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Introduction
CRISPR loci were first described as a group of short, repetitive sequences downstream
of the iap gene in Escherichia coli K-12 (1) and were later also identified in many addi-
tional bacterial and archaeal genomes (2). As opposed to other DNA repeats that are
adjacent to one another, CRISPR repeats were found to be distinctively separated by
similarly short sequences of unknown origin. These sequences, known as “spacers,”
were shown to match regions of the genomes of bacteriophages and plasmids that
invade prokaryotes (3, 4, 5) (known as the target or protospacer), leading to the hypo-
thesis that CRISPR loci could be linked to infection by these elements. In addition, a
conserved set of CRISPR-associated (cas) genes coding for domains harbored by pro-
teins that participate in transactions among nucleic acids (e.g., nucleases, helicases,
and integrases) were often found to flank the CRISPR repeat-spacer arrays (6). Finally,
the isolation and sequencing of apparent non-protein-coding RNAs from the archaeon
Archaeoglobus fulgidus revealed that spacer sequences were transcribed and processed
into small RNAs (7). All of these observations, along with in-depth bioinformatic
analyses of prokaryotic genomes, allowed Koonin and Makarova to synthesize and
articulate the first model for CRISPR loci as a prokaryotic defense system (8). Specifi-
cally, they proposed an RNA interference (RNAi)-based immunity, in which the small
RNAs derived from the spacers would be used by Cas nucleases to find and destroy
complementary transcripts, and suggested a mechanism with functional analogies to
eukaryotic RNAI.

This initial phase of CRISPR studies, carried out largely in silico, generated
intriguing and testable predictions that spawned a period of experimentation to test
the bioinformatic hypotheses. In the first such study, Barrangou and colleagues showed

CRISPR: Biology and Applications, First Edition. Edited by Rodolphe Barrangou, Erik J. Sontheimer,
and Luciano A. Marraffini.
© 2022 American Society for Microbiology. DOI: 10.1128/9781683673798.ch01



Section I. Diversity of CRISPR-Cas Systems

that CRISPR-Cas systems provide spacer-specific immunity against bacteriophages in
Streptococcus thermophilus (9). More importantly, the work also produced the aston-
ishing finding that immunity is acquired: upon infection, new spacers that match a region
of the genome of the invading phage are inserted into the CRISPR array. This process, the
hallmark of CRISPR immunity, is known in the field as “adaptation,” as it enables the
bacterial host to adapt to the environmental stress imposed by the virus. The authors also
showed by gene knockout that cas9 (originally known as cas5 or csnl) is necessary for
immunity and that cas4 is required for immunization, implicating cas genes in CRISPR-
encoded resistance. In a second study, Andersson and Banfield used metagenomic analysis
of CRISPR spacer sequences to assemble viral genomes present in natural acidophilic bio-
films (10). The reconstituted genomes revealed extensive recombination events that dis-
rupted phage genome matches with the CRISPR spacers, a result showing the presence of
an active arms race between CRISPR systems and phages, further supporting the role of
these loci in prokaryotic defense. Later in the same year, the van der Oost group provided
experimental evidence that immunity is guided by the small RNAs derived from spacers,
known as CRISPR RNAs (crRNAs) (11). These researchers constructed Escherichia coli
strains with individual deletions of the cas genes to identify the endoribonuclease respon-
sible for the generation of crRNAs from a large CRISPR precursor transcript (the pre-
crRNA), Casé6 (originally known as CseE). The mutant strain lacking cas6 was unable to
produce crRNAs and also failed at providing CRISPR immunity against lambda phage,
demonstrating the essentiality of protospacer-complementary crRNAs for defense. The
reliance of CRISPR-Cas system on this processed RNA guide also established “crRNA
biogenesis” as a critical mechanistic step for immunity. Finally, Marraffini and Sontheimer
showed that CRISPR loci prevent the transfer of conjugative plasmids in Staphylococcus
epidermidis in a spacer-specific manner (12), demonstrating that CRISPR-Cas immu-
nity extends beyond phage defense. More importantly, in part through the insertion of a
self-splicing intron within the target sequence, which disrupts the DNA target but not its
transcript (splicing reconstitutes the original sequence), they demonstrated that immunity
can operate by targeting the DNA, as distinct from the RNA, of the invader. This find-
ing not only contrasted with the original prediction that CRISPR-Cas systems have an
RNAi-like mechanism but also prompted the proposal that the CRISPR machinery could
be repurposed as an RNA-programmable, sequence-specific DNA cleavage system, per-
haps even beyond prokaryotes (12). Altogether, these early mechanistic studies collectively
established CRISPR-Cas as adaptive, DNA-encoded (heritable), RNA-mediated, nucleic
acid-targeting immune systems (Fig. 1.1).

After these seminal studies, CRISPR research quickly accelerated. Explorations of the
molecular mechanisms of immunity, as well as deep and comprehensive identification and
bioinformatic analyses of CRISPR loci deposited in GenBank, led to the recognition of dif-
ferent CRISPR-Cas types and subtypes (13, 14, 15). Interestingly, each of the experimental
studies described above investigated a different CRISPR-Cas system: the S. thermopbhilus,
E. coli, and S. epidermidis experiments focused on type II-A, I-E, and III-A systems, respec-
tively. However, the findings of these foundational studies are still relevant today because
they uncovered fundamental aspects of the CRISPR-Cas immune response that are common
to all types. While the chapters that follow present the details and unique features of each
different CRISPR-Cas type (with the exception of type IV, about which relatively little
is known), below we describe some of the unifying features of the CRISPR mechanism
of action.
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Figure 1.1 General mechanism of CRISPR-Cas immunity. The typical CRISPR locus (top) harbors the CRISPR
array of repeats and spacers flanked by a set of cas genes. This set contains cas and cas2, which are almost
universally conserved and participate in the spacer acquisition process, as well as signature and accessory cas
genes that determine the CRISPR type and are usually involved in the later stages of the CRISPR-Cas immune
response, crRNA biogenesis and interference. During spacer acquisition, short pieces of the invader’s DNA are
integrated into the CRISPR array, a process that is accompanied by the duplication of a repeat sequence. During
crRNA biogenesis, the CRISPR array is transcribed and processed into small RNA guides known as CRISPR
RNAs (crRNAs). Finally, crRNAs guide the Cas effector complex to its complementary target nucleic acid. Here,
we show the mechanism for types I, Il and V CRISPR-Cas systems, where the crRNA recognizes complemen-
tary DNA target sequences that are flanked by a protospacer adjacent motif (PAM). The effector complexes of
types III and VI systems use the crRNA to find complementary transcripts of the invader.

The CRISPR Array

Across all CRISPR-Cas systems, CRISPR loci are defined by their arrays of short (~40-bp)
DNA repeats separated by similarly short spacer sequences. Common to the great majority
of CRISPR loci is the presence of a degenerate repeat at the end of the array, with a hand-
ful of nucleotides that differ from the rest of the repeats, typically at the 3’ edge of the
very last repeat (6). The repeat sequences, however, vary greatly from one locus to another,
without any apparent pattern that correlates with the different CRISPR-Cas types (though
with some variation that correlates with the coevolutionary dynamics between the CRISPR
repeat sequences and the Cas proteins that interact with them). Indeed, it is possible to
classify CRISPR loci based on their repeat sequences (16), and this can be useful for the
study of “orphan” arrays (uncommon loci that lack associated cas genes) or arrays found
in unassembled, fragmented genomes (missing their associated cas genes). The number of
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repeats also varies substantially, with many arrays containing just a few and others a few
hundred. To date, the record holder is the bacterium Haliangium ochraceum strain DSM
14365, which harbors 588 repeats (and 587 spacers) (17).

Spacer Acquisition

As mentioned above, one of the hallmarks of CRISPR immunity is that new spacers can
be acquired upon infection from the genome of the invader (9). This creates a molecular
memory of the pathogen that is used to recognize and neutralize it during subsequent
attacks. New spacers are added in a polarized manner adjacent to the first repeat of the
locus, also known as the “leader” end due to the presence of an A/T-rich sequence that
immediately precedes this repeat. The insertion of a new spacer results in the duplication
of the first repeat. This polarized form of integration creates a temporal, iterative record of
infections suffered by the host, and this “recording” has been used to trace the evolutionary
history of bacteria and archaea (5). Spacer acquisition thus enables an adaptive, genetically
encoded, and heritable immune response that is shared across all CRISPR-Cas types.

Most CRISPR-Cas types acquire spacer sequences from DNA molecules. The excep-
tions are type III systems, which can convert RNA into cDNA before its integration into the
CRISPR array (18), effectively capturing RNA molecules as DNA spacers (see chapter 5). In
both type I and II systems, free double-stranded DNA (dsDNA) ends are the preferred sub-
strates for the CRISPR adaptation machinery (19, 20). For both systems, the host’s recombi-
nation nuclease RecBCD increases the efficiency of spacer acquisition at the free dSSDNA ends.
As a consequence, hot spots of acquisition are generated between these ends and the first chi
site that stops RecBCD degradation (19, 20). Although not yet proven experimentally, it is
believed that along its path of degradation from the free dsDNA end to the chi site, random
and spontaneous disengagement of RecBCD from its substrate will presumably expose a new
free dsSDNA end from which spacers can be generated and acquired (21). This mode of action
has important consequences for the CRISPR pathway. First, since prokaryotic chromosomes
are circular but many of their invaders inject a linear DNA genome with a free dsSDNA end, it
provides a means to distinguish “self” from “foreign” DNA and avoid autoimmunity. Second,
it allows the amplification of the CRISPR-Cas immune response through a process known as
“priming” (22, 23, 24). At least in type I and II systems, the dsDNA break introduced by the
Cas nucleases can lead to spacer acquisition from the free dSDNA ends that are generated (24,
25). This is particularly important to counteract the rise of escaper phages containing target
mutations that prevent efficient targeting and cleavage by Cas effector nucleases. While these
mutations lead to the overall failure of CRISPR immunity, in many cases this still allows a
relatively low level of target cleavage, sufficient to create new free dsSDNA ends and thus
trigger the acquisition of new spacers to neutralize phage escapers.

At the molecular level, spacer acquisition is akin to transposon integration, although the
inserted DNA is much smaller than typical transposons. The integration reaction is mediated
by cas1 and cas2, the only cas genes universally conserved across all CRISPR-Cas types (15).
Cas1 and Cas2 form an integrase complex consisting of two distal Cas1 dimers bridged by
a Cas2 dimer (26, 27). This complex is loaded with a prespacer DNA (the sequence that
will become a spacer after integration into the CRISPR array), usually harboring 3" over-
hangs, presumably originating from dsDNA ends. The mechanisms of prespacer loading are
not completely elucidated and seem to be different for diverse types (27, 28). In contrast, at
least in all studies to date, the integration mechanism is universal, involving the nucleophilic
attack of the 3'-OH group of the prespacer overhang on the minus (bottom) strand of the first
repeat, distal to the leader (Fig. 1.1). This leads to the formation of a half-site intermediate and
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it is followed by a second nucleophilic attack of the other 3'-OH overhang on the plus (top)
strand at the leader-repeat border. The fully integrated spacer is flanked by single-stranded
repeat sequences, which are converted into double-stranded sequences, probably by a DNA
polymerase gap-filling activity, to finalize the complete duplication of the repeat. Finally, there
is the mechanism of selection of the first repeat for integration varies across types. In type II
systems a leader-anchoring sequence promotes polarized spacer acquisition (29, 30). In con-
trast, type I spacer integration typically requires the bacterial integration host factor (31),
which binds to the leader sequence and induces a sharp DNA bend, required for the type I
Cas1-Cas2 integrase to catalyze the first integration reaction at the leader-repeat border.

CRISPR Targets
Spacer sequences can be used to find matching sequences in the large databases of DNA
sequences and thus infer the targets of the CRISPR-Cas immune response. It has been
estimated that only ~7% of the known spacers have homologous sequences in the data-
bases (26,364 out of 363,460 unique spacers in reference 32), an observation that prob-
ably reflects the lack of sequence information from a majority of the prokaryotic genetic
elements in general and from viruses in particular. Most of this small fraction of spacers
(~96%) matched the genomes of either bacteriophages or prophages. The rest matched to
plasmids (~3%), CRISPR-cas loci (>1%, especially cas3), and prokaryotic DNA that could
not be identified as part of mobile genetic elements (>1%) (32). This distribution high-
lights the fundamental function of CRISPR-Cas systems in the defense against prokaryotic
viruses (9). Similarly to phages, plasmids are a major category of prokaryotic mobile genetic
elements (33), but it is not completely clear why they represent the second most abundant
CRISPR target. On one hand, plasmids can carry addiction modules, such as toxin/anti-
toxin systems, that are costly to the host (34), which would benefit from their elimination
via CRISPR immunity. On the other hand, the transfer of plasmids can be also beneficial
for the recipient organism, for example, antibiotic-resistant plasmids in bacterial patho-
gens (35). At the population level, the limits imposed by CRISPR immunity to both phage
infection and plasmid conjugation, two of the major routes of horizontal gene transfer (36),
have often led to the hypothesis that CRISPR-Cas systems represent a barrier to the evo-
lution of bacteria and archaea (12, 37). However, theoretical modeling (38) and computa-
tional estimation of the rates of horizontal gene transfer (39) have challenged this idea.
Although matched by a minority of spacers, cas genes represent one of the most inter-
esting targets of CRISPR immunity. The simplest explanation for this observation is that
CRISPR-Cas loci are occasionally encoded by both phage (40, 41) and plasmid (42, 43)
genomes, and therefore, cas spacers may appear as part of the general CRISPR response
against these elements. But more complex scenarios are also conceivable. For instance,
some Escherichia coli strains carry an orphan CRISPR locus consisting of a single spacer
targeting cas genes present in the type I-F systems of other strains (44). Importantly, the
sequences of the repeats flanking the spacer are recognized and processed into a crRNA by
the type I-F Cascade complex. Therefore, this orphan CRISPR can repel invasion of mobile
elements that carry the type I-F cas locus (44), which upon entry into the host will pro-
duce a targeting complex that will turn against their own genome. This example reveals the
presence of evolutionary forces that use CRISPR as a barrier against the horizontal transfer
of CRISPR-cas loci themselves. Finally, the presence of spacers against genes that belong to
core (i.e. nonmobile) prokaryotic genomic regions suggests a direct role for CRISPR against
the horizontal transfer of such genes, as opposed to preventing their spread indirectly, via
the attack of phages and plasmids, the main vehicles for genetic exchange (36). Supporting
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this role, it has been reported that such spacers can prevent the natural transformation of
both Gram-positive (45) and Gram-negative (46) bacteria. In addition, new spacers match-
ing archaeal housekeeping genes can be acquired during interspecies mating (47), a process
in which cells fuse to form a diploid state containing the full genetic repertoire of both
parental cells to facilitate genetic exchange and recombination (48). Although not yet com-
pletely clear, these spacers could limit subsequent gene transfer, constraining evolution and
thus facilitating archaeal speciation.

RNA-Guided Nucleases

A second hallmark of the CRISPR-Cas immune response is the employment of program-
mable RNA-guided nucleases. The crRNA generated from the transcription and processing
of the CRISPR array is loaded into Cas proteins to form a ribonucleoprotein complex that
is able to scan nucleic acids for a sequence complementary to the crRNA guide. After suc-
cessful base-pairing, the target sequence is cut, with different mechanisms of cleavage for
different types. For example, the crRNA is loaded into the Cas nuclease itself in types II,
III, V, and VI, resulting in cleavage near or within the target sequence itself (49, 50, 51, 52,
53, 54). However, in type I systems, the crRNA is part of the Cascade complex, which lacks
nuclease activity (11). This complex uses the crRNA to find the target and then recruits
the helicase/nuclease Cas3, which goes on to degrade the DNA in the vicinity of the target
sequence (595).

A major distinction between crRNA-guided Cas nucleases is their substrates. Types I,
I, and V recognize dsDNA, a process that requires the formation of an R loop, a three-
stranded nucleic acid structure composed of the target DNA:crRNA hybrid and the dis-
placed noncomplementary DNA strand (56, 57, 58, 59, 60, 61). Recently, this form of
DNA targeting has been shown (in some type I and type V instances) to specify sites of
transposon insertion rather than DNA destruction (62, 63). For either of these functional
outcomes, stable R-loop formation is not possible without the presence of a flanking
sequence known as the protospacer adjacent motif (PAM) (53, 64, 65, 66). The PAM
requirement is thought to fulfill two roles during DNA targeting. First, it facilitates the
recognition of the target sequence within the invader genome. The crRNA-guided nucle-
ases use a PAM recognition domain (60, 67, 68, 69) to scan DNA for the presence of the
motif, and R-loop formation begins only when the protein-PAM interaction occurs (70,
71). Annealing of the spacer-target nucleotides immediately flanking the PAM is criti-
cal for the success of R-loop initial formation, and the presence of mismatches in this
region (known as the “seed sequence”) prevents targeting (64, 66). This mechanism
limits the number of nonproductive attempts at R-loop formation, thus enabling rapid
interrogation and identification of potential target sites within large DNA molecules. It is
also suspected of providing binding energy that can be used to drive initial DNA duplex
unwinding. A second function for the PAM is to avoid self-targeting of the CRISPR locus,
which contains the target sequence but is flanked by a CRISPR repeat rather than a PAM.
Indeed, given that the crRNA guides are fully complementary to the spacer DNA, in the
absence of a PAM requirement, the spacer would be recognized as a target. However,
since the spacer sequence is flanked by a repeat in the CRISPR array, which does not con-
tain a PAM, self-targeting is not possible.

Type III and VI CRISPR-Cas systems, in contrast, use the crRNA guide to find com-
plementary RNA transcripts produced by the invader (52, 54, 72). In these systems, target
recognition triggers diverse nonspecific nuclease activities. During type III immunity, base-
pairing of the crRNA with a target transcript activates the DNase activity of the Cas10
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subunit (73) to destroy the template DNA. In addition, the Palm domain of Cas10 is
activated and converts ATP into cyclic oligoadenylates that act as second messengers to
bind and activate Csm6/Csx1 (74, 75), nonspecific RNases that induce a growth arrest of
the host to assist the CRISPR defense (76, 77). Interestingly, this self-targeting is somewhat
reminiscent of abortive infection, preventing infected cells from acting as viral factories.
In type VI systems, target recognition by the crRNA guide within Cas13 triggers a non-
specific RNase activity of this nuclease (54, 72), also inducing a dormant state in the host
that prevents the propagation of the infecting phage (78). In both types, the target RNA is
cleaved shortly after its recognition, resulting in the inactivation of the nonspecific nuclease
activities (54, 72, 73), presumably to prevent the irreversible destruction of the host cell. As
opposed to DNA targeting systems, the crRNA-guided endoribonucleases do not appear to
require a specific motif, i.e., PAM, to cleave the target RNA (79). It is believed that this may
be due to the relatively easier mode of target finding (single-stranded target, no need for
unwinding and R-loop formation, and high copy number of a target transcript compared
to its DNA template) and also to the presence of an intrinsic limitation on self-targeting.
This limitation arises because the CRISPR locus generates crRNAs but not complementary
transcripts that would trigger self-immunity: “self-target” RNAs would be produced only
through transcription of the CRISPR array in the opposite direction to the transcription
of the crRNAs. Some level of this transcription, however, could be possible even if acci-
dental, and both type III and VI crRNA-guided nucleases are inhibited upon recognition
of self-targets. Inhibition relies on the annealing of the repeat sequence downstream of the
target (the “antitag”) that is complementary to the portion of the repeat sequence harbored
upstream of the spacer sequence in the crRNA (the “tag”) (80, 81). As a consequence of this
mechanism, bona fide type III and VI targets are never flanked by antitag sequences.

Evasion of CRISPR Immunity

All bacterial and archaeal immune systems are engaged in an arms race with phages and
plasmids and are therefore subject to subversion by these invaders. A great proportion
of phages carry anti-CRISPR inhibitors (Acrs) (82), most of which specifically bind to
and prevent the function of the crRNA-guided nucleases of each different type (covered
in chapter 9). In addition to Acrs, mutations present in the phage or plasmid population
that affect the recognition of the target by the Cas nucleases allow evasion of the immu-
nity imparted by DNA-targeting CRISPR-Cas systems. As explained above, these muta-
tions are present in either the PAM or seed sequences (64, 66). However, depending on
the genetic function of the target sequence, some escape mutations are not viable, for
example, if they change the structure or activity of an essential phage or plasmid gene.
Therefore, some spacers mediate less “escapable,” and thus more robust, immunity than
others (83, 84). Importantly, spacer acquisition generates a population of bacteria that
harbor numerous different spacer sequences (10, 85, 86, 87, 88). This diversity prevents
the rise of escapers (89), as most phages in the population will harbor mutations that only
enable escape from the immunity provided by one or two spacer sequences but eventu-
ally will infect a host cell harboring a spacer they cannot evade. Interestingly, it has been
shown that phage and plasmid recombination systems can induce the accumulation of
escape mutations within the targets of type I and II Cas nucleases (90, 91). Presumably,
these systems can facilitate the introduction of target mutations through their involve-
ment in the repair of the cleaved DNA. Finally, in contrast to DNA targeting CRISPR-Cas
systems, the growth arrest generated during both type III and VI CRISPR immunity limits
the possibilities of genetic escape (78, 79). Although there is a low number of phages
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within the viral population carrying target mutations that could enable escape from rec-
ognition and targeting by Cas nucleases, these mutant phages eventually end up infect-
ing a host in which a previous wild-type phage triggered a growth arrest. These cells
are inhospitable for the propagation of any phage, including those with mutant targets.
Accordingly, the diversity of the spacer repertoire seems to be less important to coun-
teract the rise of escaper phages during type IIl and VI immunity (79), an observation that
could have an evolutionary correlation with the very low frequencies of spacer acquisi-
tion in these systems.

Conclusions

In summary, all CRISPR-Cas systems share a common general mechanism centered on the
CRISPR-cas locus. The CRISPR array is used to store genetic information from prokaryotic
invaders, mostly phages and plasmids, through the extraction and integration of a short
DNA spacer sequence from their genome. This information is passed to the Cas nucleases in
the form of a crRNA guide, which is used to find and destroy specific, invasive nucleic acids.
CRISPR-Cas systems are locked in a coevolutionary arms race with their targets, which
have evolved a series of countermeasures to evade immunity. There are, however, many
different CRISPR-Cas systems, with different features and mechanisms. The chapters that

follow describe in detail the wonderful CRISPR diversity that exists in nature.
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