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ABSTRACT
CRISPR-Cas systems provide bacteria and archaea with adaptive immunity against invading genetic
elements, such as plasmids, bacteriophages and archaeal viruses. They consist of cas genes and CRISPR
loci, which store genetic memories of previously encountered invaders as short sequences termed
spacers. Spacers determine the specificity of CRISPR-Cas defence and immunity can be gained or
updated by the addition of new spacers into CRISPR loci. There are two main routes to spacer
acquisition, which are known as naïve and primed CRISPR adaptation. Naïve CRISPR adaptation involves
the de novo formation of immunity, independent of pre-existing spacers. In contrast, primed CRISPR
adaptation (priming) uses existing spacers to enhance the acquisition of new spacers. Priming typically
results in spacer acquisition from locations near the site of target recognition by the existing (priming)
spacer. Primed CRISPR adaptation has been observed in several type I CRISPR-Cas systems and it is
potentially widespread. However, experimental evidence is unavailable for some subtypes, and for most
systems, priming has only been shown in a small number of hosts. There is also no current evidence of
priming by other CRISPR-Cas types. Here, we used a bioinformatic approach to search for evidence of
priming in diverse CRISPR-Cas systems. By analysing the clustering of spacers acquired from phages,
prophages and archaeal viruses, including strand and directional biases between subsequently acquired
spacers, we demonstrate that two patterns of primed CRISPR adaptation dominate in type I systems. In
addition, we find evidence of a priming-like pathway in type II CRISPR-Cas systems.
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Introduction

Many prokaryotes possess adaptive immune systems, termed
CRISPR-Cas (clustered regularly interspaced short palindro-
mic repeats and CRISPR associated genes), which enable them
to defend against viruses and mobile genetic elements
(MGEs). CRISPR-Cas systems use genetic memories gained
during previous encounters with viruses and MGE invaders to
guide future immunity [1,2]. To form these memories, short
sections of foreign DNA are incorporated into the host gen-
ome within CRISPR loci as spacers. There are three main
stages in CRISPR-Cas immunity. During adaptation, new
spacers are added to CRISPR arrays. The next stage is expres-
sion, where CRISPRs are transcribed and processed into
mature CRISPR RNAs (crRNAs), which assemble with Cas
protein(s) to form Cas-crRNA complexes. Finally, during
interference, Cas-crRNA complexes function as sequence-spe-
cific nucleases to identify and degrade invading genetic mate-
rial [1].

CRISPR-Cas systems are diverse, comprising two classes
that are classified into 6 types and many subtypes [3,4].
Although the overall concept of CRISPR immunity is similar
for all system types, the mechanisms involved in the adapta-
tion, expression and interference stages differ. For example,

during interference, type I, II and V systems target DNA, type
VI target RNA and type III systems exhibit RNA and tran-
scription-dependent DNA targeting. For all systems, the spe-
cificity of target (virus or MGE) recognition is primarily
determined by the crRNA sequence. The target sequence of
the spacer is complementary to the cognate crRNA and is
termed the protospacer [5]. In addition, type I, II and V
systems combine crRNA-based target recognition with pro-
tein-based sequence recognition of protospacer adjacent
motifs (PAMs) [6]. Phage, archaeal virus and MGE variants
with mutated protospacer or PAM sequences can escape
CRISPR-Cas immunity [7], therefore, hosts must update
their defences via CRISPR adaptation.

The addition of new spacers into CRISPR arrays is cata-
lysed by Cas1 and Cas2, which are associated with most
subtypes and form a Cas1-Cas2 complex [1]. New spacers
are typically inserted at one end of the CRISPR array – termed
the leader – which includes a promoter for CRISPR transcrip-
tion and sequences that dictate the polarity of spacer addition.
Cas1 is an integrase and is responsible for the insertion of the
spacers, whereas Cas2 plays a structural role for DNA binding
and positioning [8]. To facilitate CRISPR adaptation, prespa-
cer substrates need to be generated for Cas1-Cas2 to integrate.
The mechanisms for generation of these substrates are varied
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and differ between systems. In addition to Cas1 and Cas2,
many systems encode accessory proteins that contribute to
CRISPR adaptation. For example, in some type I and type II
systems, Cas4 is involved in processing prespacer substrates
[9–11] and in type II-A systems, Cas9 interacts with Cas1,
Cas2 and the additional adaptation protein, Csn2 [12,13].
Spacer acquisition from RNA has also been demonstrated in
a type III system with a reverse-transcriptase‒Cas1 fusion
protein [14].

In the absence of existing CRISPR immunity against a
phage, archaeal virus or MGE, new spacers must be acquired
via naïve adaptation [15,16]. Several studies have observed
‘hotspots’ for naïve acquisition, such as double strand DNA
(dsDNA) breaks that are acted upon by RecBCD, the injected
ends of phage genomes, and stalled replication forks [17–20]
(Figure 1(a)). If multiple spacers are acquired from the same
target via hotspot-facilitated naïve adaptation, then their

corresponding protospacers will appear clustered on the target
genome. However, their locations will be independent of each
other, because for naïve adaptation, prespacer generation is
not directly influenced by existing spacers (Figure 1(b,c)). For
naïve adaptation without hotspots, or for many hotspots along
the same target genome, the relative distributions of proto-
spacers will be spread out across the whole target genome.

A second pathway to spacer acquisition is observed in type
I systems and is termed primed CRISPR adaptation (priming)
[1]. Priming is a positive feedback loop where target recogni-
tion, facilitated by existing spacers, enhances the acquisition
of new spacers, thereby reinforcing immunity (Figure 1(d))
[21,22]. This can occur even when there are mismatches
between the existing spacer and the invader genome, allowing
hosts to update their immunity to counter escape mutants or
heavily divergent threats [21–23]. During interference in type
I systems, the helicase-nuclease Cas3 generates prespacer
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Figure 1. CRISPR adaptation pathways and the positional relationship between targets of multiple spacers. A) Naïve acquisition of two spacers from a ‘hotspot’ site
(pink) where prespacer substrate generation frequently occurs. In this example, the hotspot represents the incoming end of a phage genome [20]. (i) The first spacer
acquired (green) comes from within the hotspot. (ii) A subsequent spacer (orange) is also acquired from within the hotspot, but the location of the second spacer is
not directly dependent on the location of the first spacer. B) When the first or subsequent spacers from many hotspot-facilitated naïve acquisitions are mapped to
the target genome the distributions are expected to be the same (green and orange distributions). In this example, the mapping densities are skewed toward the
start of the hotspot, i.e. the incoming end of the phage genome. C) If the relative positions of the first (green) and second (orange) spacer acquisitions are
considered, i.e. the distance and direction between their corresponding protospacer mapping locations, the resulting relative protospacer mapping distributions will
be symmetric. However, depending on the pathway for spacer substrate generation, there may be a strand bias. D) In type I primed CRISPR adaptation, an existing
spacer (green) facilitates target recognition at the corresponding (priming) protospacer (PPS, green) (i) and results in Cas3 and/or Cas1-Cas2 activity initiating at this
point, which generates substrates for the acquisition of additional spacers (orange) (ii). Often, multiple spacers are acquired. E) The protospacer mapping distributions
for a naïve spacer (green) that subsequently triggers the primed acquisition of additional spacers (orange) differ when compared directly on the phage genome. This
results in asymmetry in the relative protospacer mapping distribution (orange). F) The relative protospacer mapping distributions for type I priming are system-
specific and vary in strand bias and distance from the priming protospacer. Schematic representations based on previous observations in the type I-B system of
Haloarcula hispanica [26], type I-C from Legionella pneumophila [27], type I-E system from Escherichia coli [40] and the type I-F system in Pectobacterium atrosepticum
[19] are shown.
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substrates that can be integrated by Cas1-Cas2 [19,24,25]. As
such, new spacers are typically obtained close to the original
target site, i.e. centred at the priming protospacer (PPS)
(Figure 1(e)). Owing to the 3ʹ to 5ʹ helicase activity of Cas3,
most spacers are acquired asymmetrically on each given
strand relative to the PPS. Experimental studies of priming
in type I systems (subtypes B, C, E and F) have shown that
primed adaptation can occur at high frequencies and that the
distribution of the positions of the protospacers differs
between subtypes [19,22,26–28] (Figure 1(f)). These differ-
ences are thought to result from variations of how substrates
for Cas1-Cas2 are generated between systems, such as the
strand loading and processivity of Cas3 [1].

Primed CRISPR adaptation has not yet been observed in
class 2 systems. However, we predict two potential pathways
that would constitute priming in the DNA-targeting class 2
systems, types II and V. Firstly, dsDNA breaks caused by
CRISPR-Cas interference might act as hotspots for host-
specific mechanisms that produce prespacer substrates, such
as DNA repair processes [1,18]. Secondly, the accessory
proteins in some class 2 systems might function directly in
CRISPR-Cas‒specific prespacer generation mechanisms, such
as for Cas3-facilitated priming in type I systems. In both
cases, target recognition by an existing spacer might initiate
a pathway that ultimately leads to the acquisition of addi-
tional immunity, thereby constituting primed CRISPR adap-
tation. The relative protospacer distributions for predicted
type II/V priming will depend on the prespacer generation
pathways, potentially resembling either the symmetric hot-
spot-facilitated naïve or the asymmetric type I primed dis-
tributions (Figure 1(c,f)).

So far, priming has been demonstrated for four different
type I subtypes in laboratory experiments. However, it is not
known if primed CRISPR adaptation occurs in other types
and subtypes in nature. Moreover, most work on type I
priming has focused on specific model organisms and it is
unclear if priming occurs similarly in different hosts harbour-
ing the same CRISPR-Cas subtype. To address these gaps in
knowledge, we have analysed publicly-available host, phage,
archaeal virus and prophage genomes, along with a viral
metagenome dataset, to understand the distributions of spacer
acquisition events. We find that priming by type I systems
occurs in diverse hosts and that the currently proposed
mechanisms of type I primed adaptation are likely conserved
between systems. We also uncover evidence of strand and
directional biases for spacer acquisition in type II systems
that are indicative of priming-like behaviour, suggesting that
priming might also occur in class 2 CRISPR-Cas systems.

Results

A comprehensive non-redundant dataset of host-target
spacer matches

To investigate CRISPR adaptation patterns in diverse systems,
we first identified all CRISPR-Cas systems in sequenced host
genomes. For each of the 35,240 unique archaeal and bacterial
strains in RefSeq83, we searched the most complete genome
assembly of each strain for CRISPR-Cas systems (Figure 2(a)).

We identified CRISPR arrays in 71.9% of archaea and 52.2% of
bacteria, and cas genes in 75.4% of archaea and 63.4% of bacteria.
These occurrences are consistent with previous reports [29,30].
Most hosts possess single subtypes, but type III systems fre-
quently co-reside with type I systems (Figure 2(b)) [31]. Co-
residing CRISPR-Cas systems can share communal CRISPR
arrays with similar repeats [32–34] or can engage in cross-talk
with CRISPR arrays belonging to other systems [35,36].
Therefore, to allow an accurate assessment of CRISPR adapta-
tion by specific subtypes, we focused on hosts possessing single
CRISPR-Cas systems. We identified putative protospacer
matches (hits) for many of these hosts’ spacers in target genomes
(consisting of phage, prophage and archaeal viruses), then fil-
tered the matches to reduce false positive hits and reduce redun-
dancy caused by similar host or target genome sequences (Figure
2(a)) (Methods). This resulted in 1,448 unique host-target pairs
with 3,228 spacer/protospacer hits. The CRISPR-Cas subtypes
I-B, I-C, I-E, I-F, II-A and II-C were all represented by at least 50
non-redundant host-target pairs, which was our cut-off for
further analyses (Figure 2(c)). Overall, this non-redundant data-
set of host-target spacer matches represented a diverse range of
hosts (Figures 2(c) & S1).

Many CRISPR-Cas subtypes acquire multiple spacers from
non-random locations

Both hotspot-facilitated naïve and primed CRISPR adaptation
are expected to result in distinct spacer mapping (protospa-
cer) distributions, exhibiting strand and/or positional biases
(Figure 1). To visualise these distributions for our host-target
dataset, the protospacers corresponding to the oldest spacers
matching each target, i.e. furthest from the CRISPR leader,
were assigned as the PPS(Figure 3(a)). Each PPS was set at the
middle of the distribution plot on the upper (target) strand
and the protospacers corresponding to more recently acquired
spacers (designated PS+1, PS+2 etc.) were then mapped rela-
tive to this point (Figure 3(b)).

All type I systems analysed exhibited relative protospacer
mapping distributions that were significantly different from
simulated random distributions (Figure 3(c)). Each observed
type I distribution displayed a higher density of protospacers
close to the PPS than seen in >95% of the simulated random
distributions.Moreover, this clustering was typically asymmetric
and system-specific, indicative of primed CRISPR adaptation. In
general, our results are consistent with experimental data. For
example, the type I-F distribution shows asymmetric clustering
around the PPS that begins to tail off after ~ 3 kb, as observed
experimentally in P. atrosepticum, P. aeruginosa and E. coli
(Figure 3(c)) [19,37–39]. For the E. coli type I-E system, which
has previously been shown to acquire spacers with a strand bias
and/or also clustering nearby the priming protospacer
[21,22,40], our data is largely in agreement (Figure 3(c)). Our
results also corroborate experimental data of protospacer distri-
butions for the type I-B and I-C systems inHaloarcula hispanica
[26] and Legionella pneumophila [27], respectively.

For class 2 CRISPR-Cas systems, we had sufficient data to
analyse type II-A and II-C systems. The observed protospacer
mapping distributions for these systems were both significantly
different from the simulated random sampling along target
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genomes (Figure 3(c)). Furthermore, clustering of protospacers
mapping near the PPS was apparent, although less pronounced
than for type I systems (Figure 3(c)). The type II-A distribution
appeared relatively symmetric, whereas the type II-C distribu-
tion appeared asymmetric, indicative of a priming-like mechan-
ism. Overall, these protospacer mapping distributions indicate
that for members of both class 1 and 2 CRISPR-Cas systems
(types I and II), spacers are typically not obtained randomly
along target genomes and that hotspot-facilitated naïve and/or
primed CRISPR adaptation contribute significantly to the acqui-
sition of multiple spacers.

Strand and directional protospacer biases indicate
priming in type I and II systems

Having established that all six subtypes with sufficient data to
analyse showed significant non-random acquisition of multiple
spacers from targets, we asked whether the observed clustering
of protospacers close to the PPS resulted from either hotspot-
facilitated naïve or primed CRISPR adaptation. To do this, we
focused on spacers acquired within 5 kb either side of the PPS
and examined the strand and directional biases for PS+1, PS+2
etc. relative to the PPS (Figure4). For the type I systems, I-B, I-C

and I-E exhibited biases toward the acquisition of new spacers
that target the same strand as the priming protospacer (Figure 4
(a)). This is consistent with experimental data of hosts possessing
these systems (Fig. S2) [26–28]. We also uncovered a directional
bias in the 3ʹ direction (for protospacers) for both I-B and I-C
systems (Figure 4(b)), supporting previous experimental data
(Fig. S2) [26,27]. There was also a significant direction bias for
type I-E systems, albeit less pronounced, mostly in the 3ʹ direc-
tion on the target strand. A different acquisition pattern was
observed in the type I-F systems and included no overall strand
bias (Figure 4(a)), but a significant bias in the 5ʹ direction on
each strand away from the PPS (Figure 4(b)). These distributions
closely resemble the acquisitionmeasured experimentally during
type I-F priming (Fig. S2) [19,39].

Although clustered (Figure 3(c)), the data for type II-A
systems did not exhibit significant strand or direction biases
(Figure 4). Therefore, we cannot rule out that the protospacer
clustering resulted from hotspot-facilitated naïve adaptation
for type II-A (Figure 1(c)). However, type II-C systems exhib-
ited a bias toward the target strand and in the 5ʹ direction
along this strand relative to the PPS (Figure 4). This signifi-
cant asymmetry provides support to reject the null hypothesis
that hotspot-facilitated naïve adaptation is responsible for the

Figure 2. Identification of archaeal virus, phage and prophage protospacers. A) An overview of the steps used to generate the non-redundant host-target dataset of
spacer-protospacer matches. For details see Methods. B) The number of genomes possessing each designated CRISPR-Cas type or multiple co-occurring types, based
on the cas genes identified. Due to their low occurrences, all other types and combinations are included in ‘other’ (i.e. types IV, V and VI along with any other subtype
co-occurrences). C) Taxonomic overview of the final dataset. Species-level diversity is shown in Fig. S1.
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clustering of acquired spacers in type II-C systems. Instead,
we propose that a priming-like pathway can occur in type II-C
systems.

Overall, the type I systems exhibited directional and/or strand
biases that support the current models for primed adaptation,
previously derived from a limited number of model systems.
Since our data is derived from a large number of phage/archaeal
virus-prokaryote pairs (Figure 2(c), S1), our findings show that
these biases may be generalised to many prokaryotic hosts. In
addition, type II-C systems exhibited both strand bias and direc-
tion biases that could be the result of a priming-like CRISPR
adaptation pathway.

Examples of priming in diverse CRISPR-Cas systems

Within the dataset of host-target pairs we identified many
examples of overlapping host-target pairs that further

support the presence of widespread priming in type I
systems and priming-like spacer acquisition patterns in
type II hosts. For instance, we observed closely-related
host species possessing different spacers targeting the
same phage (Figure 5). In many of these cases we
observed clustering of spacers/protospacers within, but
not between, prokaryotes that match the same target gen-
ome. For example, the protospacers corresponding to the
Corynebacterium type I-E strains form clusters at different
locations along the Corynebacterium jeikeium prophage
(Figure 5). These patterns are indicative of primed
CRISPR adaptation. In other cases, we observed clustering
between related hosts in the same region of the target
genome, e.g. the Acinetobacter type I-F hosts targeting
the Acinetobacter calcoaceticus prophage (Figure 5). This
might be an example of a naïve hotspot, which is followed
by primed acquisition of subsequent spacers. There were

Figure 3. Type I and II CRISPR-Cas subtypes display preferential acquisition of spacers from non-random locations. A) Assignment of the presumed priming (oldest)
protospacer (PPS) specific to each host-target pair by taking the protospacer corresponding to the spacer furthest from the CRISPR leader (L). A single host with
spacers matching two phage genomes is assigned as two independent host-target pairs. For example, spacer 8 in the host CRISPR is the oldest spacer targeting the
magenta phage, so the corresponding protospacer on the phage genome is assigned as the PPS. The target of spacer 3 is assigned as PS+1 and spacer 2 as PS+2. For
spacers matching the orange phage, the target of spacer 5 is assigned as the PPS and spacer 1 as PS+1. Grey spacers do not match either phage. B) For each host-
target pair the DNA strand with the PPS was designated as the target strand, and the PPS position was set at the middle of the plot. Protospacers on the target or
non-target strands were plotted above or below the x-axes, respectively. A smoothing window (width 500 bp) was then applied to the data. C) The relative
protospacer mapping distributions for each CRISPR-Cas subtype in our dataset. The mean mapping density for 1000 simulated random distributions are shown as a
black line and the 95th percentile is indicated by a dotted black line – each is based on the underlying data represented for the specific subtype. The significance of
the difference between the observed data and simulated data were determined using a Kolmogorov–Smirnov (KS) test; p < 0.05 *, <0.01 **, <0.001 ***. (n) indicates
the number of unique protospacers mapped (excluding the PPS for each host-target pair).

570 T. J. NICHOLSON ET AL.



also examples of related hosts that possess different types
of CRISPR-Cas system targeting the same phage, e.g. the
Bifidobacterium hosts with type I-C, I-E or II-A systems
(Figure 5), which shows that diverse CRISPR-Cas systems
can be effective in defence against the same targets.

For type II-C systems we observed some cases of protospacer
clustering, within but not between, related bacteria, which sup-
ports priming in these hosts (Figure 5). The examples presented
are representative of different patterns withmultiple prokaryotes
targeting the same phage or archaeal virus with different spacer
sets. However, in our dataset most phages were targeted by only
single hosts (Fig. S4). Differences in target genome injection (e.g.
cos-type vs circularly permuted genomes) may also result in
some host-target pairs displaying evidence of naïve hotspots
[20], whereas other host-target pairs might reveal priming-like
adaptation. We also identified examples of single hosts with
spacers matching multiple targets that often formed clusters
(Fig. S5). Overall, these analyses of individual host-target pairs
support the widespread occurrence of priming in type I CRISPR-
Cas systems and also the presence of a priming-like pathway in
at least some type II systems.

Discussion

Despite the evidence of primed CRISPR adaptation in select type
I systems andmodel organisms in laboratory experiments, it was
unknown whether priming was more widespread in other pro-
karyotes and for other CRISPR-Cas types. In this study, we used
a bioinformatic approach to generate and analyse a large dataset
of host-target spacer-protospacer pairs to address this question.
We found that for type I-B, I-C, I-E, I-F, II-A and II-C systems,
spacers are not randomly acquired from target genomes. Instead,
their locations are often influenced by older spacers present in

the same host. The involvement of these pre-existing spacers and
targeting by the Cas-crRNA complex is a hallmark of primed,
rather than naïve adaptation.

Our bioinformatics-derived type I-F protospacer mapping
distribution closely matches our previously determined
experimental spacer acquisition patterns [19,39], thereby con-
firming that the bioinformatic approach is robust and can
identify distributions indicative of primed adaptation. Our
bioinformatic evidence for priming in type I-B, I-C, I-E and
I-F systems corroborates experimental data that is derived
from either single, or just a few, model systems. Moreover,
we observed priming-type clustering and asymmetric proto-
spacer mapping distributions in a broad range of bacteria that
have not previously been shown to prime (Figures 2(c), 5,
& S1).

Our data also revealed that two main patterns of primed
CRISPR adaptation dominate within the type I systems. Type
I-B, I-C and I-E displayed protospacer mapping biases
towards the target strand 3ʹ of the priming protospacer.
Directional biases in type I spacer acquisition are likely due
to the activity of Cas3 proteins, which are typically recruited
to the non-target strand following Cas-crRNA target recogni-
tion and use their helicase activity to unwind DNA in a 3ʹ to
5ʹ direction [41–45]. During strand unwinding driven by the
helicase, the HD nuclease of Cas3 generates short fragments
of DNA that can form substrates for spacer acquisition
[24,46]. In the E. coli type I-E system, Cas3 preferentially
cleaves the target strand near PAM-like sequences [24] and
these are recognised by a PAM-sensing domain in the Cas1-
Cas2 complex [8,47], resulting in the acquisition of spacers
that also target this strand. This means that their correspond-
ing protospacers map to the target strand 3ʹ of the PPS. Our
data shows that the process of PAM selection on the target
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strand is likely also conserved for type I-B and I-C systems, as
previously observed in some experimental systems. For the
type I-E Cas3, bi-directional activity relative to the PPS was
observed in vitro in the presence of imperfect targets and
Cas1-Cas2 [48], resulting from loading on either the target
or non-target strands. Similar bi-directionality has been
observed for most characterised type I systems in vivo
[19,26,39,40]. This suggests that although there is a bias
toward Cas3 loading onto the non-target strand, it can also
be recruited to the other strand. This would lead to proto-
spacers mapping in the opposite direction to the PPS.

The protospacer mapping distributions of type I-F sys-
tems differed from the other analysed type I systems, as
protospacers typically mapped to the non-target strand 5ʹ of
the PPS. Type I-F systems are characterised by a fusion of
Cas2 and Cas3, which form a Cas1‒Cas2-3 complex that
loads onto the non-target strand and exhibits 3ʹ-5ʹ helicase
activity [45,49,50]. However, protospacers also map to the
non-target strand, implying that PAM selection is opposite

to the type I-B, I-C and I-E systems. The mechanistic
explanation for this difference is unknown, but since the
PAM recognition by the Cas1‒Cas2-3 complex is on the
same strand as type I-E (the protospacer strand) [8,50], it is
likely that the type I-F Cas2-3 nuclease PAM specificity
occurs on the non-target strand.

Here, we observed that for type II-A and II-C systems spacers
are typically acquired from phage genomes in a clustered, non-
random fashion (Figure 3(c)). Similar clustering of new spacers
near the sites of existing target sites has been observed experi-
mentally in the Streptococcus thermophilus type II-A systems
[51]. Clustering could potentially result from naïve acquisition
hotspots (Figure 1) or from host fitness advantages for spacers
directing CRISPR-Cas activity to specific strands and/or loca-
tions on phage genomes [51]. In both of these cases, the null
hypothesis, expected in the absence of primed adaptation, is for
symmetric protospacer mapping distributions (Figure 1(a-c)).
For type II-C systems we observed a significant preference for
spacers that target the same strand as the PPS, with a bias toward
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Figure 5. Protospacer clustering on shared target genomes reveals primed CRISPR adaptation. Protospacer clustering for sets of closely-related host species targeting
the same phages or prophages. Note that protospacers toward either end of the displayed linear phage genome are considered clustered because most phage
genomes undergo circularised states during replication. The IMG/VR accessions represent viral contigs assembled from metagenomic data [59]. In some cases the
displayed host species are representative of several related hosts that possess the same spacer sets matching the specified phage. Examples of single hosts with
spacers matching multiple targets are provided in Fig. S5.
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the 5ʹ direction (Figure 4). Therefore, we propose the existence
of a priming-like pathway in hosts with type II-C systems,
whereby existing spacers can influence and/or enhance the
acquisition of new spacers from regions surrounding the existing
target sites (priming protospacers).

Mechanistically, priming in type II systems would not
be the same as type I systems, because type II systems lack
Cas3 to generate substrates for Cas1-Cas2. In type II hosts,
the RecBCD or AddAB DNA repair machinery may be
recruited and act in prespacer generation at sites where
Cas9-mediated dsDNA breaks occur [1]. This is concep-
tually similar to the role of RecBCD in naïve prespacer
generation that occurs in the E. coli type I-E system [18].
However, because existing spacers and Cas-crRNA target-
ing are involved, this pathway would constitute a priming-
like process for the type II, and analogously for type V,
systems. Validation of priming in class 2 DNA-targeting
systems will require laboratory-based CRISPR adaptation
experiments. For example, an extension of previous type II
CRISPR adaptation studies [12,13,51] to look at the rela-
tive locations of successively acquired spacers would be
highly informative.

The differences observed here between type II systems
are intriguing (Figure 4) because the major difference
between II-A and II-C, is only the additional Csn2 protein
in type II-A systems. Csn2 contributes to spacer acquisi-
tion [12,13,52] and might contribute to the adaptation
differences we observed between the subtypes. However,
for type II-A systems our data cannot exclude the presence
of a priming-like pathway, that results in a symmetric
distribution (Figure 4), perhaps mediated by Csn2. There
was insufficient data to analyse type II-B systems.
However, in the future, a comparison including type II-B
would be informative, given that the cas1 and cas2 genes
of II-B systems are more closely related to the type I
systems [53] where priming occurs. Cas4 is present in II-
B systems and in the type I-B system it is required for
priming [26]. Therefore, if II-B systems undergo primed
adaptation, Cas4 is likely to be involved.

In conclusion, we have revealed that primed adaptation
occurs widely in nature in four type I CRISPR-Cas systems,
and provide evidence of naïve hotspots and/or a priming-
like pathway in some type II systems. The patterns of
primed adaptation differ between the CRISPR-Cas systems,
which likely results from biochemical and mechanistic dif-
ferences between the distinct Cas proteins [1]. Although we
had insufficient data to draw conclusions about priming in
other type I systems (e.g. types I-A and I-D), we predict
that it is likely to occur. However, this will require further
genomic data, or experimental approaches, for verification.
At present, the main limitation of the power of our bioin-
formatics approach is the number of diverse host and target
genome sequences available. Thus, future analyses of other
systems will require sequencing of more relevant genomes.
Overall, our study shows that priming in type I systems is
widespread and that priming-like CRISPR adaptation also
occurs in some type II systems.

Methods

Identification of Cas proteins and typing of CRISPR-Cas
systems

Two approaches were used to assign CRISPR-Cas systems to
genomes. Makarova et al., (2015) established a set of Hidden
Markov Models (HMM) to describe all known Cas proteins, and
defined a CRISPR-Cas subtype classification scheme that is based
on the constituent cas genes. Using these models, we searched all
of the proteins in Refseq Archaea and Bacteria (Version 83; 21/
07/2017) using HMMER (hmmer.org). The proteins that
matched to one of the models were then compared to the con-
served domain database (CDD, NCBI) and the proteins that
matched better to a non-Cas model were removed. Using this
method 448,741 cas genes were identified. The second approach
was to use the Refseq gene annotations, which included 419,645
cas genes. Of these genes, 2,037 (0.5%) were not found by the
HMM search, but the HMM search found an additional 29,096
(6.4%). When both methods found a cas gene the annotations
were consistent. The subtypes of CRISPR-Cas systems present in
each genome were then assigned based on the presence of
signature genes [3]. The CRISPR repeats of some subtypes also
fall within highly-conserved CRISPR repeat families, which we
used to verify the assigned system subtypes [54].

Identification of CRISPR loci, spacers and target
protospacers
The Refseq version 83 archaea and bacteria genomes were
searched for CRISPR loci using CRISPRDetect v2.2 [55].
CRISPRDetect uses CRISPRDirection to call the orientation of
the array and identify the leader [56]. The orientations of arrays
were checked by comparison to known conserved repeat families
within subtypes (as above). For type II systems, we also used
tracrRNA sequences to increase the accuracy of CRISPR orien-
tation calls [57]. Overall, 59.2% of Archaea and 35.9% of Bacteria
possessed both CRISPR arrays and cas genes and were used for
further analysis. Spacer sequences from the arrays were searched
for protospacer matches in the ‘Phage’ division of Genbank
(which includes both bacteriophages and archaeal viruses) and
the PHAST prophage database (2/2017), which contains data
from both bacterial and archaeal genomes [58] using SWIPE
[54]. To increase the size of the target dataset for type I-C and
type II systems we also searched their spacers against the IMG/
VR_2018 database, which contains >700,000 viral contigs
including diverse metagenomic samples [59]. The SWIPE bit
score was calculated as +1 match, −1 mismatch, −10 gap open
and −2 gap extension. A SWIPE search of a dinucleotide-
shuffled PHAST dataset was used to determine appropriate
thresholds for the bit score cut-off; set at ≥20 for the PPS and
≥23 for all other protospacers (Fig. S6). These thresholds allowed
a 32 nt spacer with 6 or fewer mismatches for the priming
protospacer. We deem this conservative because priming has
been shown to occur with 10 or more mismatches in a 32 nt
spacer [23]. The SWIPE results were grouped into host-target
pairs, with each pair representing all of the spacers and corre-
sponding protospacer matches (hits) for a specific host and
specific target. Most host-target pairs consisted of just a single
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spacer matching the target (Fig. S7), whereas two or more
matches are required to investigate the presence of primed
CRISPR adaptation. Therefore, only host-target pairs with
more than one spacer matching the target were retained. Some
hosts were represented in more than one host-target pairing
(Figure 3(a)). To exclude potential clustering biases from short
or incomplete target genomes, only host-target pairs with a
target genome length ≥10 kb were analysed.

Assignment of spacer acquisition order

The spacers in each host-spacer pair were assigned a chron-
ological order based their positions within the host CRISPR
loci. Spacers are typically inserted into the leader end of
CRISPR arrays, thus the order of spacer acquisition can be
implied (Figure 3(a)). However, for hosts with multiple arrays,
the order of acquisition for spacers in different arrays is
sometimes ambiguous. In our final dataset, 93.7% of host-
target pairs contained target-matching spacers originating
from a single array. For the other 6.3% of the data, we reduced
potential bias from incorrectly assigned spacer acquisition
orders by only including host-target pairs where the putative
oldest spacer (i.e. furthest from the corresponding leader by
spacer number) was in the shortest array (i.e. we assume,
based on our past experimental data, that shorter arrays
have lower spacer integration rates [19,39]).

Reducing host and target redundancy

We initially found matches (hits) for 96,384 spacers to
877,897 phage, archaeal virus or prophage sequences (target
protospacers), representing 790,722 different host-target
pairs. Of the host-target pairs, 54,882 contained at least
two spacers. The high number of hits relative to total spacers
was due to redundancy, caused by multiple cases of near
identical host or target sequences. To resolve this, and other
potential ambiguities, we used an objective filtering process.
Firstly, host redundancy was reduced by merging host-target
pairs that shared target genomes with identical protospacer
patterns (based on the host spacer order and target strand
and position). For non-identical cases of shared targets, if
none of the protospacers overlapped then all host-target
pairs were kept. If a single protospacer overlapped then the
host-target pairs were kept if the ambiguity was only due to
the PPS; i.e. these represent multiple independent priming
events. If the ambiguity was due to the PPS and PS+1, then
the host-target sets were merged, and only the PPS and PS
+1 were analysed. Secondly, target redundancy was removed.
This was often caused by a single set of host spacers match-
ing multiple different phage genomes. This was removed
using a similar scheme, except that both host spacers and
the target strand, direction and distance relative to the PPS
were considered as common features. Although our strin-
gent approach excluded many host-target pairs from the
final dataset, it ensured that the data were of high quality.
The final dataset was examined manually and representative
sets shown in Figure 5 & S5.

Simulation of random distributions and clustering
analyses

To generate the Monte Carlo simulated random distributions we
randomised the strand and protospacer mapping positions for
every host-target pair in the final dataset. We then assigned the
PPS strand and relative protospacer mapping distributions using
the same approach that we used for the observed data (Figure 3(a,
b)). For each subtype, we generated 1,000 random distributions
and report the mean and 95th percentile for the relative proto-
spacer mapping density. This approach takes into consideration
both the number of observed target matching spacers and the size
of target genomes within each subtype dataset.
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