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Abstract

CRISPR research began over 30 years ago with the incidental discovery of an unusual
nucleotide arrangement in the Escherichia coli genome. It took twenty years to find the main
function of CRISPR-Cas systems as an adaptive defence mechanism against invading nucleic
acids and our knowledge of their biology has been steadily increased ever since. In parallel,
the number of applications derived from CRISPR-Cas systems has risen spectacularly. The
CRISPR-based genome editing tool is arguably the most exciting application in both basic
and applied research. Lately, CRISPR-Cas research has partially shifted to the least
understood aspect of its biology: the ability of CRISPR-Cas systems to acquire new
immunities during the so-called adaptation step. To date, the most efficient natural system to
readily acquire new spacers is the type II-A system of the gram-positive dairy bacterium
Streptococcus thermophilus. The discovery of additional systems able to acquire new spacers
will hopefully draw more attention to this step of CRISPR-Cas biology. This review focuses
on the breakthroughs that have helped to unravel the adaptation phase and on questions that

remain to be answered.
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Introduction
Clustered regularly interspaced short palindromic repeats (CRISPRs) were first described in

bacteria in 1987, during the analysis of the nucleotide sequence of the iap gene responsible
for the isozyme conversion of alkaline phosphatase (and its flanking region) in Escherichia
coli. A series of five repeated palindromic nucleotide sequences flanking the 3’ end of the iap
gene were separated by variable sequences of uniform length, with no homology to each other
(Ishino et al. 1987). Six years later, another research group described a similar nucleotide
sequence pattern in Archaea (Mojica et al. 1993). During these early days, multiple groups
studying these mysterious repeats used different names and acronyms, resulting in confusion
within the field. In 2002, the term CRISPR was introduced and the first CRISPR-associated
(cas) genes were described (Jansen et al. 2002). These genes were found to flank CRISPR loci
and were often absent in CRISPR-negative strains. The importance of the variable sequences,
named spacers, between the repeats remained a mystery until 2005. Homologies were
discovered between some spacers within a few CRISPR loci, and virus and plasmid sequences
(Bolotin et al. 2005; Mojica et al. 2005; Pourcel et al. 2005). Several hypotheses were
proposed as the mode of action, one of them included that CRISPRs may play a role in the
defence against foreign genetic material (Mojica et al. 2005; Pourcel et al. 2005). In 2006,
bioinformatics analyses of various CRISPR loci and cas genes suggested the cooperation
between CRISPRs and Cas proteins in defence against plasmids and phages, by using a

mechanism comparable to eukaryotic RNA interference systems (Makarova et al. 2006).

The first experimental demonstration of the function of CRISPR-Cas was published in 2007
in the dairy bacterial species Streptococcus thermophilus. Upon exposure to virulent (also
known as lytic) streptococcal phages, the vast majority of the phage-infected cells died but a

small number of cells survived phage infection. Analysis of the CRISPR array of the
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surviving bacterial cells, revealed that a new spacer was integrated into the CRISPR locus
along with the addition of a repeat (Barrangou et al. 2007). The Eureka moment soon
followed when it was realised that the new spacers originated from the genome of the virulent
phage used in the assay. Later, the exact same sequence present in the phage genome was
termed “protospacer” to differentiate from the bacterial spacer found in the array (Deveau et
al. 2008). Integrating a novel spacer identical to a protospacer resulted in resistance towards
the phage carrying this sequence. The removal of the spacer sequence restored the phage-
sensitive phenotype (Barrangou et al. 2007). Interference activity against plasmids was
demonstrated in 2008 (Marraffini and Sontheimer 2008). It was then shown in E. coli, that the
CRISPR locus is transcribed and later processed by Cas proteins to serve as small guide
RNAs that allow a complex of Cas proteins and CRISPR-RNA (crRNA) to interfere with an
invasion by recognised foreign DNA (Brouns 2008). In 2010, the CRISPR-Cas system of S.
thermophilus was shown to precisely cleave target phage and plasmid DNA within the
protospacer sequence in vivo. This provided a clear explanation for the phage resistance and
plasmids interference (Garneau et al. 2010). Although multiple Cas proteins are involved in
the interference step in E. coli, Cas9 is the only Cas protein required to cut the target DNA in
S. thermophilus (12, 13) and Streptococcus pyogenes (Jinek et al. 2012). This paved the way

for the development of the CRISPR-Cas9-based genome editing tool (14).

General principle of CRISPR-Cas function

CRISPR-Cas systems are divided into two classes, as well as in six types and several subtypes
(see below). The differences between the CRISPR-Cas systems are based on the composition
of the cas genes (Koonin et al. 2017). Differences in repeat sequences and number of spacer-

repeat units also occur between CRISPR-Cas systems of the same subtype and within the
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same species, respectively (Horvath et al. 2008; Diez-Villasenor et al. 2010). Although on a
molecular level, the mechanisms used by CRISPR-Cas systems inside the cell differ
depending on the type of system, the general principle consists of three steps that all systems

appear to follow.

The first step is the adaptation phase, during which a novel spacer is acquired from an
invading nucleic acid sequence. In some types of CRISPR-Cas systems, adaptation occurs
only when a sequence motif flanking the protospacer, named the protospacer adjacent motif
(PAM), is recognised and the protospacer is inserted into the CRISPR locus (Deveau et al.
2008; Horvath et al. 2008). The duplication of a repeat sequence indicates that the expansion
of the CRISPR locus by one novel repeat-spacer unit is completed. Casl and Cas2 are
conserved within almost all CRISPR-Cas types and form a complex involved in the
adaptation step (Nufiez et al. 2014). The adaptation phase is followed by the expression phase,
during which the CRISPR locus is transcribed into one long strand of pre-crRNA while
additional cas genes are expressed. Some of these expressed Cas proteins are involved in the
processing of pre-crRNA into mature short crRNAs (Charpentier et al. 2015). These crRNAs
then form a complex with one or more Cas proteins. Finally, the third and final step is called
the interference phase. Upon the subsequent invasion by nucleic acids harbouring a
protospacer, the sequence is recognised and cleaved by the crRNA-Cas complexes (Brouns
2008). Whereas the Casl and Cas2 proteins of the adaptation phase are ubiquitous among the
different system types, there is more diversity in the Cas proteins involved in interference
(Koonin et al. 2017). Proteins involved in the interference phase can also sometimes play a

role in the initial adaptation step (Heler et al. 2015; Wei et al. 2015b).
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Classification

CRISPR-Cas systems have been found in approximately 40% of the bacterial genomes
(Makarova et al. 2019) and their classification is being re-evaluated and updated on a regular
basis (Makarova et al. 2011, 2015, 2018, 2019; Koonin et al. 2017). As indicated above, two
classes have been defined. Systems that belong to Class 1 use complexes made up of multiple
Cas proteins that mediate interference, whereas Class 2 systems use one single Cas
multidomain effector protein to cut nucleic acids. An overview of the different classes, types

and subtypes is presented in Figure 1.

Class 1 CRISPR-Cas systems comprise types I, III and IV, with each type having its unique
signature gene. In type I, the gene is cas3, which encodes a protein with both helicase and
nuclease domains (Brouns 2008; Sinkunas et al. 2011). For type III, the signature gene is
casl0, a gene encoding a multidomain protein with nuclease activity involved in the
interference step (Ramia et al. 2014). The cas/0 gene is missing in subtype III-E (Makarova
et al. 2019). The proposed signature gene for type IV is csfl (Makarova et al. 2015, 2018;
Koonin et al. 2017), although it is missing in subtype IV-C (Makarova et al. 2019). Type I and
IIT systems both make use of effector complexes consisting of several Cas proteins and
crRNA. The effector complex of type I systems is the Cascade complex; while for type III
systems, it is the Cmr complex. These effector complexes differ in protein composition and
share little sequence identity. Nevertheless, the architecture and function of these two
complexes are similar since they evolved from a common ancestor (Makarova et al. 2011;
Jackson and Wiedenheft 2015). A major functional difference between Cascade complexes
and Cmr complexes is that Cascade complexes target DNA (Brouns 2008; Sinkunas et al.
2011), while Cmr complexes target both RNA (Hale et al. 2009) and DNA (Samai et al.

2015). Type IV is different from the two other types in that it does not contain cas/ and cas?2
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genes. Moreover, its cas genes are usually not found close to a CRISPR locus, but the
associated proteins are nevertheless predicted to form an effector complex (Makarova et al.

2015, 2018; Koonin et al. 2017).

The class 2 CRISPR-Cas systems include types II, V and VI. Although class 1 CRISPR-Cas
systems are more common in bacteria, the class 2 has received significantly more attention
due to its application in genome editing. Type II CRISPR-Cas systems, the first of the class 2
to be described, are the simplest in terms of the number of genes. The signature gene cas9
encodes a protein that fulfils the roles of the multiple proteins found in the class 1 effector
complexes. Cas9 contains two nuclease domains, RuvC and HNH, and is the only Cas protein
required to cleave the target DNA (Jinek et al. 2012; Gasiunas et al. 2012). Besides Casl and
Cas2, Cas9 has also been shown to play a role in the adaptation step (Heler et al. 2015; Wei et
al. 2015b). In addition to the cas genes and CRISPR locus, trans-activating small RNAs
(tractrRNAs) and the host RNaselll are also essential components of type II systems required
for the maturation of pre-crRNA into crRNAs (Deltcheva et al. 2011; Chylinski et al. 2013).
Type V and VI were later additions to the class 2. As in other systems, Casl and Cas2 are
involved during adaptation in type V and VI systems (Makarova et al. 2015). Type V was
proposed after the discovery of the cas/2 gene and it was predicted that Cas12 (also known as
Cpfl) is the only protein involved in the interference stage (Strecker et al. 2019; Swarts and
Jinek 2019). Cas12 contains only a RuvC nuclease domain, thereby lacking the HNH domain
(Zetsche et al. 2015; Swarts and Jinek 2019). No tracrRNA is needed for the maturation of the
crRNAs (Zetsche et al. 2015; Swarts and Jinek 2019). The exceptions are subtypes V-FI1 and
V-G which do require tractRNA. The cas/2 gene is not found in subtype V-U (Makarova et
al. 2019). The discovery of casl3 gave rise to type VI and Casl3 encodes a tracrRNA-

independent nuclease, which targets RNA (Shmakov et al. 2015; Abudayyeh et al. 2016).
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Adaptation

In recent years, steady progress has been made in our understanding of CRISPR-Cas systems
with the interference phase attracting the most attention. Many molecular details remain
poorly understood in the spacer acquisition process. During this phase, a stretch of DNA
(prespacer) is first captured by Cas proteins (Wilkinson et al. 2019). Then, the Cas proteins
and the bound prespacer are directed to the CRISPR locus, a repeat sequence is duplicated
and the prespacer is integrated between the two repeats as a novel spacer. The cas!/ and cas2
genes are essential and specific to the adaptation phase and both are relatively well conserved
in almost all CRISPR-Cas systems (Brouns 2008). Other universal elements of the acquisition
process are the leader sequence (discussed below) and the first repeat of the CRISPR locus
(Amitai and Sorek 2016), suggesting that some processes are likely conserved in all types

(Makarova et al. 2015).

Casl is a metal-dependent endonuclease that cleaves single-stranded DNA (Babu et al. 2011),
double-stranded DNA (dsDNA) (Wiedenheft et al. 2009), and single-stranded RNA (ssRNA)
(Kim et al. 2013). Like Casl, Cas2 is also a metal-dependent endonuclease. The Cas2 protein
was first described as having activity against ssSRNA (Beloglazova et al. 2008). However,
depending on the CRISPR-Cas system, Cas2 may have activity against dsDNA (Nam et al.
2012). Cas1 and Cas2 form a complex consisting of a Cas2 dimer flanked by two Cas1 dimers
(Cas14-Cas2;). Within the complex only the nuclease activity of Casl is essential for
adaptation. Casl has a strong binding affinity for the CRISPR locus, as it is involved in the
integration of new spacers. In the absence of Cas2, Casl is incapable of binding to the

CRISPR locus, making both proteins essential during adaptation (Nuilez et al. 2014). Cas2
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functions as an adaptor protein, bridging the Casl proteins as well as binding and stabilising

the prespacer DNA (Wang et al. 2015).

In addition, a CRISPR repeat and a leader sequence are required for the integration of a novel
spacer. The AT-rich leader sequence is typically located upstream of the CRISPR locus,
which often contains the promoter that directs transcription of the CRISPR locus into pre-
ctRNA (Pougach et al. 2010; Pul et al. 2010). Repressor proteins silence transcription in
certain species (Pougach et al. 2010; Pul et al. 2010; Medina-Aparicio et al. 2011), whereas in
other species expression of the CRISPR operon can be constitutive and up-regulated during
phage infection (Agari et al. 2010; Young et al. 2012; Quax et al. 2013). In addition to its
function in transcription, the leader sequence has another role within the integration process
as the integration of novel spacers usually occurs at the leader end of the CRISPR locus
(Barrangou et al. 2007; Yosef et al. 2012; Diez-Villasenor et al. 2013). Indeed, the leader
sequence and the flanking repeat sequence harbour recognition signals with the ability to
direct the Cas1-Cas2 complex to this position. These recognition sites are located within 10

base pairs of the integration site in both the leader and repeat sequences(Wei et al. 2015b).

The method by which sequences are integrated into the CRISPR locus suggests the probable
acquisition of spacers that also target the bacterial chromosome (self-DNA) instead of foreign
DNA. However, there appears to be a bias towards acquiring new spacers from foreign DNA
compared to self-DNA. The number of PAM sequences present on bacterial self-DNA is
similar to that of foreign DNA and therefore, the reason cannot be related to PAM prevalence.
It has been shown that one of the sources of protospacers for the Casl-Cas2 complex are
degradation products of the bacterial RecBCD complex, which processes double stranded

DNA breaks (DSBs), although this does not apply to all the CRISPR-Cas system types. The
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large majority of these DSBs occur at replication forks during DNA replication and more are
found on plasmids compared to the bacterial chromosome. The RecBCD complex unwinds
and degrades the DNA, starting at the DSB until it reaches a crossover hotspot instigator (Chi)
site. Bacterial genomic DNA is rich in Chi sites compared to plasmid and phage DNA, and
therefore is indirectly protected from spacer acquisition. Because phage DNA enters the cell
as linear DNA, contains few Chi sites and is highly replicative, it is presumably an easier
target for the RecBCD complex than chromosomal DNA. This may explain why the CRISPR-
Cas system preferentially acquires spacers from foreign DNA sources rather than its own
(Levy et al. 2015). In type I systems, the degradation products from the activity of Cas3
during primed adaptation (see below) have also been demonstrated to function as prespacers
(Kiinne et al. 2016; Staals et al. 2016). While the RecBCD complex is found only in Gram-
negative bacteria, Gram-positive bacteria possess a highly similar mechanism in the form of
the AddAB repair machinery. As with the RecBCD complex, the function of the AddAB
machinery has been demonstrated to have a large impact on spacer acquisition (Modell et al.

2017).

Depending on the type of CRISPR-Cas system, additional factors are required to process the
prespacers into spacers ready for integration. In type I-E systems, Cas2 is fused to a DnaQ
domain, which degrades prespacers at the 3’-end to generate suitable spacers for integration
(Drabavicius et al. 2018; Kim et al. 2020). A similar role has been proposed for Cas4, present
in types I, II, and V systems. Cas4 cuts the 3’ overhangs of prespacer DNA until a bound
Casl4-Cas2, complex is encountered to generate spacers of specific length and a correct
PAM. As such, Cas4 prevents the integration of non-functional spacers with an inappropriate

length or PAM (Kieper et al. 2018; Lee et al. 2018, 2019; Rollie et al. 2018; Shiimori et al.
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2018; Almendros et al. 2019). The function of Cas4 and DnaQ can also be performed by non-

CRISPR nucleases in other systems (Yoganand et al. 2019).

Spacer acquisition under laboratory conditions

The large diversity of spacers found in strains possessing CRISPR loci indicates that spacer
acquisition clearly occurs in numerous natural ecosystems. Surprisingly, spacer acquisition in
bacterial strains has rarely been observed under laboratory conditions. The first case of spacer
acquisition was observed with the dairy bacterium S. thermophilus and correlated with phage
resistance (8) and plasmid interference (12). Spacer acquisition was also demonstrated in
Streptococcus mutans following phage infection, although in this species, other phage
resistance mechanisms appear to be at play (van der Ploeg 2009). Strains of S. thermophilus
and S. mutans possess type II-A CRISPR-Cas systems. Spacer acquisition against plasmids in
a type II-C system has also been described in Riemerella anatipestifer (He et al. 2018). The
type II-C system of Campylobacter jejuni was also able to acquire novel spacers into its
CRISPR array, but only after infection by a phage expressing a Cas4-like protein (Hooton and

Connerton 2015).

Spacer acquisition in type I CRISPR-Cas systems has also been described (51-54). In the E.
coli K12 type I-E system, spacer acquisition required the upregulation of cas genes or the
deletion of a repressor. With other CRISPR-Cas systems, a fitness cost was associated with
constitutive expression of the cas genes and to a lesser extent, during the acquisition of novel
spacers, which may explain the presence of these repressors (Vale et al. 2015). The first
evidence of spacer acquisition through priming was also observed in E. coli, although both
primed and naive spacer acquisition were observed (Datsenko et al. 2012; Swarts et al. 2012).
Whereas naive spacer acquisition refers to spacer acquisition from a virus not previously

encountered, priming refers to spacer acquisition following the previous acquisition of a
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spacer from the same foreign DNA. Spacer acquisition was also observed in the CRISPR
locus of the type I-B system of the archeon Haloarcula hispanica, although pre-existing
spacers partially matching the infecting viral genome were required for adaptation (51). These
partially matching spacers did not provide resistance against the virus, but still increase spacer
acquisition events during new encounters with the same virus. Similar results were obtained
with the type I-F system of Pectobacterium atrosepticum (Richter et al. 2014). Spacer
acquisition was also observed in the archaea Sulfolobus solfataricus and S. islandicus,
although only during viral infection combined with the transformation of a plasmid (Erdmann

and Garrett 2012).

Growth conditions have been reported to be a major influence on the capacity of CRISPR-Cas
to acquire novel spacers. Pseudomonas aeruginosa strains harbouring an active CRISPR-Cas
predominantly became phage-resistant through surface receptor modification under nutrient-
rich growth conditions, whereas under low nutrient conditions derivatives became phage-
resistant due to the acquisition of new spacers (Westra et al. 2015). CRISPR-Cas appears to
provide a fitness advantage during growth in low-nutrient conditions (Westra et al. 2015;
Chabas et al. 2016). The fitness disadvantage of surface receptor modification was further
increased in a co-culture of multiple bacterial species, increasing the prevalence of CRISPR
resistance (Alseth et al. 2019). A possible explanation for this is that the type IV pilus that
functions as phage receptor in P. aeruginosa has a role in the competition between species

(Westra et al. 2015; Alseth et al. 2019).

While the acquisition of a single new spacer is the norm, the acquisition of multiple spacers
has also been observed under laboratory conditions, particularly on solid media. Depending

on the capacity of the first acquired spacer to protect the bacterium against an invading virus,
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a second spacer can be acquired to increase the overall phage resistance. It has been proposed
that the acquisition of the second spacer is driven by priming during a single infection
(Nussenzweig et al. 2019; Pyenson and Marraffini 2020) or by the re-infection of the virus

(Pyenson and Marraffini 2020).

To identify systems that acquire novel spacers, tactics or factors that promote spacer
acquisition can be employed. In the priming phenomenon described above the mismatches
between the interference complex (crRNA) and the incoming phage genome do not allow for
a strong interaction but still favour the Cas adaptation module to acquire additional spacers
(Datsenko et al. 2012; Swarts et al. 2012; Jackson et al. 2019). Priming has been mainly
associated with type I CRISPR-Cas systems. Evidence for primed acquisition has not been
demonstrated in type II systems, nonetheless, it has been noted that upon acquisition of a
second spacer, this spacer is typically acquired from the vicinity of the first spacer
(Nussenzweig et al. 2019). Bioinformatics analysis revealed that acquisition of newer spacers
does not appear to be random but in the proximity of presumed older spacers (Nicholson et al.
2019). In S. thermophilus, it was demonstrated that prior phage exposure to UV light
increased the number of spacer acquisition events. Specifically, the UV light generated
defective phage particles that retained the capacity to inject their genome into a bacterial host
but lost the capacity to generate infectious virions (Hynes et al. 2014). Presumably, it allows
more time to select and integrate protospacers within the CRISPR locus, compared to an
infection by an infective virulent phage where the adaptation module must be expressed and a
spacer acquired before the virus lyses the cell (Hynes et al. 2014). A similar observation was
made when the invading phage DNA is cleaved by restriction enzymes (82). Cleavage of
phage DNA by restriction enzymes neutralises infection and provides prespacers for the

CRISPR-Cas system (Dupuis et al. 2013).
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Type lI-A CRISPR-Cas system of S. thermophilus as a model for spacer

acquisition

As indicated previously, the first observation of spacer acquisition under laboratory
conditions was in S. thermophilus, specifically with the dairy industrial strain DGCC7710
(Barrangou et al. 2007). This unique strain is used worldwide in the production of yoghurt due
to its production of exopolysaccharides, which leads to the desired organoleptic properties of
the final fermented milk product. The dairy industry relies on DGCC7710 strains that are
naturally resistant to phages, therefore this resulted in CRISPR research with this specific

bacterial strain.

In the initial experimental studies on CRISPR-Cas systems (8, 9, 12), S. thermophilus
DGCC7710 was challenged with the virulent phages 2972 or 858 or both, and the CRISPR
loci of the resulting bacteriophage-insensitive mutants (BIMs) were analysed (8, 9). Novel
spacers were acquired from the phage genome in response to phage exposure and these new
spacers came from the phage genome. These BIMs were not only resistant to the phages used
in the assay, but also to other phages that carry the identical protospacer sequence.
Furthermore, an overall stronger phage resistance phenotype was observed when multiple
spacers were acquired (Barrangou et al. 2007). Interestingly, some phages were also found to
evade CRISPR immunity (CRISPR escaping mutants, or CEMs). Genomic analysis of CEMs
revealed point mutations in protospacers or the flanking PAMs, which allowed the
circumvention of the interference complexes. Subsequently, when exposed to CEMs, former
BIMs were also able to establish renewed phage resistance by acquiring additional spacers (9,

59). This adaptive immunity is thus comparable to adding a new vaccine to your
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immunisation record and the spacer content of a bacterial strain can be seen as a molecular

archive of past infections by foreign nucleic acids.

Despite its adaptability, any given bacterial strain can also carry multiple CRISPR-Cas
systems and S. thermophilus is no exception. Four of these systems have been reported in this
food-grade bacterium. CRISPR1 and CRISPR3 are both type II-A systems and have been
experimentally shown to actively acquire novel spacers, with the large majority of the
acquisition events taking place in the CRISPR1 locus (Horvath et al. 2008; Magadan et al.
2012). The two systems have the capacity to cooperate and increase the overall phage
resistance phenotype within the same cell (Magadan et al. 2012). In addition, the CRISPR-
Cas systems of S. thermophilus are compatible with other bacterial defence mechanisms,
including restriction-modification systems (61). Furthermore, a type III-A system (CRISPR2)
and a type I-E system (CRISPR4) can be found in some S. thermophilus strains (Magadan et
al. 2012). No in vivo activity has been observed in the streptococcal type I-E system, but the
isolated Cascade complex has been shown to interfere with targeted plasmid DNA (Sinkunas

etal. 2013).

The two type II-A systems of S. thermophilus consist of four cas genes. In addition to the type
II system signature gene cas9 and the conserved cas/ and cas2 genes, a fourth gene called
csn2 distinguishes type II-A systems from other type II systems (Makarova et al. 2015). The
csn2 gene is essential for adaptation, although its precise role is unknown (Barrangou et al.
2007). Although the two type II-A systems have the same gene composition, there is a
significant variation at the amino acid levels between the cas gene products. The percent

identity is as low as 24.4% for Cas9, 32.5% for Casl, 38.7% for Cas2, and 21.76% for Csn2
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(Figure 2). All four proteins and distinct tractrRNAs are needed for spacer acquisition, with

Cas9 providing PAM specificity (Heler et al. 2015; Ka et al. 2018).

Structural analysis of the Cas proteins of the CRISPR3 type II-A system of S. thermophilus
revealed a complex consisting of Caslg-Cas24-Csn2g. Although not detected in the complex,
Cas9 was hypothesised to interact with Csn2 through DNA (Wilkinson et al. 2019). Csn2 has
been shown to bind double-stranded DNA ends (Ellinger et al. 2012; Lee et al. 2012; Nam et
al. 2012). It was therefore proposed that the Caslg-Cas24-Csn2g complex binds the free ends
of prespacers generated by the AddAB repair machinery through Csn2. Then, the complex
slides down the DNA until it encounters Cas9 that is bound to a PAM, and then, the spacer
may be cut from the DNA (Wilkinson et al. 2019). This process is highlighted in Figure 3. In
the interference stage, Cas9 is the sole protein required in both CRISPR1 and CRISPR3 as it

cuts the target DNA within the protospacer, three nucleotides upstream of the PAM (12, 61).

Spacer acquisition events have typically been observed at the 5’ end of the CRISPR locus,
flanking the leader sequence. However, ectopic spacer acquisition has also been observed in
S. thermophilus (60). This phenomenon was first described in S. pyogenes and refers to the
acquisition of spacers at positions other than the 5’-end (McGinn and Marraffini 2016). The
leader sequence in strains that acquired ectopic spacers was compared to strains that had not
acquired ectopic spacers. A deletion of one nucleotide was discovered within the leader
sequence directly upstream of the CRISPR locus in the strains that acquired ectopic spacers
(Achigar et al. 2017). This region of the leader sequence is where the Cas proteins involved in
adaptation interact with the CRISPR locus, likely explaining the reduced ability of these
strains to integrate spacers at this position (Wei et al. 2015a). Furthermore, an AG motif was

found at the 5° end of the spacer upstream of the newly acquired ectopic spacers. This AG
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motif may play a role in guiding the adaptation module to this specific position (Achigar et al.

2017).

Anti-CRISPR

Phages have evolved several ways to cope with a wide range of anti-viral defence systems.
This on-going evolutionary battle has been called an arms race as every evolutionary step,
from either bacteria or phages, drives a new evolutionary step for the other (Safari et al.
2020). While escaping CRISPR immunity can be facilitated by a single mutation or a deletion
within the protospacer or PAM sequence as mentioned previously (Deveau et al. 2008), it is
more challenging to replicate in a diverse population of cells globally carrying a large number
of different spacers. It has been hypothesised that this limitation led to the evolution of a more
general method to disable the CRISPR immunity in the form of anti-CRISPR proteins (ACRs)

(Van Houte et al. 2016).

The first anti-CRISPR genes were discovered in temperate phages infecting P. aeruginosa
(94). While integrated into the P. aeruginosa genome as a prophage, the phage expressed
proteins that interfered with the activity of the host CRISPR-Cas system. Since these phage
proteins did not interfere with the transcription of cas genes and the CRISPR locus, the anti-
CRISPR activity was found to take place after the formation of the crRNA-Cascade complex
(Bondy-Denomy et al. 2013). The activity of these anti-CRISPR proteins was against type I-F
systems only, but soon after, additional anti-CRISPR proteins that exhibited activity against
type I-E systems were also discovered (Pawluk et al. 2014). At the sequence level, a signature
motif that allowed for the identification of anti-CRISPR genes in other phages and archaeal
viruses were found. This helix-turn-helix motif was found in proteins for which the genes

were present directly downstream from anti-CRISPR genes. The anti-CRISPR associated
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(aca) genes, which code for transcription regulators, helped to identify new anti-CRISPR

genes for other systems, including type II using bioinformatic approaches.

The first type II anti-CRISPR genes were found in prophages of Neisseria meningitides. They
interfered with the nuclease activity of the type II-C Cas9 in N. meningitides but not with the
type II-A Cas9 of S. pyogenes (Pawluk et al. 2016). Anti-CRISPR genes interfering with type
II-A CRISPR-Cas systems were found using other approaches. One such approach was to
screen for prophage sequences that carry a sequence identical to one of the spacers present in
the cell. This would typically result in self-targeting in the case of an active CRISPR-Cas
system, but would be prevented by the expression of an ACR protein. Using this strategy,
several new acr genes were discovered in prophages of Listeria monocytogenes, which were
capable of inhibiting SpCas9 (Rauch et al. 2017). The first anti-CRISPR genes discovered in
virulent phages were found in S. thermophilus. These ACR-containing phages were
discovered because phage-resistant mutants were extremely rare following some phage-
bacteria interactions while some phages were able to infect BIMs carrying spacers targeting
their genomes (Hynes et al. 2017, 2018). Additional anti-CRISPR proteins targeting type II
systems were discovered by the transformation of metagenomic libraries, after which the

ACR activity against S. pyogenes Cas9 was confirmed in vitro and in vivo (Uribe et al. 2019).

Several mechanisms for anti-CRISPR proteins have also been discovered, revealing that
different ACR proteins target different Cas proteins. For example, binding of the ACR to Cas
proteins prevented binding or cleaving of nucleic acids (Bondy-Denomy et al. 2015; Dong et
al. 2017; Harrington et al. 2017; Shin et al. 2017; Yang and Patel 2017; Hardouin and Goulet
2020; Marino et al. 2020; Davidson et al. 2020). A nomenclature for ACRs has been proposed

and an online spreadsheet is available to avoid names being used twice in this fast growing
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field (Bondy-Denomy et al. 2018). The number of anti-CRISPR genes that has been
discovered has expanded dramatically and so has the number of targeted system types. To
date, over 50 families of anti-CRISPR proteins have been described that inhibit various types
of CRISPR-Cas systems, and the search for new anti-CRISPR proteins still continues (Stanley

and Maxwell 2018; Davidson et al. 2020).

Conclusion

A few decades have passed since the incidental discovery of a CRISPR locus. Several
research groups have uncovered many of its mysteries and it has turned out to be one of the
most fascinating discoveries in microbiology. Currently, six CRISPR-Cas system types have
been described as well as several subtypes (Makarova et al. 2019) and many additional
variants likely await discovery. The development of the ever-growing CRISPR-Cas tools for
genome editing was due, in part, to a better understanding of the crRNA synthesis and
interference steps. This CRISPR frenzy as a genome editing tool resulted in more research
into these two steps of the CRISPR-Cas biology. As such, studies on the adaptation phase
have been limited for the most part. The experimental demonstration of spacer adaptation
remains elusive for several CRISPR-Cas subtypes as it still appears to be a rare event under

laboratory conditions.

While a very efficient crRNA synthesis or interference stage is needed to readily protect the
cell against invasion of foreign nucleic acids, a spacer acquisition process in overdrive would
be detrimental to the cell as self-targeting would likely occur, thereby killing the cells. The
presence of acr genes in the bacterial genome (as prophages) or on plasmids are also likely
responsible for these apparent experimental frustrations associated with spacer acquisition

assays. The use of ACR-containing virulent phages in these experiments may also have been
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playing a role. The recent observation of spacer acquisition in a bacterial community (Alseth

et al. 2019) opens new avenues and could draw more attention to the adaptation phase.

Although CRISPR-Cas is considered a defence mechanism in a cellular context, other
functions have been proposed and described (Faure et al. 2019). Under certain circumstances,
CRISPR-Cas has been associated with gene regulation, genome evolution, DNA repair and
cooperation with other anti-viral systems (Westra et al. 2014). As the number of publications
on CRISPR-Cas biology increases each year, novel functions and applications will likely be
discovered in the future. It will be interesting to see if Cas proteins involved in the adaptation
phase also play other functions. Casl was found to increase the resistance of Mycobacterium
smegmatis towards multiple anti-tuberculosis drugs (Wei et al. 2019) and has also been
associated with DNA repair (Babu et al. 2011). In Legionella pneumophila, Cas2 has been
shown to be an essential factor to facilitate the infection of amoebae (Gunderson and
Cianciotto 2013; Gunderson et al. 2015). New functions for these versatile proteins are likely

waiting to be discovered.
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Figure 1: Classification of CRISPR-Cas systems. In this figure an example is given for
each CRISPR system type. The signature genes are highlighted in orange. The other genes are
blue. The Type I1I-B and Type VI-A systems do not possess their own cas/ and cas2 genes,
but use those of other systems and these genes are therefore presented in white with dotted
lines. The CRISPR locus is illustrated in the form of red diamonds (repeats) and green squares
(spacers).

Figure 2: Comparison of Cas9 from Streptococcus thermophilus and Streptococcus
pyogenes. The percentage identity of the Cas proteins from CR1 of S. thermophilus
DGCC7710 and S. pyogenes M1 compared to the Cas proteins of C3 of S. thermophilus
DGCC7710 are shown in the figure. Within Cas9, the RuvC domains are highlighted in
yellow, the recognition lobe in marine blue, the HNH domains in orange and the PAM
recognition domain in purple.

Figure 3: Spacer acquisition in CRISPR3 (Type II-A) of Streptococcus thermophilus. The
CRISPR locus of S. thermophilus DGCC7710CRISPR3 consists of 13 repeats (red diamonds)
and 12 spacers (green squares). The acquisition complex consists of 4 Casl dimers (blue), 2
Cas2 dimers (yellow) and 2 Csn2 tetramers (purple) and likely slides down the viral DNA
until it encounters Cas9 (orange) bound to a PAM sequence (black). The flanking protospacer
(white square) is somehow cut from the viral DNA and is ready for integration into the
CRISPR locus below as a novel spacer.
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Figure 1: Classification of CRISPR-Cas systems. In this figure an example is given for each CRISPR system

type. The signature genes are highlighted in orange. The other genes are blue. The Type III-B and Type VI-

A systems do not possess their own casl and cas2 genes, but use those of other systems and these genes
are therefore presented in white with dotted lines. The CRISPR locus is illustrated in the form of red

diamonds (repeats) and green squares (spacers).
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Figure 2: Comparison of Cas9 from Streptococcus thermophilus and Streptococcus pyogenes. The
percentage identity of the Cas proteins from CR1 of S. thermophilus DGCC7710 and S. pyogenes M1
compared to the Cas proteins of C3 of S. thermophilus DGCC7710 are shown in the figure. Within Cas9, the
RuvC domains are highlighted in yellow, the recognition lobe in marine blue, the HNH domains in orange and

the PAM recognition domain in purple.
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Figure 3: Spacer acquisition in CRISPR3 (Type II-A) of Streptococcus thermophilus. The CRISPR locus of S.

thermophilus DGCC7710 CRISPR3 consists of 13 repeats (red diamonds) and 12 spacers (green squares).
The acquisition complex consists of 4 Casl dimers (blue), 2 Cas2 dimers (yellow) and 2 Csn2 tetramers
(purple) and likely slides down the viral DNA until it encounters Cas9 (orange) bound to a PAM sequence
(black). The flanking protospacer (white square) is somehow cut from the viral DNA and is ready for
integration into the CRISPR locus below as a novel spacer.
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