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CRISPR targeting reveals a reservoir of common
phages associated with the human gut microbiome

Adi Stern,’3* Eran Mick,'?* Itay Tirosh,' Or Sagy,' and Rotem Sorek'->

’Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel; 2School of Computer Science
and Faculty of Life Sciences, Tel Aviv University, Tel Aviv 69978, Israel

The bacterial community in the human gut has crucial health roles both in metabolic functions and in protection against
pathogens. Phages, which are known to significantly affect microbial community composition in many ecological niches,
have the potential to impact the gut microbiota, yet thorough characterization of this relationship remains elusive. We
have reconstructed the content of the CRISPR bacterial immune system in the human gut microbiomes of 124 European
individuals and used it to identify a catalog of 991 phages targeted by CRISPR across all individuals. Our results show that
78% of these phages are shared among two or more individuals. Moreover, a significant fraction of phages found in our
study are shown to exist in fecal samples previously derived from American and Japanese individuals, identifying
a common reservoir of phages frequently associated with the human gut microbiome. We further inferred the bacterial
hosts for more than 130 such phages, enabling a detailed analysis of phage—bacteria interactions across the 124 individuals
by correlating patterns of phage abundance with bacterial abundance and resistance. A subset of phages demonstrated
preferred association with host genomes as lysogenized prophages, with highly increased abundance in specific in-
dividuals. Overall, our results imply that phage-bacterial attack-resistance interactions occur within the human gut
microbiome, possibly affecting microbiota composition and human health. Our finding of global sharing of gut phages is

surprising in light of the extreme genetic diversity of phages found in other ecological niches.

[Supplemental material is available for this article.]

The human microbiome, representing the collection of all mi-
crobes that live on and within a human being, is composed of 10
times more cells than human cells (Eckburg et al. 2005; Walter and
Ley 2011). These naturally occurring microbes, particularly those
that reside in the human gut, are known to provide humans with
crucial metabolic functions. They allow harvesting and storing
energy from various dietary products, influence the development
of the immune system, and protect from colonization by patho-
gens (Hooper et al. 2002; Dethlefsen et al. 2007). In a recent study
by the MetaHIT Consortium (Metagenomics of Human Intestinal
Tract) (Qin et al. 2010), DNA from fecal samples of 124 Europeans
was sequenced to generate deep coverage of the human gut
microbiome. Analysis of the assembled DNA fragments showed
that the human gut microbial gene set is 150 times larger than the
human gene complement (Qin et al. 2010).

In many studied ecosystems, phages outnumber bacterial
cells by a factor of 10:1, posing significant predation pressure on
their hosts (Chibani-Chennoufi et al. 2004). This phage pressure
has been shown to play a crucial role in the evolution, diversity,
and abundance of bacteria (Avrani et al. 2011; Stern and Sorek
2011). The richness and density of gut bacterial species and pop-
ulations make the human gut an ideal ecological niche for phages.
Indeed, the existence of phages in the human and animal gut has
been demonstrated repeatedly using transmission electron mi-
croscopy (Letarov and Kulikov 2009), and virus-like particles
(VLPs) were observed in high density on the surface of human gut
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mucosa. Furthermore, metagenomic sampling has shown that the
majority of DNA viruses in the human gut are bacteriophages
(Breitbart et al. 2003). However, research on the identity and
prevalence of phages infecting gut-residing microbiota and of their
effects on gut bacterial populations is still in its early days.
Recently, VLPs isolated from feces of four pairs of mono-
zygotic twins and their mothers (Reyes et al. 2010), as well as six
unrelated individuals (Minot et al. 2011), were sequenced over
several time points. Both studies detected a largely unique and
stable phage complement within each individual. These studies
suggested that phages are rarely shared among individuals and that
a predatory viral-microbial dynamic, as characterized in various
other ecosystems, may be absent in the distal human gut.
Clustered regularly interspaced short palindromic repeats
(CRISPR) loci, together with their associated cas genes, have been
shown to constitute a defense system against propagation of phages
and plasmids (Barrangou et al. 2007; Marraffini and Sontheimer
2008; Sorek et al. 2008). CRISPR loci are composed of short repeat
sequences separated by hypervariable “spacer” sequences, usually
sized 24-50 bp. In the first stage of bacterial defense, bacteria in-
corporate fragments of phage or plasmid genomes as novel spacers.
These spacers are then transcribed into small RNAs, which together
with the Cas protein complex guide the way to interfere with
phage replication (van der Oost et al. 2009; Horvath and Barrangou
2010; Karginov and Hannon 2010; Marraffini and Sontheimer
2010). Thus, CRISPR spacers may be viewed as a database of frag-
ments derived from phage and plasmid genomes. Indeed, CRISPR
spacers have previously been used to identify phages in several
metagenomic data sets, including microbiomes harvested from
acid mine (Andersson and Banfield 2008), hot spring (Snyder et al.
2010), and human oral cavity (Pride et al. 2011) environments.
One of the major caveats of metagenomic analyses is that in
most cases, microbes and viruses are sequenced together, thereafter
making it difficult to distinguish between the two. Even when
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VLPs are isolated and sequenced directly, it is nearly impossible to
identify the specific hosts of the isolated viruses, precluding the
analysis of the relationship between virus and host. Here, we use
the link between bacterial CRISPR spacers and the infecting mobile
elements to study these interactions in the human gut.

To this end, we have analyzed the most extensive meta-
genomic sequencing data of the human gut microbiome produced
to date (the MetaHIT set), composed of 576.7 billion bases of se-
quence (Qin et al. 2010). We extracted CRISPR spacers directly
from the raw sequencing reads and then used these spacers as
probes to search for phage genomic segments within the assem-
bled sequences of the metagenomes (Fig. 1). This allowed us to (1)
identify and characterize a large catalog of phages and mobile el-
ements that infect bacteria in the human gut; (2) identify, for
a subset of these phages, their bacterial hosts; and (3) perform a
subject-wide analysis of phage-bacteria coexistence, by correlating
patterns of phage abundance with patterns of bacterial abundance
and resistance. These results were then compared across data sets
obtained from additional microbiome sequencing projects, re-
vealing the existence of a reservoir of both dormant and active
phages frequently associated with the human gut microbiome.

Results

A catalog of phages in the human gut

In previous analyses of the assembled MetaHIT data (Qin et al.
2010), identification of CRISPR regions was not performed because
the short Illumina reads and the repetitive nature of CRISPR arrays
impeded CRISPR assembly. We used a specifically tailored CRISPR-
extraction protocol on the raw sequence data of the 110 samples in
which 75-bp reads were sequenced (Fig. 1; Methods). Overall, we
identified a total of 52,267 spacers in the samples analyzed (Sup-
plemental Data Set S1). On average, 475 unique spacers were found
in each individual, with the number of identified spacers per
sample ranging from 130 to 1017 (Supplemental Table S1). Based

known CRISPR repeat
GTTTTAGAGCTGTGCTGTTTCGAATGGW(CAAAA;

Identify CRISPR reads
P —

Metagenomic reads from gut microbiota

on simulations with known gut-residing bacterial genomes, our
method detects ~60%-100% of the actual number of spacers per
sample in the most abundant gut bacteria, yet requires much
higher sequencing depth to detect spacers from the less abundant
bacterial species (Supplemental Fig. S1; Supplemental Text). Thus,
the number of immunity spacers reported here is most likely an
underestimate of the full repertoire of CRISPR spacers in the hu-
man gut. Taking this into consideration, these results suggest that
human gut bacteria cumulatively hold a vast immune repository
against phages and other mobile elements.

To identify assembled phage genomes in the MetaHIT data, we
used the detected spacers as probes to search all assembled contigs
from this sequencing project (Fig. 1; Methods). Accordingly, 18,188
spacers (34.8%) were found to match 47,561 contigs sized between
500 bp and 134 kb, which lacked the CRISPR repeat (Supplemental
Data Set S2). We denote these contigs as mobile genetic element
(MGE) contigs. Since the MGE contigs we identified may contain
redundancy (e.g., the same phage genome was independently as-
sembled in several different individuals), we performed clustering
of the contig nucleotide sequences and used the longest contig of
each cluster as its representative (Methods). This resulted in a col-
lapse of the identified contigs into a nonredundant set of 11,639
MGE contigs, cumulatively totaling 77.3 Mb of DNA sequence
(Supplemental Data Set S3).

To corroborate the origin of MGE contigs, we compiled a da-
tabase of phage-only proteins (i.e., proteins exclusively associated
with phage, nonbacterial functions; see Methods). We next per-
formed bootstrap resampling of non-MGE MetaHIT contigs to
produce 100 data sets of the same size as the MGE contigs data set,
and found that on average 8.5% (+0.2%) of the contigs in these
data sets match phage proteins. On the other hand, 23% of the
MGE contigs matched such phage proteins, suggesting that the set
of contigs we identified using the CRISPR spacers is highly enriched
for phage-derived DNA (P < 0.01 based on bootstrap distribution).

To further establish that the contigs we identified are of phage
origin, we used the data obtained in the study of Reyes et al. (2010)
and the study of Minot et al. (2011),
composed of the DNA sequence data of
VLPs isolated from the feces of a total of
18 American individuals across several
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time points. We found that 20.1% of the
Reyes VLP reads mapped to our non-
redundant MGE contigs (with at least
85% identity over at least 85% of the read
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reads. The results represent an average
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Figure 1. CRISPR spacers are used as probes to fish out phage genomes. In the MetaHIT meta-
genomics study (Qin et al. 2010), gut microbes were harvested from feces of 124 individuals, and DNA
was sequenced to generate short reads (75 bp). These reads were then assembled into contigs, which
mainly represent DNA of gut-residing bacteria, but potentially also contain DNA of phages associated
with these bacteria. In the present study, CRISPR spacers were detected by searching for reads that
match a known CRISPR repeat on both sides of the read. The spacers detected were then used to probe
assembled contigs, and phage and mobile element contigs were identified as those showing high se-

quence identity with a spacer (but not with the CRISPR repeat).

strongly suggests that many of the contigs
we identified represent partial or full phage
genomes.

The MGE contigs we collected prob-
ably largely represent a mixture between
DNA of phages, plasmids, and transpos-
able elements, since all of these mobile
elements were found to be targeted by
CRISPR (Horvath and Barrangou 2010). To
specifically study phage genomes, we first
selected only MGE contigs sized 10 kb or
more (Reyes et al. 2010) since these are
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expected to represent a significant portion of the phage genome
and are also less likely to appear as disjoint fragments of the same
phage. We then classified these large contigs as phage-originated if
one or more predicted ORFs showed similarity to phage-only genes
(Supplemental Data Set S4; Methods). We also included large MGE
contigs that were significantly covered by the VLP-derived se-
quence data sets (Reyes et al. 2010; Minot et al. 2011), because
these were directly extracted from virus-like particles (Methods).
This classification resulted in 991 contigs, totaling 22.3 Mb, which
most probably represent genomes of gut-residing phages. The
analyses henceforth refer to these 991 phage contigs.

A reservoir of common phages associated with the human gut
microbiome

We first attempted to infer the taxonomic classification of the
CRISPR-targeted phage contigs. This was accomplished by
matching predicted ORFs from the phage sequences to proteins of
members of ICTV (International Committee on Taxonomy of
Viruses)-defined families deposited on NCBI (Methods). Among
the 304 (30.7%) of the phage contigs that were classified un-
ambiguously, we found a vast abundance of Siphophages (78%),
with a minority of Myophages and Podophages (11.5% and 6.5%
of assigned contigs, respectively) (Supplemental Fig. S2; Supple-
mental Data Set S5). For 73% of classified contigs, the assignment
was based on multiple concurring ORFs, suggesting reliable clas-
sification. These results show that all dominant gut phage types
previously identified by fecal VLP sequencing (Breitbart et al. 2003;
Reyes et al. 2010; Minot et al. 2011) are also targeted by the CRISPR
systems of gut bacteria. We also checked for enrichment of gene
functions in the phage sequences compared with bacterial ge-
nomes (Methods). Aside from phage structural genes, we found an
abundance of DNA replication and phage metabolic functions
(e.g., hydrolases, nucleotide synthesis), as well as restriction-
modification systems and antibiotic resistance beta-lactamases
(Supplemental Table S2). The latter is in line with studies sug-
gesting that gut phages hold genes with a selective advantage to
their host (Wang et al. 2010; Minot et al. 2011).

We proceeded to inspect the distribution of presence and
abundance of the phage contigs we identified in the 124 sampled
individuals. A phage contig was deemed present in a sample if it
was covered by metagenomic reads from that sample throughout
a significant portion (at least 70%) of the region bounded by proto-
spacers and phage-only genes, while abundance was determined as
coverage per kilobase per millions of reads (Methods; Supple-
mental Text). In each individual an average of 101 (10.2%) of the
phages we identified were present, with the maximum reaching
181 (18.3%) in sample MHO0006 (Supplemental Data Set S6). In
general, individual viromes were characterized by a small number
of highly abundant phages alongside a larger number of phages
present in low abundance (Fig. 2B), in congruence with results
from fecal VLP sequencing studies (Reyes et al. 2010; Minot et al.
2011).

Interestingly, 78% of the phages we identified were present in
two or more individuals (Fig. 2A), and the median number of in-
dividuals in which a phage contig appeared was 5, indicating that
sharing of phages within the sampled population was not un-
common. Moreover, 29% of phage contigs were shared among at
least 10% of the sampled population, with a small minority (2.9%)
found in half of the samples or more. Many of these most abun-
dant phages appeared as prophages integrated into their host ge-
nomes (Fig. 2A, and see below). Reads mapping to phage regions of

shared contigs showed an average range of 3.6% between the
maximum and minimum sequence identity across samples where
they appeared (Supplemental Text).

Nevertheless, no coherent clustering of individuals based on
their profile of phage contig presence was observed (Supplemental
Fig. S3; Supplemental Data Set S7; Methods). This was mostly due
to a generally sporadic pattern of presence of rarer phages across
individuals, with most similarity between any two profiles explained
by those phages relatively widely shared in the population. More-
over, abundance of a phage could vary more than 100-fold be-
tween individuals where it was present (Supplemental Data Set S6).

To test whether gut microbiota phages might be shared be-
tween more geographically distant individuals, we attempted to
map the raw VLP metagenomic sequencing reads generated from
American individuals in the Reyes et al. (2010) and Minot et al.
(2011) studies onto the genomic DNA of the 991 phages we
identified in the European MetaHIT samples (Methods). We found
123 (12.4%) MetaHIT phage contigs that had significant coverage
of VLP sequence data from the Reyes et al. study, and 162 (16.3%)
MetaHIT contigs that had significant coverage from the Minot
et al. study. Since these contigs were found to be covered by data
derived from virus-like particles, they largely represent phages
shown to become active, at least in human feces. To further query
whether gut viromes can be shared between other geographically
distant populations, we examined the metagenomic study of gut
microbiota from 13 Japanese individuals (Kurokawa et al. 2007).
Fifty (5%) of our phage contigs were significantly covered by
metagenomic sequences collected from Japanese individuals. We
note that these samples were sequenced at much lower depth,
likely leading to significant underestimation of viral sequences in
their gut metagenome (Supplemental Fig. S4; Supplemental Text).

Overall, 246 (24.8%) of the phages we identified in the MetaHIT
European data were shared by at least one other data set. As may
be expected, these phages also tended to be significantly more
abundant within the MetaHIT population itself (Fig. 2D), with
median prevalence of 16.5 individuals compared with a median
prevalence of four individuals for phages not shown to exist in
another data set (P < 10715, Mann-Whitney U-test). Nevertheless,
30% of phages present in another data set appeared in five or less
MetaHIT individuals (Supplemental Data Set S6), so that even
phages that seldom appeared in the MetaHIT population were
found in geographically distant individuals.

We next checked if multiple samples harbored CRISPR spacers
targeting each of the 991 phage contigs we detected, regardless of
whether the phage itself was detected in the sequencing data of the
samples. Indeed, a majority of phages (72%) were targeted by
spacers found in bacteria from multiple individuals, with the
maximum number of individuals targeting a single phage reaching
43 (Supplemental Data Set S6). The observation that gut micro-
biota across individuals possess spacers targeting some of the same
phages may reflect a combination of shared bacterial strain an-
cestry and ongoing pressure maintaining or shaping gut bacterial
CRISPR arrays to respond to these shared phages.

Overall, our results point to the existence of a reservoir of
phages frequently associated with the gut microbiome. We note,
however, that the variable nature of the data sets examined—in
terms of number of individuals sampled, sequencing depth, and
phage detection methods—precludes a reliable quantitative esti-
mate of the exact degree of sharing in the overall gut phage cohort.

We next attempted to assess the comprehensiveness of the
phage set we identified in the MetaHIT data (Fig. 2C; Methods).
Discovery rates of new phages using CRISPR spacer targeting did
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Figure 2. Phage distribution across individuals and populations. (A) Phage abundance profile. (X-axis) Range of the number of samples in which a phage
was present; (y-axis) number of phages whose prevalence is in the range specified. A phage was deemed present if it was significantly covered by
metagenomic reads in the sample (Methods). (Blue) Phages shown to integrate into bacterial genome in at least one of the 124 samples; (red) phages with
no evidence for integration. (B) Virome profiles of individual samples. Phages are sorted separately in each sample (row) according to their abundance in
that sample. (Brown) Highly abundant phages; (yellow) phages of intermediate abundance; (light blue) phages of low abundance. Coverage is measured
in reads per kilobase per millions of reads (RPKM). (C) Discovery rate of new phages as a function of number of samples investigated. Samples were added
one at a time and in each step spacers were identified. Phage contigs matching to the cumulative set of identified spacers were counted as detected. This
analysis was repeated 10 times with random sample order; the charts depict the mean values obtained over the 10 iterations, and bars demarcate
maximum and minimum values. (D) Evidence for presence of phages identified in this study (based on MetaHIT data) (Qin et al. 2010) in VLP data derived
from American individuals (Reyes et al. 2010; Minot et al. 2011), and in gut metagenomic data derived from Japanese individuals (Kurokawa et al. 2007).
(Bottom row) 991 phage contigs as bars sorted by prevalence in the MetaHIT population (heatmap). In each of the top three rows, a bar is colored if the
phage is significantly covered by reads from the data set listed. The number of individuals in each data set is in parentheses.

not reach saturation, indicating that additional phages are ex- studies, where complex communities of microorganisms are se-
pected to be found with more individuals sampled. However, the quenced together, makes such phage-host assignment highly
curve shows that rate of discovery of new phages diminishes with challenging (Tadmor et al. 2011). We set out to use CRISPR arrays as
addition of new samples. For example, the average number of new a connecting link enabling the identification of specific bacteria
phages detected in each individual among the first 20 individuals targeted by specific phages (Fig. 3A-C). It is well established that
sampled is 11.1, but the rate drops to 4.4 new phages/sample CRISPR arrays acquire spacers in a nonsymmetrical, unidirectional
among the last 20 individuals. mannet, so that new spacers are always inserted next to the CRISPR

“leader” sequence. Thus, different isolates of the same bacterial
strain are more likely to share some of the leader-distal spacers but
to differ in their leader-proximal spacer content, depending on
To gain insight into the contribution of phages to the composition of their most recent encounters with phages (Tyson and Banfield
gut microbial communities, it is first essential to understand which 2008). We were able to demonstrate that this principle holds true
phage infects which bacteria. However, the nature of metagenomic for gut bacteria based on the MetaHIT data set (Supplemental Table

Phage-bacteria infection-resistance interactions
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Figure 3. Phage/host infection and resistance interactions. (A) The CRISPR region in the isolate gut bacterium Clostridium sp. L2-50, which was se-
quenced as part of the Human Microbiome Project (HMP) (Turnbaugh et al. 2007). Shown is a 10-kb region from the draft assembled genome. (Block
arrows) Annotated genes. (B) A CRISPR array reconstructed from metagenomic sequence reads of sample MH0009 partially matches the Clostridium sp. L2-
50 array. (Dark blue boxes) CRISPR repeats; (red and cyan lines) spacers. Spacers are numbered according to their position in the array relative to the leader
sequence. Spacers show identity in sequence and in order at the leader-distal region (“old” spacers), while leader-proximal spacers (newly acquired) differ
between the arrays. (C) Contig V1.UC-21.scaffold27073_1 was identified as a phage in this study, because it is hit by multiple spacers. (Block arrows)
Genes with colors denoting function; (red) phage-specific genes; (blue) DNA replication genes; (white) genes of unknown function; (brown) genes of
other functions. (Cyan arrows) Positions where spacers from the reconstructed array in panel B show identity with the phage sequence (spacer hits not
drawn to scale). All drawn spacers fully match or have one mismatch with the phage sequence. (D) Abundance of bacterial host versus phage in MetaHIT
samples. X- and y-axes represent abundance of the bacterial host and phage, respectively, measured in RPKM. Each data point represents a European
individual sampled as part of the MetaHIT gut microbiota project (Qin et al. 2010). Green-filled samples are those in which our analysis found a spacer that
matched the phage sequence. Sample MH0009, in which the CRISPR array in panel B was reconstructed, is identified.

S3), suggesting that attack-resistance events between bacteria and multiple shared “old” spacers ensures a recent common ancestor
phages can lead to adaptation of CRISPR arrays in the gut. from which the fully sequenced isolate and the strain present in
We therefore used the spacer-containing metagenomic reads the metagenomic sample were derived. Although horizontal
identified above to assemble 1160 sample-specific, partial CRISPR transfer of CRISPR arrays (Minot et al. 2011) could potentially re-
arrays of between six and 50 spacers long (Supplemental Data Set sult in similar spacer sharing, such an event is likely much rarer
S8; Methods). We then searched for arrays that showed consecutive than simple spacer acquisition and is further discounted when the
matching “old” spacers in a CRISPR array in one of 350 human genomic coordinates of the array in the sequenced isolate and the
microbiome isolate genomes that were fully sequenced (Fig. 3A,B; strain present in the sample are identical (as in Fig. 3).
Turnbaugh et al. 2007). Such a match can assign CRISPR arrays to Spacers present in the CRISPR array are derived from DNA of
specific bacteria because the CRISPR region is highly variable among phages that previously infected the host (Sorek et al. 2008). Spacers
bacterial strains (Tyson and Banfield 2008). Thus, the presence of found in our bacteria-assigned arrays therefore match phages that
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target these same bacteria (Fig. 3B,C). Using this linkage between
bacteria~CRISPR-phage, we were able to assign 31 phage contigs to
11 different bacterial hosts (Supplemental Data Set S6). Fourteen of
these phages (45%) target species of Bacteroidetes and Parabacteroidetes,
consistent with the documented abundance of these groups in the
human gut (Eckburg et al. 2005). Additional species for which
specific phages were identified, many of which belong to the gut-
abundant Clostridia class, included Clostridium sp. 12-50, Dialister
invisus, Ruminococcus sp. 5_1, Roseburia intestinalis, Bifidobacterium
adolescentis, and Acidaminococcus sp. D21 (Supplemental Data Set S6).

To gain further understanding of the relationship between
phage and host distribution in gut microbial communities, we
next examined the abundance profiles of phages and their inferred
bacterial hosts across the MetaHIT fecal samples from 124 in-
dividuals (Methods) (Fig. 3D). For most phages (66%), the distri-
bution showed lower levels of phage as compared with its bacterial
host across the majority of samples where the phage existed, with
occasions of relative phage dominance in specific individuals,
defined here as when phage abundance significantly exceeds that
of its bacterial host (Fig. 3D). Such phage dominance over its host
suggests that in those individuals the phage might be bursting at or
near the time of sampling. However, the lack of time-point data in
our study does not allow verification of this hypothesis.

We next examined the correlation between evidence for
CRISPR resistance and phage prevalence among the 110 samples in
which CRISPR spacers could be extracted. For most (84.8%) sam-
ple-phage pairs where the phage was targeted by a spacer, the
sample did not harbor the same phage. This suggests the potential
effectiveness of CRISPR in excluding targeted phages. Neverthe-
less, the non-negligible number of sample-phage pairs where the
phage and a targeting spacer coexist could suggest an attack-re-
sistance interaction at the time of sampling, or association of the
phage with a sensitive host subpopulation while another sub-
population carries the immunity spacer.

We also found positive correlation between the existence of
a spacer 100% identical to a phage sequence and the existence of
that phage in the same gut sample. In 21.2% of cases where
a sample had one or more spacers fully matching to a phage contig,
the targeted phage was present in the sample (although usually at
low levels), as compared with only 13% of cases where spacers with
alower match were found (P < 10~'°, Chi-square for independence).
Spacers matching the phage precisely suggest a more recent acqui-
sition since not enough time has elapsed for accumulation of mis-
matches, particularly taking into account the typically fast pace of
viral evolution. A possible interpretation of this result is therefore
that these spacers were recently acquired in response to phage pre-
dation, and active phages still coexist with resistant bacteria in the
same sample.

Lysogenic life style of microbiota phages

It was previously suggested that human gut viromes are dominated
by temperate phages, capable of lysogenic life cycles (Breitbart
et al. 2003; Reyes et al. 2010; Minot et al. 2011). Our data indeed
show a significant subset of phages capable of a lysogenic lifestyle
in the human gut: In 244 (24.6%) of the phage contigs we iden-
tified, an ORF with homology with an integrase or a recombinase
was detected, indicative of ability for integration into a bacterial
genome (Methods; Supplemental Data Set S4). To further identify
evidence for a lysogenic life cycle, we looked for cases in which the
assembled phage contigs also contained flanking sequences
showing identity with one of 350 sequenced human microbiome

genomes. For 135 phage contigs (13.6%), such evidence of pro-
phage integration into a bacterial genome was found in at least one
of the 124 individuals sampled (Fig. 1A; Supplemental Data Set S6).
Taxonomically, the hosts of these prophages belonged primarily to
the gut dominant phyla Bacteroidetes and Firmicutes, in congruence
with previous observations (Supplemental Data Set S6; Reyes et al.
2010). In all cases in which the bacterial host of the phage was
inferred both through a CRISPR array and through prophage in-
tegration, inferences were in close agreement (Supplemental Data
Set S6).

Figure 4, A and B, presents an example for such prophage in-
tegration. This example most probably represents a prophage that
was assembled in the context of the genome in which it had in-
tegrated. The first 22 kb of phage contig MH0049.scaffold15669_1,
which was assembled in the Danish sample MH0049, is 99.5%
identical to a region in the sequenced genome of Bacteroides vulgatus
ATCC 8482. The prophage integration site resides within a tRNA
gene, a common site for prophage insertions (Fouts 2006). The
coverage of this phage contig in sample MH0049 (Fig. 4B) indicates
that in this individual, the phage was carried within the bacterial
genome, and this is also supported by 12 metagenomic reads
spanning the integration junction. In other individuals, the phage
does not appear to be integrated: For example, in the Spanish
sample O2_UC.22, the phage is missing, while coverage patterns in
sample MH0062 suggest that the phage is dominant relative to its
host and therefore might be bursting (Fig. 4B). While we cannot
rule out the possibility that the latter pattern is the result of ly-
sogeny in a different host, coverage of reads derived from VLPs
sampled from American individuals (Reyes et al. 2010; Minot et al.
2011) supports that this phage is commonly active (Fig. 4B). Such
VLP support for potential lytic activity of phages observed as in-
tegrated in host genomes was found for 35% of these 135 phages.

Some of the lysogenic phages in our data show significant
preference to be associated with the genomes of their bacterial tar-
gets (Fig. 4 C,D). We detected 57 lysogenic phages whose abundance
was in high correlation with the abundance of their host (correla-
tion coefficient > 0.2; P < 0.01). Indeed, 28 of these phages (49%)
also appeared as prophages in the genome of the fully sequenced
bacterial isolate. Therefore, the abundance measured for such
phages in many cases probably reflects the abundance of the host
genome in which they are integrated. Nevertheless, rare instances of
individuals with deviation from the correlation between phage and
host abundance, such that phage abundance exceeds host abun-
dance, suggest that these prophages can occasionally become pre-
dominantly lytic (Fig. 4C). Our results further strengthen previous
observations (Reyes et al. 2010) that integrated, lysogenized pro-
phages form a significant reservoir for phages active in the very
distal human gut.

Discussion

We have used the CRISPR anti-phage immune system of bacteria to
analyze a large metagenomic data set of 124 individuals and provide
awide perspective on the bacteriophages resident in the human gut.
The large number of individuals sequenced to produce this data set
and the ability of CRISPR spacers to reliably identify phage genomes
across the analyzed population, including those not necessarily
highly active in feces at the time of sampling, have allowed us to
accumulate a significant, although not exhaustive, set of relevant
phages. We then used this set as a benchmark to examine the
question of phage sharing across individuals using various addi-
tional data sets, which have only been looked at separately before.
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Lysogenic lifestyles of gut microbiota phages. (A) The 5’ end of phage contig MH0049.scaffold15669_1, which was assembled in sample

MHO0049 (Danish individual), has a 99.5% identity in the sequenced genome of Bacteroides vulgatus ATCC 8482. (Block arrows) Genes; (cyan-colored
arrows) spacers matching the phage contig. (B) Coverage of phage contig MH0049.scaffold15669_1 by MetaHIT metagenomic reads from three samples.
(X-axis) Position on phage contig; (y-axis) read coverage (log scale). (Red curve) Coverage of VLP reads from Reyes et al. (2010). (C,D) Abundance of
phages MHO0041.scaffold6276_1 and MHO0009.scaffold32322_1 and their respective bacterial hosts in MetaHIT samples, indicative of lysogeny as
a preferred lifestyle. The x- and y-axes represent abundance of host and phage, respectively. Each data point represents a European individual sampled as
part of the MetaHIT gut microbiota project (Qin et al. 2010). Green-colored samples are the ones in which a spacer matched the phage sequence. “Phage
dominance” indicates samples where the phage is suspected to have become active. The correlation coefficient of phage and host abundances for samples

where both existed is 0.4 and 0.98, respectively.

Our results suggest the existence of a non-negligible common
reservoir of phages that is spread among unrelated individuals re-
siding in distant geographical locations. While this appears to
contrast with findings of previous studies (Reyes et al. 2010; Minot
et al. 2011) that individual gut virome profiles are overall dissim-
ilar, there is in fact no contradiction between the two observations.
First, the larger number of samples and deeper sequencing depth of

the MetaHIT data partially account for the differing results. Indeed,
several VLP-derived contigs from those studies that were in-
dependently identified by us were not shared across individuals in
the original data set but appeared in a substantial share of the
MetaHIT samples (Supplemental Table S4). More interestingly,
while VLPs represent active phages (at least in feces), our study
could identify sharing of phages not necessarily active at the time
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of sampling, possibly due to lysogenization. These apparently
dormant phages can become activated in specific individuals un-
der particular circumstances, which may explain the low sharing
reported on phage contigs assembled in the fecal VLP sequencing
studies (Supplemental Table $4).

Based on the diminishing slope found in our rate-of-discovery
analysis (Fig. 2C), we propose that there may be a relatively limited
pool of common phages present in many individuals along with
a much larger set of rarer phages that will require significantly
more sequencing to reach saturation. However, we note that it is
difficult to compare these results with predictions on global phage
diversity (Rohwer 2003) since our method can only detect phages
targeted by the bacterial CRISPR immune system and is tilted to-
ward discovery of phages associated with the more abundant gut
bacterial species. Furthermore, our method excludes both smaller-
sized phage genomes, such as Microviridae whose presence in the
human gut has been repeatedly demonstrated (Breitbart et al. 2003;
Krupovic and Forterre 2011; Minot et al. 2011), and RNA phages,
which are absent from the DNA-based MetaHIT data. The latter
concern is mitigated by the finding that the majority of RNA vi-
ruses in the human gut are not bacteriophages (Zhang et al. 2006).

While previous studies on the gut microbiome have identified
common clusters of bacterial species termed enterotypes (Arumugam
et al. 2011), our study did not show a similar trend for human gut
phages (Supplemental Fig. S2; Methods). This incongruence may
be explained by the greater diversity of phages, the much more
limited resolution of taxonomic classification of phages, and the
partial nature of the phage data set studied here.

Our findings also imply that CRISPR spacers are actively ac-
quired in response to phages in the human gut. First, the large
number of unique phage-matching spacers we detected is sugges-
tive of the numerous events in which such interactions have oc-
curred. Second, we have identified cases in which the most re-
cently acquired spacers in the rapidly evolving CRISPR array
perfectly match a phage co-occurring in the same gut, at appar-
ently depressed levels (e.g., Fig. 3), as well as absolutely no con-
servation of the most recently acquired spacer in a particular array
across individuals (Supplemental Table S3). Finally, our data sug-
gest that CRISPR spacers usually successfully exclude targeted
phages, while showing positive correlation of highly matching
spacers (thus also likely to be recently acquired) with targeted
phages about to be completely excluded. Combined, this evidence
suggests that there is an ongoing “immune” interaction between
phages and their bacterial hosts within the gut microbial com-
munity, whose potential effect remains to be fully characterized. It
is possible that the rapid nature of this dynamic is what has made it
so difficult to capture in previous studies. Notably, although the
typical ecological manifestations of predatory interactions were
observed in numerous niches, past studies did not report on such
dynamics in the gut, and this study was not suited to examine it
directly due to the lack of time-series data.

It is also not entirely clear how to reconcile phage-bacteria
infection-resistance interactions through the CRISPR system with
the apparent abundance of lysogenic phages in the gut, which this
study also supports. This suggests there may be some form of
protection of the bacterial genome (harboring the prophage) from
the CRISPR system (Stern et al. 2010). A recent study (Edgar and
Qimron 2010) has shown that acquisition of spacers against a ly-
sogenized phage can lead to bacterial cell death but may also pre-
vent prophage induction and subsequent cell lysis to the benefit of
bacteria under certain circumstances. Spacers against a phage not
yet integrated were shown to prevent lysogenization (Edgar and

Qimron 2010). This study and our findings suggest the CRISPR
system may have important roles in regulating phage-bacteria
interactions even when they are not primarily lytic.

It is clear, therefore, that further study is warranted to unravel
the seemingly unique ecology of the human gut microbiome in
this respect. Our identification of the gut bacterial targets for more
than 130 phages, based on evidence for integration into the bac-
terial host genome (Fig. 4) or on CRISPR-derived phage-host as-
signment (Fig. 3), now opens the window for future, detailed time-
course studies on the dynamic effect of phages on individual
bacterial species and on the gut microbial consortium as a whole.

Methods

Inference of CRISPR spacers from short sequencing reads

The PILER-CR CRISPR inference program (Edgar 2007) was run on
1144 sequenced bacterial genomes and 392 sequenced reference
genomes from the human gut, and the consensus repeat was
extracted from all arrays inferred. All repeat sequences were que-
ried using BLASTN against MetaHIT (Qin et al. 2010) sequencing
reads of length 75 bp. Spacers were inferred when there were two
BLAST hits with an e-value threshold of 0.01 at both ends of a read,
or there was a BLAST hit on one end of the read and an at least 6 bp
identical to the repeat (which we dubbed an “anchor”) on the
opposite end. A spacer was inferred between such repeat matches
if its size was 20 bp or more. Spacers in each individual with at least
90% identity along at least 90% of their length were clustered
together.

From spacers to mobile genetic element (MGE) contigs

Inferred spacers were used to query all assembled MetaHIT contigs
using BLASTN with an e-value threshold of 10~*. Contig hits un-
derwent a filtering procedure to remove those that resembled
CRISPR arrays. To obtain a nonredundant set, contigs <50 kb were
clustered using uclust (Edgar 2010) requiring 80% identity over at
least 80% of the contig length. Contigs >50 kb were clustered using
BLASTN with the same parameters. The longest member of each
cluster was selected as a representative for downstream analyses.

Identification of phage contigs

Gene prediction using Glimmer3.02 (Salzberg et al. 1998) was per-
formed on the nonredundant MGE contigs. Predicted genes were
then searched against the Conserved Domains Database (CDD)
(Marchler-Bauer et al. 2011) using rpsblast with e-value threshold
0.05. An MGE contig was deemed a phage contig if its size was 10
kb or more and the CDD description of at least one of its annotated
genes contained the word “phage,” “holin,” or “tail.” Forty-six
contigs with an abundance of nonphage genes were discarded.
Additional phage contigs were identified if >40% of their sequence
was covered by VLP reads from Reyes et al. (2010) and Minot et al.
(2011) with the parameters detailed below.

Taxonomic classification of phage contigs

All viral proteins were downloaded from NCBI (July 2011). BLASTP
with an e-value threshold of 10~ was performed between all pro-
teins annotated in the phage contigs and the viral phage proteins,
with only the best match taken per phage contig protein. Hits to
viral proteins from the genome of a member of an ICTV-defined
family were used to classify a contig as belonging to that viral family.
Ambiguous classification was called if two or more genes in a phage
contig were homologous to proteins of different viral families.
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Enrichment of gene functions in phage contigs

COG functions for all COG-annotated genes in HMP Gl-tract-
related bacteria were downloaded from the IMG/HMP site (http://
www.hmpdacc-resources.org/cgi-bin/imgm_hmp/main.cgi) in
December 2011. Frequency of each COG function in the bacterial
set was compared with the frequency of the same function among
all COG-annotated genes found in the pooled set of 991 phages.
Only COGs appearing more than 10 times in the phage set were
considered.

Abundance of phages across samples

Coverage calculations were limited to the window encompassing
the region defined by the spacer hits (proto-spacers) and phage-
associated genes. This was in order to make sure only phage
abundance was measured if it was integrated in a bacterial genome.
Metagenomic reads from each sample were mapped to phage
contigs using BLASTN, requiring at least 80% of the read to align
against the contig with at least 85% identity. To declare a phage
contig exists in a particular sample, the phage region of the contig
had to be covered by at least one read per base pair and at least 70%
of the phage-region bases had to be covered (if the phage region
was <2 kb, it was extended by 2 kb upstream and downstream). See
the Supplemental Text for discussion on the parameters chosen for
the sharing analysis. Coverage is reported in reads per kilobase per
millions of reads (RPKM). Visual data on phage abundance across
samples are found at http://www.weizmann.ac.il/molgen/Sorek/
microbiome_phages/.

Similarity of phage existence profiles

Phage existence profiles for pairs of samples were compared using
binary asymmetric distance: the proportion of phages that exist in
only one sample out of all phages that exist in at least one of the
samples in the pair.

Rate-of-discovery analysis

MetaHIT samples were added one at a time. After each sample was
added, a tally was made of all unique phage contigs in the accu-
mulated samples that were detectable using the spacers found in
those accumulated samples. The analysis was repeated 10 times
with random sample order (Fisher-Yates shuffling). Fourteen of the
samples could not contribute spacers due to shorter sequencing
reads.

Distribution of phage contigs in other data sets

Reads sequenced in all individuals and time points in each study
(Kurokawa et al. 2007; Reyes et al. 2010; Minot et al. 2011) were
used to form a study pool. Each pool was mapped to MetaHIT
phage contigs with BLASTN using a cutoff of at least 85% identity
over at least 85% of the read length. A phage contig was de-
termined to exist in a data set if the phage region (as previously
defined) was covered by at least one read per base pair, and at least
70% of bases in the region were covered. For the VLP data sets,
contigs that failed the above test were subjected to a second test
with the same set of parameters across the entire length of the
contig since the location of read mapping in this case did not need
to be strictly controlled.

Abundance of HMP bacteria

HMP genomes deposited in IMG in March 2011 were queried for
COG functions corresponding to 31 universal single-copy genes
(Ciccarelli et al. 2006). BLASTN with -F F flag and an e-value

threshold of 0.00005 was performed using all reads from each
sample against the universal single copy genes from organisms for
which at least 25 of the 31 gene sequences were available. Only the
best BLAST hit was taken for each read and only if at least 80% of
the read aligned against a bacterial gene with at least 85% identity.
Coverage was measured in RPKM.

Assembly of CRISPR arrays

All reads that matched the set of known CRISPR repeats using
BLASTN with an e-value of 0.01 were gathered from each of the 110
individuals in the MetaHIT data that had 75-bp read sequences.
The QSRA short-read assembler (Bryant et al. 2009) was then used
to assemble these reads, in each individual separately. To facilitate
assembly of repetitive CRISPR loci, reads were considered for ex-
tension of an assembled array only if they matched at least the last
60 bases of the growing contig (option -u), or, if not enough of
these existed, at least the last 50 bases (option -1).

Evidence for prophage integration

BLASTN with default parameters was used to align phage contigs
onto the set of HMP genomes. Prophage integration was de-
termined if at least 1000 bases of the phage contig were aligned to
the bacterial genome with at least 95% identity, and the alignment
was localized to one or both ends of the phage contig.
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