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Avoidance of Self during CRISPR Immunization

Jake L. Weissman

The battle between microbes and their viruses is ancient and ongoing. Clustered
regularly interspaced short palindromic repeat (CRISPR) immunity, the first and,
to date, only form of adaptive immunity found in prokaryotes, represents a flexi-
ble mechanism to recall past infections while also adapting to a changing path-
ogenic environment. Critical to the role of CRISPR as an adaptive immune
mechanism is its capacity for self versus non-self recognition when acquiring
novel immune memories. Yet, CRISPR systems vary widely in both how and to
what degree they can distinguish foreign from self-derived genetic material.
We document known and hypothesized mechanisms that bias the acquisition
of immune memory towards non-self targets. We demonstrate that diversity is
the rule, with many widespread but no universal mechanisms for self versus
non-self recognition.

Distinguishing Self from Non-self during the CRISPR Immune Response

Viruses of microbes severely impact their hosts’ population and evolutionary dynamics [1,2], and,
as a result, prokaryotes have evolved a number of anti-viral defense systems, some quite com-
plex [3-6]. Among the best-studied classes of host defense systems are the CRISPR immune
systems, which can acquire novel and highly specific immune ‘memory’(in the form of short
DNA fragments called ‘spacers’) ( see Glossary) and then use this memory to degrade matching
viral genetic material [7,8]. Typically, immunity proceeds in three steps: (i) spacer acquisition
(sometimes called ‘adaptation’ in the literature) [8,9]; (i) biogenesis of short guide RNAs
(crBNAs) corresponding to the host’s spacer repertoire [10-12]; and {iii) targeting and degrada-
tion of the matching sequence on the invading genome (the ‘protospacer’) [8,10-12]. During
this multistage process the host cell must successfully identify foreign genetic material and
distinguish these potential targets from self genetic material, or else risk costly autoimmunity
and inefficient clearance of viral pathogens.

Therefore, CRISPR’s capacity for self versus non-self recognition is critical to its role as an adaptive
immune mechanism. All immune systems face a fundamental trade-off between pathology
induced by the pathogen and pathology associated with autoimmunity. Unlike innate immune
systems, the inherent flexibility of adaptive immune systems makes autoimmunity a recurring
threat, thus favoring the evolution of continuously acting mechanisms to avoid self-targeting during
the lifetime of an organism. In the vertebrate adaptive immune system, numerous mechanisms are
well understood to prevent autoimmunity through both biased (i.e., against non-self) acquisition of
immunity and biased targeting [13]. Similarly, CRISPR may differentiate self from non-self at muilti-
ple stages of immunity. Indeed, non-self recognition in CRISPR immunity has been demonstrated
during spacer acquisition (discussed below, e.g., [14]) and target degradation (via mechanisms
that prevent cleavage of self targets, e.g., [15]). In principle, non-self recognition could also occur
during crRNA maturation if self-targeting sequences were not allowed to fully mature (in a process
akin to thymic selection in vertebrate adaptive immune systems [13]), though to our knowledge
this has not been observed. The details of CRISPR immunity, and specific protein machinery
involved, are quite variable across systems (see Box 1 for an overview), leading to corresponding
variability in the mechanisms of non-self recognition employed by different CRISPR systems.
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Box 1. The Unity and Diversity of CRISPR Defense Systems

CRISPR arrays are loci on the host genome where memories (spacers) are stored [7], and the CRISPR-associated (Cas)
proteins are the machinery responsible for both the acquisition of novel memories and the use of current memories in
immune defense [16]. All CRISPR systems share the same core acquisition genes, cas? and cas2, though the acquisition
process may differ in many details between systems (with some systems using additional acquisition proteins [17,18] and
some even acquiring spacers from RNA [19]; see [20,21] for in-depth reviews of the mechanics of spacer acquisition). By
contrast, the Cas targeting machinery, or ‘effector’ module, is highly variable among system types and is used as the basis
for classifying systems [16,22]. Systems are grouped into two classes on the basis of whether their effector module con-
sists of a single Cas protein (e.g., Cas9 in type Il systems or Cas12 in type V systems) or a complex of Cas proteins
(e.g., the Cascade complex and Cas3 in type | systems). Below the class level, systems can be classified into at least
six types and 33 subtypes, though the majority of systems belong to types |, Il, and Ill, with type | being the most prevalent
among sequenced genomes [17,16,22]. System types and subtypes have important functional differences (e.g., RNA
targeting in type VI systems [23-25]) that influence their capacity for self versus non-self recognition (see main text).

Here we focus on mechanisms of self versus non-self recognition during CRISPR spacer
acquisition, as these create a heritable non-self bias passed down through a lineage (though
see [26,27] for examples of recognition during targeting).

To what degree and by what mechanisms does CRISPR distinguish self from non-self during the
acquisition of novel immune memories? These questions are not easily answered, as measuring
preference for non-self spacer acquisition is challenging in natural, and even, in many experimen-
tal systems. Acquisition of self-targeting spacers is typically toxic for individual cells, as it pro-
grams the CRISPR system to cleave the self genome [28]. These instances, even if they incur a
major cost of carrying the system, are hard to detect due to the strong negative selection that
causes these individuals to be rapidly purged from the population (Figure 1). To avoid the con-
founding effects of selection inherent to population-level studies, much of the experimental
work we discuss below estimates the rate of acquisition of self-targeting spacers by tracking
engineered or mutant systems that are unable to degrade targets, so that self-targeting carries
no cost (e.g., [29,30]).

We group mechanisms for non-self recognition into two broad categories: (i) those resulting
directly from a biased substrate preference by the Cas acquisition machinery, and (i) those
resulting indirectly from other aspects of the host’s ecological or evolutionary dynamics. We
demonstrate that diversity is the rule, with many widespread but no universal mechanisms for
self versus non-self recognition during spacer acquisition (Table 1, Key Table).

Non-self Recognition Due to Substrate Preference

If the Cas acquisition machinery preferentially associates with foreign genetic material, a strong
non-self spacer acquisition bias may result. In order for the Cas machinery to demonstrate this
type of substrate preference, there must be some signal recognized by Cas proteins that is
enriched in foreign sequences. In cases where no pre-existing spacers targeting the foreign
sequence exist (‘naive acquisition’), these signals must result from some generic difference
between the host genome and the genomes of mobile genetic elements. Alternatively, if the
host already has a fully or partially matching spacer towards the foreign sequence, it may leverage
this information to acquire additional spacers (‘primed acquisition’).

Naive Spacer Acquisition

What signals generically distinguish parasitic mobile genetic elements from host sequences?
Parasites of all kinds often live and reproduce in large numbers within a given host. Thus, though
not perfect signals, sequence multiplicity and replication may serve as indicators of mobile genetic
elements. Indeed, some CRISPR systems prefer to acquire spacers from actively replicating
sequences within the cell and this can lead to a strong bias towards non-self acquisition [14,32].

544 Trends in Microbiology, July 2020, Vol. 28, No. 7

Cell

REVIEWS

Glossary

Cas: the CRISPR-associated protein
machinery that is involved in acquisition
of novel spacers, crRNA processing,
and immune targeting.

CRISPR array: the genomic location
at which CRISPR immune memories
(spacers) are stored.

crRNA: a short RNA produced from a
transcribed and processed CRISPR
array. The crRNAs guide the Cas
effector proteins to a specific target.
Lamarkian: a theory of inheritance
attributed to Jean-Baptiste Lamark that
proposed that organisms pass on
physical changes acquired during their
lifetime to their offspring. The precise
definition of ‘Lamarkism’ and its
relevance (if any) to modern biology have
been hotly debated.

Protospacer: the target sequence
matching a spacer from which that
spacer was originally derived (e.g., the
target sequence on a viral genome).
Protospacer adjacent motif (PAM):
found directly upstream of the
protospacer in many systems; typical
length is 2-8 nt.
Restriction-modification (RM)
systems: a nearly ubiquitous class of
innate immune systems in prokaryotes
that differentiate self from non-self using
DNA methylation patterns.

Spacer: an individual CRISPR immune
memory. Typically, spacers are about 30
bp, corresponding to some matching
target on a viral or plasmid genome.
Thymic selection: a key step during
T cell maturation in the vertebrate
thymus that promotes functional
immunity while reducing autoimmunity.
In order to be retained, developing T
cells must show at least minimal binding
to an MHC molecule (promoting
immunity) but not excessive binding to
MHC-presented self-antigens (reducing
autoimmunity).
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Figure 1. Observed Frequencies of Self-Targeting Spacers Can Lead to Underestimates of the Actual Rate of
Autoimmunity. When acquisition is unbiased, strong selection against self-targeting spacers will purge them from the
population. When acquisition is biased, self-targeting spacers will not be acquired in the first place. In both cases, the
population will end up with very few self-targeting spacers. Thus, even CRISPR systems that lack a mechanism for self
versus non-self recognition may appear to prefer non-self spacers on the basis of population-level immune diversity.

Working with the Escherichia coli type I-E system, Levy et al. [14] demonstrated a preference
by CRISPR for free DNA ends during acquisition. Because stalled replication forks frequently
produce double-strand breaks in the DNA (i.e., free ends), and because high-copy viruses
and plasmids will present many more of these replication forks in the cell than the host ge-
nome [14], a strong non-self acquisition bias results [14]. Furthermore, when a break occurs,
the RecBCD machinery is recruited and processively degrades the DNA until it reaches a Chi
site, producing even more substrate for spacer acquisition. Mobile genetic elements like
plasmids and viruses typically lack these Chi sites, meaning that degradation will continue
along their genomes, further compounding the resulting non-self bias. Levy et al. [14] esti-
mate a 100- to 1000-fold preference for plasmid over host DNA during acquisition in their
system.

Preference for free DNA ends may be a rather general feature of spacer acquisition and has been
experimentally observed in multiple Streptococcus type lI-A systems [32,37]. Similarly, the
Pyrococcus furiosus acquisition module, encoded alongside type I-G and type llI-B effector
modules, appears to preferentially acquire spacers from regions that are expected to be
especially prone to double-strand breaks [31].
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Image of Figure 1

Key Table

Table 1. Mechanisms of Self versus Non-self Recognition during Spacer
Acquisition.

Established mechanisms Description System types Refs
Replicon counting The spacer acquisition machinery Type | and some type Il [14,31,32]
preferentially associates with double-strand systems
breaks, including at collapsed replication
forks. Viruses and high-copy plasmids
present many more centers of replication
than the host genome.
Synergy with Spacers are acquired from the fragmented Type Il systems [33,34]
restriction-modification byproducts of restriction enzymes. Since RM  (potentially other
(RM) systems systems can differentiate self from non-self, types)
CRISPR inherits this bias.
Priming Pre-existing partial or complete matching Type | and Il systems [35-37]
between a spacer and protospacer leads to
a sharp increase in spacer acquisition from
sites in the same genome. This allows
immunity to be rapidly updated during
host-virus coevolution.
Induction® The cas genes are upregulated during Variable (depends on [38]
infection or periods of elevated risk of genomic background)
infection. Induction is particularly relevant
when infection is infrequent.
Speculative mechanisms
Transcription-dependent Viral genes are highly expressed during Some type Ill and [19,31,39]
spacer acquisition infection. This promotes acquisition in possibly type | and VI
systems that acquire spacers from RNA and systems
also potentially those that acquire spacers
from DNA.
Protospacer preference If the host has purged potential sites of Type | and Il systems [40,41]
spacer acquisition from genome, then (potentially other
self-targeting will be less likely. types)
Horizontal transfer of Recombination occurs between arrays and General to all systems [42-45]

spacers®

entire arrays can be transferred horizontally.
Presumably self-targeting spacers have

(depends on rate of
horizontal transfer)

already been selected against at this stage.

#Mechanisms arising from features of the host’s physiology or ecology rather than any explicit substrate preference of the
Cas acquisition machinery.

Nevertheless, Wei et al. [30] working with the Streptococcus thermophilus DGCC7710 type II-A
CRISPR1 locus found that spacers were acquired as frequently from the host genome as a plas-
mid, indicating no non-self bias. This is a particularly confusing result as the type II-A CRISPR3
locus from the same strain was recently shown to have a preference for free DNA ends [37]. It
is possible that the CRISPR1 and CRISPRS loci of S. thermophilus are functionally quite different
(after all, they do have different acquisition rates [46]). More likely, we think, is that the identity of
the substrate used in each experiment influences the outcome. Specifically, the plasmid used by
Wei et al. [30] is thought to have relatively low copy number (~ 3 copies per cell [30], by contrast to
the high burst-size lytic phages used by others [37]). We would expect only a weak preference for
plasmid-derived spacers in this case, because the number of plasmid replicons is similar to the
number of host replicons. Following this logic, we predict that the more rapidly a virus or plasmid
reproduces inside the cell, the more replicons it will produce, and thus the more prone it will be
to spacer acquisition. Thus, we might expect large, low-copy plasmids and lysogenic phage to
coexist for a longer period of time with an active CRISPR system than high-copy plasmids or

546  Trends in Microbiology, July 2020, Vol. 28, No. 7

Cell

REVIEWS



Iytic viruses. Similarly, rapidly replicating hosts that are effectively polyploid would be more prone
to self-targeting than slow-growing hosts [47-49]. In fact, this could partially explain why CRISPR
is more prevalent among organisms we expect to be slower-growing (e.g., extremophiles, some
archaea, anaerobes [50,51]). Related to this point, we might expect CRISPR to be less effective at
acquiring immunity towards mobile genetic elements that employ rolling-circle replication (which
have only a single replication fork per genome and may reproduce serially) [52]. For example, in a
type lI-A system, spacers were not acquired from staphylococcal phage @123 while it
underwent rolling-circle replication and instead were only acquired during early stages of infection
[32]. However, contrary to our expectation, in some plasmids rolling-circle replication may
promote spacer acquisition, potentially due to a dependence on DNA nicking at the origin of
replication [31].

CRISPR may also be able to directly leverage expression level as a signal of growth rate.
During infection, many viruses subvert host transcriptional processes so that host genes are
downregulated even as viral genes are transcribed at a high rate [53]. In these cases, systems
that acquire spacers directly from RNA [19] might favor non-self protospacers. Acquisition
from RNA has only been experimentally observed in certain type Il systems where the cas
acquisition machinery is fused to a reverse transcriptase [19], but bioinformatic evidence
suggests that RNA-targeting type VI systems may also acquire spacers directly from RNA
[23-25,54]. Even in systems that acquire spacers from DNA, spacer-acquisition hot-spots
have been observed in highly expressed genes [31,39]. It has been hypothesized that
transcription may make the DNA physically more accessible to the Cas machinery [39], or
may cause double-strand breaks [31].

CRISPR’s preference for free DNA ends may also bias acquisition towards non-self in an entirely
growth-independent manner via a synergy with innate immune systems, specifically restriction-
modification (RM) systems. These systems degrade mobile genetic elements and may provide
substrates for spacer acquisition [33,34]. RM systems have been shown to increase the rate of
spacer acquisition [33] and also tend to co-occur with CRISPR when looking broadly across
species [565]. A CRISPR-RM synergy would allow spacer acquisition to benefit from the strong
non-self recognition capacity of RM systems (based on methylation patterns) and might be
quite general, as the vast majority of prokaryotes encode at least one RM system [55,56].

Finally, we note that if the Cas acquisition machinery prefers specific motifs present in only some
subsets of potential spacers [41], then selection against these sequences on the host genome
may lead to a non-self acquisition bias. Under this mechanism, the non-self signal is not specifi-
cally enriched in non-self sequences in general (as discussed earlier), but rather depleted in the
host (via the strong selective pressure imposed by self-targeting). Acquisition biases are well
documented, with many systems requiring a 2- to 8-bp system-specific protospacer adjacent
motif (PAM) directly upstream of the protospacer [40,57,58]. Even among protospacers with the
appropriate PAM, there is evidence for strong acquisition biases on the basis of motifs internal to
the protospacer [39,41,59], and single mutations in the protospacer can drastically alter these
biases [60]. Motif-avoidance in the host genome will not be possible in the case of short or degen-
erate motifs (i.e., most PAMs), but may be feasible in the case of longer, less abundant motifs
(similar to the avoidance of restriction sites seen on some genomes [61]). Even in this case,
viruses are also likely to be under strong pressure to purge preferred motifs (e.g., PAM avoidance
in viruses [62]), limiting the ability of this mechanism to differentiate non-self sequences. Thus,
while the principle behind motif-depletion is quite general (any host can evolve in such a way),
its non-self biasing effects are likely to be somewhat weaker than the other substrate preferences
discussed earlier.
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Primed Spacer Acquisition

By far the most specific and reliable indicator of a non-self sequence is that the host already has a
spacer targeting that sequence (assuming selection has purged all self-targeting spacers from
the population; Figure 1). While this specific type of information is useless when the host encoun-
ters a completely new mobile element, pre-existing immune memory can be extremely useful in
the context of an ongoing coevolutionary arms race. For example, viruses frequently coevolve
with their hosts to overcome CRISPR immune targeting [63-66]. A single mutation in the viral
protospacer or PAM can be enough to completely prevent CRISPR targeting [40,58,63]. How
does the host keep up during fast-paced coevolutionary dynamics? Many CRISPR systems, it
turns out, are able to quickly update their immune targeting when a foreign sequence encodes
a protospacer that has a partial or complete match in the host’s CRISPR array [20,35,36,67].
Such ‘priming’ can lead to strongly biased acquisition from already-recognized enemies.

Mechanistically, priming relies on CRISPR’s preference for free DNA ends [14,32]. DNA frag-
ments produced by CRISPR’s immune activity become the substrates for spacer integration
by the Cas acquisition machinery [37,68]. Perfect spacer-protospacer matches stimulate the
most efficient primed spacer acquisition [69], but even partial matches may lead to low rates of
degradation and stimulate the acquisition of spacers [37,70].

Priming is a widespread phenomenon and has been observed experimentally to be acting in
type I-B [71,72], I-C [60], I-E [35,36,67], I-F [73], and type II-A [37] CRISPR systems. Bioinfor-
matic evidence has suggested that type lI-C systems may also be capable of priming [74].
Type lll systems tend to be quite tolerant of mismatches during targeting [75] and thus are less
likely to require priming to overcome pathogen coevolution [21], perhaps explaining why priming
has not been observed in these systems to date.

Despite the generality of this mechanism across type | and Il CRISPR systems, some important
differences exist. There are particular strand and spatial biases of primed acquisition that vary
between systems, likely resulting from the fact that the type | endonuclease Cas3 moves along
the DNA processively, whereas the type Il endonuclease Cas9 remains associated with the free
ends [37]. These differences are also seen in terms of PAM-dependence, where priming in the
type II-A system is reliant on the presence of an intact PAM sequence, which is required for
endonuclease activity to produce a fragmented substrate for acquisition [37]. By contrast,
PAM-independent priming has been observed in a type I-E system, where recognition of a
protospacer target lacking an appropriate PAM leads to recruitment of Cas3 in such a way that
endonuclease activity is inhibited. Following recruitment, Cas3 acts as a molecular motor and
moves processively along the DNA strand, potentially promoting spacer uptake in regions quite
distant from the original protospacer match [76,77].

Finally, how effective is priming as a mechanism for self versus non-self recognition? In one type
I-F study system, priming led to strongly biased acquisition towards non-self (500-fold over naive
acquisition), but promiscuous tolerance of partial matches led to an elevated number of self-
acquisition events, so that the absolute number of self-targeting spacers was approximately
the same in naive and primed states [39]. Thus, priming may cause strongly non-self biased
acquisition, but it may simultaneously not affect, or may even increase, the absolute rate of
self-targeting by the spacer acquisition machinery.

Non-self Biases Related to Host Physiology and Ecology
So far, we have discussed a number of ways in which the Cas spacer acquisition machinery may
respond preferentially to non-self sequences. Even in the absence of such a preference,
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environmental cues may lead to non-self biased spacer content in the host CRISPR array. In
general, we expect these mechanisms to be weaker than many of the preference-based mech-
anisms discussed earlier, but they may still be of ecological or evolutionary importance.

Expression of the cas Genes

Though not often discussed explicitly as a means of self versus non-self recognition, cas
genes are often upregulated in response to infection, or under conditions where infection is
likely to occur [38]. This amounts to a form of temporal biasing, limiting acquisition events to
periods where foreign DNA is likely to be present in the cell. Across systems and host species,
though, patterns of expression are variable [38]. The cas genes can be upregulated in
response to various stimuli that may correspond to increased infection risk, including nutrient
concentrations [78-80], temperature [81], and host density [82,83]. Systems may even be up-
regulated as a direct response to viral contact or ongoing infection [38,84]. For a comprehen-
sive discussion of CRISPR regulation, a large and active research area in itself, see Patterson
et al. [38]. How CRISPR is regulated so that the host can dynamically control infection risk is
still something of a mystery, but promising new methods to quickly and accurately measure
the expression of cas genes in a range of genetic backgrounds and ecological scenarios
are being developed [80].

We expect the conditions associated with induction to be correlated with the risk of infection and
these indicators likely vary across environments and taxa. Induction will be particularly important
for the self versus non-self recognition when viral (or plasmid) infection is a rare occurrence, since
at all other times the only substrate for spacer acquisition will be the host genome. Therefore,
if pathogen exposure varies in time, hosts can maximize their capacity for self versus non-self
recognition by employing a strategy that combines induction with various mechanisms to bias
the Cas acquisition machinery’s substrate preference (discussed earlier). Possibly of note, cas
genes are typically found as a single operon [17] and often are cotranscribed (e.g., [80]). This
implies a temporal coupling of the Cas acquisition and effector complexes, consistent with the
idea that at times of increased infection the host will want to both use and add to its spacer
repertoire.

Horizontal Transfer of Immune Memory

Horizontally transferred spacers, if coming from a closely related strain, are likely to target non-
self. This conclusion follows from the assumption that the standing spacer diversity in a popula-
tion has already experienced strong selection against self-targeting spacers (Figure 1). This line of
logic also suggests that spacers acquired via horizontal transfer will be particularly beneficial to
their hosts (Box 2). Such a mechanism will only be relevant to individuals if horizontal transfer of
immunity is very frequent, which appears to be the case. CRISPR arrays are extremely labile
[43,85] and spacers can be transferred via recombination between arrays [42]. Homology
between spacers and viral genomes may actually help these arrays propagate themselves via
transduction [45]. In fact, it has even been proposed that repeats are highly conserved across
systems specifically to aid in the horizontal transfer of spacers between arrays through homolo-
gous recombination [44]. Clearly, these spacers will only be useful if they come from individuals
that share viral pathogens (typically in the same species), though in general we expect horizontal
transfer to be most common among closely related organisms (e.g., [86]).

Concluding Remarks

CRISPR systems employ a diverse set of mechanisms for non-self recognition during spacer
acquisition and some of these mechanisms are quite widespread. No mechanism, though, is
universal (Table 1) and even those that are widespread show a great deal of variability in their
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Outstanding Questions

What conditions promote the evolution
of strong non-self bias during CRISPR
immunization? Alternatively, what con-
ditions permit the evolution of a
CRISPR immune strategy with no
non-self bias, as seen experimentally?

How general is CRISPR’s preference
for free DNA ends across system
types and genomic backgrounds?

Do CRISPR systems in fast-growing
hosts acquire self-targeting spacers
at an elevated rate due to CRISPR
preference for free DNA ends?

How closely do conditions promoting
the induction of CRISPR immunity cor-
respond to situations of elevated risk of
infection?

How strongly could the use of PAMs
(or other protospacer-specific motifs)
promote non-self discrimination?

How common are spacers horizontally
transferred within a population and
does this have a measurable impact
on the ability of hosts to defend
against pathogens?

Does transcription increase the rate of
spacer acquisition? Can this produce
a non-self acquisition bias?
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Box 2. The Fitness of Acquired Spacers

CRISPR immunity is often referred to as ‘Lamarkian’ [87], but this is an anachronistic and controversial term [88], with no
clear translation into contemporary molecular biology. It is clear, all else being equal, that spacer acquisition will favor locally
abundant mobile genetic elements, as there will be many opportunities for acquisition from these sequences. This
abundance-bias, independent of any non-self bias, may prove to be either adaptive or maladaptive, depending on the
mobile element concerned. In the case of phage, acquisition from locally abundant pathogens is likely to represent a fithness
benefit. At the same time, we expect beneficial plasmids or beneficial genes on those plasmids specific to an environment
to be locally enriched in that environment (due to selection; [89]), meaning that CRISPR may be more likely to target these
sequences, ultimately leading to a loss in relative fitness as compared with CRISPR-lacking strains (e.g., [90]). Thus a
preference for spacer acquisition from locally abundant mobile genetic elements does not necessarily lead to a consistent
change in fitness, but may amplify pre-existing costs or benefits of CRISPR immunity. This is further complicated by the
fact that CRISPR does not necessarily prevent horizontal gene transfer over longer timescales [91].

A slightly different line of logic applies to spacers gained via horizontal transfer. Beneficial spacers are likely to have under-
gone positive selection and costly spacers will have been selected against. Thus, we expect beneficial spacers to be
enriched in the population and therefore more likely to be transferred than costly ones. Since spacers themselves have
been ‘prescreened’ in this case, we expect horizontal transfer to yield spacers that are not only strongly biased towards
non-self (i.e., are not harmful), but also that specifically target the most common pathogens in a given environment
(i.e., confer the greatest fitness benefit).

details across systems (see Outstanding Questions). Included in this diversity are some organ-
isms that are able to circumvent the issue of self-targeting induced mortality entirely. In certain
highly polyploid archaea, the presence of many chromosomal copies appears to allow for rapid
template-based repair and this, in turn, abolishes the cost of self-targeting spacers under natural
conditions [92]. Even so, an inability to recognize non-self could still negatively impact the effi-
ciency with which infections are cleared.

Restriction enzyme

Protospacer.|. -
CRISPR array

A

. Replication fork -
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Figure 2. Multiple Mechanisms for Non-self Recognition May Rely on the Production of Excess Free DNA Ends
by Mobile Genetic Elements. Drawn is a schematic of a host cell infected by multiple plasmids. Regions expected to
experience a high rate of double-strand break formation are indicated by red rectangles.
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Image of Figure 2

Despite the enormous diversity of CRISPR systems, there are some commonalities across mech-
anisms for non-self recognition, specifically that many rely on CRISPR'’s preference for free DNA
ends (Figure 2). This dependency is obvious in some cases, such as CRISPR’s synergy with RM
systems and in the context of certain priming mechanisms, but free ends may also contribute to
transcription-dependent spacer acquisition. This suggests that DNA ends are a universal signal of
infection that can promote recognition of non-self DNA across host taxonomic domains and
across classes of mobile genetic elements (e.g., plasmids, viruses). If this is true, we might expect
other infection-response mechanisms to also specifically target free DNA ends, including
mechanisms controlling the induction or targeting activity of CRISPR immune systems, as well
as response mechanisms found in completely distinct classes of prokaryotic antiviral defense
systems.
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