulted from the critically
low water level experienced by the guelta.
The ISME Journal (2013) 7, 359–369; doi:10.1038/ismej.2012.101; published online 4 October 2012
Subject Category: microbial ecology and functional diversity of natural habitats
Keywords: viral metagenomics; giant virus; Sahara desert; perennial water pond; Mauritania;
Adrar plateau

Introduction

Viruses can colonize virtually all ecosystems on
Earth and are found wherever cellular life exists (Le
Romancer et al., 2007). In the ocean, viruses (the
majority of which are bacteriophages) represent
the most abundant biological component of the
ecosystem and influence horizontal gene transfer,
microbial diversity and biogeochemical cycling
(Fuhrman, 1999; Suttle, 2005, 2007). Metagenomics
(the sequence-based analysis of the collective gen-
omes contained in an environmental sample) was
first applied to environmental viral communities in
marine waters 10 years ago (Breitbart et al., 2002).

This study demonstrated that the viral fraction
represents a vast reservoir of unexplored biodiver-
sity. Since then, viral diversity has been investigated
using metagenomics in a wide range of environ-
ments, including marine waters (Angly et al., 2006;
Culley et al., 2006), freshwaters (Dinsdale et al.,
2008a; Djikeng et al., 2009), hot springs (Schoenfeld
et al., 2008), soils (Williamson et al., 2005; Fierer
et al., 2007), stromatolites and thrombolites
(Desnues et al., 2008), and animal-associated biomes
(Breitbart et al., 2003; Zhang et al., 2006; Vega
Thurber et al., 2008; Ng et al., 2011).

To date, studies on viral diversity have mainly
focused on marine waters from temperate regions,
and data exploring the extent of viral diversity and
ubiquity in arid regions are largely scarce. Unfavor-
able conditions found in cold or hot deserts limit the
development and the activity of eukaryotic life.
In such environments, the study of viral assem-
blages is of particular interest because microbial
communities are mainly regulated by viral lysis
(Weinbauer, 2004; Laybourn-Parry, 2009). A recent
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study in the cold desert of Antarctica used a 0.45-mm
size selective metagenomic analysis to show that the
viral community of an ice-covered lake presented an
unexpectedly high genetic richness, distinct from
that of other aquatic viral metagenomes, and was
dominated by small single-stranded DNA viruses
infecting eukaryotes in the spring and by large
double-stranded DNA (dsDNA) viruses (mostly
Phycodnaviruses and Mimiviruses) and dsDNA
bacteriophages in summer (Lopez-Bueno et al.,
2009).

The Sahara is the largest non-polar desert on Earth.
In the early Holocene period, the Sahara experienced
humid episodes (Kuper and Kröpelin, 2006) that
sustained the development of numerous lakes and
wetlands; remnants of these aquatic environments
still persist today. TheMauritanian Adrar is one of the
mountainous massifs of the central Sahara and
contains 420 perennial and semi-perennial fresh-
water bodies. Among them, rocky pools (gueltas) are
found in the higher reaches of gorge-like watercourses
and are alimented by subterranean seep and rainfall.
Some of these gueltas are sites of permanent human
settlements and are used for agricultural and animal-
farming purposes.

Previous electron microscopy and pulse-field gel
electrophoresis studies from bacteriophage particles
induced from Namib and Sahara sands have
revealed the presence of different morphotypes with
genome sizes varying from 45 to 350 kb, suggesting
the existence of large viral particles (Prigent et al.,
2005; Prestel et al., 2008). The objective of this study
was to fill the gaps in our knowledge of the ubiquity
and diversity of viruses in hot desert environments.
Using metagenomic approaches, we investigated the

composition, taxonomy and functional diversity of
the viral communities from four gueltas located in
the Mauritanian Sahara.

Materials and methods

Geographic location of the sampling sites
During the dry season of 2009 (June), water samples
were collected from four different gueltas: Ilij
(201380046N, 131080490W), Molomhar (201350229N,
131080794W), Hamdoun (201190380N, 131080550W)
and El Berbera (191590181N, 1214903744W) located in
the Adrar plateau of Mauritania (Figure 1). Ilij,
Molomhar and Hamdoun belong to the same hydro-
graphic network (the Seguellı̂l wadi basin), whereas El
Berbera belongs to a different network (the Timinit
wadi basin). The local human population occasionally
and permanently occupies the Hamdoun and El
Berbera gueltas, respectively. Hamdoun is located
close to the main Atar-Nouakchott road and may serve
as a temporary open well, whereas El Berbera hosts a
permanent human settlement and is a site of intensive
date fruit production. During the driest periods of the
year, the residual water volume of the Hamdoum
guelta can drop to o2m3, whereas the volumes of the
other gueltas remain between 200 and 500m3.

Sampling procedure, virus purification, transmission
electron microscopy, nucleic acid extraction and
sequencing
During a 2-day mission, one liter of water was
collected from each guelta and filtered through a
0.45-mm pore filter. Virus-size particles contained in
the filtrate were precipitated on site using PEG (10%)

Hamdoun

Molomhar

Ilij

Mo

Il

Ha

ElB

El Berbera

Seguellîl wadi

basin

Timinit wadi

basin

Figure 1 Geographic localization and pictures of the samp ling sites. Central: A Google Earth map of the Adrar region showing
mountains (gray) and sandstones (yellow). Il: Ilij guelta, Mo: Molomhar guelta, Ha: Hamdoun guelta, ElB: El Berbera guelta. The dashed
line on the map indicates the separation between the two hydrologic systems: the Seguellı̂l wadi basin and the Timinit wadi basin.
Images of the sampling sites are provided on the left and on the right of the map. Upper right: Localization of the 205 environmental
metagenomic projects recorded in the Genome On Line Database (GOLD) as of 2012-01-10. Africa is outlined by a circle, and the Adrar
plateau of Mauritania is indicated by a star.
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and NaCl (1M final) in bottles maintained at 4 1C in a
cool-box. Samples (kept at 4 1C) were brought to the
laboratory immediately (within the 48h) for further
processing. Precipitated viral particles were purified
using CsCl density gradient ultracentrifugation and
DNAse treated as previously described (Thurber
et al., 2009). Purified viral particles were stained
with 3.5% uranyl acetate and lead citrate and then
examined by transmission electron microscopy
(TEM) (Philips Morgagni 268D, FEI Co., Eindhoven,
The Netherlands). Nucleic acids were extracted using
the formamide procedure (Thurber et al., 2009) and
amplified using the illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare Life Sciences,
Freiburg, Germany). Because phi29 DNA polymerase
has been shown to preferentially amplify circular
DNA and genomes from single-stranded DNAviruses
(Kim et al., 2008; Kim and Bae, 2011), duplicate
reactions were performed to minimize this bias, as
previously suggested (Thurber et al., 2009). Amplifi-
cation products were then pooled, ethanol purified
and pyrosequenced on a Roche Applied Sciences
(454 Life Sciences, Basel, Switzerland) GS20 plat-
form. Metagenomes are freely accessible on the MG-
RAST annotation server with the following accession
numbers: El Berbera 2 (4446033.3), Molomhar Guelta
(4445718.3), Ilij Guelta (4445716.3) and Hamdoun
Guelta (4445715.3).

Taxonomic and functional annotations
Metagenomes were annotated using MG-RAST
version 2 (Meyer et al., 2008) with an E-value
cutoff of 10–5. The MG-RAST server produces
automated taxonomic assignments using Blastx
searches against the SEED non-redundant data-
base and other accessory databases (rRNA, chlor-
oplast and mitochondrial databases) and also
produces metabolic profiles of metagenomes by
Blastx comparisons using the SEED-Subsystem
data set. Pairwise comparisons of the metabolic
profiles were performed using XIPE-TOTEC
(Rodriguez-Brito et al., 2006), a non-parametric
pairwise bootstrap statistical test that was speci-
fically developed for metagenomic functional
comparisons and is based on median difference
analysis. This test locates statistically significant
differences and identifies subsystems that are
overrepresented in each comparison. The confi-
dence level chosen for the test was 98%.

Sequence analysis
The GC content of the four metagenomes was
analyzed using the geecee function of EMBOSS.
The average GC fraction was computed for each
metagenome as a whole or separately for subsets of
bacterial- and viral-annotated reads.

Assembly and phylogeny
The assembly of each metagenome was performed
using the Genome Sequencer (GS) De Novo

Assembler version 2.0.01 (Roche Diagnostics, Meylan,
France), an application especially suited to the
analysis of GS-FLX data. We chose a minimum
overlap length of 20 bp and a minimum overlap
identity of 95%. We only kept contigs longer than
300 bp for subsequent analyses because the average
read length was 251–258 bp. Open Reading Frames
(ORFs) were searched on large contigs (41500 bp)
by Prodigal (Hyatt et al., 2010) and MetaGeneMark
(Zhu et al., 2010). Phylogenetic trees were con-
structed for ORFs with at least 10 homologs,
according to a Blastx search against the NCBI non-
redundant database (E-valueo1eÀ10). An ORF and
its homologs were aligned using MUSCLE (Edgar,
2004), and the alignment was curated using Gblocks
(Castresana, 2000). Phylogenetic trees were con-
structed using PhyML (Guindon et al., 2010), with
100 bootstrap replicates, and visualized using
MEGA v5 software (Tamura et al., 2011). A specific
research of phages and prophages has also been
performed on assembled contigs by a Blastn search
(E-valueo1eÀ05) against the Aclame database
(Leplae et al., 2004).

Mapping
For each of the most abundant organisms found in
the MG-RAST analysis, metagenomic reads were
mapped (that is, aligned against a reference
sequence) on the genome of that organism. Mapping
was performed using the GS Reference Mapper
version 2.0.01 (Roche).

Population modeling
Information about community structure and diver-
sity was obtained for each metagenome using the
following workflow: (i) computation of the commu-
nity contig spectrum using the free Circonspect
software, (ii) evaluation of average genome sizes
using GAAS free software (Angly et al., 2009) with
an E-value cutoff of 10–3 and (iii) mathematical
modeling of the community structure and diversity
by PHACCS (Angly et al., 2005).

Phylogenetic tests
Several phylogenetic tests were performed using the
FastUniFrac tool (Hamady et al., 2009) to find
statistically significant differences among the four
metagenomes. The analyses were performed on the
subset of viral sequences of each metagenome. For
each metagenome, FastUniFrac uses phylogenetic
information to assemble metagenomic sequences
into a tree. P-test and UniFrac metric capture
significant diversity between the trees associated
with the different metagenomes, and they account
only for tree topology or for both tree topology and
branch length, respectively. The two tests can be
used for multiple or pairwise comparisons or to
compare one particular tree with all others.
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Principal Component Analysis (PCA) and hierarch-
ical clustering were also performed using FastUni-
Frac. The robustness of the clustering results to the
sampling effort and evenness was determined using
the Jackknife Environment Clusters analysis option.

Comparative metagenomics of viral communities from
freshwater environments
A multiple comparison of the phylogenetic profiles
of different natural and non-natural freshwater viral
communities was performed using the MG-RAST
server (Meyer et al., 2008). Ten viral metagenomes
were compared; the four analyzed in this work, two
from two different temperate freshwater lakes (Roux
et al., 2012), one from an Antarctic lake sampled in
the spring and summer seasons (Lopez-Bueno et al.
2009), and two from an aquaculture system
(Dinsdale et al., 2008a). The phylogenetic profile
was based on the sequence taxonomic assignment
according to a Blastx search (E-valueo1eÀ 05) against
the NCBI GenBank non-redundant database. Multi-
ple comparisons were performed by PCA on the MG-
RAST server using normalized values and a Bray-
Curtis distance matrix. P-values were computed on
the MG-RAST server (Meyer et al., 2008).

Results

Taxonomic composition of the viral metagenomes
A total of 82 814 818 bp of sequence was generated
from the four samples (Ilij B17 Mbp, Molomhar
B25Mbp, Hamdoun B15Mbp, El Berbera B24
Mbp), corresponding to 324 603 sequences with an
average length of 250 bp. Annotation of the sequence
fragments by MG-RAST using an E-value cutoff
of 1eÀ 05 indicated that 70.50–83.21% of these

fragments had no significant hits to known
sequences stored in the SEED non-redundant data-
base or other accessory databases (Figure 2). Accord-
ing to the MG-RAST annotation, 8.06–34.42% of the
known reads were classified as viruses. The majority
of viral reads belonged to dsDNA viruses (Table 1)
and, among these, 492% matched with Caudovir-
ales. Sequences belonging to the Myoviridae were
the most abundant in all metagenomes followed by
Podoviridae and Siphoviridae. The presence of
tailed phages was confirmed by TEM (Figures 3a
and b). Viral morphotypes were usually between 50
and 200nm in diameter, but some viral particles
with diameters o50nm (Figures 3d–f, arrows) and
4200nm (Figure 3c) were also observed. Among the
dsDNA viruses, sequences belonging to eukaryotic
viruses were also found (Tables 1 and 2). Four out of
the seven families of nucleocytoplasmic large DNA
viruses group were represented (Table 1, in bold).
Viruses from the Phycodnaviridae (infecting algae)
and Mimiviridae (infecting amoebas and algae) were
more abundant in Hamdoun (4.25%) and El Berbera
(3.18%). Poxviridae sequences were also more
frequently found in the El Berbera metagenome.
Only a few reads were associated with single-
stranded DNA viruses. The majority of these reads
were found in the Molomhar metagenome and were
related to Microviridae (2.92%). To analyze the
taxonomic composition more accurately, we used
GAAS that normalizes the number of hits for the
genome size and then provides a more realistic
description of species abundances. According to the
GAAS analysis, the most represented viral genotype
was that of Prochlorococcus phage, found in three
out of the four gueltas (Ilij, Molomhar and El
Berbera) with relative abundances ranging between
31.54 and 55.24% (Table 2). In contrast, Hamdoun
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Figure 2 Reads classification according to their Best Blast Hit (E-valueo10–5) in the MG-RAST analysis. (a) Ilij guelta, (b) Molomhar
guelta, (c) Hamdoun guelta and (d) El Berbera guelta.
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was dominated by viruses that infect members of
the genus Microbacterium (Microbacterium phage
Min1), which represented 444% of the total viral
genotype abundance (Table 2).

Although no bacterial cells could be detected via
electron microscopy, 63.67–89.68% of the reads
were classified as bacterial in the viral metagenomes
(Figure 2; Supplementary Table 1). Using GAAS,
all bacteria-annotated reads were dominated by
sequences related to the Acinetobacter genus
(Supplementary Table 2). Between 3 and 20
sequences matching bacterial 16S rRNA genes were
also found for each metagenome (Supplementary
Table 3).

Functional annotation and metabolic analysis
The metabolic profile of the four metagenomes was
explored using MG-RAST, which assigns sequences
to metabolic categories based on their Best Blastx
Hit against the SEED database (E-valueo1eÀ05).
Only 6.22–17.43% of the sequences could be
functionally classified in this way. The most
represented categories were related to the metabo-
lism of carbohydrates, amino acids, proteins, cofac-
tors, vitamins, DNA, and nucleosides/nucleotides
(Figure 4). We compared these data with the
metabolic profile derived from the combined analy-
sis of 42 viral metagenomes (subterranean, hypersa-
line, marine, aquaculture freshwater, coral,
microbialites, fish, terrestrial animals and mosquito)
described in a previous study (Dinsdale et al.,
2008a). The guelta metagenomes were depleted in
virulence subsystems compared with the average
value found for the other 42 viral metagenomes.
Metabolic profile comparisons using XIPE-TOTEC
showed that respiration, regulation and cell signal-
ing, and motility and chemotaxis subsystems were

overrepresented in the Hamdoun metagenome com-
pared with the other gueltas (P-valueo0.02). Deeper
in the respiration subsystem hierarchical levels, the
electron donating reaction of the Hamdoun meta-
genome was dominated by the respiratory dehydro-
genase I subsystem, which was mainly represented
by the proline dehydrogenase. In contrast, the other
three gueltas were dominated by the NAD(P)H
dehydrogenase complex, which is classified as a
respiratory complex I subsystem. An overrepresen-
tation of RNA metabolism was also evidenced by the
XIPE-TOTEC analyses of the El Berbera metagen-
ome, whereas the Molomhar metagenome displayed
a statistically significantly higher number of
sequences related to photosynthesis and nucleo-
side/nucleotide metabolism (P-valueo0.02).

Assembly, contig analysis and mapping
Contigs were assembled using the GS De Novo
Assembler, and only contigs longer than 300 bp were
kept (Supplementary Table 4). The average contig
length was from 742 to 990 bp, and large contigs
were also obtained (for example, 55 kbp in El
Berbera and 52kbp in Hamdoun). Overall, 29.90–
37.06% of the contigs had similarities to phage and
prophage sequences in the Aclame database
(Supplementary Table 5). Viral assemblies were
dominated by phage genomes. However, mapping
to fully sequenced genomes of the most abundant
phages in the metagenomes resulted in low cov-
erages (o5%; Supplementary Figure 1). Low cover-
age was also found for plasmids; the maximum
plasmid coverage was 14.24% for the Acinetobacter
venetianus pAV2 genome.

We were able to assemble 30.33–68.72% of
all reads (Supplementary Table 4). Interestingly,
between 34.98 and 93.03% of the ‘unknown’ reads

Table 1 Classification of reads hitting viral sequences

Group Order Family Ilij (%) Molomhar (%) Hamdoun (%) El Berbera (%)

Unclassified 5.78 2.86 5.16 5.92
Caudovirales Myoviridae 63.33 73.04 48.03 56.43

Podoviridae 11.75 8.45 22.61 18.92
Siphoviridae 12.50 8.20 16.39 11.93

Herpesvirales Herpesviridae 0.05 0.02 0.00 0.00
dsDNA – Tectiviridae 0.05 0.06 0.00 0.00

– Iridoviridae 0.67 1.11 0.83 0.54
– Phycodnaviridae 2.08 1.20 4.25 2.25
– Poxviridae 0.28 0.02 0.38 0.54
– Mimiviridae 1.90 0.84 0.99 3.18
– Baculoviridae 0.00 0.00 0.00 0.15

ssDNA – Circoviridae 0.00 0.14 0.00 0.05
– Microviridae 0.00 2.92 0.15 0.09
– Geminiviridae 0.00 0.02 0.08 0.00
– Nanoviridae 0.05 0.14 0.08 0.00
– Parvoviridae 0.00 0.00 0.08 0.00

Retroviridae – 0.00 0.00 0.08 0.00
Unclassified phages/viruses – 1.56 0.98 0.91 0.00

Abbreviations: dsDNA, double-stranded DNA; ssDNA, single-stranded DNA.
Assignment was made according to the best Blastx hit (E-valueo10À 5) in the MG-RAST analysis.
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Figure 3 Viral morphotypes observed under TEM in the gueltas of the Adrar plateau. Example of tailed phages belonging to the
Myoviridae family (a, b). Viral morphotypes were usually between 50 and 200nm in diameter (d–f), but some small viral particles with
diameterso50nm (d–f, arrows) and large Mimivirus-like particles (c) were also observed. Images (a) and (d) are from Ilij, (b) and (f) are
from Hamdoun, and (c) and (e) are from Molomhar.

Table 2 Most represented viral genotypes among the viral hits according to GAAS analysis

Metagenome Viral species Relative abundance (%) Host

Ilij Prochlorococcus phages 55.2449 B
Burkholderia phages 18.9451 B
Synechococcusphages 15.9518 B
Roseobacter phage SIO1 5.8638 B
Acanthocystis turfacea Chlorella virus 1 2.4366 E
Aeromonas phages 1.3597 B

Molomhar Prochlorococcus phages 46.0733 B
Synechococcus phages 35.6391 B
Mycobacterium phages 10.2428 B
Bordetella phages 2.0430 B
Acyrthosiphon pisum secondary endosymbiont phage 1.1061 E
Acanthocystis turfacea Chlorella virus 1 1.0322 E

Hamdoun Microbacterium phage Min1 44.3371 B
Synechococcus phages 29.9623 B
Prochlorococcus phages 11.5155 B
Acanthocystis turfacea Chlorella virus 1 10.7050 E
Acanthamoeba polyphaga mimivirus 3.4801 E

El Berbera Prochlorococcus phages 31.5358 B
Synechococcus phages 26.8707 B
Mycobacterium phages 14.3964 B
Lactobacillus phage phiJL-1 9.7423 B
Burkholderia phage phi644-2 7.3403 B
Spodoptera litura NPV 2.7741 E
Musca domestica salivary gland hypertrophy virus 2.6775 E
Acanthocystis turfacea Chlorella virus 1 2.4808 E
Ostreococcus virus OsV5 1.7077 E

Abbreviations: B, Bacteria; E, Eukaryotes.
Only viral genotypes with a relative abundance superior to 1% are indicated. Viral species infecting cyanobacteria are shown in bold.
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identified by the MG-RAST annotation system were
assembled into contigs (Supplementary Table 4).
The assembly of these unknown reads into contigs
could facilitate their taxonomic assignment. Indeed,
short sequences are less likely than long sequences
to retrieve statistically significant similarities in
Blast searches and sequence assembly into longer
contigs is helpful to overcome this difficulty
(Wommack et al., 2008). Moreover, long contigs
can contain unknown reads and reads with far
homologies to known sequences, which are sugges-
tive of the putative phylogenetic origin of the whole
contig. The largest contigs (41500 bp) were anno-
tated by ORF prediction and Blast search
(Supplementary Table 6). When possible, phyloge-
netic analysis was performed to confirm the origin
of the predicted ORFs (Supplementary Figure 2).
A few large contigs contained a relevant proportion
of predicted ORFs with similarities to phage
sequences and coding for some specific conserved
phage proteins, that is, terminases, structural

proteins (mainly related to Caudovirales tail struc-
tures) and phage DNA polymerases (Supplementary
Table 6). It has been previously shown that viral
genomes contain more ORFans (that is, ORFs with-
out homologs in the databases) than do bacteria
(B30 and B10% for viral and bacterial genomes,
respectively) (Yin and Fischer, 2006; Boyer et al.,
2010) and that viral (meta)genomes tend to be more
AT rich than those of their hosts (Rocha and
Danchin, 2002; Willner et al., 2009). Thus, contigs
with 450% ORFans, low GC%, and for which
conserved viral protein-encoding genes have been
identified, can confidently be considered as of viral
origin (for example, contigs ElBerbera_882 or Ham-
doun_439 in Supplementary Table 6).

Community phylogenetic structure and diversity across
sampling sites
Viral community structure and diversity estimations
were performed using the PHACCS analysis system
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Figure 4 Relative abundances of sequences assigned to each metabolic subsystem by MG-RAST. The metabolic categorization is based
on the sequences best Blast hits in the SEED database curated subsystems (E-valueo1eÀ05). Asterisks: metabolic subsystems for which
pairwise comparisons were performed by XIPE-TOTEC to identify statistically significant differences (Po0.05) between the four guelta
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on each metagenome (Supplementary Figure 3).
Briefly, contig spectra were generated using the
Circonspect tool and the average genome size was
estimated by GAAS. These parameters were passed
to PHACCS for alpha-diversity analysis. Computed
community structures (defined by richness (R),
evenness (E) and diversity (H’)) are graphically
represented as rank-abundance curves in
Supplementary Figure 3. Based on the obtained
results, the samples with the highest viral diversity
index were the pristine Ilij and Molomhar gueltas
(H’¼ 4.83 and H’¼ 4.33, respectively), followed by
El Berbera (H’¼ 4.19) and Hamdoun (H’¼ 2.21).
The phylogenetic composition of the viral commu-
nities of the four metagenomes was then consid-
ered, and comparisons were computed using the
FastUniFrac tool on the subset of viral annotated
metagenomic sequences. Statistically significant
differences were measured between two samples
(P-valueo0.05) using the ‘UniFrac significance
analysis’ test and further confirmed using the
P-test. PCA, which was used to visualize multiple
comparisons between samples (Supplementary
Figure 4), showed that Hamdoun is isolated from
the other samples. To evaluate the robustness of
this clustering pattern, we performed a Jackknife
environment cluster analysis. The results of this
bootstrap procedure confirmed the confidence in
the Hamdoun cluster node.

Comparisons with viral communities from other
freshwater environments
The phylogenetic profile of the four gueltas was
compared with that of other natural or non-natural
freshwater environments, two temperate freshwater
lakes (Roux et al., 2012), an Antarctic lake sampled
in the spring and summer seasons (Lopez-Bueno
et al., 2009) and two freshwater samples from a
human-controlled aquaculture system (Dinsdale
et al., 2008a; Figure 5). As a phylogenetic profile
representation, we used the metagenomic sequences
classification according to their best Blast hit in a
Blastx search against the NCBI GenBank non-
redundant database (E-valueo1eÀ05). Multiple com-
parisons were performed and visualized by PCA on
the MG-RAST server. The results showed a geo-
graphic clustering pattern with the Mauritanian
gueltas clustering together, separate from the others
(and Hamdoun again separated from the other three
Mauritanian gueltas) (Figure 5). Similarly, metagen-
omes from temperate natural and artificial fresh-
waters group together and are separate from the
metagenomes of other environments. The two
metagenomes from the Antarctic lake did not group
together, which is consistent with the phylogenetic
profile differences observed between the spring and
summer communities from this lake (Lopez-Bueno
et al., 2009). The metagenome-clustering pattern
showed statistically significant differences in the
viral domain (P-value¼ 0.006).

Discussion

With the advent of metagenomics, an increasing
number of studies describing viral and bacterial
diversity have been conducted. Currently, only a few
investigations have focused on viral assemblages in
freshwaters, and most of them concern freshwaters
from non-natural or polluted ecosystems. For exam-
ple, viral communities have been described from
aquaculture ponds (Dinsdale et al., 2008a;
Rodriguez-Brito et al., 2010), a cattle farm pond
(Rooks et al.), reclaimed and potable waters (Rosario
et al., 2009), hydrocarbon-polluted groundwater
(Abbai et al., 2012), and a man-made recreational
lake in MD, USA (Bench et al., 2007). Viral
communities in natural freshwater systems have
only been described in an ice-covered lake in
Antarctica (Lopez-Bueno et al., 2009) and, more
recently from two temperate freshwater lakes in
France (Roux et al., 2012). By combining electron
microscopy and metagenomics, we provide here the
first comprehensive analysis of viral communities
from freshwater ponds in the Sahara desert of
Mauritania.

Most studies focusing on viral diversity in the
environment use a 0.2-mm filtration step to separate
viruses and bacteria on size criteria. One drawback
of this method is that it may fail to recover large viral
particles, which are supposed to be common in
aquatic ecosystems (Claverie, 2005). However, using
a 0.45-micron pore size filter, Lopez-Bueno et al.
(2009) were able to identify sequences associated
with large dsDNA viruses (mainly from the
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Phycodnaviridae and Mimiviridae families) from an
Antarctic freshwater lake in summer. In this study,
up to 6.51% of the sequences matched large dsDNA
viruses, and the presence of large viral particles
(4200nm) with Mimivirus-like morphologies was
confirmed by electron microscopy (Figure 3c). These
results further support that large DNA viruses are
common in the environment (Ghedin and Claverie,
2005; Monier et al., 2008a, b) and that the 0.2-mm
filtration step currently used to prepare environ-
mental viral metagenomes most likely leads to an
underestimation of their genetic diversity.

No bacterial cells were observed under electron
microscopy, and the number of reads annotated as
bacteria (Figure 2) was similar to those reported for
other environmental viral metagenomes (Edwards
and Rohwer, 2005), indicating a low bacterial
contamination of the metagenomes. In addition, the
high proportion of unassigned sequences and rela-
tively low number of 16S rRNA matching sequences
(Supplementary Table 3) supported a viral origin for
the bacterially annotated reads. Because bacterial
genes can be packaged into generalized transducing
phage particles (Beumer and Robinson, 2005; Ghosh
et al., 2008; Del Casale et al., 2011), the bacterial-like
sequences in the guelta metagenomes might come
from excised prophages mistakenly annotated as
bacterial and/or from genes of bacterial origins that
were transferred to their phages.

Blast searches performed on the viral metagen-
omes showed that 470% of the sequences before
assembly did not have homologs in current sequence
databases (Figure 2). This result is consistent with
results of previously published viral metagenomic
projects (Breitbart et al., 2002; Desnues et al., 2008;
Lopez-Bueno et al., 2009) and again emphasizes that
most of the biological diversity in the viral world is
still unknown. In this case, sequence assembly using
low stringency parameters (20bp coverage and 95%
identity) was of particular interest in classifying the
unknown sequences. For example, the Hamdoun
metagenome contained 490% unknown reads that
could be assembled into contigs (Supplementary
Table 4). The downstream identification of structu-
rally conserved viral genes in these contigs
(Supplementary Table 6) has provided information
about the putative viral origin of these ORFans.

The guelta viral metagenomes were largely domi-
nated by Caudovirales reads, and TEM confirmed
the presence of tailed phages (Figure 3) along with
other viral morphotypes. Caudovirales are common
in the environment and are the dominant viral type
recovered from metagenomic analyses in marine
environments (Breitbart et al., 2002; Suttle, 2005).
Myoviruses, Siphoviruses and Podoviruses were
also the most frequently observed viral particles in
samples of Namib and Sahara desert sands after the
mitomycin C induction of prophages and sonication
to release pseudo-lysogens (Prigent et al., 2005;
Prestel et al., 2008). The Molomhar metagenome
presented the largest number of reads (73% of all

reads) that were related to Myoviruses and only
8.2% of reads represented Siphoviruses. At a deeper
taxonomic level, viruses infecting photosynthetic
bacteria (for example, Prochlorococcus and Syne-
chococcus phages; in bold, Table 2) were the most
abundant in both absolute percentage and rank in
the El Berbera, Ilij and Molomhar metagenomes.

Despite being a site for a permanent human
settlement, the El Berbera viral community pre-
sented a viral community structure similar to those
of the Ilij and Molomhar pristine gueltas. It has been
previously shown that human activities can affect
the diversity and the composition of microbial
communities and, thus, their viral predators
(reviewed in Horner-Devine et al., 2004). For
instance, microbial and viral communities from four
coral atolls in the Pacific Ocean dramatically
changed along a gradient of human disturbance;
the most human-impacted atoll was dominated by
heterotrophic microbes, including a large percentage
of potential human pathogens (Dinsdale et al.,
2008b). In this study, the index of viral biodiversity
was inversely correlated with human presence
(Supplementary Figure 3), with El Berbera display-
ing a lower diversity index than the pristine Ilij and
Molomhar gueltas. In addition, reads matching
Spodoptera litura NPV, a baculovirus infecting
S. litura (Lepidoptera: Noctuidae) a crop pest in
tropical regions (Rao et al., 1993), were found in the
El Berbera metagenome; its presence is most likely
linked to the agricultural activity (date production)
that developed around the guelta. However, no
significant change in the taxonomic structure of the
viral communities was observed between the El
Berbera human-populated and the Ilij and Molomhar
non-populated gueltas. This stability reflects either
that the magnitude of human disturbance is weak
enough to be absorbed by the system or that the
sequencing depth is not sufficient to statistically
support finer differences in the phylogenetic profiles
between the El Berbera, Ilij and Molomhar
metagenomes.

In comparison with the Ilij, Molomhar and El
Berbera metagenomes, the Hamdoun metagenome
contains dramatically fewer reads matching Myo-
viruses but more reads related to Siphoviruses
(Table 1). This result shows that as it is the case
for terrestrial and sediment phage communities
(Breitbart et al., 2004; Williamson et al., 2007),
viruses with the potential for temperate lifestyles
were common in this environment. This is also
confirmed by the viral community taxonomic
profile, which is dominated by the Microbacterium
phage Min1 (Akimkina et al., 2007) a potentially
temperate phage that infects Microbacterium sp.,
a versatile heterotrophic bacteria that is frequently
isolated from the rhizosphere and soils (Takeuchi
and Hatano, 1998). The presence of viruses with the
ability for being temperate in the free-viral fraction
may be related to high nutrient availability, high
bacterial density or to environmental stress that
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leads to virus induction (McDaniel et al., 2002;
Breitbart et al., 2004). For decades, the Sahara has
experienced a dramatic rainfall deficit, and a recent
study has stressed that, with only 1.7m3 of remaining
water in July 2007, Hamdoun is one of the most
endangered gueltas of the Adrar plateau (Trape, 2009).
We hypothesize that the high proportion of induced
lysogens in the Hamdoun viral community compared
with the other gueltas reflects stress associated with
the unprecedentedly low water content of the pond.
Further studies will be required (for example, after the
rainy season) to confirm this hypothesis and to
determine whether the current structure of the viral
community is maintained over time.
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References

Abbai N, Govender A, Shaik R, Pillay B. (2012). Pyrose-
quence analysis of unamplified and whole genome
amplified DNA from hydrocarbon-contaminated
groundwater. Mol Biotechnol 50: 39–48.

Akimkina T, Venien-Bryan C, Hodgkin J. (2007). Isolation,
characterization and complete nucleotide sequence of
a novel temperate bacteriophage Min1, isolated from
the nematode pathogen Microbacterium nematophi-
lum. Res Microbiol 158: 582–590.

Angly F, Rodriguez-Brito B, Bangor D, McNairnie P,
Breitbart M, Salamon P et al. (2005). PHACCS, an
online tool for estimating the structure and diversity of
uncultured viral communities using metagenomic
information. BMC Bioinformatics 6: 41.

Angly FE, Felts B, Breitbart M, Salamon P, Edwards RA,
Carlson C et al. (2006). The marine viromes of four
oceanic regions. PLoS Biol 4: e368.

Angly FE, Willner D, Prieto-Davo A, Edwards RA,
Schmieder R, Vega-Thurber R et al. (2009). The GAAS
metagenomic tool and its estimations of viral and
microbial average genome size in four major biomes.
PLoS Comput Biol 5: e1000593.

Bench SR, Hanson TE, Williamson KE, Ghosh D, Radoso-
vich M, Wang K et al. (2007). Metagenomic Character-
ization of Chesapeake Bay Virioplankton. Appl
Environ Microbiol 73: 7629–7641.

Beumer A, Robinson JB. (2005). A broad-host-range,
generalized transducing phage (SN-T) acquires 16S
rRNA genes from different genera of bacteria. Appl
Environ Microbiol 71: 8301–8304.

Boyer M, Gimenez G, Suzan-Monti M, Raoult D. (2010).
Classification and determination of possible origins of
ORFans through analysis of nucleocytoplasmic large
DNA viruses. Intervirology 53: 310–320.

Breitbart M, Felts B, Kelley S, Mahaffy JM, Nulton J,
Salamon P et al. (2004). Diversity and population
structure of a near-shore marine-sediment viral com-
munity. Proc Biol Sci 271: 565–574.

Breitbart M, Hewson I, Felts B, Mahaffy JM, Nulton J,
Salamon P et al. (2003). Metagenomic analyses of an

uncultured viral community from human feces.
J Bacteriol 185: 6220–6223.

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

Castresana J. (2000). Selection of conserved blocks from
multiple alignments for their use in phylogenetic
analysis. Mol Biol Evol 17: 540–552.

Claverie J-M. (2005). Giant viruses in the oceans: the 4th
Algal Virus Workshop. Virol J 2: 52.

Culley AI, Lang AS, Suttle CA. (2006). Metagenomic
analysis of coastal RNA virus communities. Science
312: 1795–1798.

Del Casale A, Flanagan PV, Larkin MJ, Allen CCR, Kulakov
LA. (2011). Extent and variation of phage-borne
bacterial 16S rRNA gene sequences in wastewater
environments. Appl Environ Microbiol 77: 5529–5532.

Desnues C, Rodriguez-Brito B, Rayhawk S, Kelley S, Tran
T, Haynes M et al. (2008). Biodiversity and biogeo-
graphy of phages in modern stromatolites and throm-
bolites. Nature 452: 340–343.

Dinsdale EA, Edwards RA, Hall D, Angly F, Breitbart M,
Brulc JM et al. (2008a). Functional metagenomic
profiling of nine biomes. Nature 452: 629–632.

Dinsdale EA, Pantos O, Smriga S, Edwards RA, Angly F,
Wegley L et al. (2008b). Microbial ecology of four coral
atolls in the Northern Line Islands. PLoS One 3: e1584.

Djikeng A, Kuzmickas R, Anderson NG, Spiro DJ. (2009).
Metagenomic analysis of RNA viruses in a fresh water
lake. PLoS One 4: e7264.

Edgar RC. (2004). MUSCLE: multiple sequence alignment
with high accuracy and high throughput. Nucleic
Acids Res 32: 1792–1797.

Edwards RA, Rohwer F. (2005). Viral metagenomics. Nat
Rev Microbiol 3: 504–510.

Fierer N, Breitbart M, Nulton J, Salamon P, Lozupone C,
Jones R et al. (2007). Metagenomic and small-subunit
rRNA analyses reveal the genetic diversity of bacteria,
archaea, fungi, and viruses in soil. Appl Environ
Microbiol 73: 7059–7066.

Fuhrman JA. (1999). Marine viruses and their biogeo-
chemical and ecological effects. Nature 399: 541–548.

Ghedin E, Claverie JM. (2005). Mimivirus relatives in the
Sargasso sea. Virol J 2: 62.

Ghosh D, Roy K, Williamson KE, White DC, Wommack KE,
Sublette KL et al. (2008). Prevalence of lysogeny
among soil bacteria and presence of 16S rRNA and
trzN genes in viral-community DNA. Appl Environ
Microbiol 74: 495–502.

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk
W, Gascuel O. (2010). New algorithms and methods to
estimate maximum-likelihood phylogenies: assessing
the performance of PhyML 3.0. Syst Biol 59: 307–321.

Hamady M, Lozupone C, Knight R. (2009). Fast UniFrac:
facilitating high-throughput phylogenetic analyses of
microbial communities including analysis of pyrose-
quencing and PhyloChip data. ISME J 4: 17–27.

Horner-Devine MC, Carney KM, Bohannan BJ. (2004). An
ecological perspective on bacterial biodiversity. Proc
Biol Sci 271: 113–122.

Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW,
Hauser LJ. (2010). Prodigal: prokaryotic gene recogni-
tion and translation initiation site identification. BMC
Bioinformatics 11: 119.

Kim K-H, Bae J-W. (2011). Amplification methods bias
metagenomic libraries of uncultured single-stranded

Viruses in the desert

L Fancello et al

368

The ISME Journal

�� ������� ������ ������������� ����� ������������

��



and double-stranded DNA viruses. Appl Environ
Microbiol 77: 7663–7668.

Kim KH, Chang HW, Nam YD, Roh SW, Kim MS, Sung Y
et al. (2008). Amplification of uncultured single-
stranded DNA viruses from rice paddy soil. Appl
Environ Microbiol 74: 5975–5985.
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Abstract

Coprolites are fossilized fecal material that can reveal information about ancient intestinal and

environmental microbiota. Viral metagenomics has allowed systematic characterization of

viral diversity in environmental and human-associated specimens, but little is known about

the viral diversity in fossil remains. Here, we analyzed the viral community of a 14th century

coprolite from a closed barrel in a Middle Age site in Belgium using electron microscopy and

metagenomics. Viruses that infect eukaryotes, bacteria and archaea were detected, and we

confirmed the presence of some of them by ad hoc suicide PCR. The coprolite DNA viral

community was dominated by bacteriophages commonly found in modern stools and soil.

Although their phylogenetic compositions differed, the metabolic functions of the viral

communities have remained conserved across centuries. Antibiotic resistance was one of the

reconstructed metabolic functions detected.
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Introduction

Viral metagenomics is a sequencing-based analysis of all of viral genomes isolated from a

sample. It has promoted the characterization of viral community diversity. Viral

metagenomics has already been successfully applied to the exploration of modern

environmental specimens sampled from marine water, freshwater, stromatolites and

thrombolites and soil (1-4) and to modern human-associated specimens collected from the

liver, blood, nasopharyngeal aspirates and stool (5-9). The DNA viromes generated from

modern stools have been demonstrated to be dominated by bacteriophages (10, 11) and to be

less diverse than environmental samples (8, 12).

Viral metagenomics does not require culturing viruses or a priori knowledge of the

sequences that will be targeted, which allows for the identification of new, unknown or

unexpected viruses and for the global assessment of the virome. Viral metagenomics is thus

particularly suitable for paleomicrobiological studies, as little is known about which viruses

are characteristic of ancient specimens. Indeed, the majority of ancient DNA (aDNA) studies

are based on the analysis of human and bacterial aDNA (13-15), and viral persistence and its

detectability in ancient specimens remains unclear. Electron microscopy has previously

revealed that viral particles can persist for over 400 years, but their viability was lost (16).

Moreover, PCR amplifications yielded positive results for viral aDNA in ancient specimens

such as mummified soft tissues, bones and teeth. The amplification products varied between

100 and 570 bp in size, which indicated that viral aDNA can be detected for at least 1,500

years (17-20).

Here, we used electron microscopy and, for the first time, viral metagenomics to

characterize the viral community of an ancient stool specimen. A viral DNA metagenome was

generated from a 14th century coprolite sample that was recovered from a Middle Age site in

Namur (Belgium).
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Material and Methods

Virus-like particle isolation, Transmission Electron Microscopy (TEM) and DNA

extraction. Four grams of the interior region of the coprolite were aseptically removed and

solubilized over night at 4°C under continuous rotation in 50 mL of phosphate saline buffer

(PBS), pH 7.4 (bioMérieux, Marcy-l’Etoile, France), which was previously filtered at 0.02

µm. The coprolite solution was centrifuged for 10 min at 550 g, the upper layer was removed

and filtered in stages using sterile Whatman filters (pore sizes: 0.8 µm, 0.45 µm, and 0.2 µm,

(Whatman Part of GE Healthcare, Dassel, Germany)). Twenty-five milliliters of the coprolite

filtrate were used to precipitate and purify viral particles onto a cesium chloride density

gradient using ultracentrifugation and DNAse treatment (Rhower et al. 2009). A 40-µl aliquot

of the purified viral particles was stained by 1.5% ammonium molybdate (Euromedex) and

observed by transmission electron microscopy using a Philips Morgagni 268D electron

microscope (FEI Co., Eindhoven, Netherlands). To isolate the nucleic acids from the purified

viral particles, the formamide procedure previously described by (21) was used. 

Viral metagenomic library preparation and sequencing. Nucleic acids were amplified

using the illustra GenomiPhi V2 DNA Amplification Kit (GE Healthcare Life Sciences,

Freiburg, Germany). The phi29 DNA polymerase preferentially amplifies circular DNA, such

as genomes from single-stranded viruses (4). To minimize this tendency, duplicate reactions

were performed (21). Amplification products were pooled and ethanol purified. 

A shotgun strategy was chosen for the high-throughput pyrosequencing on a 454 Life

Sciences Genome FLX sequencer using titanium chemistry (Genome Sequencer RLX,

Roche). Sequencing was performed using 1/16 of the picotiter plate.

Preprocessing of sequencing data. The reads were screened for quality using mother (22).

Only reads longer than 50 bp and with an average quality score of greater than 21 were kept.

Reads with more than two ambiguous base calls and/or reads with homopolymers longer than
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ten bases were eliminated. Identical sequences artificially generated by the pyrosequencing

technology were also excluded using the “unique.seqs” mothur command.

Annotation of Reads. A BLASTN search against the non-redundant NCBI database (E-

value<1e-05) was performed. Reads with no significant similarity to sequences stored in the

NCBI database were classified as “unknown reads”. The relative abundances of the viral

genotypes were estimated using GAAS (23), which is based on a BLASTX search against the

RefSeq Viral Genomes database (E-value<1e-05) and normalizes the number of reads matching

each viral genotype by the genome length of that viral genotype.

Functional annotation was performed on the MG-RAST server (24) using the non-redundant

SEED database (E-value<1e-05). 

Assembly and contig annotation. The reads were assembled into contigs using the Newbler

de novo assembler (Roche) with at least a 98% identity and 35 bp of overlap. Only contigs

longer than 400 bp were used in subsequent analyses.

Known and unknown contigs were identified on the basis of the BLASTN search against the

non-redundant NCBI database (E-value<1e-05). The taxonomical and functional contig

classification was based on a BLASTX search against the non-redundant NCBI database (E-

value<1-05). A specific search for contigs encoding antibiotic resistance genes was also

performed using BLAST on the ARDB (Antibiotic Resistance genes Database) with an E-

value of <1e-05 (25). Significant hits were manually verified.

Phylogenetic trees. When possible, phylogenetic trees of the contigs encoding antibiotic

resistance genes were built. Prodigal was used to search for open reading frames (ORFs) in

these contigs (26). Regions homologous to the translated ORFs were searched using BLASTP

against the non-redundant NCBI database. A multiple alignment was constructed using

MUSCLE (27) and curated by Gblocks (28). The phylogenetic tree was then built using the

PhyML algorithm (29) with a bootstrap of 100. These tasks were all performed using the
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pipeline freely available on www.phylogenie.fr (30). The trees were visualized using MEGA

v.4 (31). 

Comparative metagenomics. The coprolite-associated virome was taxonomically and

functionally compared to 21 published viromes of modern stools from healthy adult humans

(12, 32). All viromes were taxonomically annotated (Genbank database, E-value<1e-05) and

functionally annotated (SEED database, E-value<1e-05) using the same method. The

taxonomic and functional virome profiles were compared using principal component analysis

on the MG-RAST server (normalized data, Bray-curtis measure of distance). Species richness

estimations were obtained from the MG-Rast server. Functional diversity (measured by the

Shannon-Wiener index) was calculated using the “estimateDiversity” function of the

ShotGunFunctionalizeR package on the SEED-based functional metagenome annotations

(E<1e-05) (33).

Specific PCR amplifications and sequencing. Suicide PCR amplification (34) was

performed to validate the high-throughput pyrosequencing results and perform target-

orientated virus searches. The primer pair F8F (5’-TGGCCTGCGATCTATGTTCT-3’) and

F8R (5’-AGTCGTAACAAGGTAGCCGT-3’) was used to amplify 133 bp of the genomic

region of a beta-Herpesviridae. For Giant virus detection, we amplified the beta-unit of the

polymerase (A10F01: 5’-AAGGGGACAAGGAGTTAAAATAT-3’; A10R01: 5’-

TAGATATACGTTTGGTTTTGGAGTGA-3’). 

Results

The specimen was excavated in 1996 and collected from the interior of a closed barrel, which

was commonly used during this period as a pit or latrine (35). The barrel was buried at a depth

of 3.80 m. The 121.4-g coprolite specimen was dark brown and well preserved under

anaerobic taphonomic conditions. Extensive precautions were undertaken to avoid

contaminating the coprolite specimen in our laboratory environment, no positive control was
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used (15), and suicide PCR protocols were applied (34). All negative controls, used in a 1:4

control: specimen ratio, were consistent with current recommendations for

paleomicrobiological and paleoparasitological studies (13, 15, 36, 37) and remained negative.

Virus-like particles (VLPs) purified from the internal region of the coprolite, after the external

layer was removed, were morphologically diverse and varied in size and shape. Oval particles

of different lengths (up to 200 nm) and diameters (up to 100 nm), as well as rod-shaped

structures (up to 250 nm in length), were observed (Fig. 1A). We identified a VLP with a

dense core with a diameter of approximately 150 nm, which was surrounded by an envelope

(Fig. 1B). Moreover, viral particles exhibiting typical characteristics (icosahedral head, long

tail) of the Siphoviridae bacteriophage family were observed (Figs. 1C-1E).

High-throughput sequencing generated 30,654 reads corresponding to approximately

10.8 million bp. After quality trimming and duplicate removal, 29,811 reads remained

(Supplementary Tables S1). The preprocessed read lengths ranged between 77 bp and 574 bp

and displayed an average GC content of 47% (Supplementary Fig. S1). Finally, 41.93% of the

reads were assembled into 1,464 contigs that ranged from 421 to 12,500 bp (Supplementary

Tables S1). In total, 22.15% of all reads and 17.28% of all contigs were significantly similar

to known sequences from public databases (Fig. 2A and Supplementary Fig. S2). The viral

DNA community was dominated by double-stranded DNA viruses (85.21%) and single-

stranded DNA viruses represented 0.81% of the community (Fig. 2B). The most abundant

double-stranded DNA viral families were Siphoviridae (58.89%), Myoviridae (8.79%) and

Podoviridae (5.95%). We identified viral families that can infect bacteria (Siphoviridae,

Myoviridae and Podoviridae), eukaryotes (Ascoviridae, Poxviridae, Iridoviridae,

Adenoviridae, Mimiviridae, Herpesviridae, Baculoviridae, Polydnaviridae and

Phycodnaviridae) and archaea (Lipothrixiviridae, Tectiviridae and Bicaudaviridae) (Fig. 2B).
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Eukaryotic viruses were present at a low abundance, wherein Phycodnaviridae was the most

abundant family (0.81%) (Fig. 2B). Contig reconstruction and annotation enabled us to

identify one contig encoding a tail fiber protein of the Emiliania huxleyi virus PS401. This

virus is an unclassified dsDNA virus that infects photosynthetic plankton. We identified

another contig that encoded a hypothetical protein of the Invertebrate Iridescent virus 3 (IIV-

3). IIV-3 is a member of the Iridoviridae family, genus Chloriridovirus, with a large particle

size (180 nm) and infects mosquitoes (Supplementary Table S2). Metagenomic results were

confirmed by ad hoc suicide PCRs(34). In the presence of negative controls, a 167 bp

fragment of a Mimiviridae-like polymerase beta subunit was amplified and sequenced,

revealing 84% identity to the Moumouvirus of the Mimiviridae family (GenBank Accession

No. GU265560.1) (Supplementary Table S3). The presence of Herpesviridae was also

confirmed by PCR amplification. A 133 bp amplicon was 98% identical to the Stealth Virus 1

clone 3B43 (GenBank Accession No. AF191073.1), a Beta-Herpesviridae derived from

African green monkeys (38), which we have never studied in our laboratory (Supplementary

Table S3 Viral families infecting Archeae were also identified at a low abundances. These

corresponded to Lipothrixiviridae (0.04%), Tectiviridae (0.11%) and Bicaudaviridae (0.02%)

(Fig. 2B). One contig identified an Environmental Halophage eHP-6, an unclassified

bacteriophage that infects Haloarchaea (Supplementary Table S2).

In contrast, the majority of the sequences were related to bacteriophages, and the most

abundant matching bacteriophages that can infect bacteria of the genus Bacillus (14.08%).

The identified bacteriophages could infect as many as 37 different bacterial genera, including

bacterial genera commonly associated with the human gut, such as Enterobacteria phages

(11.54%), Lactobacillus phages (2.23%) and Lactococcus phages (2.14%) (Fig. 3).

Furthermore, bacteriophages that infect typical soil-dwelling bacteria were also identified.

These corresponded to Geobacillus phages (7.53%), Streptomyces phages (3.98%) and Delftia
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phages (0.11%). Several reads were related to bacteriophages whose bacterial hosts belong to

genera also including human pathogens, such as Mycobacterium phages (7.89%), Vibrio

phages (0.29%), Pseudomonas phages (4.01%), Streptococcus phages (5.06%),

Staphylococcus phages (5.07%), Listeria phages (3.48%), Burkholderia phages (3.38%) and

Clostridium phages (3.83%) (Fig. 3). The presence of some of these bacteriophages (Bacillus,

Clostridium, Mycobacterium and Burkholderia phages) was further supported by contig

reconstruction (Supplementary Table S2). Moreover, contigs also identified bacteriophages

that likely infect hosts known to live in aquatic environments (Cyanophage S-TIM5,

Synechococcus phage S-CBS3, Celeribacter phage P12053L, a prophage of Planctomyces

limnophilus DSM 3776 and one uncultured phage identified in a viral metagenomic study on

marine water from the Mediterranean Sea). In addition, a 1,939 bp contig matched an

unidentified phage previously described in a viral metagenomic study performed on modern

human stools (32) (Supplementary Table S2). Only a scaffold is available for the unidentified

phage, and the matched protein is annotated as a hypothetical protein. However, this

hypothetical protein is predicted to harbor a conserved domain corresponding to an N-

acetylmuramoyl-L-alanine amidase. This domain is characteristic of autolysins that degrade

peptidoglycans and is typically observed in bacteriophage, prophage and bacterial genomes.

The coprolite-associated DNA virome was compared to the viromes of 21 modern human

stool specimens (Fig. 4). Overall, the coprolite virome displayed a higher species richness

(315.279) and was more functionally diverse (average Shannon-Wiener index of 4.8693) than

modern stool viromes (average species richness of 77.824 and average Shannon-Wiener index

of 4.1264) (Supplementary Table S4). At the taxonomic level, the coprolite virome did not

group with modern stool viromes, whereas it was metabolically more similar to some of the

modern stool samples (Fig. 4). A more extensive metabolic analysis revealed a contig

encoding a chloramphenicol O-acetyltransferase gene that mediates chloramphenicol
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resistance. This gene was found to belong to Chryseobacterium sp. This BLAST-based

annotation was further confirmed by a phylogenetic tree constructed from the ORF of this

contig (Supplementary Fig. S3).

Discussion

We report the first metagenomic analysis of a human ancient DNA virome. The use of

viral metagenomics allowed us to perform a systematic research of known and unknown

viruses without a priori targeting of expected viruses. 

Because minimizing contamination is vital in paleomicrobiology, extensive

precautions, dictated by previously published recommended protocols, were implemented to

avoid contaminating the coprolite specimen (13, 15, 36, 37). The coprolite here studied was

recovered from a sealed barrel, which was still intact at the time it was found, which suggests

that the coprolite was protected from contamination by environmental material for centuries.

Only the internal region of the coprolite was used in our experiments. We ascertained the

presence of viruses by three independent approaches, i.e., electron microscopy, metagenomics

and suicide PCR. Accordingly, negative controls remained negative. The PCR amplification

product sequences were original, i.e., they had not been previously observed in our laboratory.

The majority of generated metagenomic sequences were of unknown origin. The

known sequences corresponded to viruses that infect eukaryotes, bacteria and archaea.

Eukaryotic and archaeal viral sequences were only detected at low abundances, and their

presence was supported by contig recovery or confirmed by suicide ad hoc PCR

amplifications. The majority of the sequences recovered from the coprolite corresponded to

bacteriophages, as previously shown for modern stools (10, 32). Apparently, the

bacteriophages originated from two sources: the environment and the digestive tract

microbiota. Some of the identified bacteriophages infect bacteria that belong to genera

including mammal’s pathogens. Modern human stool viromes did not group with the coprolite
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virome at the taxonomic level, whereas the metabolic functions were conserved. This finding

is consistent with those obtained in a recent study, which demonstrated that despite taxonomic

inter-individual variability, the metabolic profile was significantly conserved within viromes

from the same ecological niche (39). This persistence of metabolic functionalities across

centuries reinforces the crucial role of the viral community in the human gastrointestinal tract.

Furthermore, we detected a contig encoding a gene for chloramphenicol resistance (the

chloramphenicol O-acetyltransferase), a broad-spectrum antibiotic that inhibits bacterial

protein synthesis. The presence of antibiotic resistance genes in viral metagenomes has been

reported in modern human stools (32). Indeed, bacteriophages themselves constitute a

reservoir of resistance genes (40-42), and bacteriophage transduction represents one important

way for the lateral transfer of resistance genes between bacterial species. Indeed, phylogenetic

studies have demonstrated that the evolution and dissemination of resistance genes started

well before the recent use of antibiotics(43-45). Accordingly, direct evidence for the presence

of antibiotic resistance genes in pre-antibiotics specimens was provided by ad hoc PCR

amplifications using DNA extracted from 30,000-year-old permafrost sediments in Canada

(46). Here, we demonstrate that bacteriophages are an ancient reservoir of resistant genes

associated with human samples that date back to as far as the Middle Ages. 

Overall, the present study furthers our understanding of past viral diversity and

distribution and promotes the further exploration of ancient viral communities using coprolite

specimens.
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Legends of figures and tables

Figure 1. Transmission electron microscopy of negative stained viral particles. (A)

Overview of stained viral particles, which vary in size and shape, isolated from the Middle

Age coprolite. (B) A representative virion and (C-E) viral-like particles with icosahedral

nucleocapsids and a long filament tail characteristic of Siphoviridae bacteriophages.

Figure 2. (A) The proportion of known and unknown reads (in percent). Reads were

defined as “unknown” if they lacked homology to the non-redundant NCBI database

according to a BLASTN search (E-value<1e-05) and as “known” otherwise. (B) The relative

abundance of viral families. The relative abundance of identified viral families was

estimated using the GAAS software.

Figure 3. Relative bacteriophage abundance. The relative bacteriophage abundances were

estimated using the GAAS software. The hosts of the bacteriophages that were also identified

in a previous study on the bacterial community associated with this specimen (unpublished

data (47)) are marked with a red point.

Figure 4. Comparison between the modern human stool viromes and the coprolite

virome. Principal component analysis was used to compare the viral metagenomes associated

with the coprolite (highlighted in red) to those associated with modern human stool samples

(S1-S21) at the taxonomic (A) and functional (B) levels.
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SUPPLEMENTAL MATERIAL

Supplementary Material Section 1. Prevention of contamination

After excavation, the coprolite was stored in a sterile forensic specimen bag. In 2006,

the coprolite was sent to our laboratory, where it was handled only in a positive pressure

room with isolated ventilation under strict aseptic conditions. Workbenches were

stringently disinfected using absolute ethanol and UV-irradiated for at least 30 min. Non-

disposable instruments were autoclaved. Reagents and chemicals were aliquoted from

new stocks into sterile, single-use tubes and immediately discarded after use. The

external portion of the coprolite was aseptically removed, and only the internal portion

was used in this study. DNA extraction, PCR and post-PCR experiments were

performed in separate rooms in isolated work areas. Positive controls were strictly

avoided. Negative controls for DNA extraction and PCR were used in a 1:4

control:specimen ratio (1-5).

Supplementary Material Section 2. 454 sequencing.

The extracted DNA concentration (20.5ng/µL) was assessed using the Quant-iT

PicoGreen kit (Invitrogen) and a Tecan GENios fluorometer. The DNA (500 ng) was

nebulized, and a library was constructed according to the 454 Titanium shotgun protocol

and the manufacturer’s instructions. DNA fragmentation was visualized using the Agilent

2100 Bioanalyzer and a high-sensitivity labchip at an optimal size of 872 bp. The DNA

stock concentration was measured using a TBS fluorometer at 2.47 E+09 molecules/µL,

and the DNA was stored at -20°C. The library was clonally amplified with 2 cpb in a 1

emPCR reaction using the GS Titanium SV emPCR Kit (Lib-L) v2. The titration yield

was 14.72 %. A total of 125,000 beads per project and per region were loaded onto the

1
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GS Titanium PicoTiterPlate kit 70x75. The reaction was sequenced using the GS

Titanium XLR70 Sequencing kit. The run was performed overnight and then analyzed

on the ES Titanium computing cluster.

Supplementary Material Section 3. Recovery of total DNA from the coprolite.

Two different DNA extraction protocols were used, including the DNA extraction method

recommended by Iniguez et al. (6) and the PowerSoilR DNA Isolation Kit (MoBio

Laboratories, Inc., Carlsbad, SA) (7). One gram of the coprolite was solubilized over

night at 4°C in 1mL TE buffer (Ethylenediamine Tetraacetic Acid; buffered solution, Tris

HCl 10mM, EDTA 1mM, pH 8). A 500-µL aliquot of the solution was used for total DNA

extraction as previously described (Iniguez et al. 2006), except that incubations into TE

and digestion buffers were shortened to 1 day. TE buffer without coprolite was used as

a negative control. For the DNA extraction using the PowerSoilR DNA Isolation Kit

(MoBio Laboratories, Inc., Carlsbad, USA), 500 µL of solubilized coprolite specimen

were also used. Incubation was extended to 24h/56°C in PowerSoilR bead tubes

containing sodium dodecyl sulfate (SDS) and digestion buffer C1, under contentiously

rotation followed by shaking in a Bio 101 FastPrep instrument (Qbiogene) at level 6.5

(full speed) for 95s. DNA extraction was performed according to the manufacturer’s

instructions. Extraction batches contained also negative controls composed of

PowerSoilR bead tubes without coprolite. Total DNA extracts from both protocols above

were pooled together in a 1:1 ratio.

Supplementary Material Section 4. Specific PCR amplifications and sequencing.

The PCRs were performed in a 50-µL final volume that included 1 x PCR buffer, 2 µL 25

mM MgCl2, 200 µM of each dNTP, 1 μL of each 10 pM primer, 31.15 µL ddH 2O, 1 unit of

2
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HotStar Taq Polymerase (Invitrogen, Villebon sur Yvette, France) and 57-112 ng of DNA

extract. The total DNA recovered from the coprolite served as the DNA template in

these reactions. The PCR steps comprised an initial incubation at 95°C for 15 min, 36-

40 denaturation cycles at 95°C for 1 min, annealing for 30 sec at the corresponding

primer annealing temperatures, elongation at 72°C for 90 sec and a final elongation at

72°C for 10 min; all of these steps were performed in a Gene Amp PCR System 2700

ABI Thermocycler (Applied Biosystems, Villbon sur Yvette, France). The PCR products

were analyzed using a 2 % agarose gel (UltraPureTM agarose, Invitrogen, Villbon sur

Yvette, France) and purified using the QIAquick PCR Purification Kit (QIAGEN,

Courtaboeuf, France). All of the PCR products were sequenced in a final volume of 20

of µL (1 x sequencing buffer, 3.2 pM forward or reverse primer, 4 µL of BigDye

Terminator V1.1 mix (Applied Biosystems), 7.4 µL ddH2O and 4 µL of PCR product) after

purification using the Sephadex Gel Filtration in the ABI PR ISM 3130xl genetic

sequencer (Applied Biosystems, Villbon sur Yvette, France). The sequences were

assembled using the Chromaspro software and compared with reference GenBank

database sequences using NCBI BLAST searches.

3
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Supplementary Table S1 | Reads before and after preprocessing and the read

assembly process output.

Total number of raw reads 30,654

Total number of preprocessed reads 29,811

Average read length (bp) 358

Minimal read length (bp) 77

Maximal read length (bp) 574

Average GC content 47%

Total number of contigs 1,464

Total number of large contigs 104

Length of the longest contig (bp) 12,500

Number of assembled reads 13,682

Number of partially assembled reads 6,282

Number of singletons 9,481
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Supplementary Table S3. Amplicons generated by ad hoc suicide PCR
amplifications.

Species Genomic
Region

Size
(bp)

Covera
ge

E-
value

Identity

Moumouvirus sp. Polymerase b 167 100% 2e-38 85%
GenBank Accession No.

GU265560.1

Stealth Virus 1 clone 3B43 Genomic
Sequence

133 96% 8e-56 98%

GenBank Accession No.
AF191073.1
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Supplementary Table S4. Viral metagenomes used for comparison, illustrated in
Fig. 4.

Identifier Sample name Sample type
Species richness
(effective number

of species)

Functional diversity
(Shannon-Wiener

index)
Reference

S1 F-A Modern stool 138.760 4.6275 9

S2 F-B Modern stool 141.912 4.1130 9

S3 F-C Modern stool 127.776 4.7134 9

S4 F-D Modern stool 20.232 3.9289 9

S5 F-E Modern stool 42.160 4.1415 9

S6 X-1 Modern stool 112.061 4.4603 10

S7 L1-1 Modern stool 67.221 4.1169 10

S8 L1-8 Modern stool 99.298 4.4523 10

S9 L2-2 Modern stool 121.056 4.6202 10

S10 L2-7 Modern stool 65.893 3.4547 10

S11 L2-8 Modern stool 40.181 3.2639 10

S12 H1-1 Modern stool 130.359 4.0687 10

S13 H1-2 Modern stool 118.034 4.1585 10

S14 H1-7 Modern stool 60.617 4.4489 10

S15 H1-8 Modern stool 105.572 4.5599 10

S16 H2-1 Modern stool 56.515 4.7019 10

S17 H2-8 Modern stool 76.075 4.0324 10

S18 L3-1 Modern stool 32.353 4.2648 10

S19 L3-2 Modern stool 36.772 3.1021 10

S20 L3-7 Modern stool 21.855 3.6276 10

S21 L3-8 Modern stool 19.611 3.7963 10

Coprolite Coprolite Middle Age stool 315.279 4.8693 Present study
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Supplementary Figures

Supplementary Figure S1. GC content and read length distributions. (A) The GC content

distribution of preprocessed metagenomic reads. The y-axis indicates the number of reads, whereas the

x-axis indicates the (B) The read length distribution. The y-axis indicates the number of reads, whereas

the x-axis indicates the length (in base pairs).

Supplementary Figure S2. Proportion of known and unknown contigs (in percent). Contigs were

defined as “unknown” if they lacked homology to the non-redundant NCBI database according to a

BLASTN search (E-value) and as “known” otherwise.

Supplementary Figure S3. Phylogenetic tree of a chloramphenicol O-acetyltransferase. A

phylogenetic tree was generated from the translated open reading frame of a contig encoding a

chloramphenicol O-acetyltransferase. The tree was constructed using the PhyML algorithm with a

bootstrap of 100. The bootstrap support is reported for each branch.
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ABSTRACT

Pericarditis is a common human disease defined by inflammation of the pericardium.

Currently, 40% to 85% of pericarditis cases have no identified etiology. Most of these

cases are thought to be caused by an infection of undetected, unsuspected or

unknown viruses.

In this work, we used a culture- and sequence-independent approach to investigate

the viral DNA communities present in human pericardial fluids. Seven viral

metagenomes were generated from the pericardial fluid of patients affected by

pericarditis of unknown etiology. In addition, 1 metagenome was generated from the

pericardial fluid of a sudden infant death case, 1 from that of a patient affected by

pericarditis caused by herpesvirus type 3 (positive control) and 1 from a pool of

pericardial fluids from 5 different individuals affected by pericarditis of non-infectious

origin (negative control).

The results showed a significant presence of torque teno viruses in 5 patients, while

herpesviruses and papillomaviruses were present in the positive control. Co-

infections by different genotypes of the same viral type (torque teno viruses) or

different viruses (herpesviruses and papillomaviruses) were observed. Sequences

related to bacteriophages infecting Staphylococcus, Enterobacteria, Streptococcus,

Burkholderia and Pseudomonas were also detected in three patients.

This study detected torque teno viruses and papillomaviruses, for the first time, in the

pericardial fluids of patients with pericarditis. Bacteriophage sequences were

hypothesized to be present due to trace infections by their corresponding bacterial

hosts.
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INTRODUCTION

Pericarditis is defined by inflammation of the pericardium, the sac-like

membrane surrounding the heart. Pericarditis can be of non-infectious or infectious

origin. Non-infectious pericarditis, which represents approximately 1/3 of cases, can

be due to autoimmune or neoplastic diseases, metabolic disorders or traumas [1].

The infectious forms of pericarditis are mainly of viral or bacterial origin.

Mycobacterium tuberculosis is the most frequently diagnosed bacterial agent and

usually occurs in developing countries or immune-compromised hosts [1,2]. In

Western countries, the large majority of acute pericarditis cases are viral, and

echovirus, coxsackievirus, influenza, Epstein-Barr virus, cytomegalovirus,

adenovirus, varicella, rubella, mumps, hepatitis B, hepatitis C, human

immunodeficiency virus, parvovirus B19 and human herpesvirus 6 are the principal

infectious agents [1–3].

Determination of pericarditis etiology is difficult, and a large number of cases

remain unexplained. Indeed, idiopathic pericarditis represents between 40% and

85% of pericarditis cases, and most of them are suspected to be of viral origin [2,4].

Because serological tests are only suggestive and not diagnostic, the diagnosis of

viral pericarditis requires invasive methods that evaluate pericardial effusion or tissue

[3]. For example, in a study evaluating the etiology of 204 pericarditis cases, Levy et

al. showed that no statistically significant difference between patients and controls

could be observed in serological tests targeting adenovirus, influenza virus or

cytomegalovirus, thus showing that the specificity of some of these tests is very low

[5]. Moreover, classical diagnostic techniques do not allow the detection of unknown
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viruses or already-known viruses not suspected of involvement in the disease. Thus,

an “a priori-free” approach needs to be applied to clarify the etiology of idiopathic

pericarditis cases. Recently, the advent of next generation sequencing technologies

has allowed the development of a metagenomic approach for a more complete and

unbiased view of viral communities associated with a sample. This approach has

already been successfully applied to human clinical studies and has led to the

discovery of new potential pathogenic viruses as well as the identification of

unsuspected viruses in some idiopathic diseases [6–13]. In the work presented here,

we applied a metagenomic approach to investigate the DNA viral community

colonizing human pericardial fluids and identify unsuspected or new, divergent

viruses likely to be responsible for unexplained cases of pericarditis.

To this end, we generated viral DNA metagenomes of 7 pericardial fluid samples

collected from patients affected by idiopathic pericarditis and from 1 patient as part of

sudden infant death protocol and compared these metagenomes to a viral

metagenome generated from a pool of pericardial fluids from 5 individuals affected by

pericarditis of non-infectious origin.
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MATERIALS AND METHODS

Samples collection

A total of 14 pericardial fluid samples were used in this study. All samples were

collected between 2007 and 2010 in 5 French hospitals (the Hospital of Niort and

Timone, Nord, Conception and Clairval hospitals in Marseille). Except for patient P4,

samples P1 to P8 were collected from patients affected by pericarditis of unknown

etiology (i.e., classical diagnostic tests performed at the hospital were all negative).

Patient P4 was included as part of a sudden infant death protocol, although the

culture showed a polymicrobial infection (Escherichia coli and Pseudomonas

species). One sample (the positive control) came from a patient affected by a

pericarditis caused by human herpesvirus 3. Five samples came from different

individuals affected by pericarditis of non-infectious origin (i.e., traumatic or post-

surgery) and were pooled together (forming the negative control). Volumes of

available pericardial fluids varied between approximately 130 μl and 2 ml. Samples

were conserved at -80°C until processing. All samples are listed in Table 1 along with

the age, gender, sample volume and hospital diagnosis.

Ethics Statement

All samples used in this study were collected from human subjects using a protocol

approved by the local ethics committee IFR48 (Marseille, France). Written informed

consent was obtained from the parents or legal guardians of all subjects.
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Viral isolation and sequencing

Each sample was centrifuged at low speed to eliminate proteins and cellular

debris. The resulting supernatant was collected and filtered through 0.45-µm filter

pore. Virus-like particles were concentrated by ultracentrifugation at 55,000 g for 60

min. The resulting pellet was resuspended in a phosphate buffered saline solution

(PBS) previously filtered at 0.02 µm. Purified VLPs were treated with DNAse and

RNAse to remove any residual host and bacterial DNA as previously described [14].

Viral DNA was then extracted using the High Pure Viral Nucleic Acid Kit (Roche

Applied Science, Inc, Branford, CT) following the manufacturer's recommendations.

Extracted DNA was amplified using the commercial IllustraTM GenomiPhi V2 DNA

Amplification Kit (GE Healthcare Life Sciences, Freiburg, Germany) to generate sufficient material

for shotgun 454 pyrosequencing library preparation. Amplified DNA was purified on

silica columns (Qiagen Inc, Valencia, CA) to remove the enzyme, dNTPs and

primers, and subsequently sequenced on a 454 Life Sciences Genome Sequencer

FLX instrument using titanium chemistry (Roche Applied Science, Inc, Branford, CT).

Reads pre-processing and annotation

The generated sequences were screened to remove the exact and nearly

identical duplicates using the CD HIT 454 program [15], available under the CAMERA

2.0 web portal [16]. All screened viromes are publicly available on the Metavir web-

server (Table 1) [17]. A BLASTN search against the non-redundant NCBI database

(E<1e-05) was performed. Reads having no significant hits were classified as

“unknown reads”, whereas those with significant similarity to sequences stored in the

NCBI database were classified as “known reads”.
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Estimation of viral genotype abundances

The GAAS (Genome relative Abundance and Average Size) program [18] was

used to estimate the relative abundance of each viral genotype present in the

metagenomes. Briefly, GAAS performs a BLASTX search against the Viral Refseq

database and normalizes the number of reads matching one viral genotype to the

genome length of that viral genotype. The BLASTX search was performed with an E-

value of 1e-05.

Mapping

Reads were mapped onto reference genomes using the CLC Genomics

Workbench version 4.9 (www.clcbio.com) with a minimal length fraction of 0.5 and a

minimal similarity of 0.8 as mapping parameters.

Assembly and contig analysis

Read assemblies were performed for each sample using the GS De Novo Assembler

(Roche Applied Science, Inc, Branford, CT), an application especially suited for the

analysis of the 454 Life Sciences Genome Sequencer FLX-generated data. We

chose a minimum overlap length of 35 bp and a minimum overlap identity of 98%.

Only contigs longer than 400 bp were kept for further analyses. We classified as

“large contigs” those spanning more than 1,500 bp. Contigs were classified as known

if they had a significant hit in a BLASTN search against the non-redundant NCBI

database (E-value<1e-05), otherwise they were classified as unknown. Contigs were

then annotated by a BLASTX search against the non-redundant NCBI database (E-
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value<1e-05).

PCR for specific sequences

To confirm the presence of sequences found in silico, standard PCRs targeting

specific viral genotypes recovered by the GAAS analysis were performed. All primers

used are listed in Supplementary Table S1.

Torque teno viruses (TTV). Genomiphi-amplified DNA extracted from sample

P7 was tested for torque teno virus presence by nested PCR using the primers

previously described by Peng et al., which detect all genotypes and genetic groups

currently identified for torque teno viruses [19]. These primers target the UTR

universally conserved region of TTV genomes. Nested PCR was carried out with

Phusion High-fidelity DNA Polymerase (Finnzymes Oy, Thermo Fisher Scientific)

using 1 µl of template DNA. Three specific primer pairs were designed using Primer3

[20] to target the 3 longer TTV-like contigs assembled from sample P7. Standard

PCRs with the designed primers were performed using Phusion High-fidelity DNA

Polymerase (Finnzymes Oy, Thermo Fisher Scientific) on the remaining amplified

viral DNA for sample P7; specific PCR products were purified and sequenced by

Sanger technology for verification.

Enterobacteria, Staphylococcus, Pseudomonas, Burkholderia and

Streptococcus bacteriophages. Primers from literature were used when available

[21,22]. Otherwise, specific primers for the bacteriophages detected in silico were

designed by Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/),
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PhiSigns [23] or Primer3, followed by BLAST verification of primers’ specificity [20].

PCRs were performed on the Genomiphi-amplified DNA from each sample.

RESULTS

In this study, viral metagenomes from 10 human pericardial fluid samples were

generated. Viral-like particles were purified and treated with DNAse and RNAse to

minimize contamination by host and bacterial DNA as previously described [14]. Viral

DNA was extracted, amplified in a sequence-independent manner and sequenced

using the 454/Roche pyrosequencing technology. A total of 313,157 reads were

generated. After removal of artificial duplicates, a total of 235,638 reads were left with

an average length between 246 and 361 bp, depending on the sample

(Supplementary Table S2). According to a BLASTN search (E-value<1e-05) against

the non-redundant NCBI database, between 0.95% and 23.18% of the reads had no

significant similarity to known sequences and were thus classified as “unknown” (Fig.

1). GAAS [18] was used to more accurately estimate the relative abundance of each

viral genotype (Fig. 2). Because longer genomes have higher probabilities of being

sequenced in the shotgun approach, they are overrepresented in terms of number of

sequences in the metagenome. To avoid this bias, GAAS normalizes the number of

sequences associated with a viral genotype to its genome length. Relative

abundances estimated by GAAS were synthesized and presented at the viral family

level except for all bacteriophage-related sequences, which were grouped together.

Reads assembly was performed on each metagenome and a total of 1,864 contigs

were obtained, including 233 large contigs (longer than 1,500 bp). Depending on the
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sample, up to 76.66% of the reads were assembled into contigs, which were

annotated on the basis of their best hit in a BLASTX search against the non-

redundant NCBI database (E-value<1e-05). The total number of contigs and large

contigs generated for each sample as well as the percentage of assembled reads is

reported in Supplementary Table S3.

Human herpesvirus 3 and papillomaviruses co-infection

As expected, the positive control showed high abundance of Herpesviridae

(6,674 reads) and, in particular, reads matching human herpesvirus 3 (HHV3).

Indeed, 5,990 reads related to HHV3 were recovered (BLASTX against the Viral

Refseq Genomes Database, E-value<1e-05). After mapping of the reads onto the

reference HHV3 genome, 98% (122,502 bp) of the genome was reconstructed

(Supplementary Figure S1) with an average coverage depth of 18.93 reads. In

addition to HHV3, 173 reads matching viruses from the Papillomaviridae family were

recovered and 11 contigs could be generated after de novo assembly (Table 2).

Contig annotation retrieved 4 different types of human papillomaviruses (HPVs): HPV

isolate 915 F 06 002 KN1, HPV type 50, HPV type 80, and HPV type 12 (Table 2).

Major and minor capsid proteins as well as replication and regulatory proteins were

encoded by the contigs (BLASTX against the non-redundant NCBI database, E-

value<1e-05). One contig (contig 37, 1196 bp long) was found to harbor two different

ORFs matching the E2 and L2 genes of HPV type 50 (BLASTX against the non-

redundant NCBI database, E-value<1e-05). Both ORFs were incomplete, but their

position on the contig was consistent with that of the E2 and L2 genes on the HPV

type 50 genome (Figure 3). More than 50% of each of the four HPV genomes could
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be reconstructed by mapping (Supplementary Figure S2 and Supplementary Table

S4), and the subsets of reads that mapped onto each reference genome were

mutually exclusive, supporting the presence of multiple different genotypes of

papillomaviruses. All recovered HPV genotypes were HPVs first isolated from human

skin under healthy (HPV type 80, HPV isolate 915 F 06 002 KN1) or disease (HPV

type 50, HPV type 12) conditions [24–27].

Human endogenous retroviruses

In contrast to the positive control, the negative control contained only one

read that matched a herpesvirus (HHV3) and none related to papillomaviruses. The

viral DNA community of the negative control was dominated by sequences from the

Retroviridae family (90.85%) (Figure 2) and no contig could be reconstructed for any

eukaryotic virus or bacteriophage. A similar profile was observed for the viral

communities of patients P5 and P8. Indeed, viromes associated with these samples

were dominated by Retroviridae (90.51% and 90.9% for P5 and P8, respectively)

(Figure 2) and no viral contigs could be reconstructed. Analysis of the Retroviridae-

related sequences (reads and contigs) identified them as human endogenous

retroviruses, suggesting they may be derived from contamination by host DNA.

Variable Anelloviridae genotypes were detected in 5 patients

According to GAAS analysis, five metagenomes (P1, P2, P3, P6, P7)

contained Anelloviridae (57.04%, 68.76%, 26.05%, 60.23%, and 98.59%,

respectively) (Figure 2) and, in particular, torque teno viruses (TTVs) (49.6%,

66.97%, 26.05%, 60.23% and 98.59%, respectively). In total for Anelloviridae (torque
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teno viruses and others), we recovered 20 reads for P1, 108 for P2, 3 for P3, 56 for

P6 and 1628 for P7 (BLASTX search against the non-redundant NCBI database, E-

value<1e-05, Supplementary Table S5). Among the recovered reads, there were reads

matching unclassified Anelloviridae as well as reads matching Alfatorqueviruses,

Betatorqueviruses and Gammatorqueviruses. More than 70% of several TTV

genomes could be reconstructed by mapping reads from samples P2, P6 and P7.

These genomes corresponded to the TTV clone Saf-09 in sample P2 and the TTV

strain SIA109 and TTV 24 clone Saa-01 in sample P6 (Supplementary Figure S3 A

and B). In addition, we were able to fully reconstruct the genome of three TTV

isolates (torque teno virus TTV-HD14h, torque teno virus isolate TTVyon-LC011 and

torque teno virus isolate JT41F), the genome of TTV 29 and that of Micro TTV isolate

microTTV-HD14.2 in sample P7 (Supplementary Figure S3, C). Several contigs were

also assembled de novo and annotated as TTVs (BLASTx against the non-redundant

NCBI database, E-value<1e-05) (Supplementary Table S6). The presence of contig

127, contig 129 and contig 64 was verified by standard PCR in sample P7, which,

according to in silico analyses, had the greatest abundance of TTVs. PCRs targeting

contig 127 and contig 64 showed non-specific amplification, while PCR targeting

contig 129 yielded only a specific PCR product that was further verified by Sanger

sequencing. This contig contained one ORF that matched the ORF1 of torque teno

virus and one GC-rich region (85.7%), typical of TTV genome organization [19,28,29]

(Figure 4). Torque teno virus presence in the same sample was further verified by a

nested PCR targeting the TTV UTR region, which is conserved among all TTV

genotypes and genetic groups. The PCR result was positive and specific. Overall,

TTVs were detected in 5 out of 8 patients and in none of the 5 pooled negative
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controls.

Bacteriophages as traces of bacterial infections

GAAS analysis showed the presence of bacteriophages in 3 metagenomes

(P1, P3, P4) with relative abundances of 4.74%, 33.69% and 49.32%, respectively.

The total number of bacteriophage-related reads recovered for P1, P3 and P4 was

34, 91 and 455 sequences, respectively (BLASTX search against the Viral Genome

database, E-value<1e-05). Enterobacteria phages, Pseudomonas phages,

Staphylococcus phages, Streptococcus phages, Pseudomonas phages and

Burkholderia phages were among the most represented bacteriophage-related

sequences (Table 3). Moreover 30 contigs matching the Escherichia phage ECML-

117 were assembled from sample P4. Specific PCRs were performed on P1, P3 and

P4 samples to verify the presence of the bacteriophage sequences recovered in

silico. We used primers targeting the genomes of the bacteriophages of interest

rather than primers designed specifically from the recovered metagenomic

sequences. We performed a PCR targeting Enterobacteria phage lambda in sample

P1 and targeting Staphylococcus phages of groups 3A-like and 11A-like and

Streptococcus prophage EJ-1 in sample P3. For sample P4, we performed PCRs

targeting Stx converting phage II, Enterobacteria phage BP-4795, Pseudomonas

phage F8, Pseudomonas phage LMA2, Pseudomonas phage LBL3, Burkholderia

amphibaria phage BcepF1 and Enterobacteria phage P1. Non-specific amplification

was observed for Enterobacteria phage lambda in sample P1, for Streptococcus

prophage EJ-1 in sample P3 and for Stx converting phage II, Enterobacteria phage

BP-4795, Pseudomonas phage F8, Pseudomonas phage LMA2, Pseudomonas
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phage LBL3, Burkholderia amphibaria phage BcepF1 and Enterobacteria phage P1

in sample P4 (Supplementary Table S7). For sample P3, we obtained unique

amplification products at the expected length (Supplementary Table S7) for

Staphylococcus phages of groups 3A-like and 11A-like. The PCR products were

sequenced and their correct identification was confirmed by Sanger technology.

DISCUSSION

In this study, we successfully generated viral metagenomes from human

pericardial fluids. In the positive control patient, we reconstructed almost the entire

genome of HHV3 (human herpesvirus 3), which had been previously detected by

molecular diagnostic analyses. HHV3 infections are usually self-limiting, although

pericarditis has been previously described as a rare complication [41,42].

Serendipitously, the virome generated for the positive control also revealed the

presence of 4 different HPV genotypes. To our knowledge, HPV has never been

associated with pericarditis. The presence of multiple concomitant viral

species/genotypes may be explained by the fact that this patient suffered a systemic

lupus erythematosus and immunosuppressive medication increased permissiveness

to viral infections.

Two patients and the negative control viromes displayed a high relative

abundance of Retroviridae, which may result from the residual presence of host

DNA, although VLPs were DNAse and RNAse digested to eliminate peripheral

contaminations. The presence of contaminating sequences is a well-known issue in
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the generation of host-associated viral metagenomes. In previous viral metagenomic

studies, the proportion of human-related sequences represented 24%-36% of the

virome [7]. These sequences represented up to 34% of generated sequences even

when stringent protocols, such as filtration followed by cesium chloride density

gradient purification, were adopted for the purification of viral particles [43]. In our

work, abundant contamination from residual host DNA was detected in 3 patients,

which may reflect the paucity of amplifiable VLPs in these samples.

Five metagenomes had sequences that matched Anelloviridae, particularly

torque teno viruses. Torque teno viruses were originally identified in the serum of a

patient with idiopathic hepatitis [44]. Since then, they have been demonstrated to be

highly ubiquitous in the human population [45–47] and have been found in sera,

blood and multiple tissues, as well as in several organs and cells, including liver and

peripheral blood mononuclear cells [19,48,49]. Our virome analysis showed that up

to several different genotypes of TTV could be retrieved concomitantly in an

individual sample. Co-infection by different TTV species or isolates is common and

has been hypothesized as necessary for productive infection [49–53]. In sample P7,

the number of TTV sequences was high and comparable to that of HHV sequences in

the positive control. In addition, the viral community composition of P7 was

dominated by torque teno viruses and other Anelloviridae. These two observations

suggest the occurrence of viremia by torque teno virus in P7. To our knowledge, this

is the first time that the presence of TTVs has been described in pericardial fluids. No

torque teno virus sequences could be detected in the virome associated with the

negative control pool. However, no evidence of the TTV association with idiopathic
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pericarditis can be provided, nor has an association with this disease been described

in literature. It has previously been demonstrated that TTVs are able to perform in

vitro and in vivo intragenomic rearrangement [54]. In addition, the genetic variability

within and between the genomes of torque teno virus strains has been proposed as a

mechanism to evade the host immune response [52,55]. Thus, the pathogenic

potential of these viruses could be related to specific genotypes, intragenomic

rearrangements, co-infections or the viral load. Further experiments need to be

performed to evaluate these hypotheses.

Finally, 3 patients showed the presence of sequences related to

bacteriophages. The presence of bacteriophages in the human body was first

discovered by Felix d’Herelle almost 90 years ago [56]. Metagenomic studies have

revealed the prevalence of bacteriophages in viral communities associated with

different human samples such as saliva [57], sputum [43], feces [30] and

oropharyngeal samples [58]. In this study, we describe the occurrence of

bacteriophages in pericardial fluids. The presence of bacteriophages in a closed

system such as the pericardium indicates that phages may circulate in the human

body. This hypothesis is supported a previous study showing that phages circulate in

the blood of patients with septicemia [59]. We detected bacteriophages infecting

Enterobacteria, Pseudomonas, Staphylococci, Streptococci and Burkholderia. The

bacterial hosts of these bacteriophages can be pathogenic for humans and may play

a role in the etiology of the pericarditis cases. However, except for sample P4, the

corresponding bacteria were not detected in the samples during previous hospital

routine screenings. Sample P4 came from a sudden infant death protocol and culture
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of the pericardial fluid showed a polymicrobial infection (Escherichia and

Pseudomonas species) as a probable consequence of post-mortem bacterial

invasion. In accordance with this result, the viral metagenomic analysis showed that

the viral community was dominated by bacteriophage sequences related to these

bacterial hosts. We were able to reconstruct 30 contigs that matched an Escherichia

coli phage. Viral metagenomes from patients P1 and P3 also contained

bacteriophage sequences, but the corresponding bacteria were not detected in the

samples by culture. Early antibiotic therapy has been proposed as one factor

responsible for the negative results of blood- and joint-cultures in the case of S.

aureus endocarditis and osteoarticular infections, respectively [60,61]. We

hypothesize that the presence of bacteriophages in these samples may either reflect

an earlier bacterial infection or a current one in which the amount of bacterial DNA is

below the detection threshold of the diagnostic method used due to antibiotic

treatment and/or clearance by the host immune system. As bacteriophages are

estimated to outnumber their bacterial hosts by a ratio of approximately 10 to 1

depending to the environmental niche [62,63], the detection of bacteriophages could

thus be more sensitive than detection of their bacterial hosts.

In conclusion, the data provided in this study allow assessment of the DNA

virome in human pericardial fluids and provide preliminary clues on potential

unsuspected or undetected pathological agents involved in pericarditis cases of

unknown etiology, for which further investigations are necessary.
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Figures legends

Figure 1. Proportion of known and unknown reads. The chart shows the

proportion of metagenomic reads classified as “known” or “unknown,” according to a

BLASTN search against the non-redundant NCBI database (E-value<1e-05). For each

sample, known reads (in white) and unknown reads (in grey) are reported as both a

percentage and absolute number (in parentheses).

Figure 2. Viral relative abundance in each virome. The estimated relative

abundance for each viral group detected in a sample is shown. The data were

generated by GAAS analysis. Eukaryotic viral genotypes are grouped together at the

family level. All bacteriophages are grouped together in the “Bacteriophages”

category.

Figure 3. Reconstructed contig matching a human papillomavirus. Contig 37

assembled from the positive control is shown and compared to the genome

organization of human papillomavirus type 50. The arrows represent open reading

frames (ORFs). Homologous ORFs between the contig and human papillomavirus

type 50 are shown in black.

Figure 4. Contig 129 from sample P7. The contig was assembled de novo from the

viral metagenome associated with sample P7 and matches a torque teno virus. A

grey arrow indicates an identified ORF homologous to the ORF1 of torque teno virus.

A star indicates a GC-rich region (85.7%). The dotted line under the contig shows the

region that was amplified by PCR and sequenced.
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Figure 1.
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Table 3. Detection of bacteriophage sequences in metagenomes P1, P3 and P4.

a Only the most abundant bacteriophage types (according to GAAS analysis) are reported. Bacteriophages are grouped according to the

genus of their putative bacterial host.

b Number of reads matching the corresponding bacteriophage according to BLASTX against the RefSeq Viral Genomes database, E-

value<1e-05.

c Number of contigs matching the corresponding bacteriophage according to BLASTX against the non-redundant NCBI database, E-

value<1e-05.

Sample

P1 19 0

P3
18 0

12 0

P4

170 0

76 0

49 30

Bacteriophagea
Number of

readsb
Number of

contigsc

Enterobacteria phages

Streptococcus phages

Staphylococcus phages

Pseudomonas phages

Burkholderia phages

Enterobacteria phages
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Supplementary Figures legends

Supplementary Figure S1. Reconstruction of the human herpesvirus 3 genome from

the positive control virome. The HHV3 reference genome was reconstructed by mapping

the metagenomic reads generated from the positive control sample. Open Reading Frames of

the reference genome (yellow arrows), reference coverage (black line) and coverage depth

(pink shadow) are shown along the genome.

Supplementary Figure S2. Reconstruction of the human papillomavirus genomes

detected in the positive control virome. The reference genomes of human papillomavirus

type 12, type 50 and type 80 as well as that of human papillomavirus isolate 915 F 06 002

KN1 were reconstructed by mapping the metagenomic reads generated from the positive

control sample. Open Reading Frames of the reference genome (yellow arrows), reference

coverage (black line) and coverage depth (pink shadow) are shown.

Supplementary Figure S3. Reconstruction of the torque teno virus genomes detected

in patients’ viromes. The reference genome of torque teno virus clone Saf-09 was

reconstructed by mapping from sample P2 (A); the reference genomes of torque teno virus

strain SIA 09 and torque teno virus 24 Saa-01 were reconstructed by mapping from sample

P6 (B); the reference genomes of torque teno virus isolate TTVyon-LC011, torque teno virus

29, micro torque teno virus, isolate microTTV-HD14.2, torque teno virus TTV-HD14h and

torque teno virus isolate JT41F were reconstructed by mapping from sample P7 (C). The

open reading frames of the reference genome (yellow arrows), reference coverage (black

line) and coverage depth (pink shadow) are shown.
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Objectives: The cystic fibrosis (CF) airway is now considered the site of a complex microbiota, where cross-talking
between microbes and lateral gene transfer are believed to contribute to the adaptation of bacteria to this
specific environment and to the emergence of multidrug-resistant bacteria. The objective of this study was to
retrieve and analyse specific sequences associated with antimicrobial resistance from the CF viromes database.

Methods: Specific sequences from CF metagenomic studies related to the ‘antibiotic and toxic compound
resistance’ dataset were retrieved from the MG-RAST web site, assembled and functionally annotated for
identification of the genes. Phylogenetic trees were constructed using a minimum parsimony starting tree
topology search strategy.

Results: Overall, we found 1031 short sequences in the CF virome putatively encoding resistance to antimicro-
bials versus only 3 reads in the non-CF virome dataset (P¼0.001). Among them, we could confidently identify
66 efflux pump genes, 15 fluoroquinolone resistance genes and 9 b-lactamase genes. Evolutionary relatedness
determined using phylogenetic information demonstrates the different origins of these genes among the CF
microbiota. Interestingly, among annotated sequences within CF viromes, we also found matching 16S rDNA
sequences from Escherichia, Cyanobacteria and Bacteroidetes.

Conclusions: Our results suggest that phages in the CF sputum microbiota represent a reservoir of mobilizable
genes associated with antimicrobial resistance that may spread in this specific niche. This phenomenon could
explain the fantastic adaptation of CF strains to their niche and may represent a new potential therapeutic
target to prevent the emergence of multidrug-resistant bacteria, which are responsible for most of the deaths in CF.

Keywords: mobilome, multidrug resistance, microbiota, transduction, phage induction

Introduction

Cystic fibrosis (CF) is an autosomal recessive disease caused by a
mutation in the gene of the CF transmembrane conductance
regulator and is characterized by recurrent respiratory infec-
tions.1 Repeated bronchopulmonary infections are responsible
for a progressive decrease in lung function, and the frequent
use of antibiotics during acute exacerbations leads to the emer-
gence and selection of multidrug-resistant (MDR) bacterial
species.2 Recent advances in molecular biology, especially full-
genome sequence analysis, have shown that such MDR bacteria
probably evolved during chronic colonization of the lungs in CF
patients due to both intensive and recurrent antibiotic treat-
ments as well as the vertical and horizontal transmission of
antibiotic resistance determinants.3–8 Prophages that play an
important role in bacterial genomic evolution and diversity via
horizontal gene transfer (HGT) were also found in these
sequenced strains, including Staphylococcus aureus,

Pseudomonas aeruginosa and Burkholderia cenocepacia.3,4,6,9,10

Transduction is known to represent one of the most powerful
phenomena for the dissemination of genes that allow bacteria
to become more pathogenic and resistant to antimicrobials.11,12

Interestingly, recent studies demonstrate that some antibiotics,
especially those frequently used in CF patients (e.g. ciprofloxacin,
tobramycin, co-trimoxazole and imipenem), can enhance phage
mobility,3,13,14 suggesting that frequent exchanges of genetic
material and the spread of virulence and/or antibiotic resistance
genes occurred among bacterial species in these communities
(called microbiota). More recently, the metagenomic analysis of
DNA viral communities in the respiratory tract of CF individuals
(CF virome) as compared with non-CF individuals (non-CF
virome) has shown a higher abundance of phage communities
in CF patients, which was associated with airway pathology
and specific metabolic profiles.15 The core metabolism of
CF-associated phages was further explored using a dataset con-
taining sequences both common and specific to the CF viromes,
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which included a unique set of 16059 sequences specific to the
CF virome as compared with the non-CF virome.16 These specific
sequences are freely available in the MG-RAST web site, and the
objective of our study was to retrieve and analyse specific
sequences associated with antimicrobial resistance from the CF
virome dataset.

Materials and methods

Dataset sequences

The viromes analysed were those recently published by Willner et al.,15

representing the DNA viral community populations of the respiratory
tract of five individuals with CF. The viral metagenomes were generated

Non-CF patients CF patients

3

1

8

6

424

78

365

59 111 42 2 24
25

Acriflavin resistance

Cobalt–Zinc–Cadmium resistance

Zinc resistance

Multidrug resistance efflux pumps

Acriflavin resistance

Cobalt–Zinc–Cadmium resistance

Zinc resistance

Multidrug resistance efflux pumps

Bacitracin stress response

Integrons

Multidrug resistance tripartite found in Gram-negative
bacteria

(a) (b)

Teicoplanin resistance in Staphylococcus

Resistance to fluoroquinolones

b-Lactamase

Figure 1. List and number of sequences encoding resistance to antimicrobials and toxic compounds in the virome of (a) non-CF and (b) CF patients.
This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

Table 1. Number of contigs containing resistance genes for each CF

patient

Resistance gene

Number of contigs

CF6 CF7 CF8 CF9 CF10 total

Multidrug efflux pumps 11 10 20 13 12 66

Resistance to fluoroquinolones 5 3 2 5 0 15

b-Lactamases 4 0 4 1 0 9

Arsenical resistance operon repressor 0 0 0 0 0 0

All contigs longer than 400 bp were considered. Contig annotation was
performed by a blastx search (e-value,1e-05) against the SEED
subsystems database.

Table 2. Number of large contigs (.1500 bp) containing resistance

genes for each CF patient

Resistance gene

Number of contigs

CF6 CF7 CF8 CF9 CF10 total

Multidrug efflux pumps 4 1 3 9 9 26

Resistance to fluoroquinolones 0 0 0 2 0 2

b-Lactamases 0 0 0 0 0 0

Arsenical resistance operon repressor 1 0 0 0 0 1

Only contigs longer than 1500 bp were considered. Contig annotation
was performed by a blastx search (e-value,1e-05) against the SEED
subsystems database.
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Figure 2. Phylogeny of an efflux pump-encoding gene on a contig assembled from the CF6 virome. Maximum likelihood phylogenetic reconstruction
using Phyml. Values on branches represent maximum likelihood support values.
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from the patients’ sputum samples by GSFLX pyrosequencing and are
available from NCBI (www.ncbi.nlm.gov) under the genome project ID
28441 (where NCBI stands for National Center for Biotechnology
Information).

Assembly

For each patient we selected reads whose functional annotation was
related to antibiotic and toxic compound resistance, according to the
blastx search against the SEED database (e-value,1e-05). These reads
were assembled by the GS De Novo Assembler (Roche) using a minimal
overlap length of 35 bp and 98% as the identity threshold parameter.
Only contigs longer than 400 bp were considered for successive analyses.
We classified as ‘large’ those contigs spanning .1500 bp. The obtained
contigs were in turn functionally annotated on the basis of a blastx
search against the SEED database (e-value,1e-05). Larger contigs con-
taining efflux pump genes and fluoroquinolone resistance genes, and
contigs containing b-lactamase genes were kept for further analyses.

Open reading frames (ORFs)

On each selected contig we performed an analysis of the ORFs with the
Prodigal algorithm.17 ORFs were translated into amino acid sequences
and a stringent blastp search (e-value,1e-30) was realized for each of
them. Only ORFs that had ≥10 hits in the blast non-redundant database
were used for phylogenetic reconstruction.

Phylogenetic reconstruction

A phylogenetic tree was constructed for each ORF having enough poten-
tial homologues according to a blastp search against the GenBank
non-redundant database, i.e. those ORFs presenting ≥10 statistically
significant hits using an e-value of 1e-05. A meaningful subset of blast
hits was selected to be included in the phylogenetic tree in order to
reduce the number of sequences used, as phylogenetic trees comprising

hundreds of sequences are computationally heavy to construct and visu-
ally difficult to interpret. The subset of sequences included representa-
tives of the different genera and was selected from among the
significant blast hits by using an in-house PERL script to create a non-
redundant but exhaustive subset of homologues. Using the MUSCLE
program,18 we performed a multiple alignment on the obtained subset
of sequences, which were then curated by Gblocks.19 Tree reconstruction
was implemented by the Phyml algorithm20 using a minimum parsimony
starting tree and optimizing tree topology to maximize the likelihood
through a nearest neighbour interchange tree topology search strategy.
When no phylogenetic information could be inferred from the obtained
tree, a new tree was implemented by Phyml using different parameters,
by using the subtree pruning and regrafting tree topology search strategy
and 10 random starting trees. The constructed trees were visualized
using Molecular Evolutionary Genetic Analysis software version 4.0.21

rRNA annotation

A search of 16S rRNA sequences was performed on each metagenome by
a blastn search against the GreenGenes database using an e-value of
1e-05 and a minimum alignment length of 50 bp. The sequences that
significantly matched a 16S rRNA were taxonomically assigned to
bacterial phyla according to their best blast hit.

Results

Looking at these specific sequences in the MG-RAST web site
(maximum e-value at 1e-05), we found 1031 short sequences
(reads) in the CF virome (6.42% of the CF-specific annotated
sequences) putatively encoding resistance to antimicrobials
(n¼563, including 66 encoding multidrug resistance, 59
encoding resistance to fluoroquinolones, 424 encoding
b-lactamases and 1 encoding teicoplanin resistance) and toxic
compounds or antiseptics (n¼468) versus only 3/18 reads
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Figure 3. Phylogeny of a b-lactamase-encoding gene on a contig assembled from the CF8 virome. Maximum likelihood phylogenetic reconstruction
using Phyml. Values on branches represent maximum likelihood support values.
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encoding antimicrobial resistance in the non-CF virome ‘viru-
lence’ subsystem (P¼0.001) (Figure 1). Starting from the reads
annotated by MG-RAST in the ‘antibiotic and toxic compound
resistance’ subsystem, we could assemble 186 reads in larger
sequences called ‘contigs’. Among them, according to a stringent
and curated MG-RAST annotation, we could confidently identify
66 contigs containing different kinds of efflux pump genes and
24 contigs containing antimicrobial resistance genes (15 fluoro-
quinolone resistance genes and 9 b-lactamase genes; Tables 1
and 2). When possible, evolutionary relatedness was visualized
by constructing phylogenetic trees for the ORFs found on the
largest contigs. In order to identify the phylogenetic origin of
the genes of antibiotic and toxic compound resistance found
on these contigs, we searched for the ORFs on each contig and
constructed their phylogenetic tree. According to blast results,

only a few of these ORFs had enough potential homologues to
be able to construct their phylogenetic tree. Moreover, among
the constructed trees only a few carried confident and strong
enough phylogenetic information to infer the origin of the ORF.
However, we were able to extract phylogenetic evidence for
nine efflux pump genes, six b-lactamase-encoding genes and
six genes encoding fluoroquinolone resistance. According to our
results, all these genes would have originated from different
classes of Bacteroidetes except for one gene, encoding a
b-lactamase, which seems to come from a member of
the Cyanobacteria. More specifically, the fluoroquinolone
resistance-encoding genes analysed would phylogenetically
derive from the class Sphingobacteria of Bacteroidetes. Efflux
pump-encoding ORFs would instead originate from four different
classes of Bacteroidetes: Flavobacteria; Cytophagia; Bacteroidia;
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and Sphingobacteria. Similarly, b-lactamase-encoding ORFs
would have originated from these four different classes of Bac-
teroidetes (Flavobacteria, Cytophagia, Bacteroidia and Sphingo-
bacteria) and in one case from Cyanobacteria. Figures 2–4
show examples of phylogenetic trees obtained for an efflux
pump gene, a b-lactamase-encoding gene and a fluoroquino-
lone resistance gene, respectively. A search for 16S rRNA
sequences was performed on each CF patient’s metagenome
and a total of 534 16S rRNA matching reads were found.
Among them, six bacterial phyla were detected and, interest-
ingly, the Bacteroidetes phylum from which most of the pre-
viously analysed genes seem to have originated, was
represented by 184 matching sequences (Table 3). More pre-
cisely, we found 71 and 56 reads matching with the 16S rRNA
sequence from Chitinophaga in patient CF6 and patient CF9,
respectively. In the same patients, on the basis of our phyloge-
netic analyses, Chitinophaga seems to be the origin of a
b-lactamase-encoding gene in patient CF6 and the origin of an
efflux pump-encoding gene as well as two fluoroquinolone
resistance genes and a b-lactamase gene in CF9.

Discussion

Phages are known to encode bacterial exotoxins, to modify bac-
terial susceptibility to antibiotics via generalized transduction
and to influence bacterial adhesion, colonization and inva-
sion.3,22,23 Most mobile antibiotic resistance genes are encoded
on plasmids or transposons, but phages may play an important
role, via transduction, in the mobility of these resistance genes
among bacteria. As has been described for CF strains of
S. aureus, B. cenocepacia and P. aeruginosa,3,4,6 phages appear
to be essential for the adaptation of the bacterial genomes to
their niche, i.e. CF mucus and antimicrobial pressure. Metage-
nomic studies of DNA viruses in CF patients also showed that
the viral community was highly adapted to the CF lung, as are
the bacteria.15,16 The phage taxonomy was common to all CF
patients and different from that of healthy subjects, and these
CF-associated phages presented with a specific metabolic
profile reflecting adaptation to the particular nature of CF
mucus.15,16 This suggests that phage transduction is more fre-
quent in CF, enhancing the essential role of phage transduction

in the dramatic adaptation of CF strains to their particular
environment, including antimicrobial resistance, as demon-
strated in the present study. All CF strains whose genomes are
sequenced present an increased genome size with many antimi-
crobial resistance-encoding genes, as compared with environ-
mental strains, mainly due to a high number of prophages.3,4,6

Therefore, the genomic evolution of CF strains has led them to
fit perfectly into their environment, but on the other side,
bacteria may become more resistant to antibiotics. Intensive
antibiotic therapy has undeniably increased the life expectancy
of CF patients.1 However, the role of antibiotics in phage trans-
duction is particularly dangerous in the context of CF. The ‘collat-
eral’ effects of antibiotic treatments, i.e. the transduction of
virulence, toxin or antimicrobial resistance genes, often appear
at concentrations that are subinhibitory for bacterial growth.24

If antibiotic treatment is adapted to the bacterium responsible
for the disease, this situation may be considered unlikely from
a clinical perspective. However, it is important to consider that
it can easily occur in CF, where bronchial exacerbation is now
considered polymicrobial.25,26 Metagenomic studies of CF sputa
revealed .50 bacterial species that had never been described
before in this disease and that could be an incredible source
for acquisition by transduction of new antimicrobial resistance
determinants,25,26 as suggested in the present work. Interest-
ingly, we found that phages may also package 16S rRNA
sequences from corresponding bacteria that are the source of
antibiotic resistance determinants. Our work highlights the fact
that our present way of considering CF is probably very incom-
plete, especially for antibiotic treatment. If phages that are
known to be mobilized during chronic infection of the lungs of
patients with CF,14 especially broad-host-range phages, are
induced among the microbiota spontaneously,27 by specific
environmental conditions in the CF respiratory tract or by
antibiotics, there are many possibilities for HGT to create new
bacterial species with specific repertoires adapted to these
niches, including MDR bacteria that may spread in this
community.

In conclusion, this work illustrates the potential critical role of
phages in the adaptation of bacteria to the CF airway, especially
involving resistance to antimicrobials.
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Abstract 

The study of the human virome is still in its infancy, especially with regards to the viral 

content of the blood of people that are apparently disease free. In this study, the genome

of a new giant virus that is related to the amoeba-infecting pathogen Marseillevirus was 

recovered from blood donors using high-throughput sequencing. Viral antigens were

identified by an immunoconversion assay. The virus was visualized with transmission 

electron microscopy and fluorescence in situ hybridization and was grown in human T-

cell lymphocytes. Specific antibody reactions were used to identify viral proteins in the 

PCR-positive blood donor. Finally, we tested 20 additional blood donors. Three had

antibodies directed against this virus and two had circulating viral DNA. This study

shows that giant viruses, which are missed by the use of ultrafilters, are part of the 

human blood viromes. The putative pathogenic role of giant viruses in humans remains 

undefined.  
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Introduction

Viruses are the most abundant and diverse entities in the human body[1]. Viral 

communities have been described in various anatomical sites, including the skin, 

oropharynx, gut and blood[2-4]. Human blood harbors heterogeneous viral flora, and 

the majority of these communities are commensal and rarely cause disease in healthy

people[5, 6]. Determining when a given virus is a component of the typical floral

community rather than an invasive pathogen has direct clinical applications, but remains 

a challenging process. The detection of new or highly divergent viruses is difficult due 

to limitations in isolation and cultivation methods and the lack of conserved genetic 

elements among genomes[7, 8]. During the last decade, the use of sequence- and 

culture-independent techniques to characterize genetic material from viral populations

(this process is known as viral metagenomics) has allowed for the discovery of

previously uncharacterized viruses[9-12]. However, despite the increase in knowledge

gained during the metagenomics era, viral diversity has been mainly assessed on the 

ultrafilterable fraction (i.e., on particles recovered after 0.22 µm filtration), which 

potentially filters out larger viruses and creates a gap in the complete description of the 

human virome.  

The order of Megavirales, also known as nucleocytoplasmic large DNA viruses, 

contains seven viral families: Poxviridae, Iridoviridae, Ascoviridae, Mimiviridae,

Phycodnaviridae, Asfaviridae and Marseilleviridae[13, 14]. Marseillevirus, the first 

representative of the Marseilleviridae family, was isolated due to its ability to prey on 

amoebae[15]. Marseillevirus possesses a 368 kb double-stranded DNA genome, the 

sixth largest known viral genome, enclosed in a 250 nm icosahedral capsid.
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Results

Pyrosequencing DNA extracted from the viral-enriched fraction of the blood of 

asymptomatic blood donors generated 20,238 reads (NCBI accession number:

PRJNA183996), which were classified by their taxonomic distribution (fig. 1). A best 

BLAST hits (BBH) comparison against the GenBank database (BLASTn; E-value < 10-

5) indicated that 17,257 metagenomic reads (85.3%) had significant hits, and 67.7% of 

these reads were related to viruses. The majority of these sequences aligned with viruses

from the Anelloviridae family including Torque Teno virus (TTV), TTV-like, SENV,

TTV midi and TTV-like mini (Table 1), which has been previously reported[5, 12, 16]. 

However, we unexpectedly found that 2.5% of the viral metagenome matched the giant 

Marseillevirus. We were initially unconvinced that these data were correct, as this virus 

has only been found in our laboratory. 

A genomic assembly of the Marseillevirus-related reads identified two large 

contigs that mapped on two separate regions that were localized at positions between 

111,593-125,241 (13,649 bp) and 210,367-220,539 (10,173 bp) on the Marseillevirus 

genome (fig. S1). Coding DNA sequence (CDS) predictions on these contigs showed 

nucleotide differences between the Marseillevirus and metagenome genetic maps. Some

of these differences corresponded to stop codons that modify CDS lengths, which 

strongly suggests the identification of a new virus related to Marseilleviridae

(Supplementary table S1). We thus performed two sets of polymerase chain reactions 

(PCR) on the sera pool using orf 268 primers specific to the metagenomic sequences 

and orf 152 primers, which target both the Marseillevirus genome and the metagenome 

contigs. PCR orf 152 amplified a 198 bp amplicon in both metagenome and 

Marseillevirus genomic DNA whereas PCR orf 268 resulted in the amplification of a 
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608 pb fragment specifically in the metagenomic DNA (fig. S1C) thus confirming the 

identification of new Marseillevirus-like DNA sequences. We next performed PCR orf 

152 on each serum sample (n=10) separately. We detected Marseillevirus-like DNA in 

the serum from one blood donor, #27725 (fig. S1D). The viral fraction from this blood

donor serum was concentrated using three Marseillevirus-specific mouse monoclonal 

antibodies to allow for additional SOLiD sequencing (NCBI accession number: 

PRJNA185405). Genomic mapping was performed with CLC software using the 

Marseillevirus genome (NC_013756.1) as a matrix, which allowed for the isolation of 

114,278 mapped reads. These reads were organized into a 357,433 bp consensus 

sequence (%GC=44.73; fraction coverage=0.95; average coverage=7.68) that showed a 

close resemblance between Marseillevirus and this virus. This virus was named Giant 

Blood Marseille-like virus (GBM virus). When CDS predictions of these regions were

performed, a total of 617 CDSs were identified, 436 of which were homologous to

Marseillevirus, 33 were homologous to Lausannevirus and 148 demonstrated no 

significant BLAST hit (E-value <10-5) (fig. 2A, Supplementary table S1). A neighbor-

joining phylogeny analysis based on concatenated alignments of the D5-helicase 

primase and the A32 ATPase confirmed the clustering of GBM in the Marseilleviridae

family (fig. 2B).  

A two-dimensional Western blot (2DWB) was performed, coupled with mass 

spectrometry on a concentrated viral fraction of the serum using an α-Marseillevirus 

polyclonal antibody to identify potential GBM antigens (fig. 3A). Fifteen spots were 

selected for identification, three of which were further identified containing viral 

peptides associated with this virus. These peptides corresponded to two hypothetical 

GBM proteins (ORF 137 and 543) and one flavin-containing amine oxidoreductase 
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(GBM ORF 123). To observe the viral particle we used transmission electron 

microscopy (TEM), and observations of the same sample allowed for detection of virus-

like particles (VLPs) with an average size of 216.7 nm (±4.7 nm; n=3), which is 

compatible with Marseillevirus family members (fig. 3B). Additionally, fluorescence in 

situ hybridization (FISH) using DNA-probe hybridization in the orf 152 - orf 153 region 

identified particles of the same size on serum that had been purified and concentrated 

(fig. 3C). 

We next performed a systematic screen of human cell lines and primary cells to 

evaluate the ability of GBM to infect human cells. These screens included blood cell 

lines, such as monocytes (THP1), lymphocyte T-cells, (Jurkat) and anti-CD14 purified 

primary human macrophages. A serum inoculation of 14 days did not result in GBM 

detection in the supernatant of HeLa cells, THP1, or macrophages. The PCR results 

were positive for the Jurkat supernatant, which suggested that GBM was able to infect 

lymphocyte T-cells (fig. 4A). In addition, Jurkat supernatant ultracentrifugation 

combined with DNAse treatment still showed the presence of GBM DNA, which 

strongly suggested the production and release of encapsidated viral particles from these

cells (fig. 4A). Additional FISH and TEM observations of Jurkat cell inclusions 

confirmed these results. GBM DNA and viral particles were detected inside the Jurkat 

cytosol 21 days post-infection (fig. 4B). 

ELISA was used to locate specific antibodies with Marseillevirus as an antigen

in the GBM-infected blood compared to a PCR-negative blood control. A high level of 

IgG antibodies (1:1,000) was detected in the infected sample compared to none in the

control (fig. 5A). This serum was subsequently submitted to a 2DWB on the 

Marseillevirus proteome. We were able to identify 26 protein spots that were found in 
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the genome of GBM, with the most reactive being the major viral capsid protein 

(MAR_ORF342) (fig. 5B).  

Finally, we evaluated the prevalence of GBM infection in twenty additional 

blood donors by performing combined IgG detection and PCR amplification/sequencing 

on 20 (Male= 65%; median age=46.5 years) sera sampled from asymptomatic blood 

donors (Montpellier, France). We found three blood donors, with IgG levels above the 

calculated ELISA threshold (OD490nm>0.260). Moreover, two were PCR positive for 

GBM and one presented elevated levels of IgG (Table 2; Supplementary table S2).  

Discussion 

In this study, we definitively established the presence of a novel giant virus in the blood 

of an asymptomatic blood donor by complete genome sequencing, antigen detection, 

morphological visualization (TEM and FISH), and cell culture. Although these findings 

should be further confirmed, contamination is unlikely because of the multiple 

procedures used to identify the virus, the fact that this is the first Marseillevirus growing 

in human cells, and because of its original genomic sequence.  

Recently, another virus of the Marseilleviridae family, Senegalvirus, was 

isolated from a human stool sample in an asymptomatic patient[17]. The present study 

confirms that some giant viruses of the Marseilleviridae family such as GBM are 

associated with humans. Because giant viruses escape current screening techniques,

human infections by giant viruses related to the Mimi- and Marseilleviridae families 

may be underestimated. The fact that GBM infection was found in apparently healthy

blood donors suggests that this infection may present asymptomatically or with only

mild symptoms. Additionally, the presence in some cases of both IgG antibodies and 
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viruses in the blood suggests possible chronic carriage. Altogether, these results place

Marseilleviridae in the human virome and raise questions about the long-term

consequences of this viral carriage. 

Methods 

Blood sampling  

Viral metagenomics studies were performed on blood samples from healthy donors 

(n=10) collected at the �Etablissement Français du Sang� Marseille (France). 

Epidemiological study was performed on additional blood samples (n=20) collected at

the �Etablissement Français du Sang� Montpellier (France). Blood pockets were stored 

at 4°C before further processing. 

Viral purification and immunoprecipitation  

Blood samples (40 mL) were centrifuged at 3,000 × g at 4°C for 10 minutes to pellet the 

blood cells and cellular debris. 10 milliliters of each cell-free plasma sample were 

aliquoted and filtered through 0.45 µm Whatman filters. The filtrate was loaded onto a 

CsCl step gradient consisting of 1 mL each of 1.7, 1.5, and 1.2 g/mL CsCl in phosphate-

buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM

KH2PO4, pH 7.3) and then centrifuged at 55,000 × g at 4°C for 2 h. The 1.2�1.5 g/mL

fraction was collected and centrifuged at 55,000 × g at 4°C for 2 h to pellet viral

particles, which were then resuspended in 200 µL of 0.02 µm Whatman-filtered PBS. 

The purified viral particles were then incubated with 0.2 volumes of chloroform for 10 

min at room temperature. The chloroform solution was pelleted, and the supernatant 

was removed and treated with 2.5 U DNase I (Sigma-Aldrich) per microliter of sample 
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for 2 h at 37°C to remove residual host DNA. For GBM immunoprecipitation, serum

from blood donor #27725 was filtered through 0.45 µm Whatman filters and then

concentrated on a 0.1 µm filter. Attached viral particles were resuspended in Page's 

Amoeba Saline Solution. Primary anti-Marseillevirus antibody and secondary antibody 

incubations were performed overnight with constant agitation. All steps were carried

out at 4 °C unless otherwise stated. Briefly, pre-cleared serum solution (80 µL diluted in 

0.5 mL of 0.02 µm-filtered PBS) and sheep anti-mouse IgG-coated beads (10 µL) were

incubated with a mixture of three mouse monoclonal anti-Marseillevirus antibodies (2 

µg). On the next day, the solution was incubated with magnetic sheep anti-mouse IgG 

coated beads (3.5 x 107 beads, Dynabeads®, Invitrogen). Beads containing 

immunoprecipitated viral particles were magnetically pulled down and washed three

times with PBS and then resuspended in 0.2 mL of PBS. Viral DNA was then extracted 

using the High Pure Viral Nucleic Acid Kit (Roche) according to the manufacturer's

protocol. 

High-throughput sequencing

Purified viral DNA was amplified with Genomiphi (GE Healthcare) to generate 

sufficient material for shotgun 454 pyrosequencing library preparations. The resulting 

amplified DNA was purified with silica columns (Qiagen) to remove the enzyme, 

dNTPs and primers. DNA was pyrosequenced on a Roche 454 Life Sciences GS FLX 

Titanium platform (1/16 plate used), generating raw data (11.9 Mb) with an average 

length of 389 bp. The same protocol was used for the serum from blood donor #27725, 

and the immunoprecipitated fraction was then further sequenced on an AB SOLiD 4 

System platform using 1/96 of the plate. 
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Read processing, assembly and contig analysis

The sequences obtained from the 454 pyrosequencing were screened to remove exact

and nearly identical duplicates, which are a common artifact of the pyrosequencing

technology. Duplicate removal was performed using the CD-HIT-454 program

available under the CAMERA 2.0 web portal. This process resulted in 8.2 Mb of non-

redundant sequences with an average length of 406 bp, which were then subsequently

taxonomically classified by a BLASTn search against the GeneBank nucleotide

database with an E-value<10-5. 

Read assembly was performed by Newbler software (Roche). We chose a minimum

overlap length of 35 bp and a minimum overlap identity of 98%. Only contigs longer 

than 400 bp were kept for further analyses. Large contigs were classified as those 

spanning more than 1,500 bp. Contigs were annotated by performing a BLASTx search 

against the BLAST non-redundant database nr with an E-value<10-5. SOLiD sequencing 

generated 15,568,200 paired sequences. Marseillevirus was used as a reference for 

genome mapping (CLC software). The generated consensus genomic sequence was 

further analyzed for open reading frames (ORFs) using Prodigal. Predicted ORFs were

then compared to GenBank nr using BLASTp with an E-value<10-5. 

PCR and primer design for targeting metagenome and Marseillevirus homologue 

genes 

To evaluate the presence of human and mitochondrial DNA contamination, the sample

was checked by PCR using specific primers: H18S F5�-

TCAAGAACGAAAGTCGGAGG-3�, H18S R5�-CAGCTTTGCAACCATACTCC-3�, 
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Mit3130 F5′-AGGACAAGAGAAATAAGGCC-3′, and Mit3301 R5′-

AGGACAAGAGAAATAAGGCC-3′. The presence of GBM in human sera was 

evaluated using primers amplifying orf 152 (orf 152F 5� 

AGACCCAAACTCGCAGCTTA-3� and orf 152R 5�-

CCGGAAGATTCCAAGTTTCA-3�) and orf 268F (5�-ACAACCTCCTACCTTCACC-

3� and orf 268R 5�-AATTCTCCTCCGCCTTCA-3�) for orf 268 amplification. 

Amplification using Phusion DNA Polymerase (New England Biolabs) started with an 

initial denaturation step at 98 °C for 30 s followed by 35 cycles of 98 °C for 10 s, 53 °C 

for 30 s, and 72 °C for 30 s. Sequencing reactions were carried out with the reagents of

the ABI Prism dye terminator cycle sequencing ready reaction kit (Perkin Elmer

Applied Biosystems, Foster City, Calif.) according to the manufacturer's instructions. 

Enzyme-linked immunosorbent assay (ELISA) 

The presence IgG antibodies specific to Marseillevirus like particles were evaluated 

using the ELISA assay with Marseillevirus as the antigen. ELISA negative controls 

were obtained from specific pathogen free three-month-old balb/c mice sera (n=10) 

(Charles River, Lyon), which were supposed exempted from GBM infection. ELISA

assay was performed as follows: purified Marseillevirus (20 ng), was coated with 

carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3, 0.2 g/L NaN3, pH 9.6) overnight at

4°C in a flat-bottom 96-well ELISA microplate. The plate was then washed 2 times with 

PBS, saturated with 5% Bovin serum album (Sigma-Aldrich) for 2 h and incubated with 

sera at 1/100 dilution. IgG titters of #27725 and #20363 blood donors were estimated 

using serial dilutions ranging from 1/10 to 1/5000. For a positive control, mouse anti-

Marseillevirus antibody was used at 1/1000 dilution. Following sera incubation, the 
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plate was washed 3 times with PBS 0.1% Tween 20 and incubated for 1 h with 

secondary HRP-conjugated anti-human IgG at 1/5000 dilution (Jackson 

ImmunoResearch). Detection was performed at 490 nm using o-Phenylenediamine

dihydrochloride substrate (Sigma-Aldrich). Average results for IgG levels were 

obtained from two independent experiments. Negative (OD490 nm=0.057) and positive

controls (OD490 nm=0.474) were included for each plate. ELISA threshold (OD490

nm=0.260) was calculated using relative percentage of positivity (RPP%) formula 

.
%

. .

ODtreshold ODneg control
RPP

ODpos control ODneg control





. RPP=50% was used for which 99.9%

relative specificity and 90.4% relative sensibility of the ELISA results were estimated 

[18].

Cell culture and viral infection 

Human cells were maintained under standard culture conditions (37°C and 5% CO2). 

THP1 cells were cultured in MEM media supplemented with 10% fetal bovine serum

(FBS), 2 mM glutamine, and 1% penicillin/streptomycin (PS). HeLa cells were cultured

in DMEM media supplemented with 10% FBS and 1% PS. Jurkat cells were cultivated 

in RPMI supplemented with 10% FBS and 1% PS. Human primary macrophages were

obtained from fresh peripheral blood mononuclear cells (PCR negative for possible 

GBM infection) incubated with anti-CD14 magnetic beads by following the 

manufacturer�s recommendations (Dynabeads® CD14, Life Technologies). Purified 

cells were incubated for two days to allow attachment and differentiation. Infections 

with GBM containing serum were performed by inoculating cells at 100% confluence 

with a purified viral suspension diluted 1/10 in cell media for 48 hours. At seven and

fourteen days post inoculation, 200 µL of cell suspension was harvested and centrifuged 
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at 1350 rpm for 5 min. DNA from the cell supernatant and cell pellet was extracted

using a High Pure Viral Nucleic Acid Kit and then amplified by PCR using the orf 152 

and H18S primers. For DNAse treatment, 35 mL of Jurkat T-cell supernatant fourteen 

days post inoculation was centrifuged at 22,000 rpm for 2 hours to pellet viral particles.

The pellet was resuspened in 0.5 mL of sterile 0.02-filtered PBS. Viral suspension (0.2

mL) was treated with 4 U of TURBO DNAse (Life Technologies) for 1H at 37°C 

following by DNAse inactivation by adding 0.1 volume of DNAse inactivation buffer. 

Nucleic acids were extracted using the High Pure Viral Nucleic Acid Kit (Roche) 

according to the manufacturer's protocol.  

Fluorescence in situ hybridization and microscopy observations  

For serum, the fluorescence in situ hybridization concentrated viral suspension (50 µL) 

was fixed in 4% formol for 1 h at room temperature, pelleted at 56,000 × g for 2 h and 

then embedded in sterile agarose. The agarose plug was dehydrated in 100% ethanol for 

2 h, embedded in paraffin and cut into thin sections. Agarose sections were deposited 

onto glass slides and deparaffinized. The sections were incubated with 50 ng of DIG-

labeled DNA probe (orf152-orf153) for 5 min at 95°C and then for 20 h at 37°C. The 

sections were washed 3 times in 1:1 (vol:vol) formamide SSC 2x followed by 3 washes 

with SSC 2x for 3 minutes, and they were then washed for 30 min in TNB buffer (100 

mM Tris-HCl, pH 7.5, 150 mM NaCl, Blocking buffer 1X (Roche)). Anti-DIG FITC 

mouse antibodies (1/200) were incubated for 30 min followed by 3 washes for 3 

minutes in TNT (100 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) buffer, 

counterstained with DAPI and stored at 4°C for further observation using a Leica SP5

confocal microscope. For epifluorescence observations, the purified viral suspension 
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(20 µL) was diluted in PBS containing 2% PFA and filtered through a 0.02 µm

Whatman filter. The filter containing viral particles was stained with 2.5x SYBR® Gold

(Molecular Probes) for 10 min, washed two times with PBS 1X and then observed 

under an epifluorescence inverted microscope (Leica DMI6000). The average VLP

number was estimated using ImageJ software and was calculated from three 

representative fields. For electron microscopy detection, Formvar-coated grids were 

deposited in a 40 µL viral suspension drop and incubated for 30 min at 37°C. The grids 

were then incubated for 10 seconds on 1% ammonium molybdate, dried on absorbing 

paper and observed with a transmission electron microscope Morgagni 268D (Philips).

Two-dimensional protein analysis  

A two-dimensional protein analysis was performed as previously described15. Following 

protein migration, gels were silver-stained. Selected excised spots were further 

identified using MALDI-TOF mass spectrometry. For Western blot analyses, the

samples were transferred to a 0.45 µm nitrocellulose membrane and immunoblotted

overnight at 4°C using a mouse anti-Marseillevirus polyclonal antibody (1/2500) or 

#27725 serum (1/1000) in PBS + 0.3% Tween 20 with 5% non-fat dried milk. 

Secondary HRP-conjugated anti-mouse IgG goat antibody was used at a 1/5000 

dilution. 
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Figures Legends 

Figure 1. Classification of the human blood virome metadata.  

Taxonomic distribution of metagenomic reads based on GenBank taxonomic 

classification of the best BLASTn hit (E-value < 10-5). 

Figure 2. Genome mapping and phylogenetic analysis of the GBM genome. 

(A) Genomic map of the predicted CDS of the GBM chromosome using 454 

pyrosequencing and SOLiD data. Forward/reverse CDS are represented with blue/red

lines, respectively. The two contigs obtained using 454 pyrosequencing are represented 

by light green boxes. The BLASTp results of the predicted CDS matching 

Marseillevirus ORFs are presented in orange, and those matching Lausannevirus are 

presented in purple boxes. GC deviation and GC skew from the average are represented 

as blue/red graphs, respectively. (B) A neighbor-joining tree (number of bootstrap 

replications=1000) based on concatenated alignments of two NCLDV core proteins: 

D5-helicase primase and A32 ATPase. The GBM branch is indicated with a red arrow. 

The NCLDV family is represented as follows: (○) Iridoviridae, (●) Ascoviridae, (□) 

Marseilleviridae, (■) Mimiviridae, (Δ) Phycodnaviridae. (◊) Asfaviridae and (♦) 

Poxviridae.  

Abbreviations: AtV (Ambystoma tigrinum virus), SGI (Singapore grouper iridovirus), 

LDV-1 (Lymphocystis disease virus 1), LDV-isolate China (Lymphocystis disease 

virus isolate China), ISKNV (Infectious spleen and kidney necrosis virus), IIV3

(Invertebrate iridescent virus 3), IIV6 (Invertebrate iridescent virus 6), TnA-2c

(Trichoplusia ni ascovirus 2c), HvA-3e (Heliothis virescens ascovirus 3e), SfAV-1a
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(Spodoptera frugiperda ascovirus 1a), OsV5 (Ostreococcus virus 5), EhV86 (Emiliania 

huxleyi virus 86), PBCV-FR483 (Paramecium bursaria Chlorella virus FR483), FsV

(Feldmannia species virus), EsV1 (Ectocarpus siliculosus virus 1), ASFV (African 

swine fever virus), MCV subtype 1 (Molluscum contagiosum virus subtype 1). 

Figure 3. Detection of GBM infection and immune response in blood donor 

#27725.

(A) Bidimensional protein analysis by silver staining and Western blot analysis of blood 

serum #27725. The presence of viral proteins in serum #27725 was evaluated using a 

mouse polyclonal α-Marseillevirus antibody. Selected spots (black arrows) were cut and 

analyzed by MALDI-TOF mass spectrometry. Positive spots were reported on the 2D

gel. (B) Negative staining of virus-like particles present in the virus-purified fraction

from serum of blood donor #27725; scale bar = 200 nm. (C) Epifluorescence 

microscopy images obtained from fluorescence in situ hybridization on GBM 

experiments on serum #27725 and #20363 DNA-probes synthesized using the 

Marseillevirus genomic region orf 152 – orf 153 (upper panels). Sections were

counterstained with DAPI (middle panels). The merged green and blue channels are 

presented on the bottom; scale bar = 2 µm. 

Figure 4. GBM infection of human T lymphocytes.

(A) PCR results from serum #27725 inoculation (day 14 post-inoculation) of various 

types of cells lines, including HeLa cells, THP1 monocytes, primary anti-CD14 purified 

human macrophages, and Jurkat T-cell lymphocytes. Pluses and minuses represent the

presence or the absence of serum inoculation and/or 22,000 rpm + DNAse treatment. 
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GBM DNA was detected in the lymphocyte T cells supernatant by PCR amplification of 

the viral D5 helicase (orf 152). PCR amplification after viral pelleting at 22,000 rpm

coupled with DNAse treatment showed the presence of encapsidated viral DNA. 18S 

rDNA was used as internal PCR control to verify the absence of DNA contamination 

from host cell and thus the success of 22,000 rpm centrifugation and DNAse treatment 

of the culture. (B) Confocal microscopy images of Jurkat T-cells fourteen days post-

inoculation with negative control serum (#20363) or with #27725 serum. Viral detection

was performed using DIG-labeled DNA probe hybridization to the orf 152 - orf 153 

genomic region. Cell nuclei were stained with H33342 dye (middle panel). Merged 

channels are presented on the right. Scale bar = 10 µm (C) Electron microscopy images 

of Jurkat cell supernatant at J14 post-inoculation spun at 22,000 rpm (upper panel).

Viral particle detection in Jurkat embedded cells; C (cytosol); M (cellular membrane).

Scale bar = 100 nm. 

Figure 5. Detection of GBM immune response in blood donor #27725. 

(A) Graphic representation of the ELISA testing results for serial dilutions of total IgG

extracted from GBM-positive (#27725) and GBM-negative (#20363) sera. (B) 

Bidimensional protein analysis by silver staining and Western blot analysis using 

Marseillevirus as an antigen, which showed the existence of anti-GBM IgG antibodies 

in serum #27725. Positive spots were reported on the 2D gel and WB (black 

arrowheads). Control serum (PCR and ELISA, negative for infection) was used as a

negative control. 
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Table 1. Viral reads classification.

Viral class Viral species Reads (n) Percentage (%) 
TTV 11080 81.40
TTV-like 1575 11.57
SENV 576 4.23 
TTV midi 12 0.09 
TTV-like mini 11 0.08 
RSM1 6 0.04 

ssDNA viruses

RSM3 11 0.08 
Marseillevirus 333 2.45 

dsDNA viruses 
Enterobacteria phage λ 7 0.05 

Viral reads classification was based on BLASTn significant hits (E-value < 10-5) from

searches against the GenBank non-redundant database. Abbreviations: TTV: Torque 

Teno Virus. SENV: SEN virus. RSM: Ralstonia solanacearum phage. ssDNA: single-

stranded DNA viruses; dsDNA: double-stranded DNA viruses. 
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Table 2.  Serological and molecular survey for GBM infection performed on 20 
blood donors

Blood  Donors IgG+ PCR + IgG+/PCR + 

Sample number 20 3/20 (15%) 2/20 (10%) 1/30 (5%)

M/F (M %) 13/7 (65%) 2/1 (66,7%) 2/0 (100%) 1/0 (100%)

Median age (range) 46.5 (22-65) 53 (44-59) 49 (45-53) 53 

Summary results from serological and molecular testing for the presence of GBM IgGs

and DNA in serum performed on 20 blood donors. IgG positive threshold was fixed at 

0.26 OD. PCR positive sera were systematically verified by DNA sequencing. See 

Materials and methods section for further information. 
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Background:Megavirales is a proposednewvirus order composed ofMimivirus,Marseillevirus and closely

related viruses, as well as members of the families Poxviridae, Iridoviridae, Ascoviridae, Phycodnaviridae

andAsfarviridae. TheMegavirales virome,whichwe refer to as themegavirome, has been largely neglected

until now because of the use of technical procedures that have jeopardized the discovery of giant viruses,

particularly the use of filters with pore sizes in the 0.2–0.45-�m range. Concurrently, there has been

accumulating evidence supporting the role of Mimivirus, discovered while investigating a pneumonia

outbreak using amoebal coculture, as a causative agent in pneumonia.

Objectives: In this paper, we describe the detection of sequences related to Mimivirus and Marseillevirus

in thegutmicrobiota fromayoungSenegaleseman.Wealso searched for sequences related toMegavirales

in human metagenomes publicly available in sequence databases.

Results: We serendipitously detected Mimivirus- and Marseillevirus-like sequences while using a new

metagenomic approach targeting bacterial DNA that subsequently led to the isolation of a new member

of the familyMarseilleviridae, named Senegalvirus, from human stools. This discovery demonstrates the

possibility of the presence of giant viruses of amoebae in humans. In addition, we detected sequences

related to Megavirales members in several human metagenomes, which adds to previous findings by

several groups.

Conclusions:Overall,wepresent convergent evidenceof thepresenceofmimiviruses andmarseilleviruses

in humans. Our findings suggest that we should re-evaluate the human megavirome and investigate the

prevalence, diversity and potential pathogenicity of giant viruses in humans.

© 2013 Elsevier B.V. All rights reserved.

1. Background

The story of giant viruses that infect phagocytic protists began

in 1992 in England during the investigation of a pneumonia out-

break that led to isolate obligate intra-amoebal microorganisms

in water of a cooling tower.1–3 Then, in 2003, Mimivirus was

discovered as part of this collection of intra-amoebal parasites.1–4

Subsequently, Mamavirus, Marseillevirus and other giant viruses

infecting phagocytic protists have been discovered; all of these

viruses have been linked to nucleocytoplasmic large DNA viruses

(NCLDVs), a monophyletic class of viruses composed of Poxviridae,

∗ Corresponding author at: Aix-Marseille Université, Unité des Rickettsies,

URMITE UM3 CNRS 7278 IRD 198 INSERM U1095, Faculté de Médecine, 27 Boule-

vard Jean Moulin, 13385 Marseille Cedex 05, France. Tel.: +33 491 324 375;

fax: +33 491 387 772.

E-mail address: didier.raoult@gmail.com (D. Raoult).

Iridoviridae, Ascoviridae, Phycodnaviridae and Asfarviridae5–11 for

which we recently proposed the reclassification into a new viral

order, theMegavirales.12

The question of pathogenicity of mimiviruses initially focused

on the capability of Mimivirus to cause pneumonia due to the

setting of its initial discovery as well as the involvement of some

water-associated amoebae-resistant bacteria, including Legionella

pneumophila, in such infections.1,13,14 Experimentally, Mimivirus

was found to be capable of inducing pneumonia in mice15 and

infecting macrophages through phagocytosis.16 In humans, sero-

logical studies showed seroconversion to Mimivirus in several

patients presenting with pneumonia.13,18 Antibodies to Mimivirus

were associated with pneumonia, re-hospitalization after

discharge13 andapooreroutcome inmechanically ventilatedpneu-

monia patients (Table 1).19 In contrast, several studies have failed

to isolate Mimivirus from patients with pneumonia andMimivirus

DNA testing was positive in only a single patient.13,20–23,25 How-

ever, DNA detection may have been hampered in these studies

1386-6532/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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Table 1

Summary of the clinical, microbiological and metagenomic data on mimivirus and pneumonia.

Reference Year(s) of sample

collection

Country Population

size

Subgroup

size

Main characteristics of patients Respiratory

sample type

PCR Serology

13 1985–1997 Canada 887 121 Adults; ambulatory/com-acquired pneumonia patients, Nova Scotia N.t. N.t. 36 positive (9.7%)

255 Adults; patients hospitalized with com-acquired pneumonia, multiple

centers across Canada

511 Adults; healthy control subjects, Nova Scotia N.t. N.t. 12 positive (2.3%)

2003–2004 France 129 32 Adults; patients with ICU-acquired pneumonia, one-year survey BAL 1 positive sample

of 32 (3.1%)

5 positive samples

of 26 (19.2%)

50 Adults; controls (patients tested for anti-Rickettsia spp. antibodies) N.t. N.t. All negative

21 Adults; intubated control patients in the ICU who did not present with

pneumonia

BAL All negative N.t.

17 2003 France 157 Adults; ICU pneumonia patients (pneumonia was com-acquired or

ventilator-associated)

N.t. N.t. 7 cases with a high

level of evidence

and 7 additional

cases with a low

level of evidence

18 2004 France 1 38-year-old laboratory technician N.t. N.t. Positive

19 2006–2008 France 300 Adults; ventilated patients in the ICU with a suspicion of a

ventilator-associated pneumonia and positive serology for Mimivirus

(cases)

N.t. N.t. 59 positive (19.7%)

20 2005–2006 Austria 214 Children hospitalized for respiratory tract infections; 209 were

non-immunocompromised; six-month survey during the fall and

winter seasons

NP aspirate

samples

All negative N.t.

21 2000–2001 Urban USA 496 124 Children<5 y; com-acquired pneumonia cases Nasal swabs All negative N.t.

2003–2004 Rural

Thailand

120 Adults, children; com-acquired pneumonia cases NP swabs All negative N.t.

2002–2004 USA 71 Geriatric; nosocomially acquired pneumonia outbreak, retirement

centers

Nasal or NP

swabs

All negative N.t.

USA 5 Adults, children; com-acquired pneumonia outbreak (familial cluster) Lower

respiratory

samples

All negative N.t.

2001–2003 USA 87 Adults; bone marrow transplant recipients NP aspirates,

nasal wash, or

NP swabs

All negative N.t.

2002–2003 Canada 89 Adults; lung transplant recipients NP swabs All negative N.t.

22 – Urban Italy 63 (69 BAL)

specimens

30 BAL Patients receiving mechanical ventilation for at least 48h BAL All negative N.t.

39 BAL Non-ventilated patients from different clinical settings, including lung

transplant recipients

BAL All negative N.t.

23 2003–2004 Queensland,

Australia

315 (477

specimen)

People with suspected acute respiratory tract infections; the subjects

ranged in age from 1 day to 80.3 years (mean=7.7 years); 79% were ≤5

years of age; an additional 81 consecutively collected summer

specimens formed a secondary population

Predominantly

(92.4%)

nasopharyn-

geal

aspirates

All negative N.t.

24 2004–2005 Stockholm,

Sweden

210 Patients with respiratory tract infections NP aspirates Metagenomics

identified 2 reads

matching

mimivirus

–

25 2009–2010 The

Netherlands

109 (220

sputum

samples)

COPD patients during stable conditions and during exacerbations of

COPD, referred for pulmonary rehabilitation 115 sputum samples were

collected from 84 patients during the stable phase, and 105 samples

were collected from 74 patients during an acute exacerbation

Mimivirus serology was performed for 118 serum samples, 88

collected during the stable phase and 30 during an exacerbation

Sputum All negative 3 positive (2 during

an acute

exacerbation; 1

during the stable

phase)

BAL, Bronchoalveolar lavage; Com., Community; COPD, chronic obstructive pulmonary disease; NP, naso-pharyngeal.
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Table 2

Studies that identified sequences closely related to those ofMegavirales in human and animal samples.

Reference Mean Enrichment in viruses Sample Name of virus(es) (Number

of hits)

City, continent, country

41 Shotgun library (with

strand displacement

polymerase amplification),

standard sequencing

Cesium chloride gradient Human blood from 20 healthy

donors

Cowpox virus (2) San Diego, California,

USA

42 Random primer

amplification, standard

sequencing

Filtration through 0.45-�m

filters

Fecal samples from 12 distinct

pediatric patients suffering

from acute diarrhea

Mimivirus (5) Melbourne, Australia;

Seattle, USA

43 454 pyrosequencing Cesium chloride gradient

for sewage (not described

for serum)

Sewage and human sera from

199 healthy volunteers and

patients with acute febrile

illness

Asfarviridae (6) Serum: Middle East;

Sewage: Barcelona,

Spain

44 454 pyrosequencing Filtration through 0.22- or

0.45-�m filters

Serum samples from 45 pairs

of monozygotic twins affected

and unaffected with chronic

fatigue illness

Asfarviridae (1), Iridoviridae

(3),Mimiviridae (2),

Phycodnaviridae (2),

Poxviridae (5)

Sweden

45 Illumina None described Human sera from 123

Nicaraguan patients presenting

with dengue-like symptoms

(but testing negative for

dengue virus)

Asfarviridae Nicaragua

24 454 pyrosequencing Filtration through 0.22-

and 0.45-�m filters

210 nasopharyngeal aspirate

samples from patients with

respiratory tract infection

Mimivirus (2), Paramecium

bursaria Chlorella virus A1

(2), African swine fever

virus (2)

Stockholm, Sweden

46 454 pyrosequencing or

Illumina sequencing

None described 50 nasopharyngeal swabs and

23 plasma samples from

children under 3 years of age

with unexplained fever

Asfarviridae Washington DC, USA

47 Retrospective study of

large metagenomic

datasets

– Human gut Virophages (65) –

Present study 454 pyrosequencing None Human stools (nondiarrheic) Marseillevirus (9),

Mimivirus (44)

Senegal

48 454 pyrosequencing Tangential flow filtration,

ultrafiltration and cesium

chloride gradient

Stools from 5 pigs Mimiviridae (0.11% of

reads), Poxviridae (0.52%),

Iridoviridae (0.06%),

Phycodnaviridae (0.58%)

Berlin, Germany

49 454 pyrosequencing Filtration through 0.45-�m

filters and cesium chloride

gradient

Three mosquitoes Poxviridae San Diego, California,

USA

50 454 pyrosequencing

(transcriptomics)

None described Gypsy moth (Lymantria

dispar)-derived IPLB-Ld652Y

cell line

Mimivirus, Cafeteria

roenbergensis virus

BV-PW1 Poxviridae,

Baltimore, USA

because the PCRprimers used targeted only theMimivirus genome,

whereas currently at least 18 close relatives of Mimivirus that

exhibit considerable genetic diversity have been described.12,26,27

Besides, positive serology for the virophageofmimiviruses, initially

described in 2008,6 was recently observed in twopeoplewho expe-

rienced fever while returning from Laos.28 In addition, a mimivirus

named Lentillevirus has been isolated from contact lens storage

case liquid.29,30During the past decade,mimiviruses andmarseille-

viruses have been isolated from freshwater, seawater, and soil

samples in six countries located on three continents (http://maps.

google.fr/maps/ms?vps=2&hl=fr&i.e.=UTF8&oe=UTF8&msa=

0&msid=200914559094835369589.0004beba4af112f60dcf2), and

isolation rates reached ≈20% from water samples,31 suggesting

common exposure to these viruses of humans. In addition, the

currently identified hosts of these viruses are widespread in

water and soil,14 and Mimivirus-like particles have been observed

using light microscopy within Acanthamoeba species in treated

sewage sludge from a wastewater treatment plant in the UK.32

Concurrently, searches forMegavirales sequences in multiple envi-

ronmental metagenomes enabled the identification of sequences

similar to those of Mimivirus33–39 and other members of the fam-

ilies Asfarviridae, Poxviridae, Phycodnaviridae and Iridoviridae.36–39

Furthermore, sequences related to Megavirales members as well

as virophages described to infect mimiviruses40 have also been

retrieved from human and animal metagenomes (Table 2).24,41–50

2. Objectives

In this paper, we describe the detection of sequences related

to Mimivirus and Marseillevirus in the gut microbiota from a

young Senegalese man. We also searched for sequences related to

Megavirales in humanmetagenomes publicly available in sequence

databases.

3. Study design

3.1. Investigation of the gut microbiota from a young Senegalese

man

A previous study conducted in our laboratory consisted of ultra-

deep sequencing of bacterial 16S ribosomal DNA (rDNA) in the

stools of a healthy 20-year-old man living in rural Senegal.51 A

new method to avoid PCR amplification bias prior to sequenc-

ing was used in addition to the classical method based on

PCR amplification of the V6 region of 16S rDNA with univer-

sal primers 917F and 1391R.51 The new sequencing method

consisted of complete enzymatic digestion of the fecal sample

DNA with EcoO190I and BrsGI enzymes that are able to cleave

sites inside primers 917F and 1391R and are therefore able to

generate fragments corresponding to the 16S rDNA V6 region

(see supplementary methods). Sequencing of the products from
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Fig. 1. Alignments of amino acid sequences of Mimivirus (a putative ankyrin repeat protein (gi|311977482) (a), a putative protein phosphatase 2C (gi|311977688) (b), and

a putative ATP-dependent RNA helicase gi|311977751) (c)) and three different metagenomic reads obtained from the feces of a young Senegalese. The representation was

built using the GeneDoc software (http://www.psc.edu/biomed/genedoc).

both the new and classical procedures was performed using the

454 FLX Titanium instrument (Roche, USA).51 Sequencing prod-

ucts were trimmed and analyzed by BLAST searches52 and with

the QIIME pipeline.53 Among the reads generated by enzymatic

digestion, 99.9% were unrelated to bacterial 16S rDNA. These

results led us to search for Mimivirus and Marseillevirus-related

sequences among the initially rejected reads. The reads were

mapped onto the Mimivirus and Marseillevirus genomes with CLC

bio software (http://www.clcbio.com/index.php?id=479) using

default parameters (50% minimum coverage, 80% minimum simi-

larity) and tBLASTn searcheswere performedwith the giant viruses

against the reads (e-value threshold 1e−6). Senegalvirus isolation,
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sequencing and assembly have been previously described.51 Sene-

galvirus genome annotation is described in the supplementary

methods.

3.2. Searches for Megavirales-related sequences in metagenomes

recovered from human samples

Reads annotation was automatically performed from the

metagenomics RAST (MG-RAST) server (http://metagenomics.

anl.gov/) for viral metagenomes from eleven published stud-

ies and obtained from human samples, including stools,54–59

nasopharyngeal aspirates,24,60 saliva,61 oropharyngeal swabs,62

and sputum63 (supplementary Table S1) against the NCBI Gen-

Bank protein sequence database (e-value threshold, 1e−5). Only

hits with alignment lengths ≥40 amino acids were considered. In

addition, metagenomes from 9 of the previous studies, and from

two other studies that analyzed lung samples,64–65 were down-

loaded and preprocessed using several tools including Prinseq66

for removal of duplicate reads as well as low quality and low com-

plexity reads (supplementary Fig. S1). The remaining sequences

were annotatedwith an in-house strategy using BLASTn searches52

against all genomes of the Megavirales members and virophages

available in the NCBI GenBank sequence database as well as

those not yet released, available in our laboratory (supplemen-

tary Table S2). We considered only matches with ≥30% coverage

and ≥90% identity and identical coverage and identity for the

corresponding reads through BLAST searches against the NCBI

GenBank nucleotide sequence database. BLASTn searches were

also performed for all genomes of members of the order Megavi-

rales and virophages (supplementary Table S2) against four human

gut bacterial metagenomes (supplementary Table S3) through the

CAMERA portal (http://camera.calit2.net/), using default parame-

ters. Metagenome reads identified as matching with Megavirales

sequences were extracted and manually tested against the NCBI

nonredundant protein sequence database (nr) using BLASTx (e-

value threshold, 1e−05) to determine whether a Megavirales

sequence was among the best matches.

Finally, aminoacidBLAST (BLASTp) searcheswereperformed for

the published proteomes of mimiviruses (Mimivirus, Mamavirus,

Cafeteria roenbergensis virus (Crov; isolated from Cafeteria roen-

bergensis, a widespread marine unicellular flagellate), Megavirus

chilensis), marseilleviruses (Marseillevirus, Lausannevirus) and

the Sputnik virophage against annotated bacterial metagenomes

recovered from eleven different body sites ((Supplementary

Table S3; Table 5) as part of the human microbiome project

(http://www.hmpdacc.org/HMGI/). Hits were considered signifi-

cant based on the e-value threshold of 1e−04 and amino acid

identity and coverage above 30% and 70%, respectively.

4. Results

4.1. Serendipitous identification of Mimivirus- and

Marseillevirus-related sequences in the stool metagenome of a

young Senegalese male

Among the metagenomic reads recovered from the feces

of a young Senegalese male,51 44 and 9 (supplementary

Table S4) could be mapped to the Mimivirus and Marseille-

virus genomes, respectively, and 12 reads >300bp could be

mapped to Mimivirus DNA with >90% identity and cover-

age (supplementary Table S4; Table 3; Fig. 1a–c). In addition,

tBLASTn searches with the Mimivirus and Marseillevirus genomes

against the stool metagenome yielded 2306 and 259 hits,

respectively. These findings prompted us to inoculate one gram

of the young Senegalese stools on Acanthamoeba polyphaga,

Fig. 2. Electron microscopy image of Senegalvirus in Acanthamoeba polyphaga. The

scale bar represents 5�m.

as previously reported,51 with the purpose of confirming the

presence of the giant virus from amoeba in the human feces.

Indeed, amoebal culture enabled the isolation of a new mar-

seillevirus, named Senegalvirus (Fig. 2), and the sequencing of

its genome.51 The Senegalvirus double-stranded DNA genome

is ≈372,690 base pairs (bp) in length, currently making this

genome the largest among marseilleviruses; it is ≈4200bp larger

than that of Marseillevirus and ≈26,000bp larger than that of

Lausannevirus. Comparison of the 479 protein sequences of Sene-

galvirus predicted using GeneMarkS67 to those of Marseillevirus or

Lausannevirus by all-against-all BLASTp searches yielded bidirec-

tional best hits for 351 and 253 Marseillevirus and Lausannevirus

proteins, respectively. Thus, overall, 384 Senegalvirus proteins

could be considered bona fide orthologs to Marseillevirus or

Lausannevirus proteins, because these Senegalvirus proteins are

involved in pairs of bidirectional best hits with predicted pro-

teins ofMarseillevirus and/or Lausannevirus. Themean (±standard

deviation (SD)) amino acid identity between Senegalvirus and

Marseillevirus protein in pairs was 97±7%, whereas the mean

identity for Senegalvirus and Lausannevirus protein pairs was

59±16%. We detected Senegalvirus orthologs to three histone-

like proteins first described in Marseillevirus, as well as proteins

containing bacterial-like membrane occupation and recognition

nexus (MORN) repeat domains (proteins described as mediating

membrane-membrane or membrane-cytoskeleton interactions5)

and serine/protein kinases, including a unique kinase shared by

marseilleviruses, iridoviruses and ascoviruses.5,8 Homology for the

Senegalvirus proteins was greater with their Marseillevirus coun-

terparts than their Lausannevirus counterparts. Congruently with

comparative genomics, phylogeny reconstruction based on the

family-B DNA polymerase showed that Senegalvirus was clustered

with Marseillevirus within the familyMarseilleviridae (Fig. 3).

4.2. Blast searches for Megavirales-like sequences in

metagenomes

A few reads from human stools and oropharyngeal

viromes58,61,62 available on the MG-RAST server were found

to match Mimivirus sequences. They were predicted to encode

a collagen-like protein 6 (MIMI L668), an uncharacterized HNH

endonuclease (MIMI L245) andahypothetical protein (MIMI R892)

(Supplementary Table S6). Although a BLASTx search using these

metagenomic reads against the NCBI GenBank non-redundant

protein sequence database did not find Acanthamoeba polyphaga

����������

���



196 P. Colson et al. / Journal of Clinical Virology 57 (2013) 191–200

Table 3

Description of reads longer than 300 nucleotides that map to Mimivirus sequences.

Read length (nt) Best matches BLASTn (nucleotide) BLASTp (amino acid)

Eval Identities e-Val Identities

504 YP 003986602.1 (L112): putative ankyrin repeat protein 0.0 504/505 (99%) 8e−154 148/148 (100%)

403 YP 003986629.1 (L137): Hypothetical proteins 0.0 399/405 (99%) 2e−99 82/83 (99%)

334 YP 003986695 (L199): Hypothetical proteins 9e−157 329/339 (97%) 6e−82 94/119 (79%)

361 YP 003986808 (R306/R307): putative protein phosphatase 2C 0.0 361/363 (99% 2e−50 59/59 (100%)

350 YP 003986871.1 (R366): putative ATP-dependent RNA helicase 4e−180 349/350 (99%) 3e−109 107/107 (100%)

475* AEJ34636.1 (R398): hypothetical protein 0.0 467/476 (98%) 6e−49 44/44 (100%)

397* YP 003986902.1 (R398): putative phosphoesterase 0.0 393/398 (99%) 9e−37 32/32 (100%)

447 YP 003987107.1 (R592): putative helicase 0.0 442/447 (99%) 3e−90 88/148 (59%)

403 YP 003987195.1 (L673): putative serine/threonine-protein kinase 0.0 400/403 (99%) 1e−100 112/144 (78%)

331 YP 003987287.1 (R757): putative F-box protein 2e−165 329/332 (99%) 2e−52 73/73 (100%)

376 YP 003987388.1 (R857): hypothetical protein 0.0 374/376 (99%) 9e−41 49/49 (100%)

406 YP 003987407.1 (L872): hypothetical protein 0.0 406/407 (99%) 2e−131 128/128 (100%)

* Two overlapping reads; nt, nucleotide.

Fig. 3. Phylogeny reconstruction based on an alignment (generated by Muscle (http://www.ebi.ac.uk/Tools/msa/muscle/)) of DNA polymerase of marseilleviruses and other

Megavirales members, using the Maximum Likelihood method with the Mega 5 software (http://www.megasoftware.net/). Probabilities are shown near branches as a

percentage and are used as confidence values of tree branches. Scale bar represents the number of estimated changes per position for a unit of branch length.

mimivirus as the top hit, mimivirus proteins were among the best

hits, with e-values ranging from 1e−6 to 1e−14 and amino acid

identities ranging from 28 to 58%. In addition, when searching

using tBLASTnwith the threemimivirus proteins against 55 human

metagenomes with the NCBI genomic BLAST tool (http://www.

ncbi.nlm.nih.gov/sutils/blast table.cgi?taxid=Environmental&

taxidinf=environ info&selectall), significant matches, with e-

values ranging from 8e−24 to 3e−25 and amino acid identities

Fig. 4. Amino acid alignments for translated sequences of metagenomic reads (GenBank Accession number BAAZ01000542.1 (gi|162764931)) recovered from a human gut

metagenome and the uncharacterized Mimivirus HNH endonuclease (accession no. ADO18080.1 (gi|308204279)). The representation was built using the GeneDoc software

(http://www.psc.edu/biomed/genedoc).
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Table 4

Number of BLASTn hits obtained for 4 gut metagenomes analyzed through the CAMERA portal.

CAM PROJ Human Distal Gut CAM PROJ Human Gut CAM PROJ Human Gut Diagnosis CAM PROJ Twin Study

Human distal gut

biome project69
13 healthy human gut

metagenomes68
Metagenomic diagnosis

of bacterial infections 70
A core gut microbiome in

obese and lean twins 71

Mimiviridae Group I – lineage A 10 40 0 18

Mimiviridae Group I – lineage B 32 15 0 105

Mimiviridae Group I – lineage C 4 20 0 50

Mimiviridae Group II 0 2 0 3

Mimiviridae Any 46 77 0 176

Phycodnaviridae 9 29 2 36

Poxviridae 8 1 0 0

Total 63 107 2 212

ranging from 36 to 41%, were found for the uncharacterized HNH

endonuclease (Fig. 4) and the putative oxidoreductase against

sequences recovered in fecal samples from healthy individuals in

Japan.68

Additional searches of viral metagenomes from 11 studies (sup-

plementary Table S1) using cleaning and trimming of reads and

comparative BLASTn searches against our database of Megavirales

members and virophages and the NCBI sequence database enabled

detection of two reads that displayed significant hitswith genomes

of mimiviruses (Supplementary Figs. S2–S12). In particular, a 130-

nucleotide-long read (no. SRR101483.9794578) recovered from

a metagenomic dataset corresponding to pulmonary microbiota

from patients with acute exacerbation of idiopathic pulmonary

fibrosis65 (Supplementary Fig. S12) found a fragment of a puta-

tive bifunctional dihydrofolate reductase/thymidylate synthase

(GenBank Accession no. YP 003970135.1) of Crov as the best

match, through BLASTn, BLASTx as well as tBLASTx searches

against the NCBI sequence databases. Nucleotides 55–130 of this

metagenomic read matched amino acids 214–237 of the 452

amino acid-long putative Crov protein (Fig. 5). In addition, 384

hits, including 299 for mimiviruses, 76 for phycodnaviruses and

9 for poxviruses, were found by BLASTn searches against four

human gut bacterial metagenomes through the CAMERA por-

tal (Table 4; Supplementary Table S3). The top hits obtained for

the metagenomes were from mimiviruses (Pointe-Rouge2 virus,

Moumouvirus and Ochan virus)31 in three cases and Parame-

cium bursaria chlorella virus 1 in the remaining case (Fig. 6a–d);

the corresponding metagenomic reads did not find a member of

Fig. 5. Amino acid alignments for translated sequences of a metagenomic read

recovered from human lung65 and the putative bifunctional dihydrofolate reduc-

tase/thymidylate synthase (Cafeteria roenbergensis virus BV-PW (Crov; accession

no. YP 003970135.1)). The representation was built using the GeneDoc software

(http://www.psc.edu/biomed/genedoc).

the Megavirales among the best matches through BLAST searches

against the NCBI sequence databases. Finally, BLASTp searches

with the proteomes of mimiviruses and marseilleviruses against

microbialmetagenomes from11 body sites from the humanmicro-

biome project showed from 2 to 54 significant hits per virus

(Table 5), including for instance a putative metalloendopepti-

dase protein (Crov ORF 67) and an asparaginyl-tRNA synthetase

(Megavirus chilensis ORF 743) in a saliva metagenome, and a 70-

kDa heat-shock protein and a DNA Topoisomerase IA of Mimivirus

(ORF 393, ORF 221) in a vaginametagenome. Nonetheless, BLASTp

searches using the corresponding annotated proteins from the

metagenomes against the NCBI GenBank non-redundant protein

sequence database did not find mimiviruses or marseilleviruses

proteins as best hits.

Overall,Megavirales-related sequences were recovered through

various strategies from a variety of samples such as saliva (2),

oropharynx (1), lung (1) and stools (&).

Fig. 6. Nucleotide alignments for metagenomic reads recovered from human gut and the DNA genome of Moumouvirus (5a), Pointe-Rouge2 virus (5b), Ochan virus (5c), and

Paramecium bursaria Chlorella virus 1 (gi|340025671) (5d). The representation was built using the GeneDoc software (http://www.psc.edu/biomed/genedoc).
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5. Conclusions

In the present study, we showed association of Megavirales

members with humans using different strategies and samples. Our

attention was drawn to the presence of giant viruses in a patient

stool sample through the serendipitous detection of Mimivirus-

andMarseillevirus-like sequenceswhile using a newmetagenomic

approach targeting bacterial DNA. Subsequently, Senegalvirus, a

new member of the family Marseilleviridae, was isolated from this

stool sample demonstrating the possibility of the presence of giant

viruses in humans. In addition, we detected sequences match-

ing DNA ofMegaviralesmembers in several human metagenomes,

which adds to previous findings in human nasopharyngeal, fecal

and blood samples by other laboratories (Table 2).24,41–47

Members of the orderMegavirales represent a technical problem

in the current investigation of the virome due to their size. Indeed,

viruses are still usually considered small agents,1,12 which leads

the vast majority of research groups to perform viral purification

by filtering samples through small-pore (0.2–0.45�m) filters prior

to metagenomic analysis, thus preventing the detection of viruses

larger than the filter pores.72–74 This biased technical approach has

most likely led to considerable underestimation of the prevalence

of Megavirales members in environmental and human samples. In

addition, the present work underscores that the detection of giant

viruses in humans may benefit from the concurrent use of culture

andmetagenomics. Accordingly, dramatic differences between the

set of bacteria isolated by means of a large panel of culture condi-

tions, the so-called culturomics approach, and the set of bacteria

identified through metagenomics were recently unveiled.51 The

Senegalvirus discovery highlights that a virus may be cultured but

notmolecularly detected. The isolationof Senegalvirus represented

the first isolation of a marseillevirus from a human sample.51 In

another report, we also described the isolation of a, Lentillevirus,

from contact lens liquid.29,30 More importantly, we have recently

isolated a mimivirus, LBA111, by amoebal culture from a bron-

choalveolar sample collected in a Tunisianwoman presenting with

pneumonia.75 In addition, sequences related toMarseillevirus DNA

and the genome of a new giant virus, named Giant BloodMarseille-

like virus, were recovered from the blood of asymptomatic blood

donors using high-throughput sequencing.76. Previous studies

have also shown the presence of poxvirus- and asfarvirus-related

sequences in human blood from apparently healthy persons

(Table 2),41,43 raising questions about the asymptomatic car-

riage of giant viruses and their role over the short and long

term.

Taken together, present and previous data provide convergent

evidence for the presence of mimiviruses and marseilleviruses

in humans, which raises further questions about their potential

pathogenicity. We recommend discarding technical procedures

that are too stringent and may lead to the neglect of the study of

the ‘megavirome’ while investigating the human virome.
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Bacteriophages as vehicles of the resistome in cystic fibrosis
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Environmental microbial communities and human microbiota represent a huge reservoir of mobilizable genes,
the ‘mobilome’, including a pool of genes encoding antimicrobial resistance, the ‘resistome’. Whole-genome
sequencing of bacterial genomes from cystic fibrosis (CF) patients has demonstrated that bacteriophages con-
tribute significantly to bacterial genome alterations, and metagenomic analysis of respiratory tract DNA viral
communities has revealed the presence of genes encoding antimicrobial resistance in bacteriophages of CF
patients. CF airways should now be considered as the site of complex microbiota, where bacteriophages are
vehicles for the adaptation of bacteria to this specific environment and for the emergence and selection of mul-
tidrug-resistant bacteria with chimeric repertoires. As phages are already known to be mobilized during chronic
infection of the lungs of patients with CF, it seems particularly important to improve the understanding of the
mechanisms of phage induction to prevent the spread of virulence and/or antimicrobial resistance determi-
nants within the CF population as well as in the community. Such a modern point of view may be a seminal
reflection for clinical practice in the future since current antimicrobial therapy guidelines in the context of CF
may lead to the emergence of genes encoding antimicrobial resistance.

Keywords: mobilome, multidrug resistance, microbiota, transduction, phage induction

The environment as a source of mobilizable
genes encoding antimicrobial resistance: the
pan-microbial resistance genome (resistome)

Metagenomic analysis and fully sequenced genomes of bacteria
have provided new insights into the relationship between the
ecology and genome evolution of bacteria. Genome analysis has
revealed that genome size and gene content in bacteria are corre-
lated with their lifestyles.1 Bacteria can be classified according to
their lifestyle as mutualistic (sympatric speciation) and parasitic
(allopatric speciation) organisms.1 The evolutionary transitions
underlying pathogenic and symbiotic lifestyles are mainly due to
gene transfer and gene loss occurring within bacterial lineages.
Compared with free-living bacteria, host-dependent bacteria are
characterized by specialization by massive gene loss and
genome size reduction.1 Conversely, genome sequence analysis
has shown that evolutionary pressure exerted by an ecological
niche selects for a similar genetic repertoire in those prokaryotes
that occupy the same niche, and that this is due to both vertical
and horizontal transmission.2 Genetic diversity in independent
genetic worlds could be considered as a network structure with
many possibilities for genetic exchange between these genetic
worlds, thanks to plasmids and phages.3 Moreover, environmental
microbial communities represent a huge reservoir of mobilizable
genes—the so called mobilome—that includes a pool of genes
encoding antimicrobial resistance—the resistome—that may
penetrate from the pan-microbial genome into taxonomically

and ecologically distant bacterial populations, including
pathogens.

It is nowaccepted that environmental bacteria aremore intrin-
sically resistant to antimicrobials compared with the commensal
bacteria that are the main causes of infectious diseases, which
contain only a tiny fraction of the resistome.4 Moreover, the
majority of the mechanisms of antimicrobial resistance in clinical
isolates have originated from the environmental resistome and
have been transferred to other bacteria through mobile genetic
elements, including plasmids and/or phages.4,5 Recent functional
metagenomic studies on soil samples revealed that soil bacteria
display a high level of genetic diversity and are a reservoir of anti-
microbial resistance genes.6,7 Similarly, it has been demonstrated
recently that phages from environmental samples carry antimi-
crobial resistance genes that are able to confer antimicrobial
resistance on bacterial strains.8 Finally, human gut microbiota
also carry antimicrobial resistance genes, as recently demon-
strated by culture of human faecal microbiota.9 Selective pressure
provided by antimicrobials contributes considerably to the mobil-
ization and distribution of antimicrobial resistance genes from the
resistome throughout microbial populations. A genome sequence
can be considered to be the result of adaptation in response to
evolutionary pressure. Genetic mechanisms involved in the acqui-
sition of antimicrobial resistance genes from the environmental
‘resistome’ by commensal and pathogenic bacteria are mainly
driven by horizontal gene transfer (HGT), including transformation,
conjugation and transduction.3 Interestingly, it has recently been
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demonstrated that clinical isolates of carbapenem-resistant
Acinetobacter baumannii may release outer membrane vesicles
as a mechanism of HGT to transfer carbapenem resistance to
surrounding carbapenem-susceptible A. baumannii bacterial iso-
lates.10 Viruses, especially bacteriophages, have the ability to
manipulate the life histories and evolution of their hosts in remark-
able ways.11–13 Transduction is one of the most powerful means
of dissemination of genes that allow bacteria to become more
pathogenic and resistant to antimicrobials.14 Recent data have
demonstrated that HGT by phages is much more prevalent than
previously thought and that the environment plays a critical role
in the transfer of antimicrobial resistance determinants by
phages.8,15 It has been demonstrated that bacteriophages in
sewage and in environmental samples contribute to the spread
of several b-lactamase genes.8,15 Similarly, bacteriophages have
been shown to play a role in the transfer of antimicrobial resist-
ance determinants in enterococci, especially in interspecies
transduction.16

Thus, current knowledge on extensive HGT and recombination
processes in the prokaryotic world has led to the emergence of
the concept of open compartments in microbial communities,
with antimicrobial resistance being a consequence of evolution,
ecology and gene exchanges in a specific niche.3 These recent
studies give new insights into mechanisms that could explain
the emergence and diffusion of antimicrobial resistance in
human bacterial pathogens. Besides the environmental resis-
tome, there are other antimicrobial resistance gene pools,
especially in humans, including gut microbiota13,17 and the res-
piratory tract microbiota, which may be exposed to antimicro-
bials. In this way, some infectious diseases may be defined as
a prokaryotic community resulting from a complex genomic
assembly within the environment rather than single pathogenic
species. Thus, it is assumed that the size of a microbial commu-
nity is correlated with the size of the mobilome, including the
resistome, and the probability of having genetic exchanges
that may influence the pan-microbial genome, leading to the
adaptation of this microbial community to a specific niche
under selective pressure.

Cystic fibrosis (CF) is a polymicrobial disease
and the lung is the site of a specific microbiota
for emergence of antimicrobial resistance

CF, the most common genetic disease in Caucasian populations,
is characterized by impaired mucociliary clearance, leading to
colonization of the airways by pathogenic bacteria.18 Repeated
bronchopulmonary infections are responsible for a progressive
decrease in the lung function and, eventually, death. Although
the life expectancy of patients has increased to more than
36 years over the last decade,19 mainly due to the improvement
of care in specialized centres and intensive antimicrobial therapy,
emerging multidrug-resistant pathogens are becoming more dif-
ficult to eradicate.18 Recent studies of CF mucus by molecular
methods have changed our thinking about CF lung infections.
Besides the most commonly found pathogens (Pseudomonas
aeruginosa, Staphylococcus aureus, Burkholderia cepacia
complex, Haemophilus influenzae and atypical mycobacteria),
analysis of mucus in CF airways has revealed the presence of a
wide variety of bacteria at the same time, including

anaerobes.18,20,21 In our previous study using 16S PCR amplifica-
tion, cloning and sequencing of 760 clones from 25 sputum
samples from CF patients, we were able to detect 53 different
bacterial species with a mean of about 7 different bacterial
species per sputum sample.20 Interestingly, the mean number
of bacterial species detected increased when more clones were
sequenced, indicating a huge complexity of microbial commu-
nities in these patients.20 In a similar study, Harris et al.21

detected 65 different bacterial species from 28 bronchoalveolar
lavage samples from CF patients. Moreover, metagenomic analy-
sis of DNA viruses in CF sputa highlighted the importance of the
phage community in this niche.22 It has been suggested that the
human respiratory tract DNA virome in CF patients is defined by
metabolism rather than by taxonomy, suggesting that CF thera-
peutics could be changed to focus on changing the environment
of the airways rather than targeting specific common bacterial
pathogens.22 All these studies led us to consider CF mucus and
airways as the site of a complex microbiota, where bacteria
and viruses live together in a mutualistic lifestyle and adapt to
their environment. This represents a new approach to the
disease in which CF is considered a chronic disease with a
complex microbial community resulting from genomic assem-
blage within the CF lung microbiota. Inside this microbiota, cross-
talk between microbes and HGT are believed to contribute to the
adaptation of bacteria to this specific environment over time, as
in the human gut23 or marine ecosystems.24 In these commu-
nities with high levels of selective pressure, including antimicro-
bials, microbes must co-evolve and copy antimicrobial
resistance strategies to compete for resources with microbial
neighbours, mainly by HGT. Once the infection is installed in CF
patients, eradication of these bacteria is impossible and iterative
antimicrobial therapy is the rule, leading to the emergence of
multidrug-resistant bacteria. Thus, lung infection and chronic
colonization in CF patients is radically different from that of
acute pneumonia, where only a few bacteria and viruses are
pathogens. Moreover, the microbial community in the CF lung
is highly variable over time and in relation to antimicrobial treat-
ment and is probably linked to a balance between antimicrobial
use and the acquisition of genes encoding antimicrobial
resistance.

Bacterial genomes in CF patients are
manipulated by phages

Whole-genome sequencing of many genomes of bacteria has
recently demonstrated that lysogeny (integration of phage DNA
into the bacterial chromosome as prophages) is a very frequent
event, with many bacteria carrying multiple prophages.13,25 More
specifically, phages are important vectors for the transfer of DNA
between bacterial strains and contribute to the genetic
individuality of a bacterial strain.25 The presence of P. aeruginosa
tailed phages in sputum samples from CF patients was
reported previously, suggesting that they may play a role in the
phenotypic changes of P. aeruginosa during chronic lung infec-
tion.26 Moreover, fluctuations in phenotypes and genotypes
within populations of P. aeruginosa in the CF lung during short
periods of pulmonary exacerbation and intravenous antimicro-
bial therapy were found to be mainly due to widespread phage
activity and genomic rearrangements.27 Similarly, genome
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analysis of strains of B. cepacia28 and P. aeruginosa29 isolated
from CF patients revealed a particular genomic organization
due to the presence of numerous prophages, which were
demonstrated to be essential for the adaptation of these
strains to the CF lung. Interestingly, the accessory genome of
these CF strains contains many antimicrobial resistance genes
as well as specific functions for adaptation specifically to the res-
piratory tract that were found to be encoded in prophages.28–30

Recently, we have also reported the detection of an original
multidrug-resistant S. aureus strain (CF-Marseille) spreading in
the CF community in Marseilles, France; this strain displayed a
novel phenotype and presented a new phage closely related to
phiETA3, suggested to be instrumental in acquired resistance.30

Thus, phage mobilization is believed to contribute significantly
to genome alteration in the context of CF.

The paradigm of antimicrobial treatment,
phage induction and diffusion of antimicrobial
resistance genes by transduction

There is now evidence that antimicrobials can cause phage induc-
tion in S. aureus and P. aeruginosa isolates from CF patients.30,31

We have reported that several antimicrobials commonly used in
CF patients, including tobramycin, ciprofloxacin, co-trimoxazole
and imipenem, are able to induce phages in S. aureus strain
CF-Marseille.30 Similarly, it was reported recently that ciprofloxacin
could induce high levels of phage production in P. aeruginosa
strains from CF patients.31 Moreover, free phages from P. aerugi-
nosa were detected directly in CF patient sputum samples by
both plaque (40% positive) and PCR (76% positive) assays.31 A
recent study by Willner et al.22 characterizing viral communities
in CF patients versus non-CF patients demonstrated that the
phage community was common to all CF patients and different
from that of healthy subjects, and these phages presented with
a specific metabolic profile reflecting adaptation to the particular
nature of CFmucus.22 Specifically, it was found that 16059 anno-
tated sequenceswere specific to the CF viromes,32 including genes
related to virulence. Annotation of sequences in the ‘virulence’
dataset identified many proteins associated with antimicrobial
resistance genes.32 Along with this review we report an original
analysis of these specific sequences to reinforce our discussion
(see article by Fancello et al.33 in this issue). Looking at these
specific sequences, we found that CF viromes contain a huge
and significantly higher number of sequences putatively encoding
resistance to antimicrobials from various origins (efflux pumps,
fluoroquinolone resistance and b-lactamases) compared with
non-CF viromes.33 As CF patients are regularly treatedwith antimi-
crobials, we speculate that this phenomenon could explain in part
the emergenceof antimicrobial resistance viaHGTandgeneralized
transduction.

CF lung as a niche for creation of new species
and multidrug-resistant bacteria with chimeric
repertoires

Intensive antimicrobial therapy has undeniably increased the life
expectancy of CF patients.19 However, collateral effects of anti-
microbial treatment, i.e. transduction of virulence genes or

toxins or antimicrobial resistance determinants, often appear
at concentrations subinhibitory for bacterial growth.34 As antimi-
crobial treatment is adapted to the bacterium responsible for the
disease, this situation may be considered unlikely from a clinical
perspective. It is important to be aware that it can easily occur in
CF, where bronchial exacerbation is now considered polymicro-
bial.18 Indeed, antimicrobials employed in cystic fibrosis target
the predominant bacterium found in sputum culture; in the
case of a co-infection or co-colonization, antimicrobials which
might be inefficient against, for example, S. aureus could be
used to treat P. aeruginosa, and favour induction of S. aureus
prophages.

These findings, along with genomic data, strongly suggest
that the CF microbiota continuously generates new species,
especially multidrug-resistant bacteria with chimeric repertoires,
as exemplified by genome analysis of S. aureus,30 P. aeruginosa29

and B. cepacia28 isolated from CF patients, which may be
selected for their adaptation to this niche during the course of
the disease and recurrent antimicrobial therapy. These new
‘superbugs’ may be able to spread in this community as well
as on a worldwide scale. We postulate that CF patients have
complex lung microbiota that include eukaryotes, bacteria,
fungi and viruses within which there are many genetic
exchanges occurring by HGT, especially generalized transduction
due to antimicrobial treatment and selective pressure,
which promote both the emergence and selection of multi-
drug-resistant bacteria that may spread in this population and
the evolution of the microbial community that is specific to the
disease. This paradigm is very similar to that of amoebas as a
melting pot for the creation of new species with chimeric reper-
toires that may succeed and be selected if adapted in a specific
niche.35 Further work is needed to isolate and characterize phage
particles containing genes encoding antimicrobial resistance
directly from sputum samples and test their ability to transduce
the antimicrobial resistance determinants to diverse host strains,
as recently demonstrated in bacteriophages from environmental
samples.8 If phages are induced by antimicrobials among this
complex microbiota, including bacteria, fungi and viruses, we
can imagine the innumerable possibilities of HGT, particularly in
the presence of phages with broad host range, which are able
to transduce genes between different species. As phages are
already known to be mobilized during chronic infection of the
lungs of patients with CF, it seems particularly important to
improve our understanding of the mechanisms of phage induc-
tion in order to prevent the spread of virulence and/or antimicro-
bial resistance determinants within CF population as well as in
the community. These findings are of great concern for clinical
practice in the future since current antimicrobial therapy guide-
lines in the context of CF may lead to the emergence and
spread of genes encoding antimicrobial resistance.
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