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CRISPR-Cas immunity in prokaryotes
Luciano A. Marraffini1

Prokaryotic organisms are threatened by a large array of viruses and have developed numerous defence strategies.
Among these, only clustered, regularly interspaced short palindromic repeat (CRISPR)-Cas systems provide adaptive
immunity against foreign elements. Upon viral injection, a small sequence of the viral genome, known as a spacer, is
integrated into the CRISPR locus to immunize the host cell. Spacers are transcribed into small RNA guides that direct the
cleavage of the viral DNA by Cas nucleases. Immunization through spacer acquisition enables a unique form of evolution
whereby a population not only rapidly acquires resistance to its predators but also passes this resistance mechanism
vertically to its progeny.

rokaryotic viruses (bacteriophages or phages) are the most
abundant life form, outnumbering their hosts by a factor of 10
(refs 1, 2). Since the beginning of the study of phages in the
laboratory3,4, investigators isolated and characterized bacteria that
were resistant to phage infection5–7. This led to the discovery of many
different antiviral defence mechanisms (Box 1). CRISPR loci and
CRISPR-associated (cas) genes encode a unique defence mechanism
that provides rapid and robust adaptation to the rapidly evolving viruses
(primarily double-stranded (ds)DNA viruses and other foreign DNA) of
archaea and bacteria. CRISPR loci consist of an array of short (approximately 30–40 base pairs (bp)) and partially palindromic, repetitive
sequences interspaced by equally short ‘spacer’ sequences (Fig. 1) from
viral or plasmid origin. Spacers are at the centre of CRISPR defence as
they specify immunity against phages or plasmids that contain a complementary sequence8,9. The acquisition and utilization of spacer
sequences constitute the two main stages of CRISPR immunity
(Fig. 1). In the first stage, also known as ‘adaptation’ or ‘spacer acquisition’ (Fig. 1a), sequences from the viral genome are integrated into the
CRISPR array (that is, the host is immunized). The second stage, where
immunity is executed, can be further divided into two phases (Fig. 1b).
First, in the guide RNA biogenesis phase, the CRISPR array is transcribed and processed to generate short RNAs containing one spacer
sequence. Second, in the targeting phase, the spacer sequences in these
RNAs are used as guides to direct the cleavage of the viral genome by the
Cas endonucleases. As is the case with other major antiviral defence
systems (Box 1), phages can escape CRISPR immunity through mutations in the target region that prevent its recognition and/or cleavage10,11.
However, in contrast to the other defence systems, the rapid acquisition
of new spacers endows CRISPR-Cas loci with an in-built mechanism to
counterattack these phage ‘escapers’10,12–14. This distinctive property
makes CRISPR-Cas immunity a unique form of heritable and adaptive
immunity.

P

Discovery of CRISPR-Cas immune systems
CRISPR-cas loci and their function in antiviral and antiplasmid defence
were first analysed in silico. The first description of CRISPR loci
appeared in 1987, after the sequencing of the iap gene of Escherichia
coli15. An ‘unusual’ repeat cluster was found downstream of this gene but
due to the lack of homology to other known sequences the authors
concluded that “the biological significance of these sequences is not
known”. The first comprehensive report of CRISPR sequences was only
possible after the accumulation of prokaryote genomes in GenBank16,
and established CRISPR loci as common clusters of repetitive sequences
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in bacteria and archaea. In 2002, the isolation and sequencing of small
non-coding RNA species of Archaeoglobus fulgidus revealed that
CRISPR loci are transcribed into small RNAs17. Also in 2002, the cas
genes were identified as a gene family associated with CRISPR loci18.
Sequence homology indicated that many of the Cas proteins participate
in chemical reactions involving nucleic acids. In 2005 it was discovered
that spacers match sequences present in phages and plasmids19–21, and
that the more spacers present in Streptococcus thermophilus strains, the
fewer phages that were able to infect them19. These findings suggested a
role for CRISPR-Cas systems in the prevention of phage infection and
plasmid conjugation. All these data were incorporated into a model for
CRISPR-Cas immunity reminiscent of RNA interference in eukaryotes,
in which small CRISPR RNAs (crRNAs) had an antisense function
against phage or plasmid transcripts, thereby preventing the propagation of these genetic elements20,22, with the Cas proteins functioning as
the effectors of the immunity mechanism22.
The initial experimental work on CRISPR-Cas systems concentrated
on testing this model. Three foundational studies uncovered the basic
features of CRISPR-Cas immunity: adaptation, the role of crRNA guides
and the targeting of the invading nucleic acid (Fig. 1). The first study
demonstrated the suspected function of CRISPR-Cas in the prevention
of phage infection in S. thermophilus8. The work demonstrated a fundamental aspect of CRISPR-Cas immunity that was not foreseen in the
models: that immunity is adaptive. To test for an involvement of
CRISPR-cas loci in antiphage defence, Barrangou and colleagues
infected S. thermophilus with phage and examined the CRISPR locus
of the phage-resistant bacteria8. They observed that the resistant
mutants harboured one or more new spacer sequences that perfectly
matched a region of the genome of the infecting phage, which showed
that new spacers (and immunity) are acquired during infection. This
study also implicated the cas genes in CRISPR-mediated defence. A
second study (Brouns and colleagues23) demonstrated the requirement
of crRNAs for immunity that was proposed in the early models. Brouns
and colleagues discovered a Cas ribonucleoprotein complex harbouring
the RNase responsible for the generation of small (mature) crRNAs in
E. coli23. Disruption of the complex or mutation of the catalytic residues
of the RNase subunit prevented the accumulation of crRNAs and at the
same time abrogated CRISPR immunity against phages. A third study
demonstrated the role of CRISPR-Cas systems in the prevention of
plasmid conjugation9. Marraffini and Sontheimer showed that a spacer
present in the CRISPR locus of Staphylococcus epidermidis, which
matched a region of the nickase gene of staphylococcal plasmids, prevented the conjugative transfer of such plasmids. The study also revealed
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BOX 1

Immunization

Mechanisms of antiviral defence in
prokaryotes
A common mechanism of defence against phage is the prevention of
phage adsorption and/or genome injection. Bacteria can switch on or
off the expression of phage receptors105,106 or secrete polysaccharides
that limit the access to the receptor107. Bacterial hosts can also express
membrane proteins that prevent injection of the viral genetic material
into the cell108. Abortive infection is another common antiviral strategy
in which the infected host cell sacrifices itself to prevent phage
propagation109. In most of the cases studied to date, phage infection is
detected by a sensor protein that activates a cell death mechanism
such as membrane depolarization110 or inhibition of bacterial
translation111. Other abortive infection mechanisms work through a
phage-triggered activation of toxin–antitoxin systems that kills the
host112,113. Restriction-modification is the best studied defence system
of prokaryotes and confers protection by cleaving the invading viral
genome114. This system utilizes nucleases that recognize and cleave
short DNA motifs. The target sequences of restriction nucleases are
present in both the viral and host genome, but the bacterial
chromosome is protected through methylation of the target DNA
sequence. Therefore, restriction-modification systems display both
endonuclease and methylase activities with the same sequence
specificity. Other defence systems recently discovered, and less well
characterized, are the bacteriophage exclusion (BREX) system, which
blocks phage replication115, and the prokaryotic Argonaute pathway,
which attacks foreign nucleic acid elements116,117.
As expected from the highly dynamic virus–host interactions that
occur in prokaryotic ecosystems, phages have evolved several
counter-defence strategies to overcome host defences118. Phages can
adapt to use different receptors119 or produce degrading enzymes to
eliminate the extracellular polysaccharides that occlude receptors120.
Mutations in the viral proteins that trigger abortive infection allow
phages to bypass this resistance mechanism109, and when
methylation of the invading phage DNA occurs faster than its cleavage
by restriction endonucleases, the infecting phage can overcome this
barrier and rapidly propagate throughout the whole host
population114. To adapt to phage evasion strategies the host
population needs to restore the lost mechanism of defence, in most
cases through the selection of infrequent (and sometimes costly)
mutations. By contrast, the acquisition of spacer sequences into
CRISPR-Cas loci constitutes an in-built mechanism that provides a
rapid and efficient response against phages that escape immunity
through the introduction of mutations in the target site10,12–14.

that as opposed to the proposed RNA-interference-like mechanism,
CRISPR-Cas systems provide immunity by targeting DNA, rather than
RNA. To show this, a self-splicing intron was placed in the nickase target
sequence, creating a scenario in which the DNA target was interrupted
but the RNA target was intact after splicing. Immunity to conjugation
was lost, demonstrating the requirement of an intact DNA, but not
RNA, target for CRISPR-Cas function. These results also suggested
the existence of crRNA-guided, programmable Cas DNA nucleases,
opening up the possibility for the development of CRISPR-based
DNA manipulation tools24.

Molecular mechanisms of CRISPR-Cas immunity
All CRISPR-Cas systems harbour the cas1 and cas2 genes, which are
central to the immunization stage of the pathway (see below). However,
based on the accessory cas gene content, each system can be classified
into three different types25. While all types use the same basic molecular
mechanism to achieve immunity, that is, through crRNA-guided
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Figure 1 | Stages of CRISPR-Cas immunity. CRISPR loci are a cluster of
short DNA repeats (white boxes) separated by equally short spacer sequences of
phage and plasmid origin (coloured, numbered boxes). This repeat/spacer
array is flanked by an operon of CRISPR-associated (cas) genes (blue-tone
arrows) that encode the machinery for the immunization and immunity stages
of the system. The CRISPR array is preceded by a leader sequence (grey box)
containing the promoter for its expression. a, In the immunization stage, spacer
sequences are captured upon entry of the foreign DNA into the cell and
integrated into the first position of the CRISPR array. b, In the immunity stage
the spacer is used to target invading DNA that carries a cognate sequence
for destruction. Spacers are transcribed and processed into small CRISPR
RNAs (crRNAs) in the ‘crRNA biogenesis’ phase. These small RNAs act as
antisense guides for Cas RNA-guided nucleases (which usually form a
complex) that locate and cleave the target sequence (black arrowhead) in the
invader’s genome during the ‘targeting’ phase.

nucleases, they differ in the biogenesis of crRNAs and the targeting
requirements. Type I CRISPR-Cas immunity is mediated by the
Cascade complex and the Cas3 nuclease (Fig. 2a)23. One of the subunits
of Cascade, Cas6e, is a repeat-specific endoribonuclease that cleaves the
precursor crRNA that is generated by transcription of the full CRISPR
array23,26. This cleavage produces short crRNAs that remain associated
with Cascade and that are used by the complex to locate a complementary sequence in the target DNA23,27,28, known as the protospacer.
Another subunit, Cas8 (also known as CasA or Cse1), recognizes a short
sequence motif located immediately upstream of the target sequence
recognized by the crRNA29. Sequence motifs adjacent to the targets
specified by CRISPR spacers were first identified in type II systems11,19,30
and subsequently named as ‘protospacer adjacent motif’, or PAM31.
PAM recognition is required for type I CRISPR-Cas immunity32, and
the absence of a PAM in the repeat sequences prevents the targeting of
the spacers within the CRISPR array by their complementary crRNAs;
that is, it prevents an autoimmune reaction. The presence of a PAM
promotes Cascade binding to its target29,33,34 and the formation of an
R-loop between the crRNA spacer sequence and the dsDNA35–37. The
first 8 bp at the 59 end of the crRNA–DNA duplex are critical for
immunity and define a ‘seed’ sequence within the target28,32. Mutant
viruses containing mutations in this region can escape type I CRISPR
immunity in E. coli32. An exception is mutations in the sixth nucleotide
of the seed, which do not affect CRISPR immunity. The recent crystal
structure of the interaction between a guide crRNA and its cognate

5 6 | N AT U R E | VO L 5 2 6 | 1 O C T O B E R 2 0 1 5
G2015

1

Macmillan Publishers Limited. All rights reserved

REVIEW RESEARCH
a

Cascade Pre-crRNA

b

c
Cas9

tracrRNA
Pre-crRNA

Cas6

Pre-crRNA

Cas10
complex

PAM

Cas3

PAM

Transcript

Type I

Type II

Type III

Figure 2 | Immunity mechanisms of the different CRISPR-Cas types.
a, Type I systems. A Cas protein complex known as Cascade cleaves at the base
of the stem–loop structure of each repeat in the long precursor crRNA (precrRNA, black arrowheads), which generates short crRNA guides. The Cascade–
crRNA complex scans the target DNA for a matching sequence (known as
protospacer), which is flanked by a protospacer-adjacent motif (PAM, in
green). Annealing of the crRNA to the target strand forms an R-loop; the Cas3
nuclease is recruited and cleaves the target downstream of the PAM (red
arrowhead) and also degrades the opposite strand. b, Type II systems. These
systems encode another small RNA known as trans-encoded crRNA
(tracrRNA) which is bound by Cas9 and has regions of complementarity to
the repeat sequences in the pre-crRNA. The repeat/tracrRNA dsRNA is cleaved
by RNase III to generate crRNA guides for the Cas9 nuclease (black
arrowheads). This nuclease cleaves both strands of the protospacer/crRNA
R-loop (red arrowhead). A PAM (in green) is located downstream of the target
sequence. c, Type III systems. Cas6 is a repeat-specific endoribonuclease that
cleaves the pre-crRNA at the base of the stem–loop structure of each repeat
(black arrowhead). The crRNA is loaded into the Cas10 complex where it is
further trimmed at the 39 end to generate a mature crRNA (white arrowhead).
The Cas10 complex requires target transcription to cleave the non-template
strand of the protospacer DNA and it is also capable of crRNA-guided
transcript cleavage (red arrowheads).

single-stranded (ss)DNA target within the Cascade complex showed
that the crRNA–ssDNA interaction forms a non-canonical ribbon
structure in which every sixth nucleotide is rotated out of the double
helix and therefore not engaged in the formation of a base pair38–40.
Finally, target recognition by Cascade triggers the recruitment and activity of Cas3, a nuclease that introduces ssDNA breaks into the target virus
or plasmid33,41–44 to initiate their degradation.
Type II CRISPR-Cas systems require only one cas gene, cas9, to
execute immunity in the presence of an existing targeting spacer
sequence (Fig. 2b)45. However, as opposed to the other CRISPR types,
two small RNAs are needed for immunity: the crRNA and the transencoded crRNA (tracrRNA)46. The tracrRNA forms a secondary structure that mediates its association with Cas9 (refs 47–49) but also has a
region that is complementary to the repeat sequences of the CRISPR
array46. The dsRNA formed between the tracrRNA and the precursor
crRNA is cleaved by RNase III, resulting in the cleavage of each repeat
and the processing of the long CRISPR transcript into small crRNA
guides46. Type II immunity also requires a PAM, and mutations in this
motif are the most common mechanism of escape from CRISPR
immunity by the targeted viruses11. In contrast to type I, the PAM is
located immediately downstream of the target sequence11,19 and is recognized by a PAM-binding domain present in Cas9 (refs 47–49). Type II
CRISPR-Cas immunity results in the introduction of crRNA-specific
dsDNA breaks in the invading DNA50 that require two nuclease

domains: HNH and RuvC45. Each of these domains cleaves one DNA
strand of the protospacer sequence51,52 and the tracrRNA is absolutely
required for cleavage52. The first step in target recognition is the transient binding of Cas9 to PAM sequences within the target DNA, which
promotes the melting of the two DNA strands immediately upstream of
the PAM53. A productive interaction in this region of the target, between
6–8 bases of the spacer sequence of the crRNA guide and the melted
DNA (the ‘seed’ sequence of type II systems11,54), triggers the formation
of an R-loop and target cleavage37,53.
In type III CRISPR-Cas systems, the precursor crRNA is cleaved by a
repeat-specific endoribonuclease, Cas6, which is not part of a complex55.
As a result of this processing, 8 nucleotides of the repeat sequence
remain at the 59 end of the spacer sequence in the crRNA55,56, a sequence
known as the crRNA tag. By an as yet unknown mechanism, the small
crRNAs generated after Cas6 cleavage are transferred to a larger complex57, the Cas10–Csm or Cas10–Cmr complex for type III-A or III-B
systems, respectively. Within these complexes the crRNAs undergo a
process of maturation whereby the 39 end is trimmed at 6-nucleotide
intervals58–60. As opposed to type I and II systems, in which targeting
relies strictly on the recognition of DNA sequences, type III CRISPR-Cas
immunity also requires target transcription61,62 and a crRNA complementary to the non-template strand of the DNA target and to the transcript62. Both DNA9,61–63 and RNA63–68 are targeted by type III CRISPRCas systems, resulting in the co-transcriptional crRNA-guided cleavage
of the target DNA and its transcripts63,69. The Cas10 complex contains
both nucleolytic activities: the palm domain of Cas10 is required for
cleavage of the non-template DNA strand63, and backbone subunits
Csm3 (refs 63, 65) or Cmr4 (ref. 66), for type III-A or III-B systems,
respectively, are responsible for cleavage of the RNA transcripts. To
date, no PAM requirements have been observed for type III CRISPRCas targeting. To avoid targeting of the CRISPR locus, type III systems
rely on the differential base pairing between the crRNA tag and the
sequences flanking the protospacer56. Whereas the absence of complete
complementarity between these sequences licenses DNA targeting, full
complementarity between the crRNA tag and the repeat sequence in the
CRISPR locus prevents DNA targeting56,63,67 and thus autoimmunity.
The biological significance of this elaborate targeting mechanism is
beginning to be elucidated. The transcription requirement for targeting
offers the possibility of immunological tolerance of mobile genetic elements with non-transcribed regions, such as prophages with the potential to provide a fitness advantage to the host62. Moreover, when the
prophage re-activates and enters the lytic cycle, its genome is transcribed
and type III targeting resumes, resulting in clearance of the infection and
preventing the death of the host cell. Studies have shown that RNA
cleavage can protect against RNA viruses66; however, the role of RNA
targeting in immunity against DNA elements and possibly regulation of
gene expression remains to be determined.

CRISPR immunization
The mechanisms by which new spacer sequences are added to the
CRISPR locus to immunize the host are beginning to be understood.
This process can be divided into two stages: the selection of protospacer
sequences from the invader DNA and their integration into the CRISPR
array (Fig. 3). With a few exceptions, the spacer acquisition mechanism
has been studied in detail in the E. coli type I CRISPR-Cas system. This is
because an early report showed that overexpression of type I Cas1 and
Cas2 is sufficient for the expansion of the E. coli CRISPR array of this
organism and thus established a very simple and elegant experimental
system to study this phenomenon70.
Central to the mechanism of selection of new spacer sequences is the
prevention of autoimmunity; that is, the ability of the acquisition
machinery to distinguish self (chromosomal) from non-self (invading)
DNA. Failure to do so leads to the death of the host, a scenario that has
been tested and exploited for the use of CRISPR-Cas systems as genome
editing tools of bacteria54,71–73 and as antimicrobials74–76. Applying the
Cas1–Cas2 overexpression system—in which autoimmunity is avoided
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Figure 3 | Mechanism of CRISPR immunization. a, The first step of CRISPR
immunization is the sampling of the spacer sequences. These are believed to be
generated from non-specific DNA breaks that occur during replication of the
virus or plasmid. The fragments generated are captured by the Cas1–Cas2
complex, with the participation of the targeting machinery for the recognition
of DNA sequences carrying a functional PAM. b, The Cas1–Cas2 complex
catalyses the integration of the spacer into the first position of the CRISPR
array. Cas1 performs two concerted cleavage-ligation reactions whereby the 59
end of each repeat strand is cleaved (blue arrowhead) and ligated to the 39 ends
of the spacer. This mechanism generates two ssDNA gaps on the repeat
sequences that flank the inserted spacer, which presumably are filled by DNA
polymerase (dotted arrow). L, leader; R1, first repeat; R2, second repeat; Rnew,
new repeat; S1, first spacer; Snew, new spacer.

by using an E. coli strain that lacks the Cascade and Cas3 immunity
machinery—several studies determined that there is a strong preference
for the integration of plasmid over chromosomal spacer sequences70,77,78.
Recently, it has been shown that Chi sites, 8-nucleotide motifs present
approximately once every 5 kb in the E. coli genome, limit the acquisition of chromosomal sequences79. Chi sites are over-represented in the
E. coli chromosome80; therefore, this mechanism favours the acquisition
of spacer sequences from foreign elements. The origin of the substrates
for CRISPR adaptation is not yet known. In E. coli, the overexpression of
Cas1–Cas2 in the absence of immunity leads to the acquisition of spacer
sequences derived from regions limited by Chi sites on one side and by
Ter sites on the other79. There are two Ter sites in the E. coli genome,
TerA and TerC, which are diametrically opposed from the origin of
replication to stall a faster replication fork and ensure proper chromosomal decatenation at the end of a round of DNA replication81.
Replisome stalling at either Ter site leads to chromosome breaks that
are processed by the RecBCD exonuclease complex, generating 39OH
overhang ends for RecA-mediated homologous recombination repair of
the DNA lesion82. To avoid excessive DNA degradation, RecBCD activity is inhibited by Chi sequences83. Therefore, the chromosomal acquisition data obtained in E. coli (ref. 79) suggest that the nucleolytic
processing of dsDNA breaks generated during replication is the source
of new spacer sequences for the CRISPR-Cas acquisition machinery.
This model is supported by a reduction in spacer acquisition from the
host chromosome when DNA replication is chemically inhibited and in
mutants that lack the RecBCD machinery79. Although not directly
tested, this work predicts that the DNA degradation that follows the
formation of spontaneous breaks during viral or plasmid replication
produces DNA fragments that are captured by the Cas adaptation
machinery for their incorporation as non-self spacers into the
CRISPR array (Fig. 3a).
A second aspect of spacer selection relates to the PAM requirement
for targeting: how does the acquisition machinery ensure that a new
spacer will match a protospacer flanked by the correct PAM? Recently it
was revealed that Cas9, which has the ability to recognize the PAM, is
used to select new spacers with the correct PAM sequence84 (Fig. 3a).
Genetic studies showed that Cas9 is absolutely required for type II
CRISPR-Cas adaptation84,85. While the nuclease activity does not con-

tribute to the role of Cas9 in spacer acquisition84,85, mutation of the
PAM-binding domain results in the incorporation of new spacers that
match DNA targets but without conservation of their flanking
sequences; that is, without a PAM84. Supporting a role for Cas9 in the
acquisition of functional spacer sequences it was shown that this nuclease forms a complex with Cas1, Cas2 and Csn2, proteins exclusively
involved in CRISPR adaptation, and that swapping cas9 alleles that
recognize different PAM sequences results in the incorporation of
spacers with PAMs corresponding to the cas9 allele used84.
Cas1 and Cas2, without Cascade, are sufficient for E.coli type I spacer
acquisition. However, it is not clear whether the new spacers acquired in
the absence of Cascade display an absolute conservation of the PAM
sequence—AAG for this CRISPR-Cas system70,86,87. Interestingly, the
first (59 end) nucleotide of E. coli spacer sequences is invariably G; that
is, the last nucleotide of the PAM88–90. Therefore it is possible that,
similarly to Cas9 in type II systems, the PAM recognition feature of
the Cascade complex is involved in the selection of functional spacers.
Although this remains to be tested, studies have found another role for
Cascade in type I adaptation, in a phenomenon known as ‘priming’86. It
has been shown that the presence of pre-existing (priming) spacers with
partial homology (and therefore unable to provide full immunity) to the
ssDNA phage M13 increases the rate of spacer acquisition by several
orders of magnitude86. In addition, new spacers acquired in the presence
of a priming spacer have a strong strand bias, producing a crRNA guide
that matches the same strand matched by the priming spacer86,87.
Primed acquisition facilitates adaptation against invaders that are
related in sequence to previous invaders (that have partial matches to
pre-existing spacers) and also against escapers (that is, phage containing
target mutations that prevent CRISPR-Cas immunity). The mechanism
of primed acquisition is yet to be resolved. Primed adaptation requires
the Cascade complex86, and the partial match between the crRNA-target
sequences that trigger this process results in a distinct mode of Cascade
binding to the target DNA35. It is believed that this binding results in a
low incidence of target cleavage that, similarly to the DNA breaks that
occur at replication stall sites79, would generate the substrates for spacer
acquisition. Interestingly, primed acquisition reveals a coupling between
the immunity and immunization stages of CRISPR defence.
In the second stage of CRISPR immunization, after the selection of the
spacer by the acquisition machinery, spacers are integrated into the
CRISPR array in a reaction that resembles retroviral integration
(Fig. 3b). Recently, it was shown that E. coli Cas1 and Cas2 perform
the spacer integration reaction. Studies using the Cas1–Cas2 overexpression system demonstrated the presence of integration intermediates
in vivo91. Using specific probes for Southern blot assays it was demonstrated that each strand of the first repeat sequence is separated and
ligated to the 39 end of the new spacer sequence. This reaction is catalysed by the Cas1–Cas2 complex, which is composed of two Cas1–Cas2
units, and mutations that prevent the interaction between these proteins78 or eliminate Cas1 nuclease activity70,78,91 abrogate spacer acquisition. The complex binds to E. coli CRISPR sequences in vitro78 and,
when incubated with a 33-nucleotide dsDNA substrate (which mimics
a captured spacer sequence), it mediates the covalent addition of this
dsDNA into plasmids harbouring the CRISPR array92. This reaction
requires free 39 OH ends on the 33-nucleotide spacer substrate, which
presumably perform a direct nucleophilic attack on the phosphodiester
bond between the first repeat and spacer sequences92 (Fig. 3b).
Importantly, deep sequencing of the reaction products revealed a strong
bias for the integration of spacers with a C nucleotide at the 39 end (that
is, the complementary base to the first (59 end) G of the spacer
sequence92). Collectively, these results indicate that the Cas1–Cas2 complex provides the orientation specificity of the integration reaction,
which probably occurs by two consecutive 39 OH attacks on opposite
sides of the repeat sequence, with the first nucleophilic attack by the 39end C of the spacer sequence on the 59 end of the bottom strand of the
repeat. After the repair of the repeat gaps that result from this reaction, a
new repeat-spacer unit is added into the CRISPR array. This mechanism
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is consistent with early work that demonstrated that the additional
repeat is derived from the first repeat of the CRISPR array70. This study
showed that a ‘labelling’ mutation introduced in the first, but not the
second, repeat sequence is incorporated into the new repeat after spacer
acquisition.

Perspectives
An extensive body of work has established the function of CRISPR-Cas
systems as the adaptive immune system of prokaryotes, which function
in protection against viral infection and plasmid invasion. One intriguing aspect is the role of these systems in the regulation of horizontal
gene transfer (HGT) between microorganisms. HGT is fundamental for
the generation of the genetic diversity required for prokaryotic evolution
and is achieved through three major routes: phage transduction, plasmid
conjugation and DNA transformation93. In addition to the activity of
CRISPR-Cas against phages, it has been experimentally demonstrated
that CRISPR-Cas systems can prevent plasmid conjugation9 and the
transformation of naturally competent bacteria94,95. Therefore, in principle, CRISPR immunity can prevent the major routes of HGT and
therefore have an important role in limiting the evolution of bacteria
and archaea. This drawback of CRISPR-Cas systems has often been
considered a cause for the inconsistent distribution of these loci96,97,
which are present in only ,50% of bacterial and ,90% of archaeal
genomes98. A recent study investigated the relationship between the
number of spacer sequences (an indicator of CRISPR activity) and the
estimated number of HGT transfer events for all the genomes present in
GenBank99. If CRISPR immunity limits HGT, a negative correlation
between these two values is expected. Since this correlation was not
evident, the study suggests that there is no impact of CRISPR-Cas on
gene transfer among prokaryotes over evolutionary timescales. Future
work should determine the effects of CRISPR-Cas immunity on HGT at
the population level as well as other potential disadvantages of the
system, such as a high incidence of autoimmunity and/or off-target
effects, which could impact on its distribution among prokaryotic
organisms.
Another puzzling aspect of CRISPR-Cas systems is their high diversity25,100. For each of the three CRISPR types there are many subtypes
encoding divergent sets of Cas proteins. The biological significance of
this diversity is not known. A driving force for the diversification of
CRISPR-Cas systems could be imposed by phage-encoded anti-CRISPR
mechanisms. It has been shown that phages encode small proteins that
specifically inhibit type I-F CRISPR immunity101, which could conceivably lead to the evolution of another type or subtype to overcome the
inhibition of the existing CRISPR-Cas system. In this hypothetical scenario CRISPR-Cas systems would diversify as a result of the arms race
with the viruses they target. It is also possible that the mechanistic
differences between types and subtypes provide advantages for different
CRISPR-Cas systems in different conditions imposed by the lifestyle or
the environment of the host. An example of this is the type III systems,
which tolerate untranscribed or inert mobile genetic elements62.
Different conditions where this tolerance is beneficial or detrimental
will determine the selection of type III systems in different hosts.
Similarly, mechanistic differences between other types or subtypes that
have an impact on the fitness of the host could have a role in the
distribution of the CRISPR systems. Furthermore, additional functions
of particular CRISPR subtypes could explain their diversification. For
example, the type II-C CRISPR-Cas system of the bacterial pathogen
Francisella novicida harbours a tracrRNA with sequence homology to
an endogenous lipoprotein gene102,103. When complexed with Cas9, the
tracrRNA associates with another small RNA, the small CRISPR-associated RNA (scaRNA), to mediate the silencing of the lipoprotein gene
during F. novicida infection. Another example is the RNA cleavage
feature of type III (Cas10) complexes, which offers the possibility of
regulation of gene expression by these systems67,104 that could lead to
the preferential selection of these systems over other types that cannot
perform this function.

Similarly to restriction-modification systems, the possibilities to
manipulate DNA sequences in a predictable manner by CRISPR-Cas
immunity have led to numerous applications in molecular biology, most
notably the genetic engineering of a range of different cell types24. This
highlights the importance of the study of basic biological problems,
particularly the interactions between prokaryotes and the mobile genetic
elements that invade them, for the development of innovative biotechnological applications. In this context it is exciting to consider the different mechanisms of immunity present in the understudied (or even
presently undiscovered) CRISPR-Cas systems, as well as the many
uncharacterized prokaryotic defence systems carried by the archaeal
and bacterial domains of life that inhabit every corner of our planet.
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