
Bacteria and archaea are frequently exposed 
to both beneficial and parasitic foreign 
nucleic acids1. On the one hand, this 
enables organisms to access and incorporate 
diverse genetic material, such as plasmids 
that encode antibiotic resistance genes or 
virulence factors encoded by temperate 
phages. On the other hand, this renders 
cells vulnerable to parasitic elements that 
compromise the fitness of the population, 
such as plasmid-encoded transposons or 
virulent phages. To balance these costs and 
benefits, bacteria and archaea have evolved 
a number of pathways to curate the nucleic 
acids that enter the cell. These pathways have 
profound implications for the evolution of 
bacterial and archaeal populations1.

CRISPR and their associated cas genes 
encode one such mechanism by which 
cells restrict incoming nucleic acids2,3. 
CRISPR–Cas systems have the unique 
ability to heritably alter the host genome 
by incorporating small fragments of 
foreign nucleic acids, known as spacers, in 
between the repeats of the CRISPR locus2 
(Fig. 1a). This process is known as spacer 
acquisition4–6. Spacers are transcribed 
and parsed into individual CRISPR RNAs 
(crRNAs), which guide effector Cas 
nucleases to cleave cognate nucleic acids. 
Thus, spacer sequences define the specificity 
of the CRISPR–Cas immune response, 

and discuss the future of the field, both 
in terms of basic scientific research and 
technological applications.

Integration of new spacers
The Cas1–Cas2 integrase. Cas1 is the most 
highly conserved Cas protein and can be 
found in all six CRISPR types7. It is believed 
that Cas1 evolved as the core enzyme of a 
class of transposons called casposons and 
was eventually co-opted to form the basis 
of the CRISPR–Cas immune system8. In 
the context of CRISPR immunity, Cas1 
interacts with Cas2 to form a complex 
that acts as the spacer integrase9–13. This 
heterohexameric complex [(Cas12–Cas2)2] 
contains two separate DNA-binding regions, 
one that binds the incoming protospacer 
and one that binds the CRISPR array. 
Once loaded with the incoming spacer, 
the Cas1–Cas2 complex catalyses two 
cleavage–ligation reactions, first at the 
leader end of the first repeat of the CRISPR 
array and subsequently at the spacer end 
of the repeat12–14 (Fig. 1a). In this reaction, 
the terminal 3′-OH of each strand of the 
protospacer DNA carries out a nucleophilic 
attack on each end of the repeat DNA. The 
product of this reaction is an intermediate 
in which the 3′ ends of a double-stranded 
DNA (dsDNA) protospacer are ligated 
to single-stranded DNA (ssDNA) repeat 
sequences. These ssDNA ‘gaps’ are 
presumably filled by a DNA polymerase 
and then ligated, resulting in a simultaneous 
spacer insertion and repeat duplication12–18.

Site-specific integration of new spacers. 
The integration of new spacers by the 
Cas1–Cas2 complex is polarized; that is, 
new spacers are predominantly added to 
the leader end of the CRISPR array. For this 
reason, CRISPR loci have been likened to 
molecular fossil records of past infections, 
with the newest memories located at the 
leader end and the most ancestral spacer 
sequences positioned at the trailer end18 
(Box 1). By ordering spacers chronologically, 
CRISPR systems optimize their immune 
response against the most recent invaders, 
as leader end spacers provide more robust 
immunity relative to more downstream 
positions19. This has been proposed to be 
a bet-hedging strategy in which resources 
are prioritized to defend the host against 

bestowing immunity to both the host and  
its progeny2,3.

Found in approximately 45% of bacteria 
and 85% of archaea, CRISPR systems 
have been categorized by cas gene content 
into two classes, six types and more than 
20 subtypes7. Each of the six types uses 
functionally distinct effector complexes that 
mediate the destruction of foreign nucleic 
acids. Whereas type I, type II and type V 
systems target DNA, the type VI system 
targets RNA, and the type III system targets 
both RNA and DNA (type IV systems have 
not yet been experimentally characterized)7. 
By contrast, the core machinery that 
mediates spacer acquisition, encoded 
primarily by cas1 and cas2, is well conserved 
across the different types. Spacer acquisition 
can be conceptually divided into two phases: 
capture of spacer sequences in the invading 
genome (known as protospacers) and 
spacer integration. During the first phase, 
protospacers are selected and extracted 
from foreign genomes. In the second phase, 
spacers are processed and incorporated 
into the CRISPR locus. Recent studies have 
revealed several aspects of the molecular 
mechanism of spacer acquisition and how 
these correlate with the specific targeting 
mechanism of each different CRISPR 
type. In this Progress article, we review 
the current models of spacer acquisition 
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the most recent invader, which is also most 
likely to be the greatest threat to the cell19,20. 
One potential mechanism underlying 
this phenomenon is the differential 
expression of crRNAs across the CRISPR 
array, which has been observed in many 
CRISPR types21–25. In one study of the 
Streptococcus pyogenes type II-A system, 
a twofold difference was observed when 
comparing the abundance of crRNAs 
originating from the same spacer sequence 
in the first or fifth position in the array19. 
Given that a single Cas9 ribonucleoprotein 
can take hours to find its target (according 
to single-molecule experiments)26 and 
that it is reported to be a single-turnover 
enzyme27, it is possible that modest 
differences in crRNA abundance can give 
rise to larger differences in the level of 
immunity afforded to the host19.

Several mechanisms have the potential 
to ‘reactivate’ ancestral memories that are 
positioned further downstream in the 
CRISPR array. Spacer deletions have been 
frequently observed in laboratory and 
natural contexts28,29. Indeed, in one study 
of the type II-A system from S. pyogenes, 
deletion of four spacers from the 5′ end of 
the array was strongly selected for during 
phage infection, which enabled a spacer 
in position 5 to be shifted to position 1 to 

induced by IHF12 (Fig. 1b). This mechanism 
leads to a conundrum for type I CRISPR 
systems found in Gram-positive bacteria, 
which lack IHF homologues32. It is possible 
that related DNA-bending proteins (such as 
HU or H-NS) could fulfil this role. Indeed, 
an archaeal type I-A system, whose host 
lacks IHF, exhibits leader specificity for 
spacer integration in a manner dependent 
on an as of yet unidentified host factor or 
host factors33.

Type II CRISPR systems, which are 
commonly found in Gram-positive hosts34, 
also exhibit strictly polarized spacer 
integration2,14,19,35. In contrast to the type I 
machinery, the type II Cas1–Cas2 complex 
can induce the necessary DNA topology for 
the spacer integration reaction without any 
additional host factors13,14. Similar to the 
type I system, an α-helix of the type II Cas1 
makes sequence-specific contacts  
with the minor groove of the leader DNA 
(for type II, this is termed the leader 
anchoring sequence (LAS))13,14,19. These 
contacts are sufficient to position spacer 
integration at the leader end of the array 
without the need for any additional host 
factors13,14,19 (Fig. 1b). This is achieved 
owing to the additional stabilizing contacts 
between the LAS and Cas1 that improve the 
kinetics of the cleavage–ligation reaction at 

enable maximum levels of immunity19. 
Alternatively, another study revealed that 
internal promoters contained within  
spacer sequences can enable high expression 
of downstream crRNAs30. In addition, 
we speculate that it is possible that lower 
expression of downstream crRNAs  
that are unable to provide full immunity 
could enable a primed immune response 
(see below).

How polarized addition of new spacers is 
achieved differs by CRISPR type (Fig. 1b). In 
type I CRISPR systems, an α-helix of Cas1 
makes sequence-specific contacts with a 
minor groove in the 3′ end of the leader12,31, 
but this is not sufficient to enforce spacer 
addition at the leader end15. Rather, factors 
encoded by the host genome are required 
for site-specific integration. In type I-E and 
type I-F systems, a protein called integration 
host factor (IHF) is required for polarized 
spacer integration in vitro and is required 
for spacer acquisition in vivo. Type I leaders 
contain a conserved IHF-binding site, and 
binding of IHF induces a distortion of 
the CRISPR array DNA. This creates the 
ideal target substrate for the Cas1–Cas2 
integrase specifically at the first repeat12,32. 
Additionally, the Cas1–Cas2 integrase makes 
contacts with IHF and upstream sequences 
in the leader as a result of DNA bending 

8 | JANuARY 2019 | volume 17 www.nature.com/nrmicro

P r o g r e s s

Cas1
Cas2

IHF

b

IHF-mediated DNA bending
and interactions with Cas1

Cas1-mediated
LAS recognition

Type I

Type II

Sequence-specific contacts between 
Cas1 and upstream and downstream 
sequences of the leader

DNA repair and ligation

Nucleophilic attack by 3 -OH 
of protospacer at the spacer end 
of the repeat

Nucleophilic attack by 3 -OH of 
protospacer at the leader end 
of the repeat

Leader Repeat

Protospacer

CRISPR array

Intermediate

Parental array

Extended array

a

5

3

RepeatSpacer

Fig. 1 | Integration of new spacers into the CRISPR locus. a | General sche-
matic of the spacer integration reaction. The CRISPR array comprises a series 
of direct, semi-palindromic repeats intercalated with variable spacer 
sequences of foreign origin. The array is preceded by an AT-rich leader 
sequence. Integration of new spacers begins with a concerted cleavage–
ligation reaction that occurs preferentially at the leader end of the first 
repeat, whereby the terminal 3′-OH of the protospacer carries out a nucleo-
philic attack. Next, the repeat DNA is bent, and a second cleavage–ligation 
reaction takes place at the spacer side of the repeat. The product of this reac-
tion is an intermediate in which the 3′ ends of a double-stranded (dsDNA) 

protospacer are ligated to single-stranded DNA (ssDNA) repeat sequences. 
The ssDNA repeats are presumably filled by DNA polymerase and ligated to 
complete the spacer integration process. b | Two mechanisms for preferential 
spacer acquisition at the leader end of the CRISPR array. In the type I system, 
integration host factor (IHF) binds to a conserved binding site in the leader 
and induces DNA bending, which enables the Cas1–Cas2 complex to per-
form the first cleavage–ligation reaction. Cas1–Cas2 makes specific contacts 
with upstream and downstream sequences in the leader, as well as with IHF. 
In the type II system, Cas1-mediated recognition of the leader anchoring 
sequence (L AS) in the leader is sufficient for polarized spacer integration.



the leader-repeat junction13,14. Because the 
second cleavage–ligation reaction occurs 
at the spacer–repeat junction, the target 
substrate varies, and this requires some 
flexibility in the LAS-interacting domain of 
Cas1 for catalysing the reaction13. Most likely 
as a result of this flexibility, in the absence of 
a proper LAS, the type II CRISPR systems 
can undergo ‘ectopic spacer integration’, that 
is, integration of new spacers in the middle 
of the array19.

Protospacer capture
Identification of foreign nucleic acids. 
CRISPR systems can acquire self-targeting 
spacers from the host chromosome18,36,37, 
which results in autoimmunity and cell 
death38–40. To avoid this, CRISPR systems 
use various mechanisms to bias spacer 
acquisition to foreign genetic elements.

For the generation of spacer substrates, 
CRISPR systems use the DNA repair 
machinery of the host: RecBCD in 
Gram-negative organisms17,36 and its 
homologue, AddAB, in Gram-positive 
organisms41. RecBCD, which binds free ends 
of dsDNA to perform end resection during 
homologous recombination, stimulates 
spacer acquisition from double-strand 
breaks. This activity is limited by chi sites, 
which are eight nucleotide sequence motifs 
that slow RecBCD activity. Because chi 
sites are enriched in the host chromosome 
relative to genomes of phages or plasmids 
(for example, in the Escherichia coli genome, 
chi sites are found at rates 14 times higher 
than expected36), this is a mechanism to 
constrain spacer acquisition from the 
host genome and differentiate self from 
non-self nucleic acids36,41. Furthermore, 
the free dsDNA end that is presented 
to the cell during infection by dsDNA 
phages is exploited by the CRISPR system 
to preferentially acquire spacers from 
the phage DNA (Fig. 2a), as the bacterial 
chromosome is circular and lacks free DNA 
ends (with the exception of accidental 
dsDNA breaks, most common at the 
terminus). This also biases the pool of 
acquired spacers to the end of the phage 
genome that is being injected. This results 
in acquisition of spacers that facilitate the 
immediate recognition and cleavage of  
invading DNA at the very beginning 
of the infection and results in more 
effective immunity41. Although RecBCD is 
important for efficient spacer acquisition, 
its degradation products are reported to 
be ssDNA fragments42,43. Given that the 
in vitro spacer integration studies showed 
that dsDNA protospacer substrates are 
markedly favoured over ssDNA ones10–15,44, 

Selection of functional targets. Only a 
subset of sequences in foreign genomes can  
become functional spacers because of type- 
specific targeting requirements. In type I 
and type II, a protospacer-adjacent motif 
(PAM) located at one of the flanks of the 
target is required to license target cleavage 
and to prevent the cleavage of the spacer 
sequence in the CRISPR array (repeats lack 
properly positioned PAMs)53,54. Although 
type III flanking sequence requirements are 
more flexible55–57, transcription across the 
target is needed for targeting of the DNA58–61. 
To ensure functional immune responses, 
CRISPR systems must select protospacers 
that are flanked by the correct PAM or are 
actively transcribed.

In type I and type II, the spacer 
acquisition machinery preferentially 
samples protospacers with functional 
PAMs. To accomplish this, various 
mechanisms have evolved (Fig. 2b).  
In type I-E, the Cas1–Cas2 complex has direct, 
sequence-specific interactions with the 
PAM that bias acquisition to PAM-adjacent 
protospacers11. By contrast, the Cas1–Cas2 
complex from the type II CRISPR system 
does not exhibit any PAM selectivity13,48. 
Instead, the PAM-interacting domain 
of Cas9 enforces PAM-specific spacer 
acquisition through direct interactions 
with the Cas1–Cas2 complex (as well 
as the type II accessory protein Csn2)48. 
Recently, another accessory protein, 
Cas4, was found to also be involved in 
biasing spacer acquisition to protospacers 

it remains unresolved if and how RecBCD 
degradation products could be used for 
spacer integration45,46. Alternatively, it is 
possible that the Cas1–Cas2 machinery 
physically associates with RecBCD47 to 
either directly uptake degradation products 
from RecBCD36 or to sample intact dsDNA 
upstream of RecBCD. Moreover, given  
that spacer acquisition can occur in the 
absence of RecBCD36 and AddAB41, there 
may be alternative pathways for spacer 
generation, which will be an interesting area 
of future study.

There is also evidence that CRISPR 
systems have evolved to avoid deleterious 
levels of autoimmunity by limiting the 
rate of spacer acquisition. In laboratory 
settings, successful acquisition of new 
spacers against phages is an extremely 
rare event, estimated to occur in only 1 
in 107 cells19,48,49. Spacer acquisition from 
the host genome is equally rare and does 
not pose substantial fitness costs to the 
host. However, increased rates of spacer 
acquisition in mutants have been shown 
to lead to higher levels of toxicity50, 
which suggests that the rate of spacer 
acquisition has been evolutionarily tuned 
to balance the benefits of protection with 
autoimmunity. To mitigate growth rate 
costs associated with autoimmunity, it 
is also possible for spacer acquisition 
to be temporally regulated. Indeed, 
quorum sensing has been implicated as a 
regulator of CRISPR activity in at least two 
bacterial species51,52.
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Box 1 | Dark matter of CRISPR space(rs)

CRISPR arrays provide unique insight into the 
genetic material encountered and selected 
against during the course of prokaryotic 
evolution. As a molecular fossil record of past 
invasions, we can infer not only the genomes 
that a given organism encountered but also in 
what order. Thus, there has been considerable 
interest in analysing the origin of spacer 
sequences. of the spacers that can be 
mapped to sequenced genomes, 80–90% of 
spacers map to phage genomes (see the 
figure). The remainder of mapped spacers 
match genes associated with mobile genetic 
elements. Surprisingly, though, a vast 
majority of spacer sequences (>90%) 
originate from unknown sources, comprising 
the CRISPR ‘dark matter’82.

For these mysterious spacer sequences, perhaps the most parsimonious explanation is  
that sequence databases are missing a vast diversity of phage and mobile genetic element  
(mGe) sequences. Indeed, sequence analysis has determined that many of these unmapped  
spacer sequences share similar properties with the mapped spacer sequences, which suggests that 
they map to uncharacterized classes of phages and mGes82. These dark matter spacers have also 
been found for a large majority of reverse transcriptase-Cas1-derived spacers, which suggests a 
diversity of RNA phages and RNA mGes that remain to be discovered as well83. It is also a possibility 
that these spacer sequences foreshadow the discovery of unexpected sources of nucleic acids.

>90% of spacers
have unknown
origins

~85% of mapped
spacers match
phage genomes



transcribed regions of genomes65. Although 
the exact mechanism remains unclear,  
it has been demonstrated that RT–Cas1 
fusion proteins can acquire new spacers 
directly from RNA transcripts. These 
RNA-derived spacers provide a mechanism 
to ensure that their targets are transcribed 
and can be recognized by the type III 
RNA-guided nucleases.

Primed spacer acquisition
Pre-existing spacers can enhance the rate of 
spacer acquisition in a sequence-dependent 
manner through a process known as 
primed spacer acquisition (also known 
as priming); this enhanced rate is relative 
to ‘naive acquisition’, in which no spacers 
in the CRISPR array have homology to 
the target genome. This boosted rate of 
spacer acquisition can result from either 
perfectly matching spacers or partially 
matching spacers, such as those against 
mutated phages or related phages with point 
mutations in the spacer region or PAM. 
Thus, once a host acquires a single spacer 
against a phage, it becomes more likely to 
subsequently acquire additional spacers 
from the vicinity of the priming target 
region in the phage genome30,66.

As of yet, priming has been observed only 
for type I CRISPR–Cas systems, with the 
type I-E and type I-F systems being the best 
studied examples. Close associations and 
interactions between the spacer acquisition 
machinery and the interference machinery 
drive this feedforward cycle. The importance 
of these associations is underscored by 
the existence of fusion proteins in which 
interference genes have been fused to 
spacer acquisition genes, such as the Cas2–
Cas3 fusion protein present in type I-F 
systems44,67. During type I-E targeting, the 
crRNA-guided CRISPR-associated complex 
for antiviral defence (Cascade) binds to a 
foreign target in a PAM-dependent manner, 
and it subsequently recruits the nuclease 
Cas3 for target destruction68. In addition to 
eliminating the foreign genome, the nuclease 
and helicase activities of Cas3 also drive the 
generation of spacer substrates45 (Fig. 2c). 
This mode of interference-driven spacer 
acquisition seems to result in markedly 
higher rates of spacer acquisition than in 
primed acquisition resulting from partially 
matching targets67,69,70. In the absence 
of a proper PAM, Cascade can still bind 
the target and recruit Cas3 in a manner 
dependent on Cas1–Cas2 (reF.71). In this 
context, the nuclease domain of Cas3 is 
inactive, and it is believed that its helicase 
activity is used to translocate the Cas1–Cas2 
complex along the nearby DNA and drive 
primed spacer acquisition by the integrase 
complex67,71 (Fig. 2d). These distinct modes of 
Cas3 recruitment may result from distinct 
conformations adopted by Cascade, in 
particular the Cse1 subunit, upon binding of 
either a perfect target or a mutated target71–74. 
Alternatively, given the clear preference for 
dsDNA end substrates during naive spacer 
acquisition36, it has also been suggested that 
the Cas3 cleavage activity produces the free 

with functional PAMs in other type I 
systems62–64. Spacer acquisition has not been 
observed experimentally for many of the 
transcription-dependent type III CRISPR 
systems. A small fraction of type III systems 
has been shown to harbour reverse 
transcriptase (RT)–Cas1 fusion proteins. 
Indeed, one such system has been observed 
to preferentially acquire spacers from 
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Fig. 2 | Protospacer selection and capture. a | RecBCD in Gram-negative organisms (or AddAB in 
Gram-positive organisms) generates substrates for spacer acquisition following the injection of viral 
DNA , possibly by producing more invader DNA molecules that contain free ends. b | Two mechanisms 
for selection of functional targets. In the type I-E system, Cas1–Cas2 has inherent substrate preference 
for protospacers with a canonical protospacer-adjacent motif (PAM). In type II, the PAM-interacting 
domain of Cas9 (loaded with trans-activating CRISPR RNA (tracrRNA), not shown) guides the Cas1–Cas2 
complex (as well as the accessory protein Csn2) in selecting protospacers. c | The CRISPR RNA  
(crRNA)-guided CRISPR-associated complex for antiviral defence (Cascade) binds to a foreign target 
in a PAM-dependent manner, and it subsequently recruits the nuclease Cas3, which results in the generation 
of suitable substrates for spacer acquisition. d | Imperfect target recognition by Cascade results in  
an altered conformation of the Cse1 subunit. This leads to the recruitment of a nuclease-inactive Cas3 
in a Cas1–Cas2-dependent manner, which mediates primed spacer acquisition.

10 | JANuARY 2019 | volume 17 www.nature.com/nrmicro

P r o g r e s s



ends required for the generation of spacer 
substrates during primed acquisition and 
that different cleavage rates that result from 
perfect or partial homology to the target 
could sufficiently explain the different rates 
of acquisition75.

Primed spacer acquisition enables 
organisms to defend themselves against 
rapidly evolving phage populations, such as 
phages that evade CRISPR–Cas immunity 
through the introduction of target mutations 
or related phages with conserved but not 
identical targets66,76,77. Priming can also be 
a mechanism to bias spacer acquisition 
activity to foreign DNA substrates that 
harbour the priming target; that is, using the 
molecular memories stored in the CRISPR 
array to differentiate between self and 
foreign DNA76. However, the increased rate 
of spacer acquisition resulting from priming 
poses a dilemma for the host cell: the  
more spacers a CRISPR system acquires, 
the more likely it is that a spacer with a 
partial match to the host chromosome is 
incorporated, which would elicit primed 
spacer acquisition from the host genome and 
lead to autoimunity70. How CRISPR systems 
balance these costs and benefits remains 
to be addressed. Whether priming occurs 
in other CRISPR types also remains to be 
determined. Similarly to the interaction 
between Cascade and Cas3 during priming, 
Cas9 has been shown to interact with the 
Cas1–Cas2 integrase48, an observation that 
opens up the possibility of priming in the 
type II CRISPR–Cas immune response. By 
contrast, for type III systems, the presence 
of mismatches between the crRNA and 
the target sequence does not abrogate 
immunity57, and it therefore seems unlikely 
that primed spacer acquisition similar to that 
seen for type I systems can occur.

Conclusions and outlook
More than 10 years after the discovery of the 
function of CRISPR systems as a form  
of adaptive immunity in bacteria and archaea,  
we are fast approaching a comprehensive 
understanding of the molecular mechanisms 
underlying spacer acquisition. Through 
complementary studies that use genetic, 
biochemical and structural approaches, we 
now have key insights into several major 
steps of this process, from the selection 
of spacers from foreign genomes to the 
cleavage–ligation reactions of new spacers 
into the first repeat of the CRISPR array. 
However, gaps in our knowledge exist, 
particularly at the boundaries of protospacer 
capture and spacer integration. For instance, 
although it has been demonstrated that 
RecBCD and AddAB are involved in 

the generation of substrates for spacer 
acquisition, the mechanism of this process 
is largely unsolved. Furthermore, what kind 
of processing protospacers undergo and how 
spacer size is regulated remain understudied 
areas. It is possible that accessory proteins 
that are not well characterized (such as 
Cas4 and Csn2) and that are associated with 
spacer acquisition modules could have a 
role in these processes78. The development 
of new in vivo and in vitro experimental 
systems will be key to gaining insight 
into these processes. Indeed, a few recent 
studies have already shed light on the role 
of Cas4 in PAM-dependent protospacer 
processing33,62–64.

More broadly, it will be interesting to 
learn how spacer acquisition affects other 
aspects of prokaryotic life. From a cell 
biological perspective, it will be valuable 
to learn more about the interplay between 
CRISPR spacer acquisition and other 
host-encoded genes or pathways, such as 
other phage defence mechanisms. From 
an ecological standpoint, the extent to 
which spacer acquisition occurs in different 
environmental contexts remains to be 
explored. Finally, metagenomic studies 
combined with the establishment of new 
in vivo systems will be instrumental in 
understanding how spacer acquisition 
and CRISPR immunity influence the 
evolution of natural prokaryotic populations 
in physiologically and ecologically 
relevant contexts.

The spacer acquisition machinery has 
begun to be repurposed for technological 
applications. Rather than being used 
for directed genome editing like Cas9, 
the Cas1–Cas2 machinery has been 
repurposed as a synthetic molecular 
recorder79. This could be used for storing 
digital information in genomes of bacterial 
populations80. Additionally, an alternative 
technique has been developed for recording 
environmental signals encountered by 
bacterial populations81. However, there 
are currently several factors that limit the 
utility and function of these techniques. 
Most notably, the low frequency of spacer 
acquisition events makes it impossible to 
have reliable recording within single cells; 
therefore, the current technologies rely on 
deep sequencing of large populations to 
detect spacer acquisition. It is possible that 
tools such as hyper-Cas9, a hyperactive 
spacer acquisition mutant50, could accelerate 
both basic and technological research in the 
spacer acquisition field.

The storage of information is a 
fundamental aspect of all biological systems. 
CRISPR loci constitute a unique form of 

biological memory, providing heritable 
and adaptive immunity to bacteria and 
archaea. Future research into the biology of 
CRISPR and spacer acquisition will enhance 
our understanding of biological memory, 
prokaryotic evolution and host–pathogen 
interactions.
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