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In this study, we investigated the abundance and diversity of single-stranded DNA (ssDNA) viruses in fecal
samples from five healthy individuals through a combination of serial filtration and CsCl gradient ultracentrifugation. Virus abundance ranged from 108 to 109 per gram of feces, and virus-to-bacterium ratios were
much lower (less than 0.1) than those observed in aquatic environments (5 to 10). Viral DNA was extracted and
randomly amplified using phi29 polymerase and analyzed through high-throughput 454 pyrosequencing.
Among 400,133 sequences, an average of 86.2% viromes were previously uncharacterized in public databases.
Among previously known viruses, double-stranded DNA podophages (52 to 74%), siphophages (11 to 30%),
myophages (1 to 4%), and ssDNA microphages (3 to 9%) were major constituents of human fecal viromes. A
phylogenetic analysis of 24 large contigs of microphages based on conserved capsid protein sequences revealed
five distinct newly discovered evolutionary microphage groups that were distantly related to previously known
microphages. Moreover, putative capsid protein sequences of five contigs were closely related to prophage-like
sequences in the genomes of three Bacteroides and three Prevotella strains, suggesting that Bacteroides and
Prevotella are the sources of infecting microphages in their hosts.
human genome (37). The frequent occurrence of HGT among
gut microbes (39, 48) and the observation of a large number of
phage-related genes from the human gut microbial metagenome implies a role of viruses in gut homeostasis (37). Still,
human gut viruses remain largely unknown and have not received much attention as an important constituent of the gut
microbiome. Few studies have examined viral diversity in the
human gut, and those studies examined samples from a few
individuals using shotgun library construction with limited resolution (4, 5, 67). Recent work characterizing fecal viromes has
found that the viral-microbial interactions in the human intestine potentially were different from the predator-prey relationship, known as “kill the winner,” exhibited predominantly in
many other environments (38).
With the development of advanced molecular techniques,
our knowledge of viral diversity has been widely revolutionized. Increased attention has been paid to the study of viruses
in a wider range of environments as the diversity and innovations associated with viruses have been shown to be much
higher than previously recognized. The diversity and abundance of single-stranded DNA (ssDNA) viruses, particularly
microphages, have been discovered using multiple-displacement amplification (MDA) with phi29 polymerase, which
made it possible to study ssDNA viruses by taking advantage of
random priming and the preferential amplification of circular
genomes (16). As a result, a high genotypic diversity of ssDNA
viruses has been found in many studies; environments as diverse as rice paddy soil (23), microbialites (12), seawater (1),
reclaimed water (42), and an Antarctic lake (28) have been
investigated. However, no evidence for elucidating their host
ranges has been reported yet (53).
Based on the recognition of the coexistence of viruses and
gut bacteria (5), further research is needed to determine their
functional role and the interactions among viruses, bacteria,

Viruses, particularly bacteriophages, are one of the main
drivers of mortality and the evolutionary change of microorganisms through horizontal genetic transfer (HGT) (40, 59).
This viral activity is believed to play a significant role in nutrient cycling and carbon flow in biogeochemical and ecological
processes (47, 61). However, the investigation of the ecological
role of viruses has been focused on aquatic systems, especially
on the marine environment, even though viruses are believed
to be ubiquitous in all ecosystems (40, 59).
The human gastrointestinal tract, considered a forgotten
organ, harbors an overwhelmingly large number of unknown
microbes, such as bacteria, archaea, microbial eukarya, and
viruses, that are armed through direct selective pressures from
the immune system (27). The maintenance and compositional
changes in the gut microbiota are known to be closely linked to
human physiology, nutrition, and the prevalence of disease
(56). Recently the connection between an altered gut microbiota and the pathogenesis of metabolic syndromes or inflammations, such as obesity, diabetes, and inflammatory bowel
disease, has been increasingly reported (17, 57, 60).
Given the critical contribution of viruses to host mortality
and genetic diversity in the ecosystem, the ecological role of
viruses also might be of significance to the microbial ecology of
the gut. The functional redundancy of the gut microbiota not
only confers stability for their fitness (27) but also contributes
to the complementation of metabolic features not coded by the
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and gut epithelial cells. In this study, we analyzed randomly amplified fecal viromes from five healthy individuals by 454 pyrosequencing to characterize the genetic diversity and composition of
DNA viruses, especially ssDNA viruses. We also determined the
diversity and structure of bacterial communities based on 16S
rRNA genes to compare them to the viral assemblages. We believe that this study should greatly improve our knowledge of the
diversity of unknown ssDNA viruses in the human intestine.
MATERIALS AND METHODS
Sample preparation. All procedures were reviewed and approved by the
Kyung Hee University Institutional Review Board (KHU IRB 2010-008). Five
healthy and similarly aged adults (23, 27, 28, 28, and 29 years old) living in Seoul,
South Korea, were selected for the analysis of viral diversity. Participants had no
known illnesses related to the gastrointestinal tract and had balanced meals at
regular times. The procedures used for the collection of viruses were the same as
those described by Thurber et al. (54). About 10 to 15 g of fresh fecal samples
from each individual, designated F-A, F-B, F-C, F-D, and F-E (see Table S1 in
the supplemental material), was collected and resuspended by stirring them into
10 volumes of SM buffer (0.1 M NaCl, 50 mM Tris-HCl [pH 8.0], 10 mM
MgSO4). An additional serial filtration of the suspensions using 10-m (Whatman, Maidstone, United Kingdom), 5-m (Advantec, Tokyo, Japan), 1-m (Advantec), 0.45-m (Millipore, Billerica, MA), and 0.22-m nitrocellulose filter
papers (Millipore) and a 0.20-m syringe filter (Satorius, Goettingen, Germany)
was employed to isolate the viral particles. CsCl layers of 1.7, 1.5, and 1.2 g ml⫺1
were used to purify the viral particles using density gradient ultracentrifugation
at 88,250 ⫻ g for 2 h at 4°C in a swinging bucket rotor (Optima L-100 K;
Beckman Coulter, Fullerton, CA). To harvest viruses, a 1.2- to 1.5-g ml⫺1
fraction was collected and concentrated using centrifugal concentration filters (Amicon Ultra-15; 30 kDa; Millipore) before the extraction of the viral nucleic acids.
Viral and bacterial enumeration. Viral and bacterial enumeration were performed as previously described (54). Briefly, 0.20-m filtrates for viruses and
fecal suspension for bacteria were diluted and attached onto 0.02-m Anodisc
filters (Whatman). Filter membranes were stained with 2⫻ SYBR gold (Invitrogen, Carlsbad, CA) for 15 min in the dark and rinsed with 1 ml of sterile water.
After being air dried, the filters were mounted onto a glass slide with an antifade
agent for visualization and quantification by confocal laser-scanning microscopy
(CLSM; LSM 510, Carl Zeiss MicroImaging). For the enumeration of viruses
and bacteria, more than 10 fields of view and at least 200 viruses and bacteria
from each sample were observed. Particles smaller than 0.5 m were considered
viruses, whereas those ranging from 0.5 to 10 m were classified as bacteria.
Morphology of viruses. For the morphological characterization of viruses, the
same density gradient purification procedure as that used by Park et al. (34) was
conducted. Briefly, the fraction collected during sample preparation was pelleted
by ultracentrifugation at 100,000 ⫻ g for 3 h at 4°C. Pellets were resuspended into
SM buffer and purified by a second CsCl density gradient at 88,250 ⫻ g for 2 h.
Collected viruses from a 1.2- to 1.5-g ml⫺1 fraction were resuspended with 10
volumes of deionized water and concentrated into final volumes of less than 0.1
ml using centrifugal concentration filters (Amicon Ultra-15; 30 kDa). Copper
grids with 200-mesh carbon-coated Formvar were floated on a droplet of the
concentrated sample, negatively stained with 2% uranyl acetate, washed with
deionized water, and air dried. Images that were magnified 50,000⫻ to 100,000⫻
were taken using an energy-filtering transmission electron microscope (LIBRA
120; Carl Zeiss, Germany).
Viral DNA extraction and sequencing. Before the extraction of the viral nucleic acids, viruses stained by SYBR gold were observed to ensure the absence of
microbial cells. Subsequently, DNase I (25 U/ml at 37°C for 1 h; Takara Bio,
Japan) was added to the viral concentrates of each sample to remove any free
DNA. Viral genomic DNA was extracted using the QIAmp MinElute virus spin
kit (Qiagen, Valencia, CA). Extracted viral genomic DNA, starting at 40 to 50 ng
per sample, was amplified using the GenomiPhi V2 DNA amplification kit
(Amersham Biosciences, NJ) in a 1-h reaction to minimize amplification bias
toward circular genomes (23). The amplification of viral DNA was performed in
duplicate, and samples were pooled prior to pyrosequencing. Amplified viral
DNA (approximately 10 g) from each sample was sequenced with the Genome
Sequencer FLX titanium (454 Life Sciences, CT). An eighth of a PicoTiterPlate
device was used for each sample.
16S rRNA gene amplification and barcoded pyrosequencing for the investigation of bacterial diversity. Approximately 1 g of each fecal sample was fully
homogenized by a pestle supplemented with 5 volumes of liquid nitrogen.
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Genomic DNA then was extracted, precipitated, and purified according to the
improved fecal DNA extraction method (66). Highly variable regions, V1 and
V2, of the 16S rRNA gene sequences were amplified from the extracted bacterial
DNA using barcode primers (8F and 518R) (3). A bacterial forward primer
designed according to a previous study by Dethlefsen et al. (13) and reverse
primer 518R (5⬘-WTTACCGCGGCTGCTGG-3⬘) were used for amplification.
Specifically, to enable the recognition of sequences from each sample, barcodes
(4 to 8 nucleotides; TACG, ATAGC, CATCTG, ATAGTGC, and TAGCA
TCG) and linkers (2 nucleotides; AC) were tagged at the 5⬘ ends of the primers.
For the libraries of each sample, eight replicated PCR amplicons were mixed to
minimize PCR bias (36). A 30-l PCR mix (2⫻ solution type Taq premix;
Solgent, South Korea) was prepared containing each barcode-primer set. To
each reaction mixture, 1 l (5 to 10 ng) of the extracted DNA template was
added. PCR conditions were 94°C for 2 min; 15 cycles of 94°C for 20 s, 55°C for
10 s, and 72°C for 40 s; and a final extension at 72°C for 5 min. Tubes containing
only barcode-primer sets were amplified to serve as a negative control. The eight
PCR replicates were pooled and purified with the QIAquick PCR purification kit
(Qiagen). Three additional cycles of amplification were employed under the
same PCR conditions as those described above (except using an annealing
temperature of 60°C) to minimize heteroduplex molecules (52). Products were
purified with the QIAquick PCR purification kit. Finally, the pooled DNA (1 g
from each sample) was sequenced with the 454 pyrosequencing Genome Sequencer FLX titanium. An eighth of a PicoTiterPlate device was used to sequence the samples.
Bioinformatics. (i) Preprocessing. To analyze the viral metagenomic sequences, raw sequence reads of each sample were filtered to minimize the effects
of poor sequence quality and sequencing errors. Sequences containing more than
one ambiguous base call (Ns), average quality scores lower than 25, and a length
shorter than 100 bp were removed using MOTHUR v.1.10.2 (44). Exact duplicates, a known systematic artifact generated by 454-based pyrosequencing, were
excluded using the 454 replicate filter using the CD-HIT program (18) provided
by the CAMERA 2 server (https://portal.camera.calit2.net), using a minimum
sequence identity of 100% and 1 bp as a maximum difference in length (33).
Bacterial raw sequence reads were filtered in the same way as the viral metagenomic sequences. Sequence reads were sorted into each sample according to
barcode-tagged primer sequences and then aligned using Pyrosequencing
Aligner in RDP (8). Barcode and primer sequences were manually trimmed,
keeping the V1 and V2 regions, using the BioEdit program (19). Reads including
either a sequencing error in the barcode and primer regions or reads shorter than
301 bp were discarded.
(ii) Viral taxonomic identification. Sequence reads from each virome were
compared to the SEED nonredundant (nr) protein database (14), CAMERA’s
nonidentical (nr) peptide sequences, and viral proteins databases (http://camera
.calit2.net; v2.0.5.0). The NCBI reference data sets of CAMERA contain the
sequence data released from GenBank (release 177) and Refseq (release 40),
and the MEGAN program (v3.9) (22) was used for CAMERA searches based on
the lowest-common-ancestor algorithm with two minimal support hits. Sequences were searched against three public databases using the BLASTx algorithm. Matches with expected (E) values of less than 10⫺5 for the SEED nr
database, 10⫺3 for CAMERA nr peptide sequences, and 10⫺5 for CAMERA
viral proteins were used for identification. The best hit with an annotated protein
sequence in the three databases was classified as known, whereas those sequences with no matches at less than the E value were classified as unknown. The
relative abundance of viral families within each virome was determined by normalizing hit numbers based on genome size and correcting for the phi29 polymerase bias (preferentially amplified as 100 times more [23]). Sequences classified as RNA viruses (only four hits in all BLAST results) were excluded because
only DNA was used for sequencing in this study.
(iii) Structure and diversity estimation. The diversity and structure of the viral
community from the five viromes were determined using alpha diversity analysis
in the CAMERA 2 server as previously described (62). The best-rank abundance
model of the five viromes was the lognormal model with the lowest error rate.
The diversity and structure of bacterial communities were determined with
MOTHUR v.1.10.2 (44). A sequence similarity of 97% was used as a cutoff for
the assignment of operational taxonomic units (OTUs) in this study. Species
richness estimators (Chao1 and Ace) and a biodiversity index (Shannon-Wiener)
were calculated.
(iv) Phylogenetic diversity of the microphage sequences. To determine the
genetic diversity of ssDNA viruses, a phylogenetic analysis of the sequences
assigned to the microphages was carried out as previously described (12). Identical sequences preprocessed from the five viromes were assembled (provided
they met the 98% minimum identity and 35-bp minimum overlap criteria) using
the 454 de novo assembler (Roche Applied Science). From the assembled con-
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FIG. 1. Relative abundance of viral families in five human gut viromes. Viral sequences were compared to public databases (SEED nr,
CAMERA nr, and CAMERA viral protein databases). Viral sequences were classified into viral families based on best matches. (A) Distribution
of viral families based on sequence matches. (B) Distribution of viral families corrected by the phi29 polymerase bias and normalized by genome
size.

tigs, large contigs (⬎500 bp) related to the putative major capsid protein gene of
microphages (tBLASTx against viral genome database; E value, ⬍10⫺5) were
extracted, and predicted open reading frames (ORF) were obtained by using an
ORF finder with a six-reading-frame translation (65). Multiple alignments of
partial sequences of major capsid protein from large contigs with 13 sequences
from the Sargasso Sea (1), 8 PCR products from marine stromatolites (12), 2
reconstructed contigs from the viromes of Antarctic lake (28), 15 sequences of
cultured members in the family Microviridae, and 6 putative capsid protein
sequences in the genomes of Bacteroides (B. plebeius DSM 17135, B. eggerthii
DSM 20697, and Bacterioides sp. strain 2_2_4) and Prevotella (P. bergensis
DSM17361, P. buccalis ATCC 35310, and Prevotella sp. strain oral taxon 317) in
the data from the human microbiome project (32) were performed using
MUSCLE (http://www.ebi.ac.uk/Tools/muscle) with default settings. The latter
were archived from BLASTp searches against the GenBank nr database. The
phylogenetic tree was constructed using MEGA 4.0 (49) and was tested by 1,000
randomly replicated bootstraps in the neighbor-joining algorithm (43).
(v) Metabolic analysis of viromes. To determine the metabolic profiles of the
five viromes, viral sequence reads and large contigs (⬎500 bp) were compared to
the SEED subsystem data set (14) by BLASTx searches (E value, ⬍10⫺2). Best
matches were used for the inference of the functions of the genes from the five
viromes.
Virome accession numbers. The fecal viromes from five volunteers are accessible in the NCBI Short Read Archive under accession number SRP005097. The
viromes also are accessible in the SEED database under accession numbers
4449580.3 to 4449584.3.

RESULTS AND DISCUSSION
Identification of DNA viruses in human feces. We obtained
enriched viruses from the fecal samples of five individuals,
which were purified with a combination of size-dependent filtration and CsCl gradient ultracentrifugation. Randomly amplified viral genomes were used for high-throughput shotgun
sequencing, with an average of 100,929 sequences achieved
(see Table S2 in the supplemental material). Following the
quality-based screening of the raw data, an average of 81,347
sequences (longer than 100 bp, with an average read length of
448 bp) was used to characterize the fecal viral assemblage.
Based on the analyses of viral sequences, 72.8 to 93.7% of the
sequence reads (classified as unknown) were not identified in
BLASTx searches against three public databases, and a small
number of the sequences (classified as known; 6.3 to 27.2%)
showed a significant degree of similarity to microbial groups,
including viruses (see Table S2). The present results are similar
to those of recent viral metagenomic studies showing that
approximately 40 to 50%, or occasionally up to 90%, of viral
sequences from environmental samples are uncharacterized
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FIG. 2. Transmission electron micrographs showing diverse viral morphologies in human feces. Scale bars are shown on the bottom of each
panel.

(24). This indicates that currently known viruses do not adequately represent the viral assemblages, as most viruses are
unknown to science (40). Data accumulated so far on bacteriophages are especially sparse compared to those for animal
and plant viruses. Indeed, most phages infecting bacteria belong to only three phyla: Proteobacteria, Firmicutes, and Actinobacteria (24). Numerous metagenomic studies on the microbiota of the human gut demonstrated the predominance of
core gut bacteria, such as Faecalibacterium, Alistipes, Bacteroides, Blautia, Roseburia, Ruminococcus, Dorea, and Bifidobacterium (50). Still, except for the only Bacteroides phage
(B40-8) and six Clostridium phages (c-st, phiCD119, phi3626,
phiC2, phiCD27, and phiCTP1), no viruses that infect these
dominant genera have been isolated. Thus, the isolation and
characterization of novel viruses in the human intestine should
be a priority to enable the description of its viral assemblage
and its role in the gut microbiota.
While previously known viral sequences from five viromes
were classified into 16 viral families (Fig. 1A; also see Table S3
in the supplemental material), most sequences were concentrated in only four families: double-stranded DNA (dsDNA)
viruses that belong to three families of the Caudovirales order,
podophages (25 to 45%), siphophages (8 to 27%), and
myophages (3 to 6%), and ssDNA viruses that belong to the
microphage family (27 to 49%). Due to the preferential amplification by phi29 polymerase (23), a large portion (27 to
49%) of the sequences shared a high degree of similarity

to ssDNA microphages containing small circular genomes. To
determine the relative abundance of each viral family, the
overestimated abundance of microphages was corrected by
considering the phi29 polymerase bias and normalizing it by
genomic size (Fig. 2B). The corrected abundances suggest that
the fecal viromes were dominated by podophages (52 to 74%),
siphophages (11 to 30%), microphages (3 to 9%), and
myophages (1 to 4%). The morphologies of dominant phages
from unknown viruses are shown in Fig. 2. Eukaryotic DNA
viruses, such as large nucleocytoplasmic DNA viruses
(NCLDVs), including poxviruses, asfarviruses, iridoviruses,
mimiviruses, and phycodnaviruses, as well as herpesviruses,
were detected only rarely (less than 1%). No sequence was
classified as being an ascovirus, which is a member of the
NCLDV families (see Table S3).
Low abundance and low diversity of viruses in human feces.
The abundance of viruses and bacteria in the five fecal samples
was calculated using CLSM by staining with SYBR Gold. Viral
abundance ranged from 1.1 ⫻ 108 to 1.5 ⫻ 109 viruses g⫺1 (wet
weight), whereas bacterial abundance ranged from 3.9 ⫻ 109
g⫺1 to 7.6 ⫻ 109 bacteria g⫺1 (wet weight) (Fig. 3). This is the
first research to determine accurate total viral abundance in
human fecal samples, which is slightly higher than that in
colonic biopsy specimens (1.2 ⫻ 108 viruses biopsy specimen⫺1) (26). Because the direct count of fluorescent particles
is a well-defined and reliable technique with high accuracy
(21), many studies of viral ecology conducted in various envi-

8066

KIM ET AL.

APPL. ENVIRON. MICROBIOL.

FIG. 3. Abundance of viruses and bacteria in human feces determined by fluorescence staining with confocal laser-scanning microscopy.

ronments employed this method (21, 35, 42). Virus-to-bacterium ratios (VBRs) also were defined, and they were in the
range of 0.019 to 0.209 (means ⫾ standard deviations [SD],
0.129 ⫾ 0.094). These ratios are considerably lower than those
reported for other environments, such as seawater and marine
sediment. In aquatic environments, VBR have been shown to
range from 5 to 10 (63), and in marine sediments a wide range,
from 0.11 to 71, has been described (9, 10, 15). In soil, however,
a low VBR of 0.04 was reported (2).
With the lower abundance of viruses than bacteria, the lower
indexes of species richness and Shannon biodiversity were calculated for the viral assemblages than those obtained for the
bacterial communities, as computed according to the in silico
comparison of viral and bacterial diversity (see Table S4 in the
supplemental material). While bacterial species richness was
estimated as 1,372 ⫾ 305 OTUs in Chao1 and 1,907 ⫾ 490
OTUs in Ace, species richness was substantially lower for the
five viromes examined, ranging from 18 to 401 viral genotypes
(means ⫾ SD, 101 ⫾ 168). Similarly, the diversity of the viral
assemblages (Shannon index, 3.09 ⫾ 0.64 nats) was lower than
that of the bacterial communities (Shannon index, 4.54 ⫾ 0.17
nats) in the fecal samples. Based on the kill-the-winner model,
the ecological role of viruses is as regulators of bacterial populations through viral predation (46). Accordingly, inactive
virus forms with diverse genotypes and high abundance are
distributed ubiquitously in the environment (6). However, the
observed low VBR and reduced diversity of fecal viromes in
this study do not support the kill-the-winner model.
In addition, many sequences were categorized prominently
as prophage-related genes. The functional profiling of the fecal

viromes showed that many viral sequences and large contigs
were identified as lysogeny-related genes of the virulence category and subsequently prokaryotic metabolism-related genes
of the cellular category, although only a few were identified (E
value of ⬍10⫺2; 3.3% ⫾ 1.3% for viral sequences and 18.9% ⫾
4.1% for large contigs) (see Fig. S1 in the supplemental material). Based on the recent work of Reyes et al. (38) characterizing fecal viromes, a few temperate phages dominating with
a high genetic stability were present in the human intestine;
consequently, the association between viruses and microbial
hosts in the human intestine cannot be described as a predatorprey relationship driven by the lytic cycle. Considering the gene
transfer capacity of viruses via lysogenic conversion, prokaryotic metabolism-related genes in the viromes might originate
from gut bacteria as lysogenic conversion genes (7). Currently,
the role of prophage elements in their host genomes has been
gaining increased attention, with their beneficial effects on
their hosts’ phenotypes beginning to be understood (7, 41, 58).
According to these studies, the bacteriophages in the human
intestine might be helpful for gut bacteria to enable their
colonization and adaptation in the intestinal community.
Divergence of ssDNA viruses in viromes. Based on the composition of the viral assemblage in the human feces, ssDNA
viruses were identified, with members of the viral family Microviridae being the major constituents of fecal viromes. However, no other ssDNA viruses, such as circovirus, nanovirus, or
parvovirus, were detected. Similarly, anellovirus, geminivirus,
and inovirus were hardly observed (see Table S3 in the supplemental material). The genetic diversity of the ssDNA microphages in the fecal viromes was determined based on a
conserved major capsid protein (pfam02305) of microphages.
From the assemblies of viral sequences, we found a total of 45
contigs with significant similarities (tBLASTx; E value of
⬍10⫺5) to Chlamydia microphage, Spiroplasma microphage,
and Bdellovibrio microphage (Table 1). Of these, 24 contigs
contained nearly full-length capsid protein sequences (F-A, 8
sequences; F-B, 3 sequences; F-C, 3 sequences; F-D, 6 sequences; and F-E, 4 sequences). To characterize the contigs,
we first analyzed putative capsid protein sequences of the five
viromes by comparing them to the GenBank nr database in
BLASTp searches (Table 2). All capsid protein sequences
from the five viromes shared a significant degree of similarity
to known capsid protein sequences of microphages (33 to 56%
identities). Replication initiation protein sequences (Rep;
PHA0330) also were observed in the 24 contigs, and 20 contigs
showed a similarity to known Rep sequences of microphages
(27 to 42% identities) (Table 2). Four contigs did not contain
Rep sequences due to their short length. Surprisingly, five

TABLE 1. Overview of the total number of viral sequences and contigs for five fecal samples
Sample

No. of
raw reads

High-quality,
nonredundant
sequences

No. of all
assembled contigs
(⬎100 bp)

No. of
singletons

No. of large
contigs
(⬎500 bp)

No. of known
contigs

No. of microphage
contigs

F-A
F-B
F-C
F-D
F-E

113,054
109,569
68,391
115,121
98,511

90,273
88,810
53,342
95,902
71,806

634
810
737
367
296

2,945
2,930
1,783
2,210
2,825

465
571
549
246
181

70
82
90
43
35

9
4
10
17
5
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Sample
and contig

TABLE 2. Features of the putative microphages from five fecal viromes
BLASTp results

Putative replication initiation protein
(PHA00330 superfamily)

97
87
89
80
86

48

35
34
31

27
33
32
33
32

34

Identity (%)

92
201
351

539
330
343
338
338

243

Length

Capsid protein (pfam02305)

Length
Prevotella sp. oral taxon 317 (2e⫺06)
Not found
Not found
Bacteroides sp. 2_2_4 (2e⫺29)
Chlamydia phage 4 (1e⫺30)
Chlamydia phage 4 (3e⫺32)
Chlamydia phage 4 (3e⫺30)
Chlamydia phage 4 (8e⫺31)

92
89
100

343
305
331

No. of
assembled
reads

Identity (%)

576
436
436
618
486
564
512
569

Prevotella buccalis ATCC 35310 (4e⫺07)
Chlamydia phage CPAR39 (1e⫺18)
Spiroplasma phage 4 (9e⫺30)

30
44
30

Length (bp)
Coverage (%)

33
39
37
34
42
48
39
42

602
530
579

98
85
83

532
532

Amino acid

Best hit (E value)

100
91
91
100
98
96
99
98

39
48
45

Spiroplasma phage 4 (3e⫺29)
Chlamydia phage 3 (6e⫺57)
Bdellovibrio phage phiMH2K (5e⫺27)

28
35

380
329

Coverage (%)

Chlamydia phage Chp1 (5e⫺75)
Bdellovibrio phage phiMH2K (8e⫺60)
Bdellovibrio phage phiMH2K (5e⫺59)
Bacteroides plebeius DSM 17135 (3e⫺89)
Chlamydia phage 4 (1e⫺95)
Chlamydia phage 4 (5e⫺129)
Chlamydia phage 3 (3e⫺89)
Chlamydia phage Chp2 (9e⫺106)
99
98
88

470
498
566

96
57

42
31

Best hit (E value)

56
22
29
1,030
156
103
370
2,283
Bacteroides eggerthii DSM 20697 (4e⫺106)
Chlamydia phage phiCPG1 (6e⫺137)
Chlamydia phage 4 (1e⫺114)

45
56
41

50
87

Amino acid

5,126
1,310
1,310
6,300
5,316
5,159
5,776
5,663
169
652
115

99
100
98

Not found
Bacteroides sp. 2_2_4 (4e⫺36)
Bacteroides sp. 2_2_4 (2e⫺36)
Not detected
Bacteroides sp. 2_2_4 (9e⫺18)
Spiroplasma phage 4 (7e⫺27)

F-A
Contig185
Contig475
Contig639
Contig845
Contig846
Contig847
Contig848
Contig850
5,088
5,225
5,121

Spiroplasma phage 4 (2e⫺98)
Chlamydia phage CPAR39 (3e⫺162)
Chlamydia phage 4 (1e⫺101)

569
618
619
344
584
541

F-B
Contig744
Contig905
Contig907
90
534
193

37
38
38
50
39
37

3,791
4,810
5,536

98
99
99
99
99
100

F-C
Contig288
Contig759
Contig760

Chlamydia phage 4 (1e⫺92)
Bacteroides eggerthii DSM 20697 (5e⫺107)
Bacteroides eggerthii DSM 20697 (2e⫺105)
Chlamydia phage phiCPG1 (1e⫺85)
Bacteroides eggerthii DSM 20697 (2e⫺111)
Chlamydia phage CPAR39 (8e⫺86)

50
167
2,727
367
561
410

238

3,125
5,420
5,496
1,933
6,230
5,298

49

298
338

F-D
Contig061
Contig335
Contig377
Contig401
Contig489
Contig491

82

31
34

3 (1e⫺170)
3 (2e⫺128)
CPAR39 (5e⫺95)
phiCPG1 (7e⫺89)

98
80

phage
phage
phage
phage

Chlamydia phage Chp2 (1e⫺50)
Not found
Chlamydia phage Chp2 (6e⫺26)
Spiroplasma phage 4 (2e⫺31)

Chlamydia
Chlamydia
Chlamydia
Chlamydia

538
559
595
511

4,261
4,400
1,432
589

56
45
38
40

4,881
3,789
5,774
5,769

98
99
96
99

F-E
Contig213
Contig287
Contig543
Contig544
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FIG. 4. Phylogenetic tree generated by the neighbor-joining algorithm of capsid protein sequences from fecal samples, cultured isolates, and
environmental samples. Environmental sequences from previous studies of the Sargasso Sea (1), Highborne Cay (12), and Antarctic lake (28), 15
known sequences from cultured isolates (Chlamydia phages, Bdellovibrio phages, and Spiroplasma phages [in green] and Enterobacteria phages),
and the predicted sequences from three Bacteroides and three Prevotella strains were aligned with the fecal sequences. Partial sequences of capsid
protein were used for the phylogenetic analysis. Sequences were enveloped by their origins, and subgroups from fecal samples were intestinal
microphages I, II, III, and IV and Bacteroides microphages. Filled and empty circles at internal nodes indicate bootstrap values greater than 90
and 50%, respectively. The scale bar represents 0.2 amino acid substitutions per site.

capsid protein sequences (contig845 from F-A; contig744 from
F-B; and contig335, contig377, and contig489 from F-D)
shared a significant similarity with six prophage-like sequences
in the genomes of three Bacteroides and three Prevotella strains
(34 to 39% identity). The 24 contigs were arranged with publicly known sequences from cultured isolates and environmental samples (see Fig. S2 in the supplemental material), and the
phylogenetic relationship subsequently was determined (Fig. 4;
also see Fig. S3 in the supplemental material). As a result, five
different evolutionary groups, named as intestinal microphages
I, II, III, and IV and Bacteroides phages, were clearly formed,
and all were only distantly related to previously known microphages. The Bacteroides phages contained five sequences
from the F-A, F-B, and F-D viromes and three sequences from
three Bacteroides spp., whereas the Prevotella spp. sequences,
named the Prevotella phages, were grouped separately from the
Bacteroides phages.
The phylogenetic analysis showed that the microphages isolated from human feces were distantly related to previously
known microphages, indicating that the diversity of ssDNA
microphages in the human intestine is much higher than previously foreseen. The existence of a higher genotypic diversity
of microphages in the human gut than in other environments
also brings expectations of their important ecological role in
the human intestine. Due to technical limitations (16), previous studies have been concentrated on dsDNA viruses, espe-

cially ssDNA and ssRNA viruses. Thus, current knowledge
about the diversity and distribution of ssDNA microphages still
is incomplete. Here, we showed that the diversity of ssDNA
microphages may be much greater than previously recognized.
Hence, groups defined by their sources of origin are clearly
shown not only among gut microphages but also among all
other microphages. Indeed, the geographical distribution of
ssDNA microphages in the marine environment has gained
much attention (55). However, this observation also may be
valid for different environments, as shown in Fig. 3. Such biogeographical variability implies a certain connection between
the lifestyle of microphages and the distribution of their hosts
(55). ssDNA microphages and their host ranges should be
further explored to enable the understanding of their ecological role in these environments.
Bacteroides and Prevotella as infecting hosts of ssDNA microphages in the human intestine. The close relatedness between five microphage sequences from the fecal viromes and
those of three Bacteroides and three Prevotella strains, based on
major capsid protein and Rep sequences, suggests that microphages in the human gut are closely identified as having
Bacteroides and Prevotella as their hosts. Gut bacteria and
Bacteroides and Prevotella species of the phylum Bacteroidetes
are capable of utilizing diverse types of dietary fibers, thus
producing short-chain fatty acids that potentially are effective
as an energy supplement and in gut inflammatory responses
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(11, 30, 45). For this reason, changes in their relative abundances are closely related to the prevalence of obesity, gut
inflammation, and autoimmune disease (17, 25, 57). In many
previous studies, exchanges of functional genes, such as carbohydrate-active enzymes (CAZymes), were shown in dominant
gut microbes (29, 51), and remarkably, a prevalence of
CAZyme-encoding genes rearranged by HGT was found in a
Bacteroides population (51). In the Bacteroides phage cluster,
the transfer of CAZymes from the marine bacterium Zobellia
galactanivorans to the Japanese gut bacterium Bacteroides plebeius via diet has been reported recently (20). Due to the
possibility of gene acquisition by lateral gene transfer, symbiotic Bacteroidetes can be present and adapted to distinct niches
(64). The relatedness results showing fecal microphages with
prophage-like elements of Bacteroides and Prevotella indicate
that fecal microphages might play an important role in the
genotypic diversity of Bacteroides and Prevotella populations by
acting as gene exchangers in the human intestine. A few genes
introduced from mobile elements, such as bacteriophages,
could make a strain physiologically distinct (31) and contribute
to the colonization of the human intestine by Bacteroides and
Prevotella. The ecology of bacteriophages in the human intestine will be further studied. In particular, the influence of
lysogenic phages on host gut bacteria needs to be explored. We
believe that this study greatly contributes to our knowledge of
viral ecology in the human intestine.
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