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A Metaviromic Analysis of Viral Communities in the
Feces of Unexplained Acute Gastroenteritis

In Hyuk Baek, Song ah Kim, Jong-Hwa Kim, Hee Kuk Park and Wonyong Kim'

Department of Microbiology, Chung-Ang University College of Medicine, Seoul, Korea

Although viruses are the most common cause of acute gastroenteritis (AGE) in humans, details about the causative
viruses in AGE are largely unknown because many causative viruses are unable to be cultured by current culture
techniques. In our study, fecal samples from 10 children under five years of age with unexplained AGE and 10 healthy
children were investigated for RNA viruses using random priming (RP)-mediated sequence-independent single primer
amplification (SISPA). The causative viruses in cases of cryptogenic diarrhea were then assessed for their potential
diagnostic value. Of the 1,129 viral clones identified, rotavirus was most commonly associated with AGE (125 sequences,

22.4%). In contrast, bacteriophage was most common (43 sequences, 13.6%) in healthy children. The remaining 515

viral clones were unidentifiable. These findings suggest that investigation of cases or outbreaks of unexplained diarrhea

using a metaviromic strategy is a new avenue for diagnosis.
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INTRODUCTION

Traditionally, the identification of viruses has been
dependent on the ability to culture the viruses in host cells
in order to propagate and isolate enough pure virions for
characterization. However, the large majority of viruses,
including enteric viruses, cannot be cultivated using standard
techniques (1). The only way to obtain adequate viral
particles for characterization of these enteric viruses has
been to feed volunteer human adults stool filtrates derived
from patients with the disease (2). Therefore, culture-based
methods are insufficient for large scale characterization of

a viral community in the human gastrointestinal tract. In

addition, viruses do not have ubiquitously conserved genetic
elements, like the bacterial ribosomal RNA gene, that can
be used to quantify diversity and evolutionary distance
amongst different viruses (3).

Recently, metaviromic analyses have emerged, and they
offer an opportunity to directly characterize mixed genomes
of uncultured microorganisms from a variety of ecological
communities (4). In the case of viruses, metaviromic analysis
has focused on searching for viral contents such as DNA
viruses or bacteriophages in the environment (5), animals
(6), insects (7), fermented foods (8), human oral cavities (9),
and feces (3). There has been very little investigation of the
composition of human viral communities in both diseased

and healthy patients.
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Metavirome of Unexplained Acute Gastroenteritis

Acute gastroenteritis (AGE) is a diarrheal disease of
rapid onset, with or without accompanying symptoms such
as nausea, vomiting, fever, and abdominal pain. Many viral
pathogens, such as rotavirus, norovirus, astrovirus, calici-
virus, hepatitis E virus, coronavirus, torovirus, and enteric
adenovirus serotypes 40 and 41 are associated with AGE,
and most of them (except adenovirus) have an RNA genome
(10, 11). In this study, we assessed the potential application
of metaviromic techniques to the detection and diagnosis

of viral causes of unexplained AGE.

MATERIALS AND METHODS
Specimen collection

Fecal samples from children under five years of age
with unexplained watery diarrhea were collected at the
Department of Pediatrics, Chung-Ang University Hospital,
South Korea, between April 2010 and January 2011. Fecal
samples from healthy children under five years of age were
collected at the Hansarang nursery in Incheon. All partici-
pants provided written informed consent. All fecal samples
were analyzed using protocols approved by the Chung-Ang
University College of Medicine Institutional Review Board
(Protocol #2009-13).

Stool specimens

Fecal samples from 10 patients with unexplained AGE
were obtained and prediagnosed as negative for rotavirus,
adenovirus, astrovirus, norovirus, and other enteropatho-
genic bacterial infections by latex agglutination (LAT),
enzyme immunoassay (EIA), and immunochromatographic
methods (ICG) and RT-PCR analyses. Fecal samples from
10 healthy infants were collected and used as references for
comparison by metaviromic analysis. Immediately after
collection, all 20 fecal samples were transported to the
Department of Microbiology, Chung-Ang University College
of Medicine from the university hospital. All samples were
diluted ten-fold with phosphate buffered saline (PBS; pH
7.4) and clarified via centrifugation at 10,000 g for 10

minutes. The supernatants were stored at -20 C before use.
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RNA extraction

Viral RNA was prepared following the guidelines detailed
in Djikeng et al. (12) with some modifications. The PBS-
diluted stool supernatant was filtered using 0.45 um and
0.2 pm sterile syringe filters (Corning Costar, Corning, N,
USA) to remove bacteria, eukaryotes, and other large
particles. The filtrates were then centrifuged at 12,000 g for
10 minutes using centrifugal filters (Pall, Centrifugal devices,
100 kDa, USA) to concentrate viral particles. The viral
suspensions were treated with 50 units of DNase I and
RNase A and incubated at 37°C for one hour. RNA
extraction was performed with a Viral RNA extraction Kit
(QlAamp”™ Viral RNA Mini Kit; QIAGEN, Westburg,

Germany) according to the manufacturer's instructions.
RP-SISPA and sequencing

The extracted RNA was then processed for random
priming-mediated sequence-independent single primer
amplification (RP-SISPA) (11). A 10 ul RNA sample was
added to FR26RV-N primer (5'-GCCGGAGCTCTGCAG-
ATATCNNNNNN-3") at a concentration of 1 uM. Before
cDNA synthesis, the sample was subjected to 1 cycle of
denaturation at 94C for five minutes. Double stranded
cDNA was synthesized by a Klenow reaction (New England
Biolabs, Ipswich, MA, USA) in the presence of random
hexamer primers (Promega, Madison, WI USA). PCR
amplification used Taq DNA polymerase with an FR20RV
primer (5-GCCGGAGCTCTGCAGATATC-3"), followed
by 40 cycles of PCR (94C for 1 minute, 65°C for 1 minute,
and 72°C for 2 minutes), and a final 10 minute incubation
at72C.

Resultant analysis

The PCR amplicons were inserted into a pCR 2.1 cloning
vector, introduced into E. coli TOP 10F' (Invitrogen,
Carlsbad, CA, USA) by transformation, and sequenced
using a BigDye terminator cycle sequencing kit and auto-
matic DNA sequencer (Model 3730; Applied Biosystems).
M13 forward and reverse primers were used for sequence

analysis. The resultant gene and deduced amino acid
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sequences were compared to the GenBank database using
BLAST (BLASTn/BLASTp/BLASTX).

RESULTS
Clinical features

Amongst the 10 children with AGE of unknown origin,
two patients were male and eight were female, with a mean
age of 2.8 years (range 0 to 7 years). The patients with
AGE were negative for rotavirus by latex agglutination
(LAT) (Slidex Rota-kit 2, bioMerieux Vitek, Mercy-I'Etoile,
France) or enzyme immunoassay (EIA) (VIDAS Rotavirus,
bioMerieux Vitek), and adenovirus, astrovirus, and norovirus
by reverse-transcription PCR. The patients with AGE of
unknown origin exhibited no bacterial (Salmonella or
Shigella) growth on stool culture. The main clinical features
in the children with AGE were watery diarrhea (eight cases,
mean duration of 4.1 days) with underlying disease, fever
(eight cases, mean temperature of 38.5C), vomiting (seven
cases, mean duration of two days) and abdominal pain (five
cases). Greater than two symptoms were present in nine
(90%) patients. Complete blood cell counts demonstrated
leukocytosis in four cases with a mean elevated white
blood cell count of 12,782/mm?, and leukopenia in one case
with a white blood cell count of 2,820/mm’. Liver function
tests showed an elevated serum aspartate aminotransferase
(AST) in three cases with a mean elevated AST of 62 U/,
and a normal serum alanine aminotransferase (ALT) in all
cases with an overall mean ALT of 22 [U/L. Serum c-reactive
protein (CRP) levels were normal in all but one case with
an overall mean value of 0.21 mg/dl. Three patients had an
elevated serum erythrocyte sedimentation rate (ESR) with

a mean elevated ESR of 50 mm.
Sequence data overview

A total of 1,129 clonal sequences (average length of
332.6 bases) were generated from the viral particle-enriched
nucleic acids from all patients. These sequences were
taxonomically assigned based on their best BLAST score
(e-value, 0.001) related to sequences in GenBank, a non-

redundant genomic database. Summaries of the classification
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of viral proteins in the human gut are shown in Fig. 1A and
1B. The most abundant viral sequences in healthy and
hospitalized children were eukaryotic viruses, which
accounted for 14 sequences (2.4%) and 177 sequences
(31.8%), respectively. The most abundant overall sequences
were bacterial sequences, which accounted for 257 sequences
(44.9%) in healthy children and 84 sequences (15.1%) in
hospitalized children. Bacteriophage sequences accounted
for 43 sequences (7.5%) in healthy children and 28
sequences (5.0%) in hospitalized children, and eukaryotic,
non-viral sequences accounted for 5 sequences (0.9%) in
healthy children and 10 sequences (1.8%) in hospitalized
children. Overall, 257 sequences (44.9%) from healthy
children and 258 sequences (46.3%) from hospitalized
children had no significant similarity to any sequences in
GenBank (e-value, 0.001).

Bacteriophages in the pediatric gut

The sequences with similarities to bacteriophages made
up 7.5% of all sequences in healthy children and 5.0% of
sequences in hospitalized children. In healthy children, the
43 bacteriophage sequences were composed of 22 uncultured
Microviridae phage sequences (3.9%, n=5), 14 Chlamydia
phage sequences (2.5%, n=3), four Bdellovibrio phage
sequences (0.7%, n=1), one Spiroplasma phage sequence
(0.2%, n=1), one Clostridium phage sequence (0.2%, n=1),
and one Trichomonas phage sequence (0.2%, n=1) (Table
1). In the hospitalized children, the bacteriophage sequences
were composed of nine uncultured Microviridae phage
sequences (1.6%, n=1), six Chlamydia phage sequences
(1.0%, n=2), five Lactococcus phage sequences (0.9%,
n=1), two Enterococcus phage sequences (0.4%, n=1), two
Streptococcus phage sequences (0.4%, n=1), two Bacillus
phage sequences (0.4%, n=1), one Ajellomyces phage
sequence (0.2%, n=1), and one Bdellovibrio phage sequence
(0.2%, n=1) (Table 1).

Eukaryotic viruses in the pediatric gut

The families of the eukaryotic viruses that were found in
the pediatric fecal samples are shown in Fig. 1 and Table 1.

RNA viruses capable of infecting eukaryotes were a minority
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Figure 1. Genomic overview of the human fecal RNA viruses based on BLAST sequence similarities. Numbers of sequences with
significant matches (e values of 0.001) in GenBank (A and C). Distribution of significant matches among known sequences of biological
entities (B and D). Distribution of the number of viruses detected in both healthy and hospitalized children (E).

of all gut sequences, accounting for 31.8% of sequences in
hospitalized children and 2.4% of sequences in healthy
children. The RNA viruses capable of eukaryotic infection
were primarily double-stranded RNA (dsRNA) viruses from
the Reoviridae family. All proteins encoded by the dsRNA,

eukaryotic virus-like sequences were identical to viral

proteins found in hospitalized infants. The viral sequences
related to the rotavirus strains known to infect humans may
have been the causative agents of the AGE seen in children
less than five years old. These potentially causative viral
sequences included rotavirus-associated sequences (177

sequences, 31.7%). In contrast to hospitalized children, the
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Table 1. Genes observed among the virus and phage sequences
based on GenBank annotation

Group  Organism Virus It\js(;e(:if sel(jl?él?cfes
Patients ~ Animal virus Rotavirus 5 177
Bacteriophage [I\’/T[Iif;g%gae 2 9
Chlamydia 2 6

Lactococcus 1 5

Enterococcus 1 2

Streptococcus 1 2

Bacillus 1 2

Ajellomyces 1 1

Bdellovibrio 1 1

Normal  Animal virus Parechovirus 2 11
bead

Bacteriophage &?ﬁ?;ﬁ;.egae 5 22
Chlamydia 3 14

Bdellovibrio 1 4

Spiroplasma 1 1

Clostridium 1 1

Trichomonas 1 1

fecal samples from healthy children exhibited sequences
from single-stranded RNA (ssRNA) viruses, such as
parechovirus (11 sequences, 1.6%) and influenza A virus (3
sequences, 0.5%). These ssSRNA sequences encoded proteins
that were identical to viral proteins identified in healthy
children, and the ssRNA sequences were not found in
hospitalized children.

DISCUSSION

It is difficult to detect and identify viral agents causing
AGE because they rapidly mutate their genes (13). The
vertebrate gut flora contains about 10'* microorganisms,
but many of these microbes are difficult to isolate using
current culture techniques. The vertebrate gut flora also

contains bacteriophages and viruses, including known
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human enteric viruses and uncharacterized viruses (14).
These viruses are critically involved in the regulation of
the overall gut microbial community (15). Gut microbial
genetic diversity is shaped by virus-mediated gene transfer,
and a full knowledge of the range of potential hosts for gut
viruses has been limited by difficulty in culturing potential
viral hosts.

Recently, new techniques for studying microbial
communities, collectively called metagenomics, have been
developed to overcome the limitations of culturing in
identifying gut viruses' marked genetic richness. These
metagenomic techniques use culture-independent sequencing
to identify microorganisms (16). In our study, many
previously characterized and highly divergent eukaryotic
viral sequences were detected in pediatric guts. Only 0.9~
1.8% of the sequences in our analysis were non-bacterial
and non-viral in origin. These non-bacterial and non-viral
sequences were identified in 15 patients, five healthy and
10 with AGE. This indicated that the DNase and RNase
treatments were effective in removing non-capsid-protected
human host nucleic acids. Our data also revealed viral RNA
genomic sequences including rotavirus, human influenza A
virus, and many bacteriophages.

Despite the use of well established procedures for
identifying causes of AGE in this country, many patients
still stuffer from AGE of unknown etiology. In outpatient
clinics, LAT, EIA, and ICG are widely used to diagnose
rotavirus. However, previous studies have shown that many
cases of rotavirus infection can be identified by RT-PCR of
stool samples that were labeled rotavirus-negative by
current testing methods (17). Indeed, one recent study
showed that for the identification of rotavirus infection,
RT-PCR was more sensitive and specific than other enzyme-
based diagnostic methods, although RT-PCR is slower and
more labor intensive (18). Based on the recently described
superiority of RT-PCR testing, re-examination of stool
specimens by RT-PCR for the presence of rotavirus will be
worthwhile to determine the causative agent of AGE in
humans (19).

Rotaviruses were found in four patients with AGE who

were prediagnosed as negative for current rotavirus detection
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methods such as LAT, EIA or ICG. This finding can be
explained by the less-than-ideal sensitivity of the pre-
diagnostic methods in detecting rotavirus. The typical limit
of detection by EIA based on the VP6 group-specific
antigen is >1 < 10° particles/ml (20). In contrast, the limit
of detection by RT-PCR of viral RNA is >100 particles/ml
(21) or 1.46 plaque forming units (18). An alternative
explanation for the false negative rotavirus prediagnosis in
these patients may have been VP6 antigenic drift in a
rotavirus population in this country.

In this study, parechoviruses were detected in two
healthy children. The pathogenecity of parechoviruses is
currently debated, but they have been reported in a variety of
disease syndromes, including respiratory and gastrointestinal
illnesses, aseptic meningitis, myocarditis, encephalitis, acute
flaccid paralysis and neonatal sepsis (22). However, recent
reports suggest that parechoviruses are also found in healthy
children (23). Our observations are consistent with the
latter reports because we identified parechoviruses in fecal
samples from two healthy children but no parechoviruses
in children with AGE. Human influenza virus A was also
detected in fecal samples from three healthy children. The
influenza virus is known to cause disease when it infects
the respiratory tract (9). In addition, recent studies have also
reported gastrointestinal infection (24). Further research is
needed to examine the effects of influenza infection in the
gastrointestinal tract and to examine the usefulness of stool
influenza detection in diagnosing cases of respiratory in-
fluenza.

Prior studies have shown that bacteriophage viruses
constitute a significant fraction of human and equine fecal
viral populations (25). In our study, the bacteriophage-
associated amino acid sequences we identified had no
significant similarities with any microorganismal sequences
in GenBank. Unidentified sequences constituted 44.9% of
all sequences in healthy children and 46.3% of all sequences
in hospitalized children. This data is similar to the percentage
of unclassified sequences identified in a previous meta-
genomic study of human stool (26). Furthermore, in our
study bacteriophage sequences accounted for 5.0~7.5% of

the total fecal sequences. In previous studies of fecal samples
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from South Asian children with non-polio acute flaccid
paralysis and healthy contacts, bacteriophage sequences
have accounted for 16% and 12% of total sequences,
respectively (27). The predominant bacteriophage sequences
we found were from uncultured Microviridae in healthy
children, and uncultured Microviridae and Siphoviridae in
hospitalized children. This data showed that in the presence
of infective enteric viruses, the native bacteriophage com-
munity was altered.

Our study of fecal RNA viruses in children with AGE as
well as healthy children revealed new information about
unusual RNA viruses that can occur in children with AGE.
Moreover, the metaviromic approach we used provides new
potential for the discovery of unknown viruses that may be
causing idiopathic infectious diseases. To fully develop a
blueprint for the prevention and treatment of AGE, further
studies are needed to understand the relationships between
gut DNA and RNA viral microbiota and the relationships

between gut viral and bacterial microbial communities.
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