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Abstract

Metagenomic sequencing of DNA viruses from the feces of a healthy week-old infant revealed a viral community with extremely low
diversity. The identifiable sequences were dominated by phages, which likely influence the diversity and abundance of co-occurring microbes.
The most abundant fecal viral sequences did not originate from breast milk or formula, suggesting a non-dietary initial source of viruses. Certain
sequences were stable in the infant’s gut over the first 3 months of life, but microarray experiments demonstrated that the overall viral commu-
nity composition changed dramatically between 1 and 2 weeks of age.
! 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Infants are born with sterile gastrointestinal tracts [24].
During and after birth, infants are rapidly colonized by mi-
crobes from the mother and surrounding environment
[13,14,24,39,41]. In the beginning of life, the fecal microbiota
is relatively simple, although there is a large amount of varia-
tion between individuals [22,32]. Microbial diversity changes
very rapidly during the first few days after birth, with the com-
munity gradually becoming more diverse and stable over time
[13,14,20,32,33,41,43,50]. The guts of infants are first colo-
nized by aerobes and facultative anaerobes, which are subse-
quently replaced by strict anaerobes [17,32,42].

The initial acquisition and development of intestinal mi-
crobes appears to play a critical role in the health of infants. Col-
onizing bacteria assist in gut maturation, modulate the mucosal

immune system and facilitate nutrient absorption and carbohy-
drate assimilation [42]. The microbiota of the developing infant
gut is affected by the mode of delivery, diet, maternal micro-
biota, antibiotic treatment, themicrobial load of the surrounding
environment and characteristics of the individual’s gut environ-
ment (pH, immune responses) [7,10,13,21,34,38,46].

Viruses likely play important roles in the gastrointestinal
ecology of the developing infant. Adults contain an abundant
and diverse community of both DNA and RNA viruses
[5,8,15,53]. Themajority of the DNAviruses in adult fecal sam-
ples are phages (i.e., viruses that infect bacteria), while the
majority of the RNA viruses are plant viruses. Specific PCR
has detected Adenovirus, Astrovirus, Bocavirus, Enterovirus,
Norovirus, Picobirnavirus, Rotavirus, Sapovirus, and Torovirus
in the feces of infants [9,18,19,23,29,36,47e49,51]. However,
no studies to date have examined the total viral populations in
healthy infants.

Here we present the first description of the DNA viral com-
munity within an infant’s gut using metagenomic sequencing.
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At 1 week of age, the diversity of the gut viral community was
extremely low. Most of the sequences were not similar to previ-
ously reported sequences, suggesting that much of the infant gut
viral diversity is novel. The majority of the identifiable se-
quences were similar to phages, viruses that infect bacteria.
These phages likely influence the diversity and structure of
microbial communities in the developing infant gut. Changes
in the relative abundance of different viral sequences between
1 and 2 weeks of age suggested that the infant gut viral commu-
nity was dynamic.

2. Materials and methods

2.1. Sample collection and processing

Approximately 4 g of fresh fecal matter was collected from
the sterile diaper of a 1-week-old male infant. The infant was
full-term, delivered vaginally, had been fed a mixture of breast
milk and formula from birth and had no antibiotic treatments.
The feces was resuspended in 15 ml of sterile 1" SM buffer
(100 nM NaCl, 10 mM MgSO4, 50 mM TriseHCl, pH 7.5)
and shaken vigorously. The supernatant was filtered through
a 100-mm pore size Nitex filter and then centrifuged at
3000 " g for 10 min and filtered through a 0.2 mm Sterivex fil-
ter to remove the bacteria and large particles. The fecal viruses
were then loaded onto a cesium chloride (CsCl) step gradient
and ultracentrifuged at 55,000 " g for 2 h at 4 #C. This step
separates the viruses from any free nucleic acids present in
the sample. Viruses in the 1.2e1.5 g ml$1 fraction were col-
lected and used for microscopy and DNA extraction. This den-
sity range would recover all major groups of viruses [28], and
this fraction contained the vast majority of the viral particles as
determined by epifluorescent microscopy.

2.2. Microscopy

Epifluorescent microscopy was used to ensure that the pu-
rified viral community used for DNA extraction, metagenomic
sequencing and microarray hybridization was not contami-
nated by any microbial cells [30]. The sample was stained
with 1" SYBR Gold (Invitrogen; Carlsbad, CA) for 10 min
in the dark and visualized using epifluorescent microscopy.

For electron microscopy, the CsCl-purified fecal viruses
were adsorbed to glow-discharged formvar-coated 200-mesh
copper grids (Ted Pella; Redding, CA) for 10 min. The grids
were stained for 20 s in 1% uranyl acetate. Viruses were
observed using the FEI Tecnai 12 (FEI; Hillsboro, OR) and
images were recorded digitally using a Tietz TemCam-F214
(TVIPS; Gauting, Germany).

2.3. DNA extraction and shotgun library construction

Total DNAwas extracted from the purified fecal viruses us-
ing formamide and cetyltrimethylammonium bromide (CTAB)
extractions [40]. Lucigen Corporation (Middleton, WI) con-
structed a linker-amplified shotgun library (LASL) from the
infant viral DNA as described previously [4e6]. Briefly, the

total viral DNA was randomly sheared into 1e2 kb fragments
using a HydroShear (GenMachines; San Carlos, CA). The
fragments were end-repaired, short double-stranded DNA
(dsDNA) linkers were ligated to the fragment ends and the
fragments were PCR-amplified using primers to the linkers.
The linker-amplified fragments were cloned into the pSMART
vector (Lucigen; Middleton, WI).

2.4. Sequence analyses

A total of 477 clones were sequenced by SymBio Corpora-
tion (Menlo Park, CA) using the AmpL2 forward primer (Gen-
Bank accession numbers: ED651217eED651693). Quality
scores were assigned to the sequences using Phred [11,12]
and the sequences were trimmed using Sequencher 4.0
(Gene Codes, Ann Arbor, MI). Sequences were trimmed until
there were not more than 3 bases with confidence scores below
25 within 25 bases of either end. The trimmed sequences were
compared against the GenBank non-redundant database using
TBLASTX [1,2]. Sequences with significant hits (E-value
<0.001) were classified as phages, viruses, mobile elements,
Bacteria, Archaea or Eukarya based on GenBank annotation.
Sequences were preferentially classified as phages or viruses
if these occurred in the top 5 hits. Bacterial hits were exam-
ined manually to identify prophages within bacterial genomes.

2.5. Community structure modeling

The sequences were assembled using Sequencher 4.0 (Gene
Codes, Ann Arbor, MI) to identify contigs (i.e., contiguous or
overlapping sequences) based on a minimum overlap of 20 bp
with a minimal match percentage of 98%. These assembly pa-
rameters allow differentiation between closely related phages,
as determined previously [6]. The structure of the uncultured
infant fecal viral community was mathematically modeled us-
ing the PHAge communities from the Contig Spectrum
(PHACCS) program [3]. For these calculations, an average
fragment size of 505 bases was used, and the average genome
size was assumed to be 50 kb.

2.6. PCR for specific viruses

Primer 3 [37] was used to design primers based on contigs
assembled from the week 1 sequences. Viruses were purified
from the food sources of the child (breast milk from the sub-
ject’s mother, and formula), as well as fecal samples at weeks
1, 2, 5 and 14 of age using the methods outlined above. Addi-
tional samples included viral DNA prepared as described
above from two fecal viral DNA samples from an unrelated
adult separated by a year. These samples were screened by
PCR for three viral sequences. The PCR reaction (50 ml total
volume) contained 1" FideliTaq PCR Master Mix (USB;
Cleveland, OH), 1 mM each primer, and 1 ml of target DNA.
The PCR conditions were 5 min at 95 #C; 35 cycles of
1 min at 94 #C, 1 min at 60 #C, 0.5#/cycle, and 2 min at
72 #C; followed by 10 min at 72 #C. Positive PCR products
were sequenced for confirmation.
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2.7. Microarray experiments

CustomArray 12k arrays (CombiMatrix Corporation;
Mukilteo, WA) were constructed using probes designed from
sequences from the infant fecal viral community present at
1 week of age. The arrays included two replicates of each
probe, generally 35 nucleotides in length, as well as positive
and negative control sequences.

To prepare the DNA for hybridizing against the microarray,
total viral DNA isolated from the infant at 1 week and 2 weeks
of age was amplified using Genomiphi (Amersham Biosci-
ences; Piscataway, NJ). The amplified DNAwas labeled by in-
corporation of 5-aha-dUTP, followed by coupling of the
reactive dyes, AlexaFluor 555 or AlexaFluor 647 (Invitrogen,
Carlsbad, CA). For the data presented here, the viral DNA
from the infant at week 1 was labeled with AlexaFluor 555
and the viral DNA from the infant at week 2 was labeled
with AlexaFluor 647. Dye swap experiments and repeated
hybridization with these same arrays verified repeatability of
the assay.

Hybridizations were performed at 50 #C for 16e20 h, un-
der conditions recommended by CombiMatrix. After washing,
the arrays were scanned at 532 nm and 635 nm using an Axon
4000B Microarray scanner with GenePix Pro 6.0 software
(Molecular Devices, Sunnyvale, CA).

The local background at each wavelength was subtracted
from the median intensity of each spot. The two replicate array
spots for each probe were averaged, and the intensities were
normalized by dividing the average intensity for each probe
by the maximum probe intensity recorded for that wavelength.
‘‘High’’ signal was defined as %50% of the maximum inten-
sity, ‘‘medium’’ was between 10 and 50% of the maximum in-
tensity, ‘‘low’’ was between 1 and 10% of the maximum
intensity, and any spots with intensities <1% of the maximum
intensity were assumed to be background.

3. Results

3.1. Composition and diversity of infant viral community

Virus particles were purified from the feces of a 1-week-old
infant and a shotgun library was constructed as described pre-
viously [5]. Direct counts of viruses with epifluorescent mi-
croscopy showed that the purified viral community was free
of contamination by microbial cells (Fig. 1A). The majority
of isolated particles appeared to be phages when viewed under
the electron microscope (Fig. 1B).

The majority of sequences in the shotgun library (66%) had
no significant hits (E-value <0.001) to any sequences in the
GenBank non-redundant database (Fig. 2A), suggesting that
the fecal viral community was mostly novel. The most com-
mon known matches were to phages (Fig. 2B). Only one se-
quence with significant similarity to a eukaryotic virus was
observed. The closest GenBank hit for this sequence was lym-
phocystis disease virus, which infects fish. Sequences with sig-
nificant similarities to the major double-stranded DNA phage
groups, Podo-, Sipho-, and Myoviruses, were observed in the

metagenomic library. Among the sequences with similarities
to phages, the majority (72%) were similar to Siphoviruses
and prophages (Fig. 2C). The most common hits were to
phages that infect Bacillus, Lactobacillus, Lactococcus, Bac-
teroides, Listonella, and Staphylococcus. More than half of
the phage hits were similar to phages known to infect Gram-
positive hosts. Seventy-five percent of the phage hits were to
known proteins, with endonucleases and terminases being
the most common (Table 1). Several sequences were similar
to genes involved in lysogeny, including integrases, and anti-
repressors. In addition, numerous similarities to mobile ele-
ments such as transposons and plasmids were observed.

The diversity and community structure of the infant fecal
viruses was mathematically modeled using the PHAge Com-
munities from Contig Spectrum (PHACCS) program [3]. First,
the shotgun sequences were assembled using Sequencher 4.0
with a 20 bp overlap and 98% sequence identity. Among the
477 sequences, there were 138 sequences that did not overlap
with any other sequences, 31 2-contigs, 11 3-contigs, eight 4-
contigs, nine 5-contigs, three 6-contigs, one 7-contig, six 8-
contigs, one 9-contig, three 12-contigs, one 15-contig, one
16-contig and one 18-contig. Mathematical modeling using
the average fragment size of 505 bases, an average genome
size of 50 kb, and a power law fit for the rank-abundance dis-
tribution, predicted low diversity of the infant gut viral com-
munity (Table 2). The infant fecal viral community present
at 1 week of age consisted of 8 viral genotypes, with the
most abundant genotype comprising 43.6% of the total viral
community. The ShannoneWiener Index for the infant viral
community was 1.69 nats.

Specific primers were designed to amplify a portion of
three viral sequences based on the largest contigs assembled
in Sequencher (Table 3). A portion of one of these contigs
(primer set 2) was identical to a viral sequence recovered
from the feces of an unrelated adult [5]. Viral DNA purified
from breast milk, formula, and infant fecal samples from 1,
2, 5, and 14 weeks of age was screened by PCR for the three
viral sequences (Fig. 3). In addition, viral DNA isolated from
the fecal viral community of an unrelated adult (on two sepa-
rate occasions separated by a year) was also analyzed for the
presence of these sequences. Although this assay is not quan-
titative, it is evident that these viral sequences were present in
the infant’s gut throughout the first 3 months of life. In addi-
tion, these sequences, which predominate in the infant’s gut
at week 1, do not appear to originate from breast milk or for-
mula. One of the viral sequences was also present in two fecal
samples collected from an unrelated adult. This sequence was
most similar to a Bacteroides integrase.

3.2. Monitoring temporal changes in an infant’s viral
community using microarrays

To further describe the temporal variation of the infant gut
viral community, viral DNA samples from week 1 and week 2
were hybridized against a microarray containing probes con-
structed from the week 1 viral sequences. A ‘‘high’’ signal
was a spot with %50% of the maximum intensity, ‘‘medium’’
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was defined as 10e50% of the maximum intensity, ‘‘low’’ was
between 1 and 10% of the maximum intensity, and any spots
with intensities <1% of the maximum intensity were consid-
ered to be ‘‘background’’. The majority of the sequences
were present at medium levels at week 1 (73%), but then
became low (23%) or background (46%) at week 2 (Fig. 4).
Over half (56%) of the sequences were present at week 1
but not week 2. All of the most abundant sequences at week
2 were of medium abundance at week 1. No sequences were

present at high levels at both week 1 and week 2, suggesting
that the infant viral community was dynamic over this short
time period, with turnover of the most abundant viral
sequences.

4. Discussion

Direct epifluorescent microscope counts did not detect any
viral particles in the meconium (i.e., the earliest infant stool
samples). By the end of the first week, however, there were
w108 virus particles per gram wet weight of feces. High back-
ground and clumping in the direct counts precluded the deter-
mination of exact viral numbers in these samples. However, it
is evident that viruses are an abundant and dynamic compo-
nent of the microbiota of the developing infant gut.

Fig. 1. Microscopy of viruses in infant feces at 1 week of age. (A) Purified infant fecal viral concentrate stained with SYBR Gold and viewed under epifluorescence
microscopy. (B) Representative electron micrographs of viruses observed in the week 1 infant fecal sample.

Known
(163)

Unknown
(314)

A Hits to Genbank nr

B Biological Groups C Phage Types

Archaea (2)
Bacteria

(34)

Eukarya
(22)

Mobile
(21)

Phage
(83)

Virus
(1)

Myo (7)

Podo (11)

Sipho
(39)

Prophage
(21)

Unclassified (5)

Fig. 2. TBLASTX sequence similarities from the uncultured viral community
from infant feces collected at 1 week of age. GenBank accession numbers:
ED651217eED651693. (A) Sequences with significant similarity (E-value
<0.001) to the GenBank nr database. (B) Similarities to major biological
groups within the ‘‘known’’ hits. (C) Major phage types identified in the infant
fecal sample.

Table 1
Genes observed amongst the phage hits based on GenBank annotation

Gene Number of sequences

Unknown 21
Endonuclease 11
Terminase 11
Methylase 7
Integrase 7
Antirepressor 6
Methyltransferase 6
Recombination protein 4
Helicase 3
Transcriptional regulator 3
DNA polymerase 1
dCMP deaminase 1
Enterotoxin 1
Tail-sheath stabilizer 1
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The initial source of viruses in the infant human gut is
unknown, though inoculation from dietary, environmental,
and maternal sources is possible. Additionally, the earliest in-
fant fecal viruses may be the result of induction of prophages
from the newly colonized microbial flora. Over 25% of the
phage-like sequences were most similar to phages that infect
lactic acid bacteria, including Lactobacillus, Lactococcus,
Streptococcus, and Enterococcus, which are known to be abun-
dant in breast milk [26]. However, in this study, the most abun-
dant viral sequences at 1 week of age were not detected in
either the breast milk or formula.

Metagenomic sequences from both the infant and a previ-
ously described adult fecal viral community were mostly
unknown. Both infant and adult viral communities were
dominated by Siphophages and prophages, supporting the
idea that the gut environment might be dominated by
phages with the ability to be temperate. Many hits to phages
that infect Gram-positive hosts were seen in both the infant
and adult fecal samples, which correlates with the abun-
dance of Gram-positive hosts in the gut environment. Inter-
estingly, one identical viral sequence was recovered from
both the feces of the infant and an unrelated adult. This se-
quence was most similar to the Bacteroides thetaiotamicron
integrase gene.

The most striking difference between the adult and infant
viral communities was that diversity of the infant fecal viral
community was much lower than that of the adult fecal viral
community (Table 2). Based on mathematical modeling of se-
quence data, the adult fecal viral community contained ap-
proximately 2000 genotypes, while the infant viral
community only contained 8 genotypes. In the infant fecal
sample, the most abundant viral genotype comprised over
40% of the total community, while the adult community had
no dominant viral genotype (most abundant virus w6% of
the total community). The low diversity in the viral commu-
nity correlates with low microbial diversity in infant guts
[13,14,24,25].

The human gastrointestinal tract has been regarded as ‘‘one
of the fiercest competitive ecological niches found in nature’’
[21]. In addition to competition for nutrients and space, the
microbial populations may also be regulated by bacteriocins
[21] or predators. Phages are an important force in controlling
the abundance and composition of microbial communities
[52]. The presence of phages may be especially important dur-
ing gut colonization and succession, by infecting the dominant
hosts and creating the opportunity for another strain to become
abundant [45]. This model of predatoreprey dynamics, termed
‘‘kill the winner’’ [44], has not previously been suggested for
gut microflora. In this model, blooms of a specific microbial
species lead to blooms of their corresponding phage, followed
by decreases in abundance of both. A prediction of this model
is that the most abundant phage genotype will not be the same
at different time points. Although some of the viral sequences
were stable in the infant gut over the first 3 months of life, the
microarray experiments showed dramatic changes in the over-
all composition of the fecal viral community between 1 and
2 weeks of age. The microbial community in developing infant
guts over this time period has also been shown to be extremely
dynamic [43,50].

Future studies should examine the ecological roles of
phages in the development of normal gut microflora in infants.
The microarray approaches used here are an example of how
these studies might be done. However, there are a number of
improvements that should be made. First, we suggest that
the viral communities from multiple infants be sampled
through time. These communities can then be pooled,

Table 2
Predictions for viral community structure and diversity in human feces as de-
termined by mathematical modeling of contig spectra using a power law rank-
abundance distribution and an average viral genome length of 50,000 bp

Baby Adult

Total no. of viral genotypes 8 1930
% Most abundant virus 43.6 6.3
ShannoneWiener Index (Hnats) 1.69 6.43

Table 3
Primer sequences used in this study

Primer set Primer sequence (50e30) Product size (bp) BLAST hit of amplified sequence

Baby1F GTGGTTGTTTGCATCCACTG 1430 Streptococcus pyogenes phage terminase,
large subunit

Baby1R ACCAAAAGCACCGTGGTAAG
Baby2F GCACATGAGACAGCTCCGTA 495 Bacteroides thetaiotamicron integrase
Baby2R GACGGCTCACATGGTAGGTT
Baby3F TTGTGTTCGCTTCATTCTCG 475 Bacillus thuringiensis phage MZTP02
Baby3R AAACAAGGTGGGACTGTTCG
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Fig. 3. PCR for three specific viral sequences originally identified in the week
1 infant fecal virus community. Samples included infant fecal virus samples
over a 3-month period, viruses purified from breast milk and infant formula,
as well as two fecal samples (separated by a year) from an unrelated adult.
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sequenced, and used to make a combined metagenome micro-
array. Individual samples can then be probed against the mi-
croarray to monitor individual phage population dynamics.
Multiple individuals need to be sampled in order to recognize
general trends in viral dynamics during colonization. These
studies would be further improved by concurrent sampling
of the microbial community. Recent advances in examining
the microbial communities of the human gastrointestinal tract
with microarrays make studies of this nature immediately pos-
sible (e.g., [31]). Understanding the viral population in the in-
fant gut will become increasingly important as prebiotics and
probiotics are being more used for manipulation of the devel-
oping intestinal microbiota [16,24,27,35,38].
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