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Viral metagenome analysis to guide human pathogen
monitoring in environmental samples
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Introduction

Next-generation DNA sequencing has recently been

applied to study viral metagenomes (viromes) in varied

environmental matrices including fresh water (Djikeng

et al. 2009; Lopez-Bueno et al. 2009), oceans (Angly et al.

2006) and reused wastewater (Rosario et al. 2009). Most

of these studies are interested in describing gene diversity,

but a potential application within virome studies is to

determine which human viral pathogens are most pre-

valent in a given environmental matrix. The major

limitation to method extension towards human viral

identifications is that postsequencing bioinformatic proto-

cols for analysing viromes are in nascent stages of devel-

opment and require careful consideration to produce the

high-quality virome annotations required for pathogen

identification. Viruses do not contain ubiquitous genetic

elements such as the 16s rRNA encoding genes (Rohwer

and Edwards 2002); hence, virome studies must sort and

assemble sequences that could come from any location on

the viral genome. Unresolved virome construction and

annotation concerns include uncertainty about the opti-

mal sequence read length for identification, as well as

appropriate use of databases and database search pro-

grams. An additional limitation is the unknown sequenc-

ing depth required to reach the rare human viruses

amidst the ubiquity of bacteriophages in the environment

(Breitbart and Rohwer 2005).

The goal of this study was to develop and test a method

for describing the diversity of human pathogenic viruses in
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Abstract

Aims: The aim of this study was to develop and demonstrate an approach for

describing the diversity of human pathogenic viruses in an environmentally iso-

lated viral metagenome.

Methods and Results: In silico bioinformatic experiments were used to select

an optimum annotation strategy for discovering human viruses in virome data

sets and applied to annotate a class B biosolid virome. Results from the in silico

study indicated that <1% errors in virus identification could be achieved when

nucleotide-based search programs (BLASTn or tBLASTx), viral genome only

databases and sequence reads >200 nt were considered. Within the 51 925

annotated sequences, 94 DNA and 19 RNA sequences were identified as human

viruses. Virus diversity included environmentally transmitted agents such as

parechovirus, coronavirus, adenovirus and aichi virus, as well as viruses associ-

ated with chronic human infections such as human herpes and hepatitis C

viruses.

Conclusions: This study provided a bioinformatic approach for identifying

pathogens in a virome data set and demonstrated the human virus diversity in

a relevant environmental sample.

Significance and Impact of the Study: As the costs of next-generation sequenc-

ing decrease, the pathogen diversity described by virus metagenomes will pro-

vide an unbiased guide for subsequent cell culture and quantitative pathogen

analyses and ensures that highly enriched and relevant pathogens are not

neglected in exposure and risk assessments.
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an environmentally isolated virome. To improve sequence

analysis methods, we conducted an in silico study of ten

known human viral pathogen genomes with the aim of

decreasing errors in annotating next-generation sequencing

reads as pathogenic viral nucleic acids. As a demonstra-

tion, viral DNA and RNA (cDNA) extracted from sewage

sludge residuals resulting from municipal wastewater treat-

ment (termed biosolids) were sequenced using 454 Life

Sciences pyrosequencing technology. We then applied the

optimal annotation schemes identified by the in silico

study to describe the diversity and abundance of viral

pathogens and to determine the sequencing depth required

to portray this viral pathogen diversity. Biosolids are ideal

for demonstrating virome pathogen recovery as this waste

stream originates from the solid residuals of wastewater

treatment plants serving up to one million people, their

pathogen content is not well documented (Gerba et al.

2002; Viau and Peccia 2009) and growing public opposi-

tion to the land application of biosolids as a soil condi-

tioning product has initiated an expressed desire for

comprehensive viral pathogen surveys in biosolids (NRC

2002).

Materials and methods

Bioinformatic experiments

An in silico study was conducted by parsing the genomes

of ten environmentally relevant viruses into short

sequences and determining the sequence length, BLAST

program and viral databases that resulted in the highest

confidence of correct annotation. Human virus genotypes

were chosen to represent common environmental viral

diseases caused by inhalation and ingestion exposure

routes (Table 1). Artificial reads were produced at every

location along the genome, and lengths were set to repre-

sent common read lengths produced by next-generation

sequencing platforms: 100 nucleotide (nt) reads from Illu-

mina Genome Analyzer, 200 nt paired-end reads from

Illumina HiSeq2000 and 400 nt reads from 454 Life Sci-

ences GS FLX sequencer with titanium chemistry.

To choose optimal sequence search and alignment pro-

grams, the following NCBI BLASTALL programs were

compared: BLASTn nucleotide to nucleotide searches,

BLASTx translated nucleotide to amino acid searches and

tBLASTx translated nucleotide to translated nucleotide

searches. Each BLASTALL program was applied to two

search databases including the full NCBI database (nt,

nonredundant nucleotide database, and nr, nonredundant

amino acid database) and the NCBI viral databases (vnt,

nucleotide database, and vnr, amino acid database).

When the top hit, as determined by lowest E-value,

matched the human pathogen strain that was searched

for and there were no ambiguous classifications (i.e. same

virus but different host), the read was listed as correct. In

the case of multiple hits with equivalent E-values, the

highest bit score was used for annotation. Reads were

classified as missing if they contained no hits at or below

the 10)3 E-value threshold. The sum of ambiguous and

missing sequences were grouped and reported as total

classification errors. Classifications were only made when

an E-value of 10)3 or less was observed. This E-value

threshold was based on precedent set in prior virome stud-

ies (Zhang et al. 2005; Lopez-Bueno et al. 2009; Rosario

et al. 2009) and also from an evaluation of annotating

100-nt adenovirus sequence segments using an E-value of

either 10)3 or 10)5. This evaluation revealed that by exclud-

ing a greater number of correct sequence reads, an average

18% increase in error was observed when the E-value

threshold was set at 10)5 instead of 10)3 (Table S1).

Biosolid sample preparation and sequencing

Class B biosolids were sampled from an anonymous US

wastewater treatment facility that collected solid residuals

by primary sedimentation and secondary activated sludge

clarification and treated by mesophilic anaerobic digestion

(35–37�C, 15 d solid retention time). Digested sludge was

dewatered by belt pressing to 17% solid content. Previous

class B biosolid indicator and pathogen monitoring from

this plant revealed faecal coliform concentrations of

5Æ1 · 104 colony forming units per dry g, male-specific

coliphage concentrations of 2Æ7 · 104 plaque forming

units per dry g and adenovirus concentrations of

3 · 106 genomic units per dry g (Viau and Peccia 2009).

Five 100 g grab samples were collected in accordance

with US EPA method 1680 (USEPA 2006) and shipped

on ice overnight to the laboratory. Within 24 h of collec-

tion, biosolid samples were recombined to form a com-

posite sample and viruses were eluted and concentrated

Table 1 Human viral pathogens included in the in silico study

Virus

Nucleic

acid

Genome

size (nt)

Accession

number

Adenovirus dsDNA 34 794 AC_000019

Astrovirus ssRNA 6813 NC_001943

Coronavirus ssRNA 27 317 NC_002645

Hepatitis A virus ssRNA 7478 NC_001489

Norovirus ssRNA 7654 NC_001959

Parechovirus ssRNA 7348 NC_001897

Polyomavirus JC dsDNA 5130 NC_001699

Respiratory Syncytial virus ssRNA 15 225 NC_001781

Rhinovirus ssRNA 7152 NC_001617

Rotavirus dsRNA 17 448 NC_011507*

*Segment 1, successive segments also included.
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following a US EPA method for the recovery of viruses

from sludge (USEPA 1999). The concentrated viral solu-

tion was passed through a 0Æ45-lm filter to remove any

remaining bacterial and eukaryotic cells and DNase- ⁄
RNase-digested with OmniCleave endonuclease (Epicentre

Biotechnologies, Madison, WI, USA) to remove any

naked nucleic acids. Purified viral extracts were stored at

)80�C.

Both DNA and RNA were recovered from the viral

concentrate. Three DNA extractions were performed each

with 0Æ6 ml of viral concentrate using the MoBio Power-

Soil DNA kit (MoBio Laboratories, Carlsbad, CA, USA)

and modifications described elsewhere (Viau and Peccia

2009). Triplicate RNA extractions were performed with

2 ml of the viral concentrate each using the MoBio

PowerSoil RNA kit (MoBio) followed by DNA digestion.

Viral RNA was converted to cDNA with a Multiscribe

high-capacity cDNA reverse transcription kit (Life Tech-

nologies� AB, Carlsbad, CA, USA).

Samples were combined, and a total of 5 lg of DNA

and cDNA each were sent to the Yale Center for Excel-

lence in Genome Science for shotgun pyrosequencing on

a 454 GS FLX sequencer using titanium chemistry (Roche

Diagnostics Corporation, Indianapolis, IN, USA). One

quarter of a microwell plate was used for this analysis.

Prior to sequencing, DNA was fragmented by nebuliza-

tion into 300- to 800-nt sequences.

Virome annotation

To remove artificial replicates, a known artefact of 454

pyrosequencing, the 454 replicate filter with default

settings was used (Gomez-Alvarez et al. 2009). Filtered

sequence reads were assembled with the Newbler run-

Assembly program from the 454 Life Sciences Data Anal-

ysis 2.3 package (Branford, CT, USA). Sequence assembly

settings utilized a minimum overlap of 40 bp and a mini-

mum identity of 90%, while all other settings were

default. Unassembled sequences (singletons) were then

extracted and combined with assembled contiguous

sequences (contigs) for annotation. The virome data were

annotated by tBLASTx searches within the NCBI viral

database from January 2010. Annotation used the previ-

ously described E-score selection criteria. Sequences are

available from the NCBI Sequence Read Archive under

accession SRX016659.

Results

Annotation accuracy

For the in silico experiments, the percentage of erroneous

reads (Fig. 1) suggests that the most appropriate annota-

tion strategy for viral pathogen identification will be a

nucleotide-based search (BLASTn or tBLASTx) with a

virus only database and read lengths of 200 nt and

greater. Average error rate in classification using these

methods was 0Æ1% with a 1Æ2–0% range among the ten

viruses.

Four other important trends emerged for annotating

human viruses from short virome sequences. First, smal-

ler, more focused viral databases resulted in less incorrect

classifications than the larger databases (Fig. 1). Viral da-

tabases resulted in less total error in 87 of 90 search sce-

narios conducted. Secondly, the amino acid-based search

program, BLASTx, produced a greater amount of total

errors than the nucleotide-based search programs,

BLASTn and tBLASTx, when comparing both the com-

plete and virus only databases. For example, when using

200-nt artificial reads and the virus database, BLASTx per

cent errors averaged 355 times greater than BLASTn

errors and 35 times greater than tBLASTx errors. Results

from BLASTn and tBLASTx were statistically indistin-

guishable for total errors using the viral databases at read

lengths of 200 nt (P = 0Æ367). Third, increasing read

length either maintained or reduced the number of errors

in all scenarios considered. When read length was

increased from 100 to 200 nt, the tBLASTx overall error

decreased five times to 0Æ13%, while average error for

400 nt reads was decreased to 0Æ0015%. Finally, the num-
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Figure 1 Box plot of total classification errors for ten human viruses

according to read length and annotation method. Total errors include

both ambiguous and missing identifications. Groupings are by the

read length (100, 200, 400 nt), the BLAST search program (BLASTn,

BLASTx, tBLASTx), and the database where ‘nt’ represents nucleotide

database, ‘nr’ represents amino acid database, and ‘v’ represents virus

only database. In each box the centreline represents the median, the

top and bottom of the box represent the 25th and 75th error percen-

tiles, and the lines represent the data spread. Outliers, marked by

circles, were outside three standard deviations of the median. Outliers

for Rotavirus were >80% error for the BLASTx nr and tBLASTx nt

cases and were excluded from the graph. Complete results for each

individual virus are listed in Table S2.
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ber of errors was extremely dependent on the type of

virus (Table S2). BLASTx nr total errors ranged from

7Æ4% for norovirus to 94Æ5% for rotavirus for 100-nt

reads. Total error rates in rotavirus were high-end outliers

to the other genome sequences owing to the high similar-

ity of genome sequences between human and animal

rotaviruses.

Human viruses in class B biosolids

After replicate filtering, sequencing provided 123 893 raw

sequences. Reads were assembled into 1028 contigs that

averaged 874 nt and 46 153 singletons that averaged

260Æ7 nt. Through tBLASTx comparison with the NCBI

viral nt database, 51 925 total sequences were annotated

and classified as being of viral origin (215 contigs com-

prising 48 831 sequences and 3094 singletons) Within

these viral classifications, ten different human pathogen

viruses (16 strains) representing 113 sequences were iden-

tified and included 94 DNA virus sequences and 19 RNA

virus sequences (Table 2). Only three sequences identified

as human pathogens were ambiguous and were excluded

from these results. Through comparisons with the

Greengeens core set rDNA database, <0Æ2% of all

sequences were annotated as bacteria (10)30 E-value

threshold) (DeSantis et al. 2006).

When using shotgun sequencing techniques, it is recog-

nized that the likelihood of a viral fragment being identi-

fied is a function of both the virus’ abundance and

genome size (Angly et al. 2009). Figure 2 shows the

potential number of viral genomes relative to adenovirus

content after correction for viral genome size. These

results indicate that the RNA viruses parechovirus and

coronavirus and the DNA virus herpesvirus were the

most abundant human viruses in the biosolid sample

tested here. Overall, annotated viral sequences consisted

of 33Æ8% eukaryotic viruses and 66Æ2% bacteriophages,

while human pathogenic viruses comprised <0Æ1% of total

sequences (Fig. 2 inset). Table S3 provides a complete list

of eukaryotic viruses identified in this study.

Discussion

Bioinformatic approaches to improve annotation

certainty

Use of the viral database with either BLASTn or tBLASTx

search programs and read lengths >200 nt is recom-

mended for annotating human pathogen diversity in envi-

ronmental virome sequences. This recommendation is,

however, specific for the goal of pathogen identification

and differs from the common practice of using BLASTx

for annotating functional genes and nonpathogenic

viruses in previous metagenome studies (Breitbart et al.

2002; Angly et al. 2006; Vega Thurber et al. 2008; Djikeng

et al. 2009; Lopez-Bueno et al. 2009; Coetzee et al. 2010).

Here, the BLAST search program tBLASTx was used to

annotate human pathogens from the biosolid virome.

Higher error rates in the translated nucleotide to amino

acid BLASTx searches are likely due to the presence of

noncoding viral genome regions in queries. Searches con-

ducted by tBLASTx include non-protein-encoding regions

that are left out of BLASTx searchers. Although the per

cent errors associated with the nucleotide to nucleotide

Table 2 Human pathogenic viruses identified in the class B biosolid

virome

Virus

Nucleic

acid

Genome

length

(nt)

Number of

sequences

identified

Human herpesvirus 2 dsDNA 154 746 46

Human herpesvirus 8 type P dsDNA 137 868 12

Human herpesvirus 1 dsDNA 152 261 10

Human herpesvirus 4 dsDNA 171 823 3

Human herpesvirus 6A dsDNA 159 322 1

Human coronavirus 229E ssRNA 27 317 9

Human coronavirus HKU1 ssRNA 29 926 1

Tanapox virus dsDNA 144 565 9

Orf virus dsDNA 139 962 8

Human parechovirus ssRNA 7348 7

Human adenovirus D dsDNA 35 083 2

Human adenovirus E dsDNA 35 994 1

Human adenovirus type 1 dsDNA 36 001 1

Aichi virus ssRNA 8521 1

Hepatitis C virus genotype 1 ssRNA 9646 1

Torque Teno Virus-like minivirus ssDNA 2916 1

9

8

7

6

5

4

3

2

1

0
Adenovirus Parechovirus Coronavirus Torque 

teno virus
Herpes virus Aichi virus

R
el

at
iv

e 
ab

un
da

nc
e

Viral pathogens
Eukaryotes

Bacteriophages Unknown

Figure 2 Relative abundance of pathogenic viruses in biosolid virome

normalized by genome size and the abundance of adenovirus. Inset:

Pie chart of sequence identifications (n = 51 000). Human viral patho-

gens represent <0Æ1% of total sequences.
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BLASTn searches were statistically indistinguishable to

those associated with the translated nucleotide to trans-

lated nucleotide tBLASTx searches, the latter offers advan-

tages associated with amino acid conservation that are

not included in BLASTn searches. This amino acid

conservation advantage is demonstrated in the biosolid

virome sequencing effort where a BLASTn search of the

viral nucleotide database yielded only 8726 sequence iden-

tifications compared to the total of 51 925 sequences

identifications using tBLASTx. Finally, and in addition to

decreased computational time, advantages of the focused

virus database are that it does not include similar

sequences from nontarget organisms that may be depos-

ited into full databases and thus results in lower ambigu-

ity than the full NCBI database. Physical separation of

virus-sized particles and destruction of free DNA and

RNA during sample preparation ensure that the gene

sequences produced were of viral origin and obviate the

need for annotation using databases that contain addi-

tional, nonviral, nucleic acid sequences.

Viral pathogen diversity in class B biosolids

A major public health concern surrounding the land

application of biosolids is the risk of infection from

viruses that are aerosolized when spread onto land or

viruses that enter into ground or surface water supplies

(Westrell et al. 2004; Brooks et al. 2005; Eisenberg et al.

2008). To date, viruses previously found in biosolids by

PCR-based methods or culturing include enterovirus

(Gerba et al. 2002; Wong et al. 2010), polyomavirus

(Bofill-Mas et al. 2006), reovirus (Gallagher and Margolin

2007), hepatitis A virus (Straub et al. 1994), norovirus

(Wong et al. 2010) and adenovirus (Viau and Peccia

2009; Wong et al. 2010). The resulting data from these

different studies suggest that adenoviruses are the most

abundant human virus in class B biosolids (Viau and

Peccia 2009; Schlindwein et al. 2010; Wong et al. 2010).

These previous efforts, however, were limited by a

requirement that investigators must choose the viruses

that will be searched for. By contrast, the production of a

viral metagenome produces a list of viruses that is based

on abundance and is independent of researcher bias.

Of the viruses described in Fig. 2, their high prevalence

within the general population further improves confi-

dence in their identification in biosolids. Viruses found in

this study with known environmental routes of exposure

and causing respiratory and gastroenteritis infections

include adenovirus (Crabtree et al. 1997), parechovirus

(Baumgarte et al. 2008), aichi virus (Le Guyader et al.

2008), torque teno virus (TTV) (Griffin et al. 2008) and

coronavirus (Yu et al. 2004). Coronavirus is recognized as

a major cause of the common cold (Falsey et al. 2002),

and 95% of humans are infected with parechovirus within

2–5 years of age (Joki-Korpela and Hyypiä 2001). Com-

monly used enterovirus qPCR primers do not include

parechovirus; thus, this virus’s presence has not been

reflected in previous qPCR enterovirus monitoring

(Wong et al. 2010). Although commonly enumerated in

class B biosolids (Gerba et al. 2002), enteroviruses were

not detected by this study. TTV also circulates in healthy

individuals with an estimated worldwide prevalence of

80%, and researchers have suggested its use as a faecal

indicator (Bendinelli et al. 2001; Griffin et al. 2008). Both

aichi virus and parechovirus have been identified by a

sequencing efforts in reused wastewater (Rosario et al.

2009), providing support for their presence in wastewater

residuals. Among viral agents described that do not have

environmental exposure routes, herpesvirus may be car-

ried by as much as 90% of the population (Arbuckle

et al. 2010).

The identifications generated by this viral metagenome

sequencing effort are intended to direct quantitative path-

ogen monitoring efforts, not replace them. Obtaining a

more unbiased view of virus diversity through virome

production is labour-intensive and costly. Given limited

database size and the inherent genetic similarity between

host specific viruses, some level of classification error may

always be present. An example of this is the unexpected

identifications by this sequencing effort of variola virus

(Table S3). Because smallpox (variola virus) has been

eradicated worldwide since 1980, it is likely that these

identifications are from some other members of the fam-

ily Poxviridae. While the results indicate that some forms

of Poxviridae are present, these known ambiguities high-

light the need to accompany virus metagenome-based

pathogen identifications with more in-depth, confirma-

tory analysis. The ability to distinguish host specificity

was demonstrated in our in silico study; however, this

may not extend to all viruses. These limitations suggest

that rather than applying massively parallel sequencing as

the only form of virus detection, a more appropriate

approach for using virus metagenome information is to

describe the viral pathogen diversity of a class of environ-

mental samples (e.g. class B biosolids) in order to effi-

ciently guide quantitative and confirmatory analysis of

selected agents of interest.

Conclusions

Through an in silico study of simulated viral pathogen

reads and an initial biosolid virome sequencing effort, this

work has demonstrated the utility of next-generation

DNA sequencing for identifying human viruses in envi-

ronmental samples of concern. An annotation approach

specific for pathogen identification is described that delin-
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eates appropriate BLAST programs (tBLASTx, BLASTn),

databases (virus only database) and required sequence

lengths (>200nt) to achieve <1% error in viral pathogen

classification. Several viruses not previously identified in

biosolids, including coronavirus, herpesvirus, TTV and

parechovirus, were identified and ranked as highly abun-

dant compared to adenoviruses. These results indicate the

importance of obtaining an unbiased view of viral patho-

gen diversity as a guide for subsequent cell culture and

specific quantitative PCR investigations required to fully

understand biosolid pathogen content.
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