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The CRISPR (clustered regularly 
interspaced short palindromic 

repeats)/Cas (CRISPR-associated) sys-
tem of bacteria and archaea constitutes a 
mechanism of acquired adaptive immu-
nity against phages, which is based on 
genome-encoded markers of previously 
infecting phage sequences (“spacers”). 
As a repository of phage sequences, these 
spacers make the system particularly suit-
able for elucidating phage-bacteria inter-
actions in metagenomic studies. Recent 
metagenomic analyses of CRISPRs 
associated with the human microbiome 
intriguingly revealed conserved “mem-
ory spacers” shared by bacteria in mul-
tiple unrelated, geographically separated 
individuals. Here, we discuss possible 
avenues for explaining this phenomenon 
by integrating insights from CRISPR 
biology and phage-bacteria ecology, 
with a special focus on the human gut. 
We further explore the growing body of 
evidence for the role of CRISPR/Cas in 
regulating the interplay between bacteria 
and lysogenic phages, which may be inti-
mately related to the presence of memory 
spacers and sheds new light on the mul-
tifaceted biological and ecological modes 
of action of CRISPR/Cas.

Introduction

Bacteriophages are known to play a 
crucial role in shaping the structure, 
diversity and evolution of microbial com-
munities in various ecological niches.1-4 
The CRISPR (clustered regularly inter-
spaced short palindromic repeats)/Cas 
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(CRISPR-associated) system of bacteria 
and archaea constitutes a mechanism 
of acquired adaptive immunity against 
phages, which is based on genome-
encoded markers of past infections.5 The 
unique biology of this system has opened 
a window into the multifaceted interac-
tions that take place in natural environ-
ments between microbial populations and 
their associated phages. At the same time, 
observation of these interactions raises 
intriguing questions about the underly-
ing mechanistic activity of CRISPR/Cas. 
Here, we explore this reciprocity with a 
focus on the microbial community resi-
dent in the human gut.

CRISPR loci are composed of a succes-
sion of short repeat sequences separated 
by unique “spacer” sequences, usually 
sized 24–50 bp. While the mechanism of 
action of the CRISPR/Cas system is not 
yet fully characterized and some specif-
ics vary by subtype, it generally entails 
three processes: incorporation of frag-
ments of phage or plasmid genomes as 
novel spacers in bacterial CRISPR arrays; 
transcription and processing of the array 
into small RNAs (crRNAs) and forma-
tion of a crRNA/Cas protein complex that 
recognizes foreign nucleic acids through 
sequence complementarity and interferes 
with phage replication.6-11

Elucidation of the function of the 
CRISPR/Cas system has led to theoretical 
and experimental efforts at exploring the 
ecological impacts of CRISPR-mediated 
immunity, as well as the conditions under 
which its emergence would be favored.12-14 
However, this system provided an 
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correlate with the level of activity of the 
CRISPR locus in response to phage pres-
sure. However, homologous arrays also 
showed conservation of “old” spacers in 
their leader-distal end (also termed trailer-
end), despite a tendency for occasional 
internal spacer deletion, possibly due 
to homologous recombination between 
repeats. Additional studies reported quali-
tatively similar findings in this and other 
species.31-33,36-39

The Human Gut as a  
Case Study for Using CRISPR  

to Study Niche Ecology

We have recently examined phage-bacte-
ria interactions in the human gut microbi-
omes of 124 unrelated Danish and Spanish 
individuals through the prism of CRISPR 
targeting.28 In this work, motivated by 
the burgeoning interest in the impact of 
the gut microbiome on human health and 
disease,40-43 we extracted a large spacer 
catalog from metagenomic sequences of 
gut-residing bacteria.44 Using these spacers 
as “baits” to identify contigs derived from 
phage DNA, we detected almost 1,000 
gut-associated phage genomes, many of 
which appeared in multiple individuals 
and also across gut samples taken from 
Americans and Japanese.28

Memory spacers in human gut bac-
teria. Most of the gut-residing phages 
we identified were targeted by CRISPR 
spacers extracted from gut microbi-
omes of multiple individuals.28 This 

derived from mobile genetic elements, and 
further analysis confirmed most were of 
phage origin. In addition, a spacer match 
also revealed which prokaryotic species 
was infected by which phage, as the hosts 
harboring these spacers were known and 
spacers are derived from phages previously 
infecting the host. Variations on this gen-
eral scheme for using CRISPR to interpret 
metagenomic data (Fig. 1) have been used 
to study microbiomes in the ocean,22,23 hot 
springs24-26 and the human body.27-30

There are yet more subtle ways in which 
CRISPR biology can inform on phage-
bacteria ecology. New spacer integrations 
in CRISPR arrays generally take place in a 
unidirectional manner next to a sequence 
element just upstream of the repeat-
spacer array (“leader”), as first inferred in 
Yersinia pestis and later verified experimen-
tally.5,31,32 While rare exceptions to this 
rule have been reported,33,34 directional 
integration allows to distinguish between 
recent and historical spacer acquisitions 
with implications for elucidating temporal 
dynamics of phage-host interactions and 
reconstructing approximate array evolu-
tion when compared across strains.

A comparison of over 100 strains of 
Streptococcus thermophilus demonstrated 
several important principles for CRISPR 
array evolution (illustrated in Fig. 2A).35 
First, homologous CRISPR arrays showed 
great heterogeneity in spacer content at 
their leader-proximal end, where new 
spacers are integrated. The degree of 
heterogeneity was generally expected to 

additional unexpected boon, as its modus 
operandi is especially well-suited to yield 
insight into phage-bacteria interactions in 
the context of metagenomic studies.

Metagenomics is a microbial com-
munity sequencing approach in which 
sequencing is performed on total DNA 
derived from a given habitat, followed by 
assembly of genomic segments (contigs) 
belonging to the multiple organisms pres-
ent in the habitat.15,16 Metagenomics can 
provide a comprehensive view of phage 
and bacterial population dynamics and 
co-evolutionary patterns, especially when 
performed over time. However, several 
challenges must be overcome. It is often 
difficult to classify assembled novel 
sequences from metagenomic samples 
as viral due to the enormous diversity of 
bacteriophage sequences and their cor-
responding sparse representation in the 
sequence databases.17,18 Even when virus-
like particles are filtered and sequenced 
directly,19 it is often challenging to associ-
ate a virus with its host without support-
ing information.20

Andersson and Banfield first demon-
strated how CRISPR can be used to address 
both these challenges.21 They extracted 
CRISPR spacers from the metagenome 
of an acid-mine drainage biofilm domi-
nated by a few bacterial and archaeal spe-
cies, and attempted to match them to all 
assembled contigs from that metagenome. 
Contigs showing similarity to a spacer 
sequence but not to a CRISPR repeat 
were inferred with high confidence to be 

Figure 1. (A) A schematic of the process of metagenomic sequencing and assembly. total DNA is extracted from a community of microorganisms, fol-
lowed by sequencing and assembly into contigs belonging to the multiple organisms present. (B) Sequencing reads originating from CRISPR loci are 
identified and used to extract spacer sequences. Contigs in the metagenome found to match spacer sequences, but not a CRISPR repeat, are inferred 
to be of phage origin.
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the microbiomes of multiple individuals 
have also been reported in other recent 
studies.29

Furthermore, in cases where we were 
able to fully or partially reconstruct 
CRISPR arrays in our study, we detected 
conservation of blocks of “historical,” 
trailer-end spacers in bacteria from 

individuals, often between Danish and 
Spanish samples, with up to 20 different 
individual gut microbiomes harboring 
the same spacer (Table S1). Our findings 
may in fact represent an underestimate of 
the extent of shared spacers as a result of 
variation in sequencing depth between 
samples. CRISPR spacers shared across 

probably reflects the prevalent association 
of these phages with human gut bacteria. 
Interestingly, many of these cases involved 
not only targeting of the same phage but 
also through the same spacer sequence. 
Approximately 22% (11,421/52,267) of 
all spacers extracted in the study were 
shared across two or more unrelated 

Figure 2. (A) An illustration of trailer-end clonality of CRISPR arrays. each row depicts a CRISPR array from related strains, colored boxes represent 
different spacers. Leader-proximal spacers show great heterogeneity, whereas leader-distal spacers are conserved. (B) trailer-end clonality found in 
the human gut across four individuals. A CRISPR array in the isolate gut bacterium Clostridium sp. L2-5043 derived from an infant in the UK is shown at 
the top. CRISPR repeats are depicted as thick black boxes; spacers as colorful boxes. Reads from three Danish and Spanish samples were mapped onto 
the isolate array,28,44 revealing preservation of the leader-distal spacers, hence termed memory spacers (in red), whereas colorful spacers represent 
presumably newly acquired spacers. When no reads were successfully mapped, the coloring is gray. (C) Four hypotheses are presented to explain the 
existence of shared spacers in bacterial strains present in samples across the globe: (I) they are recently derived from a common ancestor, (II) they are 
mechanistically shielded from loss by recombination due to their location at the trailer-end of the array, (III) they are part of a “frozen” CRISPR array, 
in which the rate of spacer insertion and deletion is extremely slow, (IV) they are derived from an ancient ancestor and selective pressure retains the 
spacers. Such pressure may result from repeated induction of lysogenized prophages.
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multiple individuals, which also extended 
to sequenced isolates in the databases 
(Fig. 2B).28 The conservation of spacer 
blocks as compared with sequenced iso-
lates allowed us to pinpoint the bacterium 
to which the array belonged and, thus, 
link a phage targeted by a spacer in that 
array to its host.

The sharing of spacers among gut 
bacteria of geographically separated, 
unrelated individuals is puzzling, as it 
suggests an unexpected degree of unifor-
mity among multiple parallel ecological 
niches, in each of which the microbiome 
is evolving separately. In the following, 
we examine various avenues for explain-
ing the phenomenon of spacer sharing and 
how well they fit available evidence.

One possible explanation is that bacte-
rial strains inhabiting different individuals 
share a recent common ancestor (Fig. 2C). 
Under this scenario, spacer sharing among 
geographically separated individuals 
emerges as a result of the ongoing spread 
of clones of gut bacteria carrying the same 
CRISPR array, which occurs on a times-
cale faster than that of spacer turnover. 
However, the observation that spacer shar-
ing mainly occurs in trailer-end spacers 
runs counter to the possibility of frequent 
transmission of gut bacteria. Rather, it is 
in line with an ancient population bottle-
neck, either caused by phage pressure or by 
unrelated niche-adaptation, which fixed 
patterns of trailer-end spacers in gut bacte-
rial strains that have since become globally 
distributed. These pre-existing patterns 
may thus become established in indi-
viduals around the world during bacterial 
colonization of the infant gut or during 
community shifts in the adult (e.g., after 
antibiotics usage).45-47 This is supported 
by the finding that strains of prevalent gut 
bacterial species remain stable in an indi-
vidual over time periods much exceeding 
the time measured for spacer turnover in 
the environment.21,48

The apparent historical nature of the 
shared spacers means that they represent 
a persistent long-term memory of viral 
infection, and so we dub them “memory 
spacers.” This persistence of memory spac-
ers across multiple individuals then begs 
explanation in light of the rapid evolution 
of CRISPR arrays and the frequent dele-
tions in prokaryotic genomes.49 A possible 

answer is that memory spacers are shielded 
from deletion for mechanistic reasons 
related to the molecular biology of CRISPR 
arrays (Fig. 2C). For example, mutations 
in the flanking repeat sequences have been 
preferentially observed at the trailer-end of 
CRISPR arrays and might interfere with 
recombination-mediated spacer loss.35,38,50 
Loss of memory spacers could also be lim-
ited by the transcriptional orientation of 
CRISPR arrays. With transcription gener-
ally starting at the leader-end, expression 
of leader-proximal spacers can be mark-
edly higher compared with trailer-end 
spacers. This can reduce the likelihood of 
recombination events involving the latter, 
especially in longer arrays.32,46-48

Alternatively, CRISPR arrays harbor-
ing memory spacers may be “frozen,” such 
that spacers are inserted and deleted very 
slowly (Fig. 2C). This is in line with find-
ings on CRISPR in Escherichia coli, where 
the rate of spacer insertion and spacer 
deletion was found to be exceptionally 
low.51 However, the majority of bacterial 
strains in the human gut is comprised of 
Bacteroidetes and Firmicutes,52 and mem-
ory spacers in our study were found in 
CRISPR arrays of 55 different gut bacte-
ria reference genomes, often belonging to 
these prevalent phyla (Table S1). While 
the rate of spacer insertion is not conclu-
sively determined in these strains, it is 
unlikely that CRISPR arrays in so many 
different species are frozen, as evidenced 
by the diversity of leader-proximal ends 
of CRISPR arrays that harbor memory 
spacers.28,39

Yet another possible explanation is that 
the retention of memory spacers across 
individuals is a consequence of phage 
selective pressure. Weinberger et al. have 
recently studied conservation of spacers 
at the trailer-end of an archaeal CRISPR 
array using an elegant combination of 
computer simulation and metagenomic 
reconstruction from an acid-mine drain-
age biofilm.53 They suggested that trailer-
end clonality can result from sweeps of 
immunogenically favored strains, and 
that memory spacers are not subsequently 
lost since they confer a selective advan-
tage against repeatedly induced prophages 
or phages re-introduced to the niche. 
Furthermore, a recent analysis of CRISPR 
spacers in archaea showed that trailer-end 

spacers are much more likely to match 
viral genomes and particularly those with 
broad host ranges.54

Consistent with this model, our data 
identify common phages associated with 
gut bacteria of geographically distant 
human populations.28 Moreover, phages 
associated with human gut bacteria appear 
to be predominantly lysogenic and at least 
some components of an individual’s gut 
phage cohort show marked stability over 
time.28,55-58 Thus, it is possible that there is 
an evolutionary advantage for gut bacterial 
strains to retain spacers that would pro-
vide them protection against the repeated 
induction of prophages, or against phages 
that are consistently present in many 
human guts (Fig. 2C). However, while 
the model of Weinberger et al. considers 
a single geographic locale, we observed 
spacer sharing across multiple individu-
als (i.e., multiple gut niches in parallel). 
This suggests that the clonal sweeps that 
yielded trailer-end clonality could not 
have occurred in each individual sepa-
rately, as that would have led to different 
trailer-end patterns in each gut. Rather, 
the sweep likely occurred in an ancestral 
CRISPR array that became globally dis-
tributed, as discussed above.

The riddle of the establishment and 
maintenance of memory spacers is not yet 
fully resolved, and its answer may involve 
elements from all possible explanations 
discussed above. Several lines of evidence 
could prove particularly enlightening in 
the future. One would entail clarification 
of the mechanisms and timescales of spacer 
gain and loss, both through mechanistic 
studies59 and through higher-resolution 
characterization of spacer evolution over 
time in conditions closely approximating 
natural environments.60 In addition, as 
deeper and more complete catalogs of the 
CRISPR spacer repertoire associated with 
various body sites are produced, it would 
become possible to compare the preva-
lence and persistence of memory spacers 
across niches and correlate observed spacer 
sharing with the specific characteristics of 
each site.27,29

Phage lysogeny co-occurring with 
CRISPR targeting. The finding that 
CRISPR targets lysogenic phages, which 
integrate into the host genome, raises a 
more general issue that is increasingly 
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its role in mediating the effect of a lysogenic 
phage on the biofilm forming behavior of 
the bacteria.73 Indeed, almost all CRISPR 
spacers that matched database sequences 
in clinical isolates of P. aeruginosa targeted 
prophages,74 and CRISPR/Cas has been 
shown to limit growth of lysogenic phages 
in this species.75 Another intriguing find-
ing revealed a role for the Cas protein 
complex in inhibition of a defective pro-
phage through repeat-directed cleavage of 
a prophage RNA transcript, independent 
of spacer targeting, in the haloarchaeon 
Haloferax mediterranei.76

Taken together, these findings provide 
strong impetus to the concept that in some 
ecological niches, the role of CRISPR/
Cas may be much more multi-faceted 
than previously appreciated. Rather than 
a mere acute response to abort infection, 
it may exert ongoing, more subtle and 
diverse effects mediating the relation-
ship between bacteria and their associated 
mobile genetic elements. Further insight 
into the mechanistic aspects of CRISPR/
Cas interaction with lysogenized phages 
could lead to better understanding of the 
effects of CRISPR-mediated immunity 
in niches dominated by lysogenic phages, 
such as the human gut, and would provide 

be in line with the coupling of anti-viral 
defenses and “altruistic” suicide recently 
proposed as a fundamental theme of pro-
karyotic immune systems.68 Targeting of 
the induced prophage might actually pre-
vent lysis and cell death under certain cir-
cumstances, as demonstrated in E. coli.61

Conversely, the prophage itself could 
be the one responsible for silencing the 
CRISPR/Cas system as a means of evad-
ing host defenses (Fig. 3C). Indeed, tem-
perate phages of Pseudomonas aeruginosa 
were recently shown to carry genes that 
inactivated the CRISPR/Cas system of the 
host bacterium while these phages were 
integrated into its genome.69 The bacte-
rial H-NS transcriptional repressor was 
also found borne on a phage genome, pos-
sibly leading to silencing of CRISPR/Cas 
in Candidatus Accumulibacter phosphatis.70 
Additional mechanisms can likely serve to 
shield the prophage from the effects of the 
CRISPR/Cas system, such as evasive muta-
tions in the proto-spacer adjacent motif.71,72

Perhaps the most intriguing possibil-
ity is that the CRISPR/Cas system may 
be involved in regulating prophage induc-
tion or gene expression. Some evidence to 
support this comes from studies into the 
CRISPR/Cas system of P. aeruginosa and 

gaining attention in CRISPR research. 
Co-occurrence of an immunity spacer and 
the targeted phage in the same genome 
might lead to degradation of the bacterial 
genome and cell death, as demonstrated 
by Edgar and Qimron.61 We and others 
have previously reported on self-targeting 
of core bacterial genes by CRISPR, and 
demonstrated that such cases of inadver-
tent auto-immunity often lead to loss or 
silencing of the CRISPR/Cas system in 
order to protect the cell.62,63 However, tar-
geting of lysogenic phages cannot be con-
strued as mere error in the context of the 
human gut, nor do CRISPR/Cas systems 
of gut bacteria necessarily show signs of 
inactivation. How then can this phenom-
enon be explained?

The most parsimonious scenario is that 
the spacer may reside in one sub-popula-
tion of cells belonging to a given strain, 
while the lysogenized phages reside in a 
different sub-population (Fig. 3A). Under 
these circumstances, spacers against lyso-
genic phages serve to maintain diversity in 
the host strain population and limit the 
proportion of cells susceptible to prophage 
induction and lysis. This interpretation 
seems to be favored with respect to the role 
of CRISPR/Cas in regulating the mobi-
lome of the gut bacterium Streptococcus 
agalactiae,39 and is akin to other instances 
of defense strategies serving to maintain 
population diversity by compartmental-
izing host susceptibility such as have been 
documented in the ocean.64

Alternatively, a spacer and an inte-
grated phage may actually coexist in the 
same cell. Coexistence may be facilitated 
by the host silencing its own CRISPR/
Cas system under “normal” conditions 
(Fig. 3B). Indeed, it has been shown that 
the expression of several cas genes as well 
as the CRISPR array can be repressed, 
with the system undergoing upregulation 
upon signs of phage infection.65,66 Under 
this model, CRISPR spacers targeting 
the lysogenic phage would become lethal 
only when a prophage is induced, sacri-
ficing the host but limiting the spread of 
the phage to adjacent cells. This hypoth-
esis is supported by recent studies show-
ing that type IIIB CRISPR/Cas requires 
active transcription of the DNA target in 
order to degrade it.67 An immune response 
only against an induced prophage would 

Figure 3. three scenarios explain how CRISPR spacers (colored boxes) may coexist with their 
targeted lysogenized prophages (red line): (A) Bacterial cells exclusively contain either lysogens 
or the targeting CRISPR array. (B) CRISPR arrays are silenced, and perhaps activated only upon 
prophage induction (dashed arrows). (C) the prophage shields itself from CRISPR/Cas.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

6 RNA Biology Volume 10 Issue 5

20. Tadmor AD, Ottesen EA, Leadbetter JR, Phillips 
R. Probing individual environmental bacteria for 
viruses by using microfluidic digital PCR. Science 
2011; 333:58-62; PMID:21719670; http://dx.doi.
org/10.1126/science.1200758.

21. Andersson AF, Banfield JF. Virus population 
dynamics and acquired virus resistance in natural 
microbial communities. Science 2008; 320:1047-
50; PMID:18497291; http://dx.doi.org/10.1126/sci-
ence.1157358.

22. Sorokin VA, Gelfand MS, Artamonova II. 
Evolutionary dynamics of clustered irregularly 
interspaced short palindromic repeat systems in 
the ocean metagenome. Appl Environ Microbiol 
2010; 76:2136-44; PMID:20118362; http://dx.doi.
org/10.1128/AEM.01985-09.

23. Anderson RE, Brazelton WJ, Baross JA. Using 
CRISPRs as a metagenomic tool to identify micro-
bial hosts of a diffuse f low hydrothermal vent viral 
assemblage. FEMS Microbiol Ecol 2011; 77:120-33; 
PMID:21410492; http://dx.doi.org/10.1111/j.1574-
6941.2011.01090.x.

24. Heidelberg JF, Nelson WC, Schoenfeld T, Bhaya 
D. Germ warfare in a microbial mat community: 
CRISPRs provide insights into the co-evolution of 
host and viral genomes. PLoS One 2009; 4:e4169; 
PMID:19132092; http://dx.doi.org/10.1371/journal.
pone.0004169.

25. Held NL, Whitaker RJ. Viral biogeography 
revealed by signatures in Sulfolobus islandicus 
genomes. Environ Microbiol 2009; 11:457-66; 
PMID:19196276; http://dx.doi.org/10.1111/j.1462-
2920.2008.01784.x.

26. Snyder JC, Bateson MM, Lavin M, Young MJ. Use 
of cellular CRISPR (clusters of regularly interspaced 
short palindromic repeats) spacer-based micro-
arrays for detection of viruses in environmental 
samples. Appl Environ Microbiol 2010; 76:7251-
8; PMID:20851987; http://dx.doi.org/10.1128/
AEM.01109-10.

27. Pride DT, Sun CL, Salzman J, Rao N, Loomer 
P, Armitage GC, et al. Analysis of streptococcal 
CRISPRs from human saliva reveals substan-
tial sequence diversity within and between sub-
jects over time. Genome Res 2011; 21:126-36; 
PMID:21149389; http://dx.doi.org/10.1101/
gr.111732.110.

28. Stern A, Mick E, Tirosh I, Sagy O, Sorek R. CRISPR 
targeting reveals a reservoir of common phages asso-
ciated with the human gut microbiome. Genome Res 
2012; 22:1985-94; PMID:22732228; http://dx.doi.
org/10.1101/gr.138297.112.

29. Rho M, Wu YW, Tang H, Doak TG, Ye Y. Diverse 
CRISPRs evolving in human microbiomes. PLoS 
Genet 2012; 8:e1002441; PMID:22719260; http://
dx.doi.org/10.1371/journal.pgen.1002441.

30. Pride DT, Salzman J, Relman DA. Comparisons of 
clustered regularly interspaced short palindromic 
repeats and viromes in human saliva reveal bacterial 
adaptations to salivary viruses. Environ Microbiol 
2012; 14:2564-76; PMID:22583485; http://dx.doi.
org/10.1111/j.1462-2920.2012.02775.x.

31. Pourcel C, Salvignol G, Vergnaud G. CRISPR ele-
ments in Yersinia pestis acquire new repeats by 
preferential uptake of bacteriophage DNA, and 
provide additional tools for evolutionary studies. 
Microbiology 2005; 151:653-63; PMID:15758212; 
http://dx.doi.org/10.1099/mic.0.27437-0.

32. Lillestøl RK, Redder P, Garrett RA, Brügger K. A 
putative viral defence mechanism in archaeal cells. 
Archaea 2006; 2:59-72; PMID:16877322; http://
dx.doi.org/10.1155/2006/542818.

33. Deveau H, Barrangou R, Garneau JE, Labonté 
J, Fremaux C, Boyaval P, et al. Phage response 
to CRISPR-encoded resistance in Streptococcus 
thermophilus. J Bacteriol 2008; 190:1390-400; 
PMID:18065545; http://dx.doi.org/10.1128/
JB.01412-07.

3. Weinbauer MG, Rassoulzadegan F. Are viruses driv-
ing microbial diversification and diversity? Environ 
Microbiol 2004; 6:1-11; PMID:14686936; http://
dx.doi.org/10.1046/j.1462-2920.2003.00539.x.

4. Stern A, Sorek R. The phage-host arms race: shaping 
the evolution of microbes. Bioessays 2011; 33:43-
51; PMID:20979102; http://dx.doi.org/10.1002/
bies.201000071.

5. Barrangou R, Fremaux C, Deveau H, Richards 
M, Boyaval P, Moineau S, et al. CRISPR pro-
vides acquired resistance against viruses in prokary-
otes. Science 2007; 315:1709-12; PMID:17379808; 
http://dx.doi.org/10.1126/science.1138140.

6. Sorek R, Kunin V, Hugenholtz P. CRISPR--a wide-
spread system that provides acquired resistance 
against phages in bacteria and archaea. Nat Rev 
Microbiol 2008; 6:181-6; PMID:18157154; http://
dx.doi.org/10.1038/nrmicro1793.

7. van der Oost J, Jore MM, Westra ER, Lundgren 
M, Brouns SJ. CRISPR-based adaptive and heri-
table immunity in prokaryotes. Trends Biochem Sci 
2009; 34:401-7; PMID:19646880; http://dx.doi.
org/10.1016/j.tibs.2009.05.002.

8. Horvath P, Barrangou R. CRISPR/Cas, the 
immune system of bacteria and archaea. Science 
2010; 327:167-70; PMID:20056882; http://dx.doi.
org/10.1126/science.1179555.

9. Karginov FV, Hannon GJ. The CRISPR system: 
small RNA-guided defense in bacteria and archaea. 
Mol Cell 2010; 37:7-19; PMID:20129051; http://
dx.doi.org/10.1016/j.molcel.2009.12.033.

10. Marraffini LA, Sontheimer EJ. CRISPR interfer-
ence: RNA-directed adaptive immunity in bacte-
ria and archaea. Nat Rev Genet 2010; 11:181-
90; PMID:20125085; http://dx.doi.org/10.1038/
nrg2749.

11. Deveau H, Garneau JE, Moineau S. CRISPR/
Cas system and its role in phage-bacteria inter-
actions. Annu Rev Microbiol 2010; 64:475-93; 
PMID:20528693; http://dx.doi.org/10.1146/
annurev.micro.112408.134123.

12. Levin BR. Nasty viruses, costly plasmids, popula-
tion dynamics, and the conditions for establishing 
and maintaining CRISPR-mediated adaptive immu-
nity in bacteria. PLoS Genet 2010; 6:e1001171; 
PMID:21060859; http://dx.doi.org/10.1371/jour-
nal.pgen.1001171.

13. Childs LM, Held NL, Young MJ, Whitaker RJ, Weitz 
JS. Multiscale model of CRISPR-induced coevolu-
tionary dynamics: diversification at the interface of 
Lamarck and Darwin. Evolution 2012; 66:2015-29; 
PMID:22759281; http://dx.doi.org/10.1111/j.1558-
5646.2012.01595.x.

14. Weinberger AD, Wolf YI, Lobkovsky AE, Gilmore 
MS, Koonin EV. Viral diversity threshold for adap-
tive immunity in prokaryotes. MBio 2012; 3:e00456-
12; PMID:23221803; http://dx.doi.org/10.1128/
mBio.00456-12.

15. Venter JC, Remington K, Heidelberg JF, Halpern 
AL, Rusch D, Eisen JA, et al. Environmental genome 
shotgun sequencing of the Sargasso Sea. Science 
2004; 304:66-74; PMID:15001713; http://dx.doi.
org/10.1126/science.1093857.

16. Tringe SG, Rubin EM. Metagenomics: DNA 
sequencing of environmental samples. Nat Rev Genet 
2005; 6:805-14; PMID:16304596; http://dx.doi.
org/10.1038/nrg1709.

17. Rohwer F. Global phage diversity. Cell 2003; 113:141; 
PMID:12705861; http://dx.doi.org/10.1016/S0092-
8674(03)00276-9.

18. Hatfull GF, Hendrix RW. Bacteriophages and 
their genomes. Curr Opin Virol 2011; 1:298-303; 
PMID:22034588; http://dx.doi.org/10.1016/j.covi-
ro.2011.06.009.

19. Rosario K, Breitbart M. Exploring the viral 
world through metagenomics. Curr Opin Virol 
2011; 1:289-97; PMID:22440785; http://dx.doi.
org/10.1016/j.coviro.2011.06.004.

valuable clues into the tantalizing possibil-
ity of a role for CRISPR/Cas in gene regu-
lation. As discussed in the previous section, 
the repeated induction of prophages could 
also be an important element contributing 
to the ongoing retention of CRISPR spac-
ers shared across multiple individuals.

Conclusion

CRISPR biology is uniquely suited to shed 
light on many aspects of phage-bacteria 
interactions. Sound ecological interpreta-
tions depend heavily on understanding 
of the underlying biological mechanisms 
shaping CRISPR arrays. Conversely, eco-
logical observations provide data against 
which hypotheses on CRISPR biology 
may be evaluated, while raising intrigu-
ing questions that motivate research into 
mechanistic aspects. This interplay will 
surely continue to play a prominent role 
in the study of these remarkable systems.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were 
disclosed.

Acknowledgments

We thank Nir Friedman, Shany Doron, 
Hila Sberro, Abbie Groff and Martin 
Lukačišin for insightful discussion. This 
study was supported, in part, by the ERC-
StG program (grant 260432), the Israeli 
Science Foundation (grant ISF-1303/12), 
the Leona M. and Harry B. Helmsley 
Charitable Trust and by a DIP grant from 
the Deutsche Forschungsgemeinschaft. 
E.M. is grateful for the support of 
a Harvard Herchel Smith Graduate 
Fellowship in the Sciences.

Supplemental Material

Supplemental material may be found here: 
www.landesbioscience.com/journals /
rnabiology/article/23929/

References
1. Chibani-Chennoufi S, Bruttin A, Dillmann 

ML, Brüssow H. Phage-host interaction: an eco-
logical perspective. J Bacteriol 2004; 186:3677-
86; PMID:15175280; http://dx.doi.org/10.1128/
JB.186.12.3677-3686.2004.

2. Rodriguez-Valera F, Martin-Cuadrado AB, 
Rodriguez-Brito B, Pasić L, Thingstad TF, Rohwer 
F, et al. Explaining microbial population genom-
ics through phage predation. Nat Rev Microbiol 
2009; 7:828-36; PMID:19834481; http://dx.doi.
org/10.1038/nrmicro2235.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com RNA Biology 7

64. Avrani S, Wurtzel O, Sharon I, Sorek R, Lindell D. 
Genomic island variability facilitates Prochlorococcus-
virus coexistence. Nature 2011; 474:604-8; 
PMID:21720364; http://dx.doi.org/10.1038/
nature10172.

65. Young JC, Dill BD, Pan C, Hettich RL, Banfield 
JF, Shah M, et al. Phage-induced expression of 
CRISPR-associated proteins is revealed by shotgun 
proteomics in Streptococcus thermophilus. PLoS One 
2012; 7:e38077; PMID:22666452; http://dx.doi.
org/10.1371/journal.pone.0038077.

66. Agari Y, Sakamoto K, Tamakoshi M, Oshima T, 
Kuramitsu S, Shinkai A. Transcription profile of 
Thermus thermophilus CRISPR systems after 
phage infection. J Mol Biol 2010; 395:270-81; 
PMID:19891975; http://dx.doi.org/10.1016/j.
jmb.2009.10.057.

67. Deng L, Garrett RA, Shah SA, Peng X, She Q. 
A novel interference mechanism by a type IIIB 
CRISPR-Cmr module in Sulfolobus. Mol Microbiol 
2013; In press; PMID:23320564; http://dx.doi.
org/10.1111/mmi.12152.

68. Makarova KS, Anantharaman V, Aravind L, 
Koonin EV. Live virus-free or die: coupling of 
antivirus immunity and programmed suicide or 
dormancy in prokaryotes. Biol Direct 2012; 7:40; 
PMID:23151069; http://dx.doi.org/10.1186/1745-
6150-7-40.

69. Bondy-Denomy J, Pawluk A, Maxwell KL, 
Davidson AR. Bacteriophage genes that inactivate 
the CRISPR/Cas bacterial immune system. Nature 
2013; 493:429-32; PMID:23242138; http://dx.doi.
org/10.1038/nature11723.

70. Skennerton CT, Angly FE, Breitbart M, Bragg L, 
He S, McMahon KD, et al. Phage encoded H-NS: a 
potential achilles heel in the bacterial defence system. 
PLoS One 2011; 6:e20095; PMID:21625595; http://
dx.doi.org/10.1371/journal.pone.0020095.

71. Mojica FJM, Díez-Villaseñor C, García-Martínez J, 
Almendros C. Short motif sequences determine the 
targets of the prokaryotic CRISPR defence system. 
Microbiology 2009; 155:733-40; PMID:19246744; 
http://dx.doi.org/10.1099/mic.0.023960-0.

72. Sapranauskas R, Gasiunas G, Fremaux C, Barrangou 
R, Horvath P, Siksnys V. The Streptococcus ther-
mophilus CRISPR/Cas system provides immunity in 
Escherichia coli. Nucleic Acids Res 2011; 39:9275-82; 
PMID:21813460; http://dx.doi.org/10.1093/nar/
gkr606.

73. Zegans ME, Wagner JC, Cady KC, Murphy DM, 
Hammond JH, O’Toole GA. Interaction between 
bacteriophage DMS3 and host CRISPR region inhib-
its group behaviors of Pseudomonas aeruginosa. J 
Bacteriol 2009; 191:210-9; PMID:18952788; http://
dx.doi.org/10.1128/JB.00797-08.

74. Cady KC, White AS, Hammond JH, Abendroth 
MD, Karthikeyan RS, Lalitha P, et al. Prevalence, 
conservation and functional analysis of Yersinia and 
Escherichia CRISPR regions in clinical Pseudomonas 
aeruginosa isolates. Microbiology 2011; 157:430-
7; PMID:21081758; http://dx.doi.org/10.1099/
mic.0.045732-0.

75. Cady KC, Bondy-Denomy J, Heussler GE, Davidson 
AR, O’Toole GA. The CRISPR/Cas adaptive immune 
system of Pseudomonas aeruginosa mediates resis-
tance to naturally occurring and engineered phages. 
J Bacteriol 2012; 194:5728-38; PMID:22885297; 
http://dx.doi.org/10.1128/JB.01184-12.

76. Li M, Liu H, Han J, Liu J, Wang R, Zhao D, et al. 
Characterization of CRISPR RNA biogenesis and 
Cas6-cleavage mediated inhibition of a provirus in 
the haloarchaeon Haloferax mediterranei. J Bacteriol 
2013; 195:867-75; PMID:23243301; http://dx.doi.
org/10.1128/JB.01688-12.

49. Kuo CH, Ochman H. Deletional bias across the three 
domains of life. Genome Biol Evol 2009; 1:145-52; 
PMID:20333185; http://dx.doi.org/10.1093/gbe/
evp016.

50. Jansen R, Embden JD, Gaastra W, Schouls LM. 
Identification of genes that are associated with 
DNA repeats in prokaryotes. Mol Microbiol 2002; 
43:1565-75; PMID:11952905; http://dx.doi.
org/10.1046/j.1365-2958.2002.02839.x.

51. Touchon M, Rocha EP. The small, slow and spe-
cialized CRISPR and anti-CRISPR of Escherichia 
and Salmonella. PLoS One 2010; 5:e11126; 
PMID:20559554; http://dx.doi.org/10.1371/jour-
nal.pone.0011126.

52. Eckburg PB, Bik EM, Bernstein CN, Purdom E, 
Dethlefsen L, Sargent M, et al. Diversity of the 
human intestinal microbial f lora. Science 2005; 
308:1635-8; PMID:15831718; http://dx.doi.
org/10.1126/science.1110591.

53. Weinberger AD, Sun CL, Plucićski MM, Denef VJ, 
Thomas BC, Horvath P, et al. Persisting viral sequenc-
es shape microbial CRISPR-based immunity. PLoS 
Comput Biol 2012; 8:e1002475; PMID:22532794; 
http://dx.doi.org/10.1371/journal.pcbi.1002475.

54. Brodt A, Lurie-Weinberger MN, Gophna U. CRISPR 
loci reveal networks of gene exchange in archaea. Biol 
Direct 2011; 6:65; PMID:22188759; http://dx.doi.
org/10.1186/1745-6150-6-65.

55. Reyes A, Haynes M, Hanson N, Angly FE, Heath 
AC, Rohwer F, et al. Viruses in the faecal microbi-
ota of monozygotic twins and their mothers. Nature 
2010; 466:334-8; PMID:20631792; http://dx.doi.
org/10.1038/nature09199.

56. Minot S, Sinha R, Chen J, Li H, Keilbaugh SA, Wu 
GD, et al. The human gut virome: inter-individual 
variation and dynamic response to diet. Genome Res 
2011; 21:1616-25; PMID:21880779; http://dx.doi.
org/10.1101/gr.122705.111.

57. Breitbart M, Hewson I, Felts B, Mahaffy JM, Nulton 
J, Salamon P, et al. Metagenomic analyses of an uncul-
tured viral community from human feces. J Bacteriol 
2003; 185:6220-3; PMID:14526037; http://dx.doi.
org/10.1128/JB.185.20.6220-6223.2003.

58. Kim MS, Park EJ, Roh SW, Bae JW. Diversity and 
abundance of single-stranded DNA viruses in human 
feces. Appl Environ Microbiol 2011; 77:8062-70; 
PMID:21948823; http://dx.doi.org/10.1128/
AEM.06331-11.

59. Fineran PC, Charpentier E. Memory of viral infec-
tions by CRISPR-Cas adaptive immune systems: 
acquisition of new information. Virology 2012; 
434:202-9; PMID:23123013; http://dx.doi.
org/10.1016/j.virol.2012.10.003.

60. Sun CL, Barrangou R, Thomas BC, Horvath 
P, Fremaux C, Banfield JF. Phage mutations in 
response to CRISPR diversification in a bacterial 
population. Environ Microbiol 2013; 15:463-70; 
PMID:23057534; http://dx.doi.org/10.1111/j.1462-
2920.2012.02879.x.

61. Edgar R, Qimron U. The Escherichia coli CRISPR 
system protects from λ lysogenization, lysogens, and 
prophage induction. J Bacteriol 2010; 192:6291-
4; PMID:20889749; http://dx.doi.org/10.1128/
JB.00644-10.

62. Stern A, Keren L, Wurtzel O, Amitai G, Sorek 
R. Self-targeting by CRISPR: gene regulation or 
autoimmunity? Trends Genet 2010; 26:335-40; 
PMID:20598393; http://dx.doi.org/10.1016/j.
tig.2010.05.008.

63. Gudbergsdottir S, Deng L, Chen Z, Jensen JVK, 
Jensen LR, She Q, et al. Dynamic properties of the 
Sulfolobus CRISPR/Cas and CRISPR/Cmr systems 
when challenged with vector-borne viral and plasmid 
genes and protospacers. Mol Microbiol 2011; 79:35-
49; PMID:21166892; http://dx.doi.org/10.1111/
j.1365-2958.2010.07452.x.

34. Erdmann S, Garrett RA. Selective and hyperactive 
uptake of foreign DNA by adaptive immune sys-
tems of an archaeon via two distinct mechanisms. 
Mol Microbiol 2012; 85:1044-56; PMID:22834906; 
http://dx.doi.org/10.1111/j.1365-2958.2012.08171.x.

35. Horvath P, Romero DA, Coûté-Monvoisin AC, 
Richards M, Deveau H, Moineau S, et al. Diversity, 
activity, and evolution of CRISPR loci in Streptococcus 
thermophilus. J Bacteriol 2008; 190:1401-12; 
PMID:18065539; http://dx.doi.org/10.1128/
JB.01415-07.

36. Held NL, Herrera A, Cadillo-Quiroz H, Whitaker 
RJ. CRISPR associated diversity within a population 
of Sulfolobus islandicus. PLoS One 2010; 5:e12988; 
PMID:20927396; http://dx.doi.org/10.1371/jour-
nal.pone.0012988.

37. Tyson GW, Banfield JF. Rapidly evolving CRISPRs 
implicated in acquired resistance of microorgan-
isms to viruses. Environ Microbiol 2008; 10:200-7; 
PMID:17894817.

38. Díez-Villaseñor C, Almendros C, García-Martínez J, 
Mojica FJ. Diversity of CRISPR loci in Escherichia coli. 
Microbiology 2010; 156:1351-61; PMID:20133361; 
http://dx.doi.org/10.1099/mic.0.036046-0.

39. Lopez-Sanchez MJ, Sauvage E, Da Cunha V, 
Clermont D, Ratsima Hariniaina E, Gonzalez-Zorn 
B, et al. The highly dynamic CRISPR1 system 
of Streptococcus agalactiae controls the diversity of 
its mobilome. Mol Microbiol 2012; 85:1057-71; 
PMID:22834929; http://dx.doi.org/10.1111/j.1365-
2958.2012.08172.x.

40. Blumberg R, Powrie F. Microbiota, disease, and back 
to health: a metastable journey. Sci Transl Med 2012; 
4:rv7; PMID:22674557; http://dx.doi.org/10.1126/
scitranslmed.3004184.

41. Greenblum S, Turnbaugh PJ, Borenstein E. 
Metagenomic systems biology of the human gut 
microbiome reveals topological shifts associated with 
obesity and inflammatory bowel disease. Proc Natl 
Acad Sci USA 2012; 109:594-9; PMID:22184244; 
http://dx.doi.org/10.1073/pnas.1116053109.

42. Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, et al. A 
metagenome-wide association study of gut micro-
biota in type 2 diabetes. Nature 2012; 490:55-
60; PMID:23023125; http://dx.doi.org/10.1038/
nature11450.

43. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett 
CM, Knight R, Gordon JI. The human microbiome 
project. Nature 2007; 449:804-10; PMID:17943116; 
http://dx.doi.org/10.1038/nature06244.

44. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, 
Manichanh C, et al.; MetaHIT Consortium. A 
human gut microbial gene catalogue established by 
metagenomic sequencing. Nature 2010; 464:59-
65; PMID:20203603; http://dx.doi.org/10.1038/
nature08821.

45. Yatsunenko T, Rey FE, Manary MJ, Trehan I, 
Dominguez-Bello MG, Contreras M, et al. Human 
gut microbiome viewed across age and geography. 
Nature 2012; 486:222-7; PMID:22699611.

46. Koenig JE, Spor A, Scalfone N, Fricker AD, 
Stombaugh J, Knight R, et al. Succession of microbial 
consortia in the developing infant gut microbiome. 
Proc Natl Acad Sci USA 2011; 108(Suppl 1):4578-
85; PMID:20668239; http://dx.doi.org/10.1073/
pnas.1000081107.

47. Sharon I, Morowitz MJ, Thomas BC, Costello 
EK, Relman DA, Banfield JF. Time series com-
munity genomics analysis reveals rapid shifts in 
bacterial species, strains, and phage during infant 
gut colonization. Genome Res 2013; 23:111-20; 
PMID:22936250; http://dx.doi.org/10.1101/
gr.142315.112.

48. Schloissnig S, Arumugam M, Sunagawa S, Mitreva 
M, Tap J, Zhu A, et al. Genomic variation landscape 
of the human gut microbiome. Nature 2013; 493:45-
50; PMID:23222524; http://dx.doi.org/10.1038/
nature11711.




