
The acquisition of new genes that confer a selective 
advantage is an important factor in genome evolution. 
Considerable proportions of bacterial and archaeal 
genomes consist of genes derived from the exchange 
of genetic material among related or unrelated species1, 
which is known as horizontal gene transfer (HGT). HGT 
occurs by uptake of environmental DNA (transformation) 
or by the incorporation of heterologous DNA carried on 
mobile genetic elements, such as plasmids (conjugation) 
and bacteriophages (transduction)2.

However, only a miniscule fraction of acquired genes 
confers an immediate selective advantage. Therefore 
bacteria and archaea have developed many mecha
nisms to prevent HGT, such as DNA restriction and  
surface exclusion2. Recently, arrays of clustered, regularly 
interspaced short palindromic repeats (CRISPRs) have 
been identified as determinants of a novel genetic inter
ference pathway that limits at least two major routes of 
HGT — conjugation and transduction. Like eukaryotic  
RNA interference (RNAi) and related pathways (with 
which CRISPR interference is analogous but not homo
logous), CRISPR interference provides the host with an 
efficient antiviral defence mechanism.

In contrast to other gene transfer and phage defence 
mechanisms, CRISPR interference is an adaptive 
immune system that can be reprogrammed to reject 
invading DNA molecules that have not been previ
ously encountered. CRISPRs are separated by short 
spacer sequences that match bacteriophage or plasmid 

sequences and specify the targets of interference. Upon 
phage infection, CRISPR arrays can acquire new repeat
spacer units that match the challenging phage. Cells 
with this extended CRISPR locus will survive phage 
infection and thrive. Therefore the spacer content of 
CRISPR arrays reflects the many different phages and  
plasmids that have been encountered by the host,  
and these spacers can be expanded rapidly in response 
to new invasions. Accordingly, CRISPRs constitute 
a ‘genetic memory’ that ensures the rejection of new, 
returning and everpresent invading DNA molecules.

In this Review we provide a perspective on how 
CRISPR elements were discovered, their classification 
and their distribution among bacterial and archaeal 
genomes. We describe the advances that have been 
made towards understanding the mechanisms of 
CRISPR function and the important roles that these 
arrays have in the evolution of bacteria, archaea 
and their phages. We conclude by discussing cur
rent and potential applications of this novel genetic 
interference pathway.

Discovery of the CRISPR system
In 1987, Ishino et al.3 cloned and sequenced the iap gene, 
which is responsible for alkaline phosphatase isozyme 
conversion in Escherichia coli. Immediately downstream 
of iap, the authors noted a set of 29nucleotide (nt)  
repeats separated by unrelated, nonrepetitive and  
similarly short sequences (spacers), which they cloned 
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Transformation
Genetic alteration of a cell 
resulting from the acquisition of 
genes from free DNA molecules 
in the surrounding environment.

Conjugation
The transfer of genetic 
information from a donor to a 
recipient cell by a conjugative 
or mobile genetic element, 
often a conjugative plasmid.

Bacteriophage
(Also abbreviated to ‘phage’.)  
A virus that infects bacteria. 
Virulent phages kill the host 
(lytic infection cycle), whereas 
temperate phages can 
integrate into the host 
chromosome (lysogenic  
cycle), becoming a prophage.
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Abstract | Sequence-directed genetic interference pathways control gene expression and 
preserve genome integrity in all kingdoms of life. The importance of such pathways is 
highlighted by the extensive study of RNA interference (RNAi) and related processes in 
eukaryotes. In many bacteria and most archaea, clustered, regularly interspaced short 
palindromic repeats (CRISPRs) are involved in a more recently discovered interference 
pathway that protects cells from bacteriophages and conjugative plasmids. CRISPR 
sequences provide an adaptive, heritable record of past infections and express  
CRISPR RNAs — small RNAs that target invasive nucleic acids. Here, we review the 
mechanisms of CRISPR interference and its roles in microbial physiology and evolution. 
We also discuss potential applications of this novel interference pathway.
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Figure 1 | Features of cRisPR loci. Typically, clustered, regularly interspaced short 
palindromic repeats (CRISPRs, white boxes) are preceded by a leader sequence (black 
box) that is AT-rich but otherwise not conserved. The number of repeats can vary 
substantially, from a minimum of two to a few hundred. Repeat length, however, is 
restricted to 23 to 50 nucleotides. Repeats are separated by similarly sized, 
non-repetitive spacers (coloured boxes) that share sequence identity with fragments 
of plasmids and bacteriophage genomes and specify the targets of CRISPR 
interference. A set of CRISPR-associated (cas) genes immediately precedes or follows 
the repeats. These genes are conserved, can be classified into different families and 
subtypes, and encode the protein machinery responsible for CRISPR activity.

Transduction
The transfer of genetic 
information from one bacterial 
or archaeal cell to another by  
a phage particle containing 
chromosomal DNA.

DNA restriction
The destruction of foreign 
dsDNA by a restriction 
endonuclease. The protection 
of self DNA from restriction is 
achieved by DNA methylation.

Surface exclusion
A process that bars conjugative 
transfer of a plasmid into 
recipient cells that already 
harbour a related plasmid.

RNA interference
A set of related pathways in 
eukaryotic cells that use small 
(20–30 nucleotides) RNAs to 
regulate the expression or 
function of cognate sequences.

Protospacer
Phage or plasmid sequences 
that match one or more 
clustered, regularly 
interspaced short palindromic 
repeat (CRISPR) spacer 
sequences and are targeted 
during CRISPR interference.

Dyad symmetry
A twofold rotational symmetry 
relationship (in this case, a 
DNA arrangement in which  
a 5′→3′ sequence on one 
strand is juxtaposed with the 
same 5′→3′ sequence on  
the opposite strand). 
Transcripts from such regions 
have the capacity to form 
stem–loop structures.

and sequenced in a subsequent study4. This constituted 
the first report of a CRISPR locus and was followed by 
similar descriptions of repeats derived from gene5–8 
or wholegenome9–14 sequencing projects in bacteria 
and archaea. The accumulation of available genomic 
sequences led mojica et al.15 to recognize CRISPRs as a 
family of repeats that are present in many such species.

In 2002, Jansen et al.16 coined the term CRISPR 
to reflect the particular structure of these loci (FIG. 1).  
Typically, a repeat cluster is preceded by a ‘leader’ 
sequence, an ATrich region several hundred base 
pairs long with intraspecies but not interspecies con
servation16. CRISPRassociated (cas) genes, a set of  
conserved proteincoding genes that are associated with 
these loci, are usually present on one side of the array. 
Analysis of spacer sequences in several CRISPR loci 
revealed that spacers match sequences from foreign, 
mobile genetic elements, such as bacteriophages and 
plasmids17–19. early studies17 also noted a correlation 
between phage sensitivity and the absence of spacers  
matching the sequence of that particular phage, 
which suggests an immune function for CRISPR loci. 
The comparison of CRISPR loci from a collection of 
Yersinia pestis strains revealed that acquisition of new 
spacers occurs in a polarized fashion, with new units 
being added at one end of the cluster19. These results 
suggested the existence of a mechanism that exploits 
the basepairing potential of nucleic acids to enable 
sequencebased interference of phage infection, gene 
expression, or both. This possibility, which was sup
ported by a detailed bioinformatic analysis of the cas 
genes that revealed a bias towards proteins that are pre
dicted to facilitate transactions among nucleic acids, 
led to the proposition that CRISPR immunity could 
function in a manner analogous to eukaryotic RNAi20,21, 
which also uses nucleic acid sequences to guide a  
genesilencing pathway.

In 2007, a seminal study by Barrangou et al.22 showed 
that CRISPR loci specify an adaptive immune pathway that  
protects Streptococcus thermophilus against phage 
infection. This study provided the first experimental 
evidence that sequence identity between the spacer 
and its match in the phage genome (the protospacer) 
is required for CRISPR immunity, that new repeat
spacer units are acquired upon phage challenge and 

that cas genes are necessary for CRISPR function. more 
recently, we showed that CRISPR interference can limit 
plasmid conjugation in Staphylococcus epidermidis23, 
demonstrating a broader role for CRISPRs in the pre
vention of HGT in bacteria.

Distribution and classification of CRISPR loci
Approximately 40% of sequenced bacterial genomes, 
and ~90% of those from archaea, contain at least one 
CRISPR locus24. It is puzzling why more than half of all 
sequenced bacterial genomes lack CRISPR loci when 
they are so widespread in archaea; one possible expla
nation for this apparent inequality may be a genome 
sequencing bias towards longestablished laboratory 
strains of bacteria, which may have lost CRISPR loci 
owing to a lack of exposure to bacteriophages for many 
generations. Regarding the number of loci per genome, 
the archaean Methanocaldococcus jannaschii 9 is the 
current record holder with 18 clusters. The number of 
repeatspacer units per array ranges from just a few to 
several hundred, but the average is 66. The genome of 
the thermophilic bacterium Chloroflexus sp. Y400fl 
contains the highest number of repeatspacer units 
observed so far, with 374 units in 1 of its 4 CRISPR loci.  
The repeat sequences vary, even among CRISPR  
loci in the same genome, and some exhibit limited 
dyad symmetry. Based on sequence similarity and the 
potential to form stem–loop structures, CRISPRs can 
be classified into 12 categories25. Analysis of the current 
CRISPR database24 reveals that repeats range from 23 to 
50nt long and have an average length of 31 nt, whereas 
spacer sequences range from 17 to 84nt long and have 
an average length of 36 nt. only ~2% of the total spacer 
sequences have matches in Genbank18,21, which is prob
ably due to the minuscule proportion of extant bacterio
phages and plasmids that have been sequenced, and this 
percentage increases significantly when community 
genomic data from bacteria and phages present in a  
particular microbial niche are analysed26,27.

The complexity of CRISPR loci is multiplied by the 
presence of different sets of cas genes in the vicinity of 
the repeats. With only one exception (the bacterium 
Thermoplasma acidophilum), all CRISPR arrays abut 
a set of cas genes <1 kb away28 that are absent from 
genomes devoid of CRISPR loci. more than 40 cas 
gene families have been identified21,28, and there is an 
exceptional variability in the cas genes that accompany 
each repeat cluster. Two groups have made consider
able efforts to classify CRISPR systems into different 
subtypes that share flanking cas genes21,28. Haft et al.28 
established 45 gene families associated with CRISPR 
loci that can be classified into eight CRISPR subtypes 
that often share gene order as well as content (TABLE 1).  
Interestingly, there is also a correlation between the 
characteristics of the repeats and the cas subtype associ
ated with them28,29. Six cas gene families (cas1–cas6) are  
found in a wide range of CRISPR subtypes and  
are considered ‘core’ cas genes (TABLE 2). of these, only 
cas1 and cas2 are present in all CRISPR loci (although 
in some cases Cas2 is encoded as a fused domain of  
a Cas3 protein).
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The bioinformatic analysis of CRISPR loci in 
sequenced genomes has revealed an exceptional degree 
of genetic variability, perhaps reflecting the enormous 
diversity of mobile genetic elements to which bacteria 
and archaea are exposed. For example, it is common to 
find CRISPR loci belonging to different subtypes in one 
species, and the same subtypes can be found in phylo
genetically distant genomes. These and other findings 
suggest that CRISPR loci have themselves been acquired 
through HGT28,30–32, a hypothesis that is supported by 
the presence of CRISPR loci in many plasmids26,30.

Acquisition of new spacer sequences
At the molecular level, CRISPR function can be divided 
into three phases: the incorporation of new spacers 
into CRISPR arrays, the expression and processing of 
CRISPR RNAs (crRNAs), and CRISPR interference33. In 
the first phase, CRISPR loci incorporate additional spac
ers to programme their activity against invading plas
mids and phages. This allows the cell to adapt rapidly 
to the invaders present in the environment and there
fore we refer to it as the ‘adaptation’ phase of CRISPR 
function (FIG. 2). The information stored in spacers is 
then used to repel invaders during the ‘defence’ phase 
of CRISPR interference (described below).

Adaptation to plasmids and predatory phages by 
spacer acquisition has been shown to occur readily in 
several species. In the course of studies of phage therapy 
for the prevention of tooth decay, m102 phages were 
introduced into rats to eliminate Streptococcus mutans, 
the principal aetiological agent of dental cavities. 
Bacteriophageinsensitive mutants (BIms) were isolated 
that had added an m102matching spacer sequence to 
one of the two CRISPR arrays in this species34. Similar 
adaptation can be induced in laboratory cultures by 
phage challenge of S. thermophilus22,35,36. These studies 
have determined that all new spacers are inserted at the 
leader end of the CRISPR array and that most integra
tions occur at the first position in the cluster. The loss 

of one or more repeatspacer sequences has also been 
observed, which suggests that CRISPRs do not grow 
unchecked36,37. The addition of a single repeatspacer 
unit is most common, but up to four new units have 
been detected35. only two of the three CRISPR loci 
present in S. thermophilus have been shown to acquire 
new spacers36.

Active acquisition of new spacer sequences can also 
be detected by analysis of natural microbial popula
tions. metagenomic data (involving random sequenc
ing of genomes from a whole community of microbes 
and phages) obtained from two sites within Richmond 
mine (California, USA) over a period of months 
allowed the sequencing of distinct Leptospirillum sp. 
populations37. The populations were essentially identi
cal except in the spacer content of the single CRISPR 
locus found. Spacer diversity was highly polarized: the 
distal (relative to the leader) half of the cluster was more 
conserved among both populations and the proximal 
half was much more divergent. The appearance of  
unique (new) spacers was accompanied by the loss  
of more conserved ones, again indicating that CRISPR 
growth is limited. These observations suggest a com
mon ancestor for populations that diverged in their 
CRISPR content as they acquired new spacers to adapt 
to the distinct predatory phage populations in their  
new environments.

The molecular mechanism of spacer incorpora
tion is unknown. Cas1 and Cas2 are dispensable for  
the function of preexisting spacers in E. coli38, despite the  
apparent universality of these proteins in CRISPR–Cas 
systems, and therefore they are thought to partici
pate in adaptation. Pseudomonas aeruginosa Cas1 is 
a sequencenonspecific DNase that generates ~80nt 
DNA fragments (see above) that have been suggested 
to reflect the initial sources of new 32nt spacers39. 
How Cas1 might distinguish chromosomal from inva
sive DNA and how its presumed nucleolytic products 
integrate into CRISPR loci remain mysterious. Finally, 

Table 1 | Classification of Cas protein subtypes

subtype name* Reference organism core genes subtype-specific genes

Ecoli Escherichia coli cas1–cas3 cse1–cse4 and cas5e‡

Ypest Yersinia pestis cas1–cas3 csy1–csy4

Nmeni Neisseria meningitidis cas1‑cas2 csn1–csn2

Dvulg Desulfovibrio vulgaris cas1‑cas4 csd1–csd2 and cas5d‡

Tneap Thermotoga neapolitana cas1–cas4 and cas6 cst1–cst2 and cas5t‡

Hmari Haloarcula marismortui cas1–cas4 and cas6 csh1–csh2 and cas5h‡

Apern Aeropyrum pernix cas1–cas6 csa1–csa5

Mtube Mycobacterium tuberculosis cas1–cas2 and cas6 csm1–csm5

RAMP module§ - None cmr1–cmr6

*As described in Haft et al.28 and adopted by the Integrated Microbial Genomes data management system (http://img.jgi.doe.gov). 
Each CRISPR subtype is named after a reference genome in which there is only one CRISPR locus. ‡Many members of the Cas5 family 
contain a conserved amino-terminal domain, but the rest of the sequence seems to be subtype-specific with no conservation across 
other subtypes. Therefore, cas5 gene names are followed by a letter denoting the subtype to which they belong. § The RAMP 
superfamily was found to be linked to CRISPR loci by Makarova et al.31. The Cas module RAMP — which contains six genes, 
cmr1–cmr6 — is present in a range of bacteria and archaea and does not seem to exist as an autonomous functional unit; instead it is 
always associated with one of the other eight CRISPR subtypes. Cas, CRISPR-associated; CRISPR, clustered, regularly interspaced 
short palindromic repeat; RAMP, repeat-associated mysterious protein.
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a cas2 or csn2 gene that is associated with a CRISPR 
locus of S. thermophilus seems to be important for the 
acquisition of spacers in this bacterium, as its disruption 
prevents the generation of BIms with novel spacers22.

The alignment of protospacer flanking sequences in 
phage genomes reveals the presence of short (2–3 nt) 
conserved regions that have been named ‘CRISPR 
motifs’ or ‘protospaceradjacent motifs’ on either side 
of the protospacer sequence17,29,34,35,40,41. The presence of  
these motifs indicates that protospacers are not ran
domly selected and suggests that this conserved 
sequence may provide a recognition signal for the selec
tion of target sequences that will become new spacers. In 
addition, phages can evade CRISPR immunity by mutat
ing residues of the CRISPR motif 35,41, which suggests a 
role for flanking sequences during the defence phase 
as well. Adaptation is one of the most intriguing and  
underexplored aspects of CRISPR biology.

Mechanisms of CRISPR interference
once a spacer is established in a CRISPR locus, it pro
vides specificity for the defence phase of the CRISPR 
pathway. essential to this process is the generation of 
small crRNAs that are encoded by the repeats and spac
ers. To mount a successful defence, the CRISPR machin
ery must express and process CRISPR transcripts 
and use them to guide the interference machinery to  
invasive targets and obstruct the invasion (FIG. 3).

CRISPR transcription and processing. CRISPRderived 
transcripts were first identified in smallRNA profiling 
studies of Archaeoglobus fulgidus42 and Sulpholobus  
solfataricus43. These studies suggested that the repeats 
and spacers are transcribed as a long precursor that is 
processed into small crRNAs, a hypothesis that has been  
confirmed by analysis of CRISPR transcription in E. coli38, 
Pyrococcus furiosus44, Sulpholobus acidocaldarius45 and  
Xanthomonas oyrzae41. Transcription is constitutive 
and unidirectional, but one possible exception to uni
directionality has been reported45. CRISPR transcrip
tion initiates at the end of the locus that contains the 

leader sequence, and the CRISPR promoter might even 
reside within the leader itself. experiments in Thermus 
thermophilus suggest that the cyclic AmP regulator pro
tein upregulates cas genes46,47 and that, at least in this 
bacterium, the CRISPR response may be governed by 
cAmP signal transduction. This pathway is activated 
during carbon source limitation, when the cell may be 
more susceptible to phage attack. In S. mutans, analysis 
of the transcriptome of a clpP protease mutant revealed 
increased expression of cas genes, which suggests the 
regulation of CRISPR loci48.

The processing of CRISPR precursor RNA (pre
crRNA) into small crRNAs is carried out by Cas proteins. 
The first analysis of the CRISPR molecular machinery 
was reported by Brouns et al.38 using the E. coli K12 
CRISPR system, which includes the core Cas1–Cas3 and 
Cas5e proteins, as well as the subtypespecific Cse1–
Cse4 proteins. Cse1–Cse4 and Cas5e always copurify 
as a multiprotein complex named CRISPRassociated 
complex for antiviral defence (Cascade). Wildtype 
cells expressed mature ~57nt crRNAs (each with only 
a single spacer sequence), whereas cas5e (also known 
as casD) and cse3 (also known as casE) mutants accu
mulated precrRNA, indicating that Cas5e and Cse3 
are required for crRNA processing. Purified Cascade, 
as well as Cse3 alone, was able to process an E. coli 
K12 precrRNA in vitro, and this analysis proved con
clusively that processing occurs endonucleolytically 
at a specific site in each repeat (8 nt upstream of the 
spacer). mature crRNAs were found to be associated 
with Cascade. most crRNA 5′ ends coincided with the 
site of Cse3 processing, whereas the 3′ ends were more 
heterogeneous. Finally, the biological significance of 
Cascade was shown by the lack of CRISPR immunity 
in the absence of the functional complex. This work 
defined the role of a complex of E. coli Cas and Cse pro
teins in crRNA maturation and established that mature 
crRNAs are crucial for CRISPR interference.

PrecrRNA processing has also been studied in 
P. furiosus. This archaeon contains seven CRISPR clus
ters associated with Cas proteins from the Cas module 

Table 2 | Cas protein characterization 

Protein Organism Gene locus PDB iD* Activity Refs

Cas1 Pseudomonas aeruginosa PA14_33350 3GOD Metal-dependent, dsDNA-specific endonuclease 39

Cas1 Sulpholobus solfataricus SSO1450 N.D. ‡ Sequence-nonspecific, multi-site, high-affinity nucleic acid-binding protein 85

Cas2 S. solfataricus SSO1404 2I8E ssRNA-specific endonuclease, preference for U-rich regions 86

Cas3 S. solfataricus SSO2001 N.D.‡ dsRNA and dsDNA endonuclease, preference for GC cleavage 58

Cas4§ ‑ - - Belongs to the RecB family of exonucleases, suggesting a role in recombination 21

Cas5§ ‑ - - Belongs to the RAMP family, no known or predicted activity 21

Cas6 Pyrococcus furiosus PF1131 3I4H Metal-independent, CRISPR-specific endoribonuclease, belongs to the  
RAMP family

21,49

Cse2 Thermus thermophilus TTHB189 2ZCA No known or predicted activity 87

Cse3 T. thermophilus TTHB192 1WJ9 Belongs to the RAMP family, no known or predicted activity 21,51

Cmr5 T. thermophilus TTHB164 2ZOP No known or predicted activity 88

*Protein database identification code. ‡Structure not determined. §No Cas4 or Cas5 orthologues have been characterized. Cas, CRISPR-associated;  
CRISPR, clustered, regularly interspaced short palindromic repeat; RAMP, repeat-associated mysterious protein.
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Figure 2 | Acquisition of new repeat-spacer units. During the adaptation phase of 
clustered, regularly interspaced short palindromic repeat (CRISPR) immunity, new 
spacers derived from the invading DNA are incorporated into CRISPR loci. The 
mechanism of spacer acquisition is unknown but possibly uses the nuclease activity  
of CRISPR-associated 1 (Cas1) to generate short fragments of invading DNA. How  
the CRISPR machinery recognizes phage or plasmid DNA as invasive and therefore 
suitable for CRISPR locus incorporation is also unknown. The addition of new spacers 
is thought to involve an integration or conversion event and occurs at the 
leader-proximal end of the cluster. CRISPRs are shown as white boxes, the leader 
sequence is shown as a black box, non-repetitive spacers are shown as coloured boxes 
and cas genes are shown as grey arrows.

Crenarchaeal
Referring to members  
of the Crenarchaeota  
phylum, which is composed  
mainly of thermophilic 
archaeal organisms.

repeatassociated mysterious protein (RAmP), Apern 
and Tneap subtypes (TABLE 1). Carte et al.49 revealed 
Cas6 to be an endoribonuclease that requires specific 
repeat sequences. As in E. coli, cleavage occurs at a spe
cific site 8 nt upstream of the spacer, and the resulting 
crRNAs are then trimmed in vivo at their 3′ but not 5′ 
ends44,50. Interestingly, P. furiosus cas6 encodes a pro
tein that is structurally similar to T. thermophilus Cse3  
(REFS 33,51). P. furiosus crRNAs encoded by spacers 
closer to the leader end (that is, those derived from the 
most recently encountered invaders) seem to accumu
late to higher levels than those encoded further down
stream. It is not known whether this reflects differences 
in crRNA transcription, processing, stability, or some 
combination thereof.

Together, these data support a model for the biogen
esis of crRNAs in which Cas proteins cleave precrRNA 
precursors at a specific site in the repeat sequences  
(FIG. 3a), followed by uncharacterized 3′ trimming 
events. As a result, crRNAs have a welldefined 5′ end 
that begins with ~8 nt of the upstream repeat sequence 
(a pattern that is now known to extend to S. epider-
midis crRNAs as well23) and a more heterogeneous 3′ 
end. Despite these advances, many aspects of crRNA 
generation remain to be studied. For example, how 
broadly do these conclusions extend among the differ
ent CRISPR–cas subtypes? Is the palindromic structure 
of repeats important for precrRNA processing? If so, 
are precrRNAs that contain nonpalindromic repeats 
processed by a distinct set of Cas proteins? Is the hetero
geneity of the 3′ termini functionally significant or is it 
an artefact of purification or cloning procedures?

Recognition of invading sequences. once generated,  
crRNAs use their basepairing potential to serve as guides 
for the recognition of the invasive target, presumably in 
the context of a crRNA–Cas ribonucleoprotein (crRNP) 
complex. Accumulated evidence shows that even a 
single spacer/target mismatch compromises CRISPR  
interference22,23,35. A study that analysed phages that 
evolved to evade CRISPR immunity in S. thermophilus35 
found that out of 19 such phages, 8 contained a single 
mutation, 3 a double mutation and 1 a singlebase deletion 
in the protospacer sequence. Interestingly, 7 phages car
ried substitutions in the downstream flanking sequence 
of the protospacer, within the CRISPR motif. Given 
the lengths of CRISPR spacers, equilibrium hybridiza
tion thermodynamics would seem to be insufficient for 
discrimination between perfect and singly mismatched 
targets, suggesting that crRNA/target mispairing may be 
actively sensed by the CRISPR–Cas machinery.

Several lines of evidence indicate that the CRISPR 
machinery in numerous species recognizes DNA rather 
than RNA targets (FIG. 3b). Bioinformatic analysis of the 
natural target distribution in several phage genomes 
shows that both the sense and antisense strands con
tain protospacers. This has been shown in viruses and 
plasmids of S. solfataricus20,52, several other crenarchaeal 
acidothermophiles29, S. thermophilus35,36, S. mutans34, 
Y. pestis53 and X. oyrzae41. In X. oyrzae, a protospacer 
was even identified in an apparently intergenic region 
of the phage genome41. engineered crRNAs complemen
tary to either sense or antisense sequences in the phage 
λ genome can also confer interference in E. coli38. These 
observations, combined with the apparent unidirec
tionality of most CRISPR transcription23,38,44, imply that 
crRNAs must be able to recognize antisense sequences, 
which suggests that dsDNAs but not mRNAs are viable 
candidate targets. In addition, no spacers that match 
RNA viruses have been found to date39,40, although this 
could be a consequence of the scarcity of RNA phage 
genome sequences or an inability of the CRISPR machin
ery to incorporate spacers from these phages. Finally, the 
existence of many natural protospacers in phage genes 
that are expressed late in the lytic cycle29,35,41 (when host 
viability is already compromised)54 would be difficult to 
reconcile with an RNA targeting mechanism.

more direct evidence for DNA targeting was obtained 
in S. epidermidis23. A clinical isolate of this bacterium 
(S. epidermidis RP62A55) harbours a single CRISPR 
locus with only three spacers. one cognate protospacer 
is found in the nickase (nes) gene, which is present in 
most staphylococcal conjugative plasmids. These plas
mids transfer from a donor to a recipient bacterium 
and carry all of the genes that encode the mobilization 
machinery. Transfer begins with the essential cleavage of 
one strand of the oriT locus in the donor cell by the nes 
protein56, and successful conjugation does not require  
nes mRNA expression in the recipient. Conjugative 
transfer was tested using wildtype S. epidermidis RP62A 
and a ΔCRISPR mutant as recipients, and sequence
dependent interference was observed only in the former. 
This result strongly supports nes DNA targeting in the 
recipient, as the essential nes mRNA and the CRISPR 
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Figure 3 | cRisPR interference. a | In the interference or defence phase of 
clustered, regularly interspaced short palindromic repeat (CRISPR) immunity, 
repeats and spacers are transcribed into a long precursor that is processed by a 
complex called CRISPR-associated complex for antiviral defence (Cascade) in 
Escherichia coli or CRISPR-associated 6 (Cas6) in Pyrococcus furiosus, which 
generates small CRISPR RNAs (crRNAs). Processing occurs near the 3′ end of the 
repeat sequence, leaving a short (~8 nucleotides) repeat sequence 5′ of the crRNA 
spacer. crRNAs have a more heterogeneous 3′ terminus that sometimes contains 
the palindromic sequence of the downstream repeat and has the potential to form a 
stem–loop structure. CRISPR loci transcription seems to be constitutive and the 
leader sequence may act as a promoter (arrow). CRISPRs are shown as white boxes, 
the leader sequence is shown as a black box, non-repetitive spacers are shown as 
coloured boxes and cas genes are shown as grey arrows. b | RNAs serve as guides for 
an effector complex, presumably composed of Cas proteins, that recognizes 
invading DNA and blocks infection (white cross) by an unknown mechanism.

machinery are physically separated in donor and recipi
ent cells, respectively. DNA targeting was further cor
roborated by the interruption of the nes protospacer 
with a selfsplicing intron. In this scenario, the target 
sequence is permanently disrupted in the plasmid  
DNA but is then reconstituted only in the spliced nes 
mRNA. Conjugation efficiencies into and out of wild
type S. epidermidis were similar to those of ΔCRISPR 
mutants, indicating that CRISPR interference requires an 
intact target in the nes DNA, but not in the nes mRNA. 
DNA targeting in S. epidermidis, and probably other 
species as well, represents a fundamental distinction 
between CRISPR interference and RNAi (BOX 1).

Recognition of RNA targets? The possibility of RNA tar
geting by some CRISPR systems has been raised by recent 
biochemical characterization of crRNP complexes from 
P. furiosus50. Purified crRNPs were found to contain a set 
of Cas proteins, Cmr1–Cmr6 (all of which are encoded 
by the apparently nonautonomous RAmP module 

subtype genes (TABLE 1)). Nucleolytic assays revealed 
that the complex has crRNAguided endoribonuclease  
activity, but no DNA cleavage was detected. RNA cleav
age generated 3′phosphate and 5′hydroxyl ends and 
occurred at a fixed distance (14 nt) from the target 
nucleotide opposite the 3′terminal base of the crRNA. 
This activity was reconstituted with synthetic crRNAs, as 
well as purified recombinant Cmr proteins. These results 
indicate that crRNAdirected RNA cleavage can occur 
in P. furiosus (and perhaps other species expressing the 
RAmP module proteins). Functional tests of this model 
during interference in vivo have not yet been possible. 
The hypothesis that CRISPR interference occurs by RNA 
targeting in this organism leads to the strong prediction 
that P. furiosus phage protospacers will differ from those 
of other characterized CRISPRs in several ways, includ
ing orientation dependence (to enable targeting of sense 
transcripts), insensitivity to protospacer intron disrup
tion, and underrepresentation in genes expressed late 
in the lytic cycle. In addition, RAmP subtype CRISPR 
systems may target RNA bacteriophages. None of the 
spacer sequences found in the P. furiosus CRISPRs have 
matches in Genbank, so these predictions cannot yet  
be assessed.

Discriminating between self and non-self. DNA target
ing during CRISPR immunity raises an issue that is faced 
by all immune systems: how to recognize self from non
self to thwart invasions without triggering autoimmu
nity. Because the sequence match between the spacer in 
the crRNA and the target in the invasive DNA also exists 
between the crRNA and the CRISPR locus that encodes 
it, there must be a mechanism that enables CRISPR sys
tems to avoid targeting their own DNA. Recently, we 
showed that CRISPRs provide the means to exclude self 
DNA from targeting in S. epidermidis. Specifically, com
pensatory mutagenic analyses of crRNAs and their DNA 
targets revealed that self and foreign DNA are differen
tially recognized by the crRNA outside the protospacer57: 
the ~8 nt of repeat sequence at the crRNA 5′ terminus 
pairs only with CRISPR DNA. In bona fide targets, the 
absence of this complementarity licenses interference 
(FIG. 4). Although this mechanism has only been docu
mented thus far in S. epidermidis, differential base pair
ing outside the spacer sequence is a builtin capability of 
all CRISPR systems. It may therefore provide a broadly 
applicable means of discriminating self from nonself 
during the CRISPR immune response.

Obstruction of nucleic acid invasion. The specific 
molecular events that obstruct invasion during CRISPR 
interference in vivo are poorly understood. A study in 
S. thermophilus showed that CRISPRdirected immunity 
does not prevent phage adsorption or DNA injection, is 
independent of restriction–modification systems, and is 
not associated with the high incidence of cell death that 
would be expected for an abortive infection mechanism35.  
If RNA targeting by the Cmr1–Cmr2–Cmr3–Cmr4–
Cmr5–Cmr6 complex is validated as an in vivo  
mechanism of interference in P. furiosus, this will point 
towards mRNA destruction as an inhibitory event in 
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 Box 1 | CRISPR interference and eukaryotic RNA silencing: how similar are they?

In eukaryotes, RNA interference (RNAi) and related pathways use 20–30-nucleotide short interfering RNAs (siRNAs), 
microRNAs (miRNAs) and piwi-interfering RNAs (piRNAs) as guides for gene regulation and genome defence81–84.  
The nature of clustered, regularly interspaced short palindromic repeat (CRISPR) interference immediately raises 
questions about its relationship to RNAi. Although the picture is still evolving, clear similarities and differences are 
emerging. The similarities are indeed intriguing: both block gene function in a programmable, sequence-directed 
manner and use RNAs to guide an effector apparatus to the target. The guide RNAs are processed from longer 
precursors38,49 and incorporate sequences that are ultimately derived from invasive nucleic acids17–19,22. Both sets  
of pathways have adaptive and heritable components that are used to establish recoverable genomic records of  
past invasions22,26; the latter similarity is particularly obvious for the piRNA branch of eukaryotic silencing82.

Despite these analogies, it is increasingly clear that CRISPR RNAs (crRNAs) and eukaryotic RNA silencing are not 
homologous. First and foremost, the protein machineries are completely distinct21,28. Unlike siRNAs and miRNAs, 
crRNAs arise from single-stranded precursors23,38,44,49 and do not seem to be post-transcriptionally amplified. 
Furthermore, the eukaryotic pathways recognize other RNAs, whereas crRNA targeting of DNA has been 
demonstrated during CRISPR interference23. (However, in vitro targeting of RNAs by a Pyrococcus furiosus 
crRNA–Cas ribonucleoprotein (crRNP) complex has been documented50, raising the possibility that RNAi may have 
greater functional analogies with some CRISPR systems than with others.) Whereas eukaryotes use RNAi-related 
pathways to regulate endogenous genes, functions for crRNAs beyond invader defence are less clear. Finally, in 
RNAi, the RNA guides can be extracted directly from invasive nucleic acids, so the capacity for mutational evasion by 
the invader is limited. By contrast, CRISPR sequence determinants must first become encoded in the host genome 
before they are accessible in defence, and this is a low-frequency event22,26; phages and plasmids therefore have 
greater potential for mutational evasion ‘on the fly.’

Histidine-aspartate 
nuclease
A divalent-metal-dependent 
phosphohydrolase  
with a conserved  
histidine-aspartate motif.

Unwindase
Enzyme that uses the free 
energy of NTP binding and 
hydrolysis to drive the 
separation of complementary 
RNA or DNA strands.

Virulence factor
A gene responsible for the 
production of a molecule  
that contributes to the 
establishment of disease  
by bacterial pathogens.

that case. As for DNA targeting in S. epidermidis, E. coli 
and other systems from the mtube and ecoli Cas sub
types (TABLE 1), the simplest scenario would likewise 
involve the destruction of the invasive DNA, although 
this has not been observed directly. However, this pos
sibility is consistent with the emergence of the histidine-
aspartate nuclease (HD nuclease) domaincontaining 
Cas3 protein as the leading candidate effector protein 
in E. coli. Cas3 is dispensable for crRNA processing, 
accumulation or Cascade association but is nonethe
less essential for interference38. Cas3 in E. coli also 
carries an apparent ATPdependent helicase domain 
that, if functional, could perhaps act as a target DNA 
unwindase to enable protospacer hybridization with the 
crRNA. Intriguingly, biochemical analysis of an S. sol-
fataricus Cas3 orthologue58 revealed nuclease activity 
that was specific for doublestranded substrates (both 
RNA and DNA). Not all CRISPR–cas subtypes contain 
cas3 or are associated with the RAmP module Cmr pro
teins, which indicates that additional candidate effector  
proteins must exist.

our understanding of CRISPR defence mechanisms 
is in its infancy. Nonetheless, these first molecular 
analyses have revealed that the exceptional diversity of 
CRISPRs and associated genes is reflected at the bio
chemical level: multiple activities have been found for 
different Cas proteins, distinct Cas proteins participate 
in crRNA biogenesis and target recognition, and dif
ferences may even exist in the nature of the molecular  
targets of CRISPR interference.

CRISPRs and the evolution of bacterial pathogens
HGT is a major source of genetic variability for bacte
rial evolution1,2. The ability of CRISPR systems to limit 
phage infection22 and plasmid conjugation23 has been 
proven. It remains to be determined whether CRISPRs 
constitute an effective barrier against natural DNA 
transformation, although it was shown that CRISPRs 

can prevent the electroporation of plasmid DNA23. 
Therefore, CRISPR systems interfere with at least two 
major routes of HGT and thus have an important role 
in bacterial evolution.

HGT is the major mechanism for the acquisition of 
antimicrobial resistance genes and genes that encode 
virulence factors by bacterial pathogens. A crucial health
care issue is the emergence of methicillinresistant  
Staphylococcus aureus (mRSA) and vancomycin 
resistant S. aureus (vRSA)59 strains, the genesis of which 
is directly linked to the transfer of antibiotic resistance 
genes by plasmid conjugation60. Likewise, sequencing of 
the highly virulent mRSA strain USA300 indicated that 
HGT has allowed the acquisition of elements that encode 
resistance and virulence determinants that enhance fit
ness and pathogenicity61. S. aureus and S. epidermidis 
strains are the most common causes of nosocomial 
infections62–64, and mobile genetic elements can spread 
from one species to the other61. CRISPR interference has 
been found to limit conjugation of the pG0400 plasmid 
from S. aureus to S. epidermidis in the laboratory23 and 
possibly constitutes a natural barrier to the spread of 
antimicrobial resistance.

Upon infection of the bacterial host, phages can 
undergo either lytic or lysogenic replication cycles. In the 
lysogenic cycle, a temperate phage integrates its genome 
into the bacterial chromosome, becoming an inheritable 
prophage. It has been long known that prophageencoded 
genes have an important role in the virulence of patho
genic strains65. For example, many bacterial toxins reside 
in prophages found in the genomes of Corynebacterium 
diphteriae, Clostridium botulinum, Vibrio cholerae, E. coli, 
Streptococcus pyogenes and S. aureus. The contribution 
of prophages to the virulence of S. pyogenes (group A 
Streptococcus (GAS)) is well studied66. Increases in the 
frequency and severity of infection, as well as the com
plex array of GAS clinical presentations, have been sug
gested to be driven by phageencoded virulence factors. 
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Figure 4 | self versus non-self discrimination during cRisPR immunity.  
The spacer sequences of clustered, regularly interspaced short palindromic repeat 
(CRISPR) RNAs (crRNAs) have perfect complementarity with the CRISPR locus from 
which they are transcribed, which confers the potential to target CRISPR DNA. In 
Staphylococcus epidermidis, this autoimmune response is prevented by differential base 
pairing of spacer/target 5′ flanking sequences57. A similar role for 3′ flanking sequences 
in other organisms cannot be excluded. Whereas interference requires crRNA/target 
mismatches outside the spacer sequence, complementarity between crRNA and repeat 
sequences in the CRISPR DNA prevents autoimmunity. The figure is adapted, with 
permission, from Nature REF. 57  (2010) Macmillan Publishers Ltd. All rights reserved.

Polylysogen
A lysogen is a bacterium that 
has a prophage integrated into 
its chromosome. A polylysogen 
contains many prophage 
sequences in its genome.

Virulence plasmid
A plasmid that carries  
virulence factor genes or 
pathogenicity islands.

Pathogenicity island
Genomic islands that contain 
genes that are required for 
virulence. These islands  
are usually absent from 
non-pathogenic organisms  
and are acquired by  
horizontal gene transfer.

of the 13 GAS sequenced strains, 8 harbour CRISPR 
systems and contain few or no prophages24. Conversely, 
strains that lack CRISPRs are polylysogens. moreover, 
many CRISPR spacers match sequences of prophages 
that are integrated into other strains — that is, there is a 
mutually exclusive relationship between CRISPR spacers 
and prophages — which suggests that CRISPR immunity 
can prevent not only phage lysis but also lysogenesis17. 
Therefore, CRISPR immunity against lysogenic bacte
riophages may interfere with the spread of virulence  
factors among pathogens.

Finally, many of the virulence plasmids that are required 
for establishing a successful infection by a number 
of bacterial pathogens are believed to have diverged 
from conjugative plasmids67. Also, pathogenicity islands  
are flanked by transposable elements and therefore 
can transfer between different species by ‘hitchhiking’  
on conjugative plasmids and temperate phages68. The 
prevention of conjugation and phage infection by 
CRISPRs suggests a capacity for these loci to reduce 
the acquisition of genetic traits that allow bacteria to  
become virulent.

CRISPRs and the evolution of bacteriophages
Bacteriophages are the most numerous entities in the 
biosphere, and bacteria and archaea have developed a 
number of mechanisms of phage defence69, CRISPRs 
being the most recently discovered. each of these defence 
systems imposes a selective pressure that results in the 
evolution of new bacteriophage variants that can over
come these barriers, and several different mechanisms 
for evading CRISPR immunity have been described. 
Phages can overcome S. thermophilus CRISPR interfer
ence by acquiring a single mutation in or around the 
target sequence22,35. Also, the passage of SIRv1 phages 
through Sulfolobus islandicus hosts results in the accu
mulation of 12 ntlong indels throughout the phage 
genome70, an observation that led to speculation that 
this could be a strategy adopted by crenarchaeal phages 
to bypass CRISPR defences71.

In natural environments in which the host cell is chal
lenged by many phage variants at the same time, recom
bination seems to be selected for to counteract CRISPR 
immunity. Recently, Anderson and Banfield26 used large 
metagenomic data sets collected from two acid mine 
biofilms to assemble partial genomic sequences from 
five different sets of viral populations. To do this, the 
authors cleverly exploited the sequence information and 
diversity contained in the CRISPR spacers to identify 
other nonCRISPR sequences that matched the spacers 
and were therefore likely to be of viral origin. Analysis 
of the different phage population genomes revealed a 
high level of sequence variation (as a function of both 
time and locale), which suggests extensive homolo
gous recombination. The reshuffling of polymorphic 
loci yields sequence blocks no longer than 25 nt shared 
between individual phages — enough to escape targeting 
by the 28 to 54nt Leptospirillum sp. CRISPR spacers. 
This constitutes a better CRISPRevading strategy than 
mutation, as recombination of previously established 
polymorphisms presents less risk of altering protein 
function. It is currently unknown whether any phages 
encode factors that can actively target the CRISPR 
machinery to prevent immunity. However, it is clear 
that CRISPR interference contributes to the evolution 
of bacteria and archaea and also has profound effects on 
the evolution of bacteriophages.

CRISPR-based technologies
CRISPRbased technological applications exploit the 
unique structure and function of these loci72. Long before 
the elucidation of CRISPR function, the variability in the 
spacer content of the cluster was used to simultaneously 
detect and identify strains of Mycobacterium tuberculosis 
for diagnostic purposes and epidemiological studies73. 
This genotyping method was named spacer oligotyping 
or ‘spoligotyping’. It is widely used for the identification 
of M. tuberculosis strains74 and has been applied to other 
organisms as well75,76.

The most important current application of CRISPR 
interference is the generation of phageresistant strains 
of domesticated bacteria for the dairy industry22,36,77. 
Phage infection of dairy starter cultures disrupts nor
mal fermentation cycles, stalls the manufacturing chain 
and decreases the quality of the finished product78. 
S. thermophilus is a key starter culture strain involved 
in the acidification of milk. The natural acquisition of 
new spacers observed in this bacterium is an exceptional 
tool for the control of phage infection in the dairy indus
try, as it allows the isolation of strains that are resistant 
to multiple bacteriophages but that still retain the same 
starter culture properties. Because genetic engineering is 
not used, the resulting products do not require labelling 
as ‘genetically modified’.

other potential applications of CRISPRs await fur
ther development to determine their plausibility. For 
example, a crRNP complex in P. furiosus50 can cleave a 
target RNA at a specific site dictated by the sequence of 
the crRNA guide. This activity could in principle have 
applications in molecular biology to specifically cleave 
RNA molecules in vitro, and could be extended to DNA 
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molecules if other crRNP complexes are proven to have 
DNA endonuclease activity. Finally, CRISPR interfer
ence towards plasmid conjugation23 opens the possibility 
of manipulating CRISPR systems to limit the dissemina
tion of antibioticresistant strains in hospitals. Further 
research efforts will be required to explore the potential 
utility of this technology.

Future directions
Despite the progress made in the understanding of 
CRISPR function, many central aspects remain obscure. 
An important question is whether CRISPRs have other 
physiological functions besides the prevention of phage 
infection and plasmid conjugation. Intriguingly, there 
are reports of cas genes that are involved in biofilm 
formation in P. aeruginosa79 and in the development of 
fruiting bodies in Myxococcus xanthus80; more research 
will be needed to determine the relationship between 
these phenomena and CRISPR function.

mechanistic aspects of CRISPR biology need atten
tion as well. How new spacers are acquired is for the 
most part unknown. The events that ultimately lead to 
prevention of phage infection or plasmid transfer also 
await elucidation; degradation of the invading DNA 
or RNA during infection in vivo seems to be a likely 
mechanism, but this remains to be demonstrated. 
The complexities of CRISPR systems — with their 45 
families of Cas proteins — present both challenges and 
opportunities for CRISPR research, particularly regard
ing the mechanistic similarities and differences among 
subtypes. Furthermore, the complex nature of CRISPR 
immunity raises the question of whether nonCas host 
factors function in adaptation or interference, a possibil
ity that so far has not been explored. over the coming 
years we anticipate vigorous biochemical, genetic and 
genomic research into CRISPR biology that will expand 
the repertoire of experimental systems and clarify many 
of these issues.
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