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ABSTRACT

CRISPR–Cas systems require discriminating self
from non-self DNA during adaptation and interfer-
ence. Yet, multiple cases have been reported of
bacteria containing self-targeting spacers (STS), i.e.
CRISPR spacers targeting protospacers on the same
genome. STS has been suggested to reflect poten-
tial auto-immunity as an unwanted side effect of
CRISPR–Cas defense, or a regulatory mechanism
for gene expression. Here we investigated the inci-
dence, distribution, and evasion of STS in over 100
000 bacterial genomes. We found STS in all CRISPR–
Cas types and in one fifth of all CRISPR-carrying
bacteria. Notably, up to 40% of I-B and I-F CRISPR–
Cas systems contained STS. We observed that STS-
containing genomes almost always carry a prophage
and that STS map to prophage regions in more than
half of the cases. Despite carrying STS, genetic de-
terioration of CRISPR–Cas systems appears to be
rare, suggesting a level of escape from the poten-
tially deleterious effects of STS by other mechanisms
such as anti-CRISPR proteins and CRISPR target mu-
tations. We propose a scenario where it is common
to acquire an STS against a prophage, and this may
trigger more extensive STS buildup by primed spacer
acquisition in type I systems, without detrimental au-
toimmunity effects as mechanisms of auto-immunity
evasion create tolerance to STS-targeted prophages.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated proteins (Cas) are de-
fense systems, which provide bacteria and archaea with an
adaptive and heritable immunity against invading genetic
elements such as bacteriophages or plasmids (1–3). Immu-
nity is conferred by small sequences, known as spacers,

which are taken up from the invaders’ genome and inte-
grated into the CRISPR locus (2). At the CRISPR locus,
spacers function as the system’s memory, and are used in the
form of guide RNA to specifically recognize and degrade
foreign DNA or RNA (3–5). While known to be highly
specific for their target, CRISPR–Cas systems do pose a
risk for auto-immunity if spacers from the host chromo-
some are mistakenly acquired (6). These self-targeting spac-
ers (STS) have been reported in numerous species, and their
most likely consequence is cell death by directing cleavage
and subsequent degradation of the host genome (7,8). Es-
cape from the lethal outcome of auto-immunity occurs for
cells selected for mutations on the target sequence (9,10)
and/or for inactivation of CRISPR–Cas functionality via,
for example, mutation or deletion of the Cas genes, spacers,
repeats, or protospacer adjacent motifs (PAM). The action
of anti-CRISPR (Acr) proteins encoded by prophages may
also prevent auto-immunity (11). In fact, the presence of
STS in a genome has been suggested (11,12) and recently
successfully employed (13) as a strategy to discover new
Acrs.

Auto-immunity has been mostly regarded as a collateral
effect of CRISPR–Cas systems, but it has also been sug-
gested to play a role in the evolution of bacterial genomes
on a population level by influencing genome remodeling (9).
Although reported only on isolated examples, CRISPR–
Cas systems have been speculated to act like a regula-
tory mechanism (14–17). Auto-immunity has also been pro-
posed to be triggered by foreign DNA with similarity to the
bacterial chromosome (18).

Here we take a closer look at STS in the many types
and subtypes of CRISPR–Cas systems to identify the inci-
dence, distribution and mechanism of evasion of potential
CRISPR–Cas auto-immunity in bacteria. We demonstrate
that STS are frequently observed in bacterial genomes, and
that bacteria have evolved mechanisms to evade death by
auto-immunity while preserving their CRISPR–Cas sys-
tems. We propose that the integration of phages in the
bacterial chromosome provides evolutionary advantages
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to the bacteria (e.g. acquisition of virulence traits) but is
also the primary trigger of STS acquisition in CRISPR
arrays. We further suggest that mechanisms of evasion
from auto-immunity create tolerance to the integrated in-
vaders, demonstrating that the war between phage and host
CRISPR systems does not end with prophage formation.

MATERIALS AND METHODS

Detection of CRISPR arrays

The complete genome collection of the PATRIC database
(19) (a total of 110 334 genomes) was used in our analy-
sis. CRISPR arrays were predicted for each genome using
CRISPRDetect 2.2.1 (20) with a quality score cut-off of 3.

Detection of self-targeting spacers

All spacers were blasted (blastn-short option, DUST dis-
abled, e-value cut-off of 1, gap open, and gap extend penalty
of 10) against the source genome. The blastn results were
filtered for a minimum identity higher than 90% with the
target. Any hit on the genome was considered a self-target,
except for those within all of the predicted CRISPR arrays,
including arrays identified with a CRISPRDetect quality
score <3. Hits closer than 500 bp from each end of the
predicted arrays were also ignored to avoid considering
spacers from the array that were possibly not identified
by CRISPRDetect. Spacers with flanking repeats of iden-
tity score lower than 75% to each other were discarded as
they may have been erroneously identified as spacers. Of
these, only spacers smaller than 70 bp and a repeat size be-
tween 24 and 50 bp were retained in the dataset. Finally,
STS from CRISPR arrays of two or fewer spacers were ex-
cluded, except when the associated repeat belonged to a
known CRISPR repeat family, as identified by CRISPRDe-
tect. Duplicates were removed by search of similar genomes,
contigs and arrays.

Classification of CRISPR–Cas systems

The CRISPR–Cas systems of STS-containing genomes
were classified using MacsyFinder (21) in combination with
Prodigal (22), and the CRISPR-type definitions and Hid-
den Markov Models (HMM) profiles of CRISPRCasFinder
(23). The classification of the repeat family of the CRISPR
array was obtained using CRISPRDetect. Genomes car-
rying two or more CRISPR–Cas types were labeled as
‘mixed’, and those having CRISPR–Cas arrays but no cas
genes were labeled as ‘no Cas’. Systems which could not
be assigned a CRISPR sub-type and which were missing
at least one cas gene (but contained no less than one cas
gene) were classified as ‘incomplete’. The final classification
of each genome can be found in Supplementary Table S1.

Analysis of the genomic target

The orientation of the arrays was determined by
CRISPRDetect using the default parameters of
CRISPRDirection. After this, the STS sequence was
used for a gapless blastn at the target and to retrieve the
PAM downstream or upstream of the STS based on the

CRISPRDetect classification (see Supplementary Table
S1). The targets were then analyzed for the correct PAM
sequence by comparison with the expected PAM for the
different CRISPR–Cas types as previously described
(11,24,25). The consensus PAM sequences used in this
analysis are shown in Supplementary Table S2. Genes of
STS-containing genomes were predicted using Prodigal
and annotated using Interproscan (26) and Pfam (27)
domain prediction. Prophage regions in the genomes were
detected using VirSorter (28), and used to identify STS
targeting these regions. Transposons were also detected in
the genomes using Interproscan (26) (Supplementary Table
S3). Targets of the STS with e-value <10−5 were grouped
by function to identify possibly enriched hits separately
for prophage and endogenous regions. Only those hits
associated with predicted correct PAMs were subjected to
this analysis.

Distance between self-targeting spacer and prophages

Contigs predicted to contain prophages were extracted and
used to create a hit density map based on STS distance to
prophage(s).

Identification of anti-CRISPR proteins

The amino acid sequences of known Acrs (29) were used
for similarity search in the STS-containing genomes using
BLASTp with an e-value limit of 10−5.

Statistical analysis

A binomial test was performed on CRISPR arrays of dif-
ferent sizes to test the hypothesis that STS at the leader side
of the CRISPR array are more common. Only STS from
CRISPR arrays <50 spacers were considered because larger
arrays are too scarce to result in a reliable statistical analysis.
A chi-squared test was used to determine statistical signif-
icance between percentages of populations. Statistical sig-
nificance was considered for P < 0.05.

Software

GNU parallel was used to parallelize tool runs and for
parsing of output files (30). Biopython package (31) func-
tions were used for specific analysis, such as GFF parser for
prodigal files, pairwise2 for removing false positives based
on repeat identity, and nt search for matching of the PAM.
All data collected was managed using Python package Pan-
das (32). Python packages SciPy (33), Matplotlib (34) and
Seaborn (35) were used for statistical analysis and visualiza-
tion.

RESULTS

Self-targeting spacers (STS) are often found in CRISPR-
encoding bacteria

We scanned 43 526 CRISPR-encoding genomes for spacers
with >90% sequence identity to the endogenous genomic
sequence that is not part of a CRISPR array. We decided
upon this definition of STS as a 10% mismatch between
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spacer and target can still trigger a functional CRISPR
response (direct interference and/or priming in type I) in
many CRISPR–Cas types (36–41). For clarity, we note that
our definition of STS may exclude or include certain se-
quences as a result. For example, STS protospacers that
suffered extensive mutations may be excluded, while spac-
ers that target non-genomic regions of high similarity to
a genomic region may be included. We found that 23 626
out of 1 481 476 spacers (1.6%) are self-targeting based on
this cutoff. Approximately half of those (12 121, 0.8%) had
100% sequence identity to the genome from which the spac-
ers were derived (frequency of STS with mismatches can be
seen in Supplementary Table S4), a percentage higher than
previously reported (0.4% with 100% identity) (14). Similar
to previous observations with smaller datasets (14), about
one fifth (19%, 8466) of CRISPR-encoding genomes have
at least one STS in one of their CRISPR arrays.

We further looked into how frequent STS were in differ-
ent types of CRISPR–Cas systems (Figure 1A). STS were
detected in genomes containing CRISPR–Cas systems of
almost all subtypes, and were more prevalent (>40%) in
CRISPR–Cas types I-B and I-F. Curiously, genomes con-
taining STS are almost absent in type III-A, but present
between 10% and 20% in type III-B, C and D systems.
Moreover, length of the STS agreed with reported preferred
spacer length for different CRISPR–Cas subtypes (Supple-
mentary Figure S1) (42–44).

It has been suggested that following the integration of
an STS, the CRISPR–Cas system must become inacti-
vated in order to survive, and that this phenomenon could
explain the abundance of highly degraded CRISPR sys-
tems that contain cas pseudogenes (14). Recent experi-
mental evolution studies have shown that large genomic
deletions encompassing the entire CRISPR–Cas locus can
occur as a consequence of auto-immunity to prophages
(45). We observed that 12% (979 of 8,466) of the STS-
containing genomes contain incomplete CRISPR systems
or no cas genes, while 88% (7490 of 8466) seem to carry in-
tact CRISPR–Cas systems (P < 0.0001, chi-squared test,
Figure 1A). This suggests that CRISPR–Cas deletion can
occur as a mechanism to survive STS, but self-targeting
can also be overcome through other mechanisms. Note that
our homology-based analysis cannot account for small in-
activating mutations in cas genes that could also render a
CRISPR–Cas system non-functional. Moreover, we found
that most STS locate in the leader proximal positions of the
array (Figure 1B, Supplementary Figure S2), with several
STS also found in middle and leader distal positions (Figure
1B). To account for potential bias introduced in this anal-
ysis by smaller arrays, we generated the same plot for ar-
rays of 10 or less spacers (Supplementary Figure S3). The
same trend is apparent, confirming that STS preferably lo-
cate near the leader but are also present in later positions
in the array. This suggests that the CRISPR system (or at
least memory acquisition) remains active after integration
of an STS into the CRISPR array and the cell remains vi-
able. Correct CRISPR array orientation prediction remains
challenging in some cases (46), and there may be some ar-
rays in our database whose orientation was predicted incor-
rectly by the CRISPRDirection tool. This may lead to noise
in the positionality of STS. Still, we are confident on our

overall observations as CRISPRDirection is backed up by
experimental evidence for most CRISPR types, including
type I-U (47).

In summary, STS are common among bacteria harbor-
ing all types of CRISPR–Cas systems, but especially types
I-B and I-F. Importantly, STS-containing bacteria seem to
preserve CRISPR–Cas, perhaps by employing alternative
mechanisms to avoid the lethal effects of auto-immunity.

STS are enriched in prophage-containing genomes

To understand if targeting of endogenous regions by STS
could have a regulatory role in gene expression, we looked
at the position of STS hits in the genome and determined if
these were in coding or non-coding regions. In general, no
preference for targeting non-coding regions was observed,
with coding regions being predominant in most types of
CRISPR–Cas systems (P < 0.05, chi-squared test, Supple-
mentary Table S5), with the exception of STS of types I-
D, III-A, III-B, V-B and VI-A CRISPR–Cas systems for
which intergenic and coding regions are equally targeted (P
> 0.05, Figure 2A, Supplementary Table S5). This suggests
that there is no apparent link between CRISPR–Cas auto-
immunity and regulating promoter activity for gene expres-
sion. Still, no absolute conclusions can be drawn about a po-
tential regulatory role of STS since direct targeting of genes
(coding regions) leads to programmed regulation of gene
expression (48–51). Also, in most cases we could not de-
tect a preference for targets on the sense or antisense DNA
strands (P > 0.05, Figure 2A, Supplementary Table S5).

Bacteriophages are common targets of CRISPR–Cas sys-
tems and exist abundantly in nature. Because some bacterio-
phages can integrate into the bacterial chromosome, we next
investigated if the presence of prophages in a genome would
associate with the presence of STS. We identified prophage
regions in the STS-containing genomes and observed that,
on average, 52.4% of the STS-containing genomes have
STS with protospacers in prophage regions, with type I-F
CRISPR–Cas systems showing up to 70% genomes with
prophage hits (Figure 2B). Interestingly, we also observed
that 96.9% (8,203 out of 8466) of the STS-containing
genomes have at least one integrated prophage, while only
28.5% (9992 out of 35 060) of the STS-free genomes con-
tain prophages (P < 0.0001, chi-squared test). It therefore
appears that STS is linked to carrying prophages.

We further questioned if STS were also enriched in bac-
teria containing other mobile genetic elements able to in-
tegrate into the bacterial genome. To do so, we looked at
the prevalence of transposons in STS-containing and STS-
free genomes of bacteria with CRISPR arrays. We observed
a moderately higher prevalence of transposons in STS-
containing genomes (12.1% versus 7.7%, or 10.9% versus
5.0% when discarding incomplete and no Cas genomes, P
= 0.004 and P = 0.001, respectively, chi-squared test) (Fig-
ure 2C).

We next wondered if collateral targeting of prophage re-
gions would lead to STS of endogenous genomic regions
flanking the prophage. To test this we mapped the distance
of STS in the genome to the nearest prophage region. For
this we considered only STS targeting regions of complete
genomes and contigs which contained a prophage. 59.5%
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Figure 1. Self-targeting spacers (STS) in CRISPR-containing bacteria. (A) Frequency of genomes containing STS for the different subtypes of CRISPR–
Cas systems. Total number of CRISPR-containing genomes analyzed is given for each row. (B) Heatmap of STS position in the CRISPR array for each
CRISPR–Cas subtype, using corrected orientation of the CRISPR arrays. Scale bar represents percentage of STS found per position bin in the CRISPR
array. Total number of STS analyzed per CRISPR–Cas subtype is given for each row, while total number of STS per position bin is given for each column.
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Figure 2. Genomic targets of self-targeting spacers (STS). (A) Preference of STS for targeting sense or antisense strands of coding regions, or non-coding
regions of the bacterial genome. Values were normalized to the percentage of coding or non-coding regions of the genome. Total number of STS are
indicated at the end of bars. (B) Prevalence of STS targeting only prophage regions, endogenous genomic regions, or both, in each CRISPR–Cas subtype.
Total number of STS-containing genomes are indicated for bars. (C) Transposon abundance in STS-containing genomes (full bars) and STS-free genomes
(empty bars) for each CRISPR–Cas subtype. (D) Distribution of distances between STS protospacer and the nearest prophage. Internal plot shows the
largest peak binned into smaller (0.5 kb) increments.
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of these STS target a prophage region, while the remain-
der mostly target the nearby endogenous genome (Figure
2D). Distances to prophage were also normalized by con-
tig length to discard possible variations due to differences
in contig size, which shows a similar pattern of STS hit-
ting regions close to the prophage (Supplementary Figure
S4). This suggests that targeting of endogenous regions is
indeed related to proximity to a prophage region. As the
definition of prophage boundaries may be associated with
a certain level of inaccuracy, nearby STS protospacers may
also be part of the prophage itself. Because genomic re-
gions flanking prophages are often excised together with
the prophage, it is also possible that such regions are sub-
jected to spacer acquisition when the prophage enters its
lytic cycle. Finally, prophages tend to repeatedly integrate
in the same regions of bacterial genomes, so it is possible
that proximal prophage regions are enriched in degenerated
prophages as well. All these processes could contribute to
the enrichment of STS in prophages and their proximal ge-
nomic regions, as shown by our results.

In summary, 63% of STS are linked to prophages or the
nearby endogenous genome (<50 kb, see Figure 2D). Thus,
our data suggest that the occurrence of STS is strongly
linked to the presence of prophages in the bacterial chro-
mosome.

Interference-functional STS with consensus PAM are fre-
quent in type I CRISPR–Cas systems

To explain how STS are tolerated we first looked at the
targeting requirements of CRISPR–Cas systems. In many
CRISPR–Cas systems, the correct identification of the tar-
get is dependent on a small 2–6 bp motif immediately adja-
cent to the target DNA sequence, known as the PAM (52).
The PAM is essential for binding to and cleavage of the tar-
get DNA by the Cas nucleases, and mutations in this se-
quence can abrogate targeting (53). To understand how of-
ten STS protospacers have a consensus PAM, and can there-
fore be efficiently targeted, we compared the PAM sequence
of the STS protospacer with the expected PAM sequence
for the different CRISPR–Cas types previously described
(Supplementary Table S2) (24,25,54). We excluded type II-
C CRISPR–Cas systems from this analysis due to their vari-
able consensus. We observed that 24.1% of all STS (4140 of
17 150 STS with 90% sequence identity) and 26.4% of STS
with 100% identity (2294 of 8691) have a consensus PAM
(Figure 3A and Supplementary Table S6), suggesting these
to be functional for direct interference. Type I CRISPR–
Cas systems, especially types I-B (29.5%), I-C (44.7%) and
I-E (37.0%) have more STS with a consensus PAM (aver-
age 27.5%) than type II (average 1.5%) or type V (average
12.8%) (Figure 3A). This may suggest that bacteria encod-
ing type II and type V systems avoid the lethal effects of
auto-immunity by having non-functional STS, while bac-
teria encoding type I systems may employ other evasion
mechanisms to withstand the lethal auto-immunity effects
of interference-functional STS.

Several factors should be considered when analyzing the
role of PAM sequences in tolerance mechanisms to STS.
First, the full diversity of functional PAM sequences in na-
ture currently remains unknown, as does their distribution

across taxa. Second, PAM sequences can vary widely even
within a CRISPR subtype (e.g. in different species) (52,55–
57). Third, different CRISPR class I (type I, III and IV)
systems may use different PAM sequences for spacer ac-
quisition and for targeting (58). Our analysis has revealed
a range of candidate bacteria that can contain mechanisms
allowing them to remain viable while carrying interference-
functional STS with known consensus PAM sequences. It
will be interesting to see these mechanisms further unrav-
eled in future studies.

Acrs are more prevalent in bacteria carrying STS

To understand how bacteria are able to survive STS while
keeping their cas genes intact, we assessed the presence
of Acrs encoded by prophages. By inhibiting the activ-
ity of the CRISPR–Cas system using a variety of mech-
anisms (reviewed in (29)), Acrs can prevent the lethal ef-
fects of STS auto-immunity. In fact, STS have been used
to identify new Acr proteins (13,59). We mapped Acrs in
the STS-containing genomes using homology searches with
all currently known Acrs (29). Acrs were found at low fre-
quency (10.9% average, Figure 3B) but still at levels sig-
nificantly higher than those found in STS-free, CRISPR-
containing genomes (0.3% average, P < 0.0001, chi-squared
test). The levels of Acrs here reported are a lower bound, as
unidentified Acrs or novel anti-CRISPR mechanisms may
be present in these genomes and have a higher influence
in escaping auto-immunity. Indeed, the presence of STS in
genomes was recently used as a machine learning signal to
detect novel Acr proteins (60). Even so, we found many Acr
homologs in STS-containing bacteria carrying single type
I-B, IV or VI-A CRISPR–Cas systems, for which no Acrs
have yet been described (Figure 3B and Supplementary Ta-
ble S7). Putative Acrs for type I-B and type IV CRISPR–
Cas systems were recently identified by using a bioinformat-
ics pipeline (59), but to our knowledge none has yet been
suggested for type VI-A.

Among the newly found Acrs, homologs of AcrIF2-7,
AcrIF11-13 and AcrIIA1-4 were the most common in STS-
containing genomes (Figure 3C). Interestingly, homologs
of AcrIF1-14, AcrIE1-5, and AcrIIA1-4 were found in
genomes of diverse CRISPR–Cas subtypes, while homologs
of AcrVA1-5 and AcrIIC2-5 appear only in genomes con-
taining the corresponding CRISPR–Cas subtype. Particu-
larly, homologs of AcrIF1-14 and AcrIE1-5 were found in
type I and type IV CRISPR–Cas types, while homologs of
AcrIIA1-4 were detected in type I, II and VI-A CRISPR–
Cas systems. Acr homologs of families that do not corre-
spond to the CRISPR–Cas system found in the bacteria
were also recently reported (59). It is possible that some Acr
homologs have activity against multiple types of CRISPR–
Cas systems, which may occur if the mechanism of inhibi-
tion of the Acr is compatible with the multiple types. The
ability of Acrs to inhibit different types of CRISPR–Cas
systems has already been revealed for some Acrs (61,62),
although the specific mechanisms of inhibition have not yet
been described.

Anti-CRISPR associated (aca) genes were also found, es-
pecially in types I-E and I-F CRISPR–Cas systems, and
with higher prevalence of aca1 (488) and aca4 (220) genes
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(see Supplementary Figure S6 and Supplementary Table
S7).

In conclusion, among genomes with a CRISPR system,
Acrs are more prevalent in genomes containing STS than
in genomes without STS, and it therefore is likely that Acrs
play a major role in auto-immunity evasion.

Amplified self-targeting in prophages regions

In our analysis, we found 1224 genomes with a number of
STS higher than the average (2.5 ± 2.9 STS, Supplemen-
tary Figure S5). We decided to take a closer look at two
extreme cases and investigate how STS with 100% identity
were distributed in the bacterial chromosome (Figure 4).
The genome of Blautia producta strain ATCC 27340 con-
tains a type I-C CRISPR–Cas system and 11 prophage re-
gions in the chromosome (Figure 4A). This strain contains
a stunning 162 STS mostly hitting prophage regions. The
genome of Megasphaera elsdenii strain DSM 20460 con-
tains three distinct CRISPR–Cas systems (types I-C, I-F
and III-A), two large prophage regions (Figure 4B) and a
total of 85 STS in its I-C CRISPR arrays. In B. producta
and M. elsdenii, the wealth of STS hit mostly in and around
prophage regions, with some prophages remaining untar-
geted. After manual confirmation of the consensus repeat
and array orientation of the STS, we observed that the old-
est STS (located further from the leader in the CRISPR
array) are those with protospacer in the prophage regions
(Figure 4A and B), suggesting these were the initial hits and
that additional spacers could have been acquired from loca-
tions in the prophage vicinity by primed CRISPR adapta-
tion. Interestingly, as priming is enhanced by CRISPR in-
terference (18,63,64), it is striking that no apparent DNA
damage was incurred. For M. elsdenii we found that all STS
protospacers are on the same strand with an orientation
bias characteristic of primed adaptation (18). Primed adap-
tation would result in the acquisition of many spacers, ex-
plaining the high number of STS found in these genomes.
It is interesting that STS in M. elsdenii were integrated in
only two out of six CRISPR arrays, both close to the I-
C cas genes (Figure 4B). It is also curious to note that no
homologs of any known Acr (29) could be found in either
genome using BLASTp homology searches with an e-value
cutoff of 10−5.

Overall, these examples of extensive, tolerated self-
targeting suggest that prophage integration was followed
by primed adaptation, leading to the amplification of STS
against the prophage and flanking genomic regions.

DISCUSSION

Self-targeting CRISPR spacers (STS) in bacteria are not a
rare phenomenon, as one fifth of bacteria with CRISPR
systems carries STS. Interestingly, some types of CRISPR–
Cas systems (i.e. types I-B and I-F) seem to be more
prone to incorporation of STS into CRISPR arrays. As
STS may lead to auto-immunity, here we questioned which
mechanisms could drive STS acquisition and whether bac-
teria encode mechanisms to protect themselves. We ob-
served a striking prevalence of prophages in STS-containing
genomes when compared to STS-free genomes, suggesting
that prophages could be the trigger of STS acquisition.

Only about half of the STS targeted protospacers are lo-
cated within the prophage regions, with the other half tar-
geting the endogenous genome. Interestingly, STS hits in
the endogenous genome are enriched in the proximity of
prophages, showing a pattern consistent with primed adap-
tation from an initial protospacer present on the prophage.
Also, in cases where bacteria carried multiple STS, the STS
located the furthest from the leader sequence targeted the
prophage, while subsequent STS targeted both prophage
and endogenous regions. These results are consistent with
a model where primed adaptation amplifies STS by acqui-
sition of new spacers from both prophage and prophage-
adjacent regions.

STS can lead to lethal auto-immunity, but we still found
many STS-containing bacteria in the genome database, as
well as many STS functional for direct interference (asso-
ciated with a consensus PAM) capable of efficient target-
ing, especially in type I CRISPR–Cas systems. This suggests
bacteria employ other mechanisms of auto-immunity eva-
sion to survive. Interestingly, degradation of the CRISPR–
Cas system itself does not seem to be the dominant evasion
mechanism employed by bacteria to survive potential auto-
immunity caused by STS, as we found at least 4 times more
genomes with intact rather than degraded CRISPR–Cas
systems. Genomes carrying type II and V CRISPR systems
commonly have non-consensus PAM sequences of the STS
protospacer which may help avoid auto-immunity. Whether
this occurs by incorrect acquisition of the spacer (65,66), or
mutation of the PAM when it is already integrated, is un-
known. Although found at low frequency, Acrs were also
present significantly (36-fold) more often in STS-containing
genomes than STS-free genomes.

Based on our overall observations, we here suggest two
scenarios for the appearance of STS in bacterial genomes.
In the first scenario, bacteria may acquire a first spacer
against a temperate phage, but despite this, the phage may
still be able to integrate into the genome. In the second
scenario, a prophage may already be integrated into the
genome and the ‘accidental’ acquisition of an STS by the
host may start targeting the prophage. Following this first
STS, incomplete targeting may lead to further STS expan-
sion by primed spacer acquisition, in type I and II systems
(67,68), which will result in the incorporation of multiple
new spacers targeting both the prophage and adjacent lo-
cations in the bacterial genome. The process of acquiring
STS creates an apparent standoff between CRISPR–Cas
and targeted prophages that involves mechanisms of auto-
immunity avoidance and anti-phage defense. As shown
here, these interactions may involve Acrs that may con-
tribute to creating tolerance to STS in general, and to STS-
targeted prophages in particular. Thus, it is possible that
the CRISPR system may be preventing prophage induction
(69), and perhaps induce prophage clearance or genome
deletions (70,71). Some studies have shown that CRISPR–
Cas systems protect against virulent phages by aborting the
infection (72), which might be similar to the state of the cells
when the prophage is induced. When the protospacer region
of the prophage in the bacterial genome is deleted, this may
lead to interesting eco-evolutionary dynamics, as the pres-
ence of the former STS on the bacterial genome may now
prevent reinfection of the immunized strain by the same or
related phages. Similarly, if the CRISPR system prevents in-
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Figure 3. Mechanisms of escape from auto-immunity. (A) Levels of self-targeting spacers (STS) associated with correct or incorrect protospacer adjacent
motif (PAM) for different types of CRISPR–Cas systems. Only CRISPR–Cas systems with unquestionable type classification and of known PAM were
considered. Dashed line indicates the average percentage of STS-containing genomes with correct PAM across CRISPR types. (B) Prevalence of STS-
containing genomes with Acrs, as found by homology search to known Acrs. Dashed line indicates the average percentage of STS-containing genomes
with Acr across CRISPR types. (C) Heatmap of prevalence of Acr families in different types of CRISPR–Cas systems in STS-containing genomes. Scale
bar represents percentage of STS-containing genomes with a given CRISPR type (row) that contained a homolog of the Acr (column). The total number
of STS-containing genomes of each CRISPR–Cas type is given at the end of each row.
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Figure 4. Extreme cases of self-targeting in prophage regions of bacterial genomes containing a high number of STS with 100% sequence identity to the
target. (A) Blautia producta strain ATCC 27340 (accession number ARET01000032) carries a type I-C CRISPR–Cas system and 11 prophages, and has
162 STS. Arrays identified in different contigs from where STS originate are represented in the y-axis; and (B) Megasphaera elsdenii strain DSM 20460
(accession number NC 015873) carries types I-C, I-F and III-A CRISPR–Cas systems and two prophages, and has 85 STS. STS originate from two out
of six CRISPR arrays (array 3 at 1 758 457–1 760 973 bp, and array 6 at 2 190 080–2 193 776 bp), which are associated with the type I-C system and are
represented in the y-axis. For both panels, prophage regions are denoted in dark gray, STS hits are represented as colored triangles, and scale represents
position of STS in the array. The total number of STS per contig or array is shown for each row.
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duction of the prophage by targeting it upon excision from
the genome, the induction of the lytic cycle could be inhib-
ited and the shift from lysogeny to a lytic state could be de-
tected and acted upon. The balance between these processes
remains subject to further experimentation and modelling.
Overall, our results evidence a continuous battle between
phages and CRISPR–Cas systems even upon integration of
a prophage in the host chromosome.
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Deveau,H., Moineau,S., Boyaval,P., Fremaux,C. and Barrangou,R.
(2008) Diversity, activity, and evolution of CRISPR loci in
Streptococcus thermophilus. J. Bacteriol., 190, 1401–1412.

56. Deveau,H., Barrangou,R., Garneau,J.E., Labonté,J., Fremaux,C.,
Boyaval,P., Romero,D.A., Horvath,P. and Moineau,S. (2008) Phage
response to CRISPR-encoded resistance in Streptococcus
thermophilus. J. Bacteriol., 190, 1390–1400.

57. Ran,F.A., Cong,L., Yan,W.X., Scott,D.A., Gootenberg,J.S.,
Kriz,A.J., Zetsche,B., Shalem,O., Wu,X., Makarova,K.S. et al. (2015)
In vivo genome editing using Staphylococcus aureus Cas9. Nature,
520, 186–191.

58. Shah,S.A., Erdmann,S., Mojica,F.J.M. and Garrett,R.A. (2013)
Protospacer recognition motifs: mixed identities and functional
diversity. RNA Biol, 10, 891–899.

59. Yin,Y., Yang,B. and Entwistle,S. (2019) Bioinformatics identification
of anti-CRISPR loci by using homology, guilt-by-association, and
CRISPR self-targeting spacer approaches. mSystems, 4, e00455-19.

60. Gussow,A.B., Park,A.E., Borges,A.L., Shmakov,S.A.,
Makarova,K.S., Wolf,Y.I., Bondy-Denomy,J. and Koonin,E.V. (2020)
Machine-learning approach expands the repertoire of anti-CRISPR
protein families. Nat. Commun., 11, 3784.

61. Pawluk,A., Staals,R.H.J., Taylor,C., Watson,B.N.J., Saha,S.,
Fineran,P.C., Maxwell,K.L. and Davidson,A.R. (2016) Inactivation
of CRISPR–Cas systems by anti-CRISPR proteins in diverse
bacterial species. Nat. Microbiol., 1, 16085.

62. Marino,N.D., Zhang,J.Y., Borges,A.L., Sousa,A.A., Leon,L.M.,
Rauch,B.J., Walton,R.T., Berry,J.D., Joung,J.K., Kleinstiver,B.P.
et al. (2018) Discovery of widespread type I and type V CRISPR–Cas
inhibitors. Science, 362, 240–242.

63. Shiriaeva,A.A., Savitskaya,E., Datsenko,K.A., Vvedenskaya,I.O.,
Fedorova,I., Morozova,N., Metlitskaya,A., Sabantsev,A.,
Nickels,B.E., Severinov,K. et al. (2019) Detection of spacer
precursors formed in vivo during primed CRISPR adaptation. Nat.
Commun., 10, 4603.

64. Künne,T., Kieper,S.N., Bannenberg,J.W., Vogel,A.I.M., Miellet,W.R.,
Klein,M., Depken,M., Suarez-Diez,M. and Brouns,S.J.J. (2016)
Cas3-derived target DNA degradation fragments fuel primed
CRISPR adaptation. Mol. Cell, 63, 852–864.

65. Li,M., Gong,L., Zhao,D., Zhou,J. and Xiang,H. (2017) The spacer
size of I-B CRISPR is modulated by the terminal sequence of the
protospacer. Nucleic Acids Res., 45, 4642–4654.

66. Jackson,S.A., Birkholz,N., Malone,L.M. and Fineran,P.C. (2019)
Imprecise spacer acquisition generates CRISPR–Cas immune
diversity through primed adaptation. Cell Host Microbe, 25, 250–260.

67. Semenova,E., Savitskaya,E., Musharova,O., Strotskaya,A.,
Vorontsova,D., Datsenko,K.A., Logacheva,M.D. and Severinov,K.
(2016) Highly efficient primed spacer acquisition from targets
destroyed by the Escherichia coli type I-E CRISPR–Cas interfering
complex. Proc. Natl. Acad. Sci. U.S.A., 113, 7626–7631.

68. Pyenson,N.C. and Marraffini,L.A. (2020) Co-evolution within
structured bacterial communities results in multiple expansion of
CRISPR loci and enhanced immunity. eLife, 9, e53078.

69. Edgar,R. and Qimron,U. (2010) The Escherichia coli CRISPR
system protects from � lysogenization, lysogens, and prophage
induction. J. Bacteriol., 192, 6291–6294.

70. Vercoe,R.B., Chang,J.T., Dy,R.L., Taylor,C., Gristwood,T.,
Clulow,J.S., Richter,C., Przybilski,R., Pitman,A.R. and Fineran,P.C.
(2013) Cytotoxic chromosomal targeting by CRISPR/Cas systems
can reshape bacterial genomes and expel or remodel pathogenicity
islands. PLos Genet., 9, e1003454.

71. Dolan,A.E., Hou,Z., Xiao,Y., Gramelspacher,M.J., Heo,J.,
Howden,S.E., Freddolino,P.L., Ke,A. and Zhang,Y. (2019)
Introducing a spectrum of long-range genomic deletions in human
embryonic stem cells using Type I CRISPR–Cas. Mol. Cell, 74,
936–950.

72. Watson,B.N.J., Vercoe,R.B., Salmond,G.P.C., Westra,E.R.,
Staals,R.H.J. and Fineran,P.C. (2019) Type I-F CRISPR–Cas
resistance against virulent phages results in abortive infection and
provides population-level immunity. Nat. Commun., 10, 5526.

https://www.zenodo.org/record/4019146

