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ABSTRACT

CRISPR-Cas systems provide prokaryotic organisms
with an adaptive defense mechanism that acquires
immunological memories of infections. This is ac-
complished by integration of short fragments from
the genome of invaders such as phages and plas-
mids, called ‘spacers’, into the CRISPR locus of
the host. Depending on their genetic composition,
CRISPR-Cas systems can be classified into six types,
I-VI, however spacer acquisition has been exten-
sively studied only in type I and II systems. Here,
we used an inducible spacer acquisition assay to
study this process in the type III-A CRISPR-Cas sys-
tem of Staphylococcus epidermidis, in the absence
of phage selection. Similarly to type I and II spacer
acquisition, this type III system uses Cas1 and Cas2
to preferentially integrate spacers from the chromo-
somal terminus and free dsDNA ends produced after
DNA breaks, in a manner that is enhanced by the
AddAB DNA repair complex. Surprisingly, a different
mode of spacer acquisition from rRNA and tRNA loci,
which spans only the transcribed sequences of these
genes and is not enhanced by AddAB, was also de-
tected. Therefore, our findings reveal both common
mechanistic principles that may be conserved in all
CRISPR-Cas systems, as well as unique and intrigu-
ing features of type III spacer acquisition.

INTRODUCTION

CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeats––CRISPR associated proteins) are
prokaryotic adaptive immune systems that protect bacteria
and archaea from infection by mobile genetic elements such
as viruses and plasmids (1,2). The CRISPR locus is com-

posed of short (∼40 bp) repetitive sequences separated by
equally short ‘spacer’ sequences that match the genomes of
these invaders (3–5). Spacers are transcribed and processed
to generate CRISPR RNAs (crRNAs) (6,7). CrRNAs
are incorporated into Cas nucleases, where they are used
as guides to facilitate the recognition and destruction of
complementary nucleic acids, also known as ‘protospacers’
(8–13). Depending on the cas gene content CRISPR-Cas
systems can be classified into six types (I-VI), each of which
present different variations in the molecular mechanism of
target destruction (14).

Types I, II and III are not only the most abundant (14)
but also the most studied CRISPR systems. In type I and
type II systems, Cas nucleases use the crRNA guide to find
and cleave a DNA target (9,11,12). DNA cleavage requires
the presence of a short sequence motif that flanks the target,
known as the protospacer-adjacent motif (PAM) (15,16).
In contrast, during type III CRISPR-Cas immunity, the cr-
RNA binds to complementary RNA molecules (10). As a
consequence of this mechanism, transcription of the target
is required for effective immunity (17,18). Upon recognition
of a target transcript, two activities of the Cas10 subunit
are triggered: single-stranded DNase that degrades accessi-
ble ssDNA in a sequence-independent manner (18,19), and
a cyclase that produces cyclic oligoadenylates (cA) (20,21).
These cA molecules function as second messengers to ac-
tivate non-specific nucleases that degrade indiscriminately
both host and invader nucleic acids (22–24). This activity is
responsible for the growth arrest of the host cell and facil-
itates the clearance of the invader (22). Finally, the Csm3
RNase subunit cuts the transcript protospacer sequence
(10), thus eliminating binding of the crRNA to its target
and terminating both activities of Cas10 (19). It is not clear
whether target recognition by type III effector complexes
requires the presence of a PAM. One study investigated tar-
geting by the type III-B system of Pyrococcus furiosus and
found a motif requirement for the activation of the ssDNase
domain of Cas10 but not for the cleavage of the protospacer
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RNA (25). On the other hand, experiments that analyzed
the sequence space flanking a target of the type III-A sys-
tem of Staphylococcus epidermidis (26) and Thermus ther-
mophilus (27), failed to find a PAM.

The hallmark of the CRISPR-Cas immune response is
the acquisition of new spacer sequences into the CRISPR
array during infection (1). This process allows the host to
survive infection and adapt to its environment, and there-
fore is called ‘adaptation’. Spacer acquisition has been ex-
tensively studies in type I and type II CRISPR-Cas systems
(28), which were shown to have a preference to use accessi-
ble dsDNA ends as spacer substrates. In phages, it has been
shown that the cos DNA end of the injected viral genome
can be a substrate for spacer acquisition, presumably be-
fore it mediates genome circularization (29). In the bacterial
host, sequences in the vicinity of double strand DNA breaks
(DSBs) introduced at the chromosomal terminus during
replication are preferentially incorporated as new spacers
(29,30). Free DNA ends are processed by the RecBCD (in
Gram negative bacteria) or AddAB (Gram positive) com-
plexes to achieve the repair of DSBs through homologous
recombination (31). Processing by these complexes stops at
chi sequences distributed along the bacterial chromosome
and generates 3′ overhangs for homologous recombination
(32). As a consequence of this, hotspots of spacer acquisi-
tion are limited by free DNA ends and chi sites (29,30). At
the molecular level, spacer acquisition is achieved by inte-
gration of short genomic segments of the invading genome
into the CRISPR array via the activity of the conserved
Cas1–Cas2 integrase complex (33). Whereas this complex
is sufficient for type I CRISPR adaptation (34), the addi-
tion of new spacers requires also cas9 and csn2 during the
type II CRISPR-Cas immune response (35,36).

In contrast to type I and II systems, much less is known
about spacer acquisition in type III systems. A subset of
these systems contain a reverse transcriptase (RT) asso-
ciated with their CRISPR locus (37). The marine bac-
terium Marinomonas mediterranea encodes a Cas1 nucle-
ase that is fused to an RT domain (RT-Cas1), and has
been used to study spacer acquisition in type III systems
(38,39). When self-acquisition events (in the absence of
infection, also referred as ‘autoimmunity’) were investi-
gated using overexpression of RT-Cas1 and Cas2 and next-
generation sequencing analysis of CRISPR loci, a strong
correlation between the transcription and the acquisition
levels of the different protospacers sequences was found,
which depended on the presence of the RT domain of Cas1.
More surprisingly, additional genetics and biochemistry ex-
periments showed that spacers were acquired not only from
DNA, but also from RNA molecules (39). Since type III sys-
tems require annealing of the crRNA to their target RNA,
their spacer (and thus crRNA) sequences must be com-
plementary to the transcript sequence to initiate immunity.
While the activity of RT-Cas1 ensures that new spacers arise
from transcribed regions, the results did not show an inser-
tion bias that would favor the generation of crRNAs with
complementary sequences to the target transcript. More-
over, an enrichment for non-functional spacers (generating
the crRNAs with the same sequence as M. mediterranea
transcripts) was observed, presumably due to the autoim-
munity triggered by functional spacers (40). A more re-

cent study investigated CRISPR adaptation during infec-
tion of T. thermophilus with the phage phiFa (27). This ther-
mophile bacterium carries a type III-A CRISPR-cas locus
with a canonical cas1 gene. Next generation sequencing of
the PCR products corresponding to the expanded CRISPR
array showed a marked enrichment of spacers originating
from the long terminal repeat (LTR) region, which har-
bors genes that are expressed early during phiFa lytic cycle.
However, while all acquired spacers were shown to be fully
functional, the reasons behind their strong selection are un-
known.

Here, we studied spacer acquisition by the type III-A
CRISPR-Cas system of S. epidermidis. We used a heterolo-
gous set up in which this system is expressed from two plas-
mids in Staphylococcus aureus (41). This strategy allowed
us to (i) use a single repeat instead of a full CRISPR array,
facilitating the detection of spacer acquisition events with
very low frequency, (ii) induce the expression of cas1 and
cas2 to control the timing of acquisition and capture the full
spectrum of new spacers before selection can enrich spacers
according to their immunity properties, and (iii) investigate
the importance of different genes for type III-A CRISPR
adaptation. We found two modes of spacer acquisition. One
is similar to the previously described mechanisms for type
I and II systems, where spacers are preferentially acquired
from the chromosomal terminus and free dsDNA ends, pre-
sumably generated at DSBs, a process that is enhanced by
the activity of AddAB. A second mode, exclusive to the S.
epidermidis type III-A system, showed high level of spacer
acquisition spacers from rRNA and tRNA loci, and was
limited to the transcribed region of these genes, without
apparent AddAB-dependent expansion of the acquisition
hotspot.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Cultivation of S. aureus RN4220 (42) and derivatives
JW263 and JW418 (29), and S. aureus Newman (43)
was carried out in brain-heart infusion (BHI) medium at
37◦C. Media was supplemented with chloramphenicol at 10
�g/ml, erythromycin at 10 �g/ml, kanamycin at 25 �g/ml
or spectinomycin at 250 �g/ml for plasmid maintenance.
Media was supplemented with 1 mM IPTG to induce ex-
pression of genes under the control of the IPTG-inducible
Pspank-hy promoter. See Supplementary Table S1 for a full
list of bacterial strains and plasmids used in this study.

Plasmid construction

The plasmids used in this study are listed in Supplemen-
tary Table S1. The sequences of oligonucleotides used in
this study are listed in Supplementary Table S2. The plas-
mid cloning strategies are listed in Supplementary Table S3.

Inducible adaptation assay and amplification of newly ac-
quired spacers by DR-PCR for high-throughput sequencing

Overnight culture of the indicated S. aureus strains har-
boring pCas1-2 and pCRISPR/pDR were diluted 1:100 in
50 ml BHI and grown 1 h shaking at 37◦C. An uninduced



Nucleic Acids Research, 2022, Vol. 50, No. 3 1663

sample was obtained by pelleting 10 ml of the culture and
removing supernatant. Pellets were kept at −80◦C until all
time points were collected. Then, freshly made IPTG was
added to the remaining culture before it was placed back
shaking at 37◦C. Every hour, for 3–5 h post-induction, 10 ml
of the culture was pelleted and frozen, OD600 was measured
and calibrated back to ∼0.3 by adding the appropriate vol-
ume of BHI supplemented with 1 mM IPTG. The remaining
of the culture was left shaking at 37◦C overnight. The next
day, 1.5 ml of the overnight culture was pelleted and frozen.
Plasmids were isolated from S. aureus pellets with a modi-
fied QIAprep Spin Miniprep Kit (Qiagen) protocol: bacte-
rial cell pellets were resuspended in 250 �l P1 buffer sup-
plemented with lysostaphin at a final concentration of 107
�g/ml (AMBI Products) and incubated at 37◦C for 15 min
followed by the standard QIAprep protocol. 250 ng of each
sample were used as input for DR-PCR, using the Phusion
DNA Polymerase (Thermo) with primers NA101/NA102
or NA169/170 for type III-A or type II-A, respectively (see
Supplementary Table S2 for a full list of primers used in
this study). Primer annealing temperature was set to 64 and
54◦C for type III-A and II-A, respectively, and extension
time was 10 s. Both plasmid isolation and DR-PCR prepa-
ration were performed in a PCR-free room to avoid con-
taminations. After amplification, 5 ul of DR-PCR prod-
ucts were analyzed by agarose gel electrophoresis to verify
successful amplification. The remaining sample underwent
cleanup with the MinElute PCR Purification Kit (Qiagen)
and size selection using PippnHT 3% cassette with a timed
protocol set at extraction between 26 and 35 min. Size se-
lected products were then prepared for sequencing with the
TrueSeq Nano DNA Library Prep protocol (Illumina). For
maintaining the small sized product, 2.2× Sample Purifica-
tion Beads (Ilumina) were used after end repair. Illumina
libraries underwent high-throughput sequencing with the
MiSeq platform.

RNA sequencing

Overnight culture of RN4220 was diluted 1:200 in 10 ml
BHI and grown 1:10 h shaking at 37◦C. Culture was then
pelleted, and supernatant was removed. Pellets were re-
suspended in 100ul RNase free PBS supplemented with
100 �g/ml lysostaphin (AMBI Products), incubated for
5 min at 37◦C, and sarkosyl was added at 1%. RNA
was purified from lysed pellets using the Zymo Direct-
Zol RNA miniprep plus kit, and genomic DNA was re-
moved by Ambion Turbo DNA-free kit. For the rRNA-
depleted sample, Illumina Ribo-Zero rRNA removal (Bac-
teria) kit was used to remove rRNA. Untreated and rRNA-
depleted RNA samples were prepared for sequencing using
the TruSeq Stranded mRNA Library prep kit, beginning at
the RNA fragmentation step. Illumina libraries underwent
high-throughput sequencing with the MiSeq platform.

High throughput sequencing data analysis

Spacers were extracted from MiSeq FASTQ files using a
Python code that finds all sequences flanked by two DR
sequences. The sequences, location and abundance of all
spacers detected in this study are provided in the Supple-
mentary Data File spreadsheet. For generating Weblogos,

a python code searching for fully aligned spacers gave an
output of spacer sequence, strand, start and end positions,
spacer length, 20 bp upstream and downstream of spacer,
and number of reads for that unique spacer sequence. Then,
spacers were filtered to length of 35 or 30 bp in type III-A
or type II-A, respectively, and motif search was performed
by WebLogo (version 3.7.4.)

For generating genome alignment maps, all spacers
were aligned to the indicated bacterial chromosome using
bowtie2. Genome positions covered by aligned spacers were
counted and aggregated using the Python pysam package
(version 0.15.3). For spacers that aligned to more than one
position (n > 1) counts were divided by number of aligned
position (1/n). Genome was either divided to 10 or 1 kb
bins, or analyzed at a single nucleotide resolution, as indi-
cated in each figure legend. RPM values were calculated as
chromosomal reads within a bin per million total aligned
reads. RNA-seq sequences underwent the same pipeline of
analysis.

RESULTS

Detection of spacer acquisition into the type III-A CRISPR
locus of S. epidermidis using an inducible system

We investigated the mechanism of spacer acquisition in
the type III-A system of S. epidermidis (Figure 1A). To
minimize spacer selection bias, we designed an inducible
adaptation assay that enabled the control of the timing of
spacer acquisition. This system is composed of two plas-
mids: (i) pCas1-2, encoding the cas1 and cas2 spacer inte-
grase genes under the IPTG-inducible Pspank-hy promoter
(44); and (ii) pCRISPR, encoding all other cas genes of the
system along with a single direct repeat (DR) instead of
the full CRISPR locus (Figure 1B). This plasmid contains
the 700 bp that are located upstream of the first repeat of
the CRISPR array in the S. epidermidis genome to preserve
potential regulatory regions such as promoter and leader
sequences. These plasmids were introduced in S. aureus
RN4220 and DNA was isolated at different times after ad-
dition of IPTG and used as template for PCR amplification
with forward and reverse primers that anneal to the DR fac-
ing opposite directions (Figure 1C). This method, known as
DR-PCR (45), amplifies a PCR product only after a spacer
has integrated into the array and the DR has duplicated
(Figure 1C). Next generation sequencing of the PCR prod-
ucts is then used to obtain the sequences and number of
reads of the acquired spacer and align them to the bacte-
rial chromosome to generate a pattern of spacer acquisi-
tion (Figure 1D). The sequences, location and abundance
of all spacers detected in this study are provided in the Sup-
plementary Data File spreadsheet. Using this method, we
were able to detect a PCR product (Figure 1E) and obtain
the sequences of the new spacers acquired 3 h after induc-
tion. On average, spacers were 35.48 ± 0.98 (mean ± SD) bp
long, with 54% of the spacers matching the positive strand
of the S. aureus chromosome (Figure 1F). Importantly, we
were unable to detect any conserved motifs in either of
the target flanking sequences (Figure 1G). This observa-
tion confirms previous studies on the S. epidermidis (26) and
T. thermophilus (27) type III-A systems, which failed to de-
tect a distinct PAM required for the targeting of plasmids
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Figure 1. An inducible system for studying spacer acquisition by the S. epidermidis type III-A CRISPR-Cas system. (A) Schematic representation of the
S. epidermidis type III-A CRISPR-Cas system. (B) Schematic representation of the two-plasmid system used in the inducible adaptation assay for S. epi-
dermidis type III-A CRISPR-Cas. (C) Sensitive DR-PCR design with repeat-annealing primers (arrows) that allows for detection of rare acquisition evens.
(D) After next-generation sequencing of DR-PCR products and extraction of spacer sequences, spacers are mapped to the bacterial genome. (E) Agarose
gel electrophoresis of DR-PCR products sampled at different time points. (F) Spacers acquired 3 h post induction of the S. epidermidis type III-A acquisi-
tion machinery are 35.48 ± 0.98 (mean ± SD) bp long. 54% and 46% match the plus and minus strand of the bacterial genome, respectively. (G) Weblogo
analysis of genome-aligned spacers acquired by the S. epidermidis type III-A CRISPR-Cas system, along with 20 bp upstream and downstream. The y-axis
was modified (from the default of 2 bits to 0.5 bit) to allow for better resolution, hence the height of the letters does not represent a significantly enriched
motif. Only 35 bp long spacers were included in this alignment, n = 1460.

and phages, respectively. As a control, we implemented the
same experimental design to capture the spacers acquired
by the Streptococcus pyogenes type II-A system (35) (Sup-
plementary Figure S1A-D). In contrast to the results ob-
tained for type III-A, we found the expected spacer length of
∼30 bp (Supplementary Figure S1E) and a very strong con-
servation of the NGG motif downstream of the target se-
quence (Supplementary Figure S1F), with 52% of the spac-
ers matching to the positive strand (Supplementary Figure
S1E).

Spacer acquisition by the S. epidermidis type III-A CRISPR-
Cas system is concentrated at specific genomic hotspots

We then mapped the spacer reads to the S. aureus RN4220
genome (46) and found that the majority of them match
the chromosome terminus region (the dif site, labeled as
‘c’ in Figure 2A), similar to the case for the reads coming
from spacers acquired by the type II-A system, as previ-
ously reported (29) (Figure 2B). However, type III-A spacer
sequences mapped to several distinct hotspots within the
bacterial genome, many of which corresponded to the five
loci encoding ribosomal RNAs (rRNAs) (labeled as ‘a’, ‘b’,
‘d’, ‘e’, ‘f ’ in Figure 2A). It is important to note that the se-
quences of the 5S, 16S and 23S rRNA genes are highly sim-
ilar between the five rRNA loci of S. aureus. Therefore, we
cannot determine the exact origin of spacer reads sequences
that match to all of them. Instead, we distributed spacers
into multiple identical positions (n), assigning 1/n of the
total number of reads to each position. RNA sequencing
(RNA-seq) of S. aureus RN4220, with or without rRNA de-

pletion, confirmed both the identity of these loci as well as
their high level of transcription (Figure 2C). Examination of
both the RNA-seq and the spacer acquisition pattern at sin-
gle nucleotide resolution revealed that the majority of spac-
ers match the 5S and 16S rRNA genes as well as associated
tRNA genes, however less spacers were derived from the
23S rRNA gene (Figure 2D, Supplementary Figures S2A-
D). Intriguingly, an additional region that was highly en-
riched for type III-A spacers was a tRNA cluster that is not
associated with any of the rRNA loci (Supplementary Fig-
ure S2E). However, an adjacent locus positioned ∼20 kb
upstream on the same strand and transcribed at compara-
ble levels to the tRNA cluster (Supplementary Figure S2F),
did not show high acquisition levels (Supplementary Figure
S2E, F). Close inspection of the spacers matching tRNA
genes revealed highly variable levels of acquisition between
and within loci (Supplementary Figure S3).

To evaluate the possibility of an association between tran-
scription and spacer acquisition, we aggregated the num-
ber of RNA-seq or spacer reads into 1 kb bins across the
S. aureus genome, without accounting for strand direction-
ality. We found that the genomic coverage by type III-A
spacers is significantly correlated to level of RNA expres-
sion (P < 10–10; Figure 3A). Such correlation was not ob-
served when examining the type II-A spacer coverage (not
significant; Figure 3B). Notably, type II-A and type III-A
spacers also correlate, which can be explained by their com-
mon acquisition hotspot at the dif site (Supplementary Fig-
ure S4A). Next, we tested whether the correlation between
type III-A spacers and RNA expression leads to the genera-
tion of crRNA complementary to target transcripts; i.e., are



Nucleic Acids Research, 2022, Vol. 50, No. 3 1665

A C

DB

Figure 2. Spacer acquisition by the S. epidermidis type III-A CRISPR-Cas system preferentially occurs at the chromosome terminus, rRNA loci and tRNA
clusters. (A) Abundance (in reads per million, RPM) of spacers acquired 3 h after induction of the S. epidermidis type III-A acquisition machinery, mapped
to the bacterial chromosome (10 kb bins). Peak labeled ‘c’ corresponds to the dif site, peaks labeled ‘a’, ‘b’, ’d’, ‘e’, ‘f ’ correspond to the five rRNA loci
in the S. aureus genome. (B) Abundance (RPM) of spacer acquired 3 h post induction of the S. pyogenes type II-A acquisition machinery, mapped to the
bacterial chromosome (10 kb bins). Peak labeled ‘c’ corresponds to the dif site. (C) Abundance (RPM) of S. aureus RN4220 RNA-seq reads, of either
an rRNA depleted sample (purple) or an untreated sample (pink), mapped to the bacterial chromosome (10 kb bins). Peaks labeled ‘a’, ‘b’, ’d’, ‘e’, ‘f ’
correspond to the five rRNA loci in the S. aureus genome. (D) Details of the RNA-seq (rRNA depleted sample, purple; untreated sample, pink), type III-A
(green) and type II-A (blue) spacer acquisition data (RPM), obtained 3 h post-induction, for the ribosomal RNA locus rrnE (peak ‘f’ in (B)) of S. aureus
RN4220.

A B C

Figure 3. Correlation between spacer acquisition and transcription of genomic DNA during type III-A CRISPR adaptation. (A) Correlation plot of
genomic coverage (1 kb bins), comparing RNA-seq reads and spacer reads after 3 h of induction of the S. epidermidis type III-A acquisition machinery. (B)
Correlation plot of genomic coverage (1 kb bins), comparing between RNA-seq reads and spacer reads after 3 h of induction of the S. pyogenes type II-A
acquisition machinery. (C) R-values of correlation plots (Supplementary Figure S4B), comparing between type III-A spacers and RNA-seq next-generation
sequencing reads, each either matching the plus strand (+) or the minus strand (–) of the bacterial genome.



1666 Nucleic Acids Research, 2022, Vol. 50, No. 3

able to trigger CRISPR immunity. We compared all com-
binations of forward and reverse reads (those that match
the plus and minus strand of the genome, respectively) from
RNA-seq and and type III-A spacer data, but we failed to
detect a directionality preference (Figure 3C, Supplemen-
tary Figure S4B). Altogether, these data showed a general
correlation between the transcription and acquisition of a
DNA sequence, with some, but not all, highly transcribed
regions forming hotspots of type III-A spacer acquisition.

The type III-A Cas1–Cas2 integrase is responsible for the
spacer acquisition pattern

The S. epidermidis type III-A locus harbors genes that en-
code four proteins or protein complexes with distinct func-
tions: cas1 and cas2 encode the spacer integrase complex
(34), cas10 and csm2-5 encode the crRNA-guided Csm ef-
fector complex (18,47), cas6 processes crRNAs from longer
precursor transcripts (41), and csm6 produces the auxil-
iary RNase of this CRISPR system (22,48) (Figure 1A).
To dissect the contribution of each of these to the type
II-A spacer acquisition pattern, we eliminated their func-
tion by mutating the pCRISPR plasmid and repeated the
spacer acquisition assay. First, we eliminated RNase ac-
tivity of Csm6, by introducing two mutations in its active
site (R364A, H369A) generating ‘dead’ Csm6, or dCsm6
(pCRISPR-dcsm6) (48) (Figure 4A). The elimination of
Csm6′s RNase activity, however, did not change the pattern
of early-acquired spacers (Figure 4B, C).

Next, we evaluated the impact of the Csm effector com-
plex and cas6 on the pattern of spacer acquisition. We there-
fore deleted all cas genes from pCRISPR leaving just a
mini array (pDR, Figure 4D). After performing the spacer
acquisition assay in this strain we detected the same pat-
tern as the one for the strain harboring the full CRISPR-
Cas system (Figure 4E-F). We corroborated these findings
in the clinical isolate S. aureus Newman (43), which was
transformed with pCas1-2 and pDR (Supplementary Fig-
ure S5), indicating that the observed pattern is not unique
to the RN4220, laboratory-generated, strain. These results
demonstrate that Cas1 and Cas2 are sufficient to establish
the observed S. epidermidis type III-A spacer acquisition
pattern around the dif site and rRNA/tRNA loci. In addi-
tion, since we could not detect any spacer acquisition events
with our sensitive DR-PCR approach when cas1-cas2 were
not induced (Figures 1B, 4B, E), we can also conclude that
the integrase is not only sufficient but also necessary for the
expansion of the type III-A CRISPR array.

Autoimmunity influences the type III-A spacer acquisition
pattern

The acquisition of spacers from the bacterial DNA would
trigger both the attack of the chromosome by Csm com-
plex (17) as well as the activation of cell dormancy by Csm6
(22). We limited these toxic events by sampling shortly (3
h) after induction of Cas1–Cas2. We wondered about how
prolonged targeting would affect the spacer acquisition pat-
tern and therefore collected data at ∼24 h after the ad-
dition of IPTG. We found a substantial reduction of the
rRNA/tRNA derived peaks (Figure 5A). In contrast, the

enrichment around the dif site was not diminished, suggest-
ing that these spacers do not provide robust autoimmunity.
This could be explained by the lack of uniform transcription
across the dif site (Figure 5B), which would limit type III-
A targeting in this region, allowing these spacers to be fixed
in the bacterial population. Surprisingly, the enrichment for
type II-A spacers around the terminus did not change (Sup-
plementary Figure S6A), raising the possibility of the exis-
tence of an unknown mechanism that prevents targeting by
different CRISPR types at these sites.

The negative selection of spacers matching the
rRNA/tRNA genes could be in principle a consequence
of their ability to trigger either Cas10-mediated DNA
degradation or Csm6-mediated growth arrest. To evaluate
each of these possibilities, we obtained the spacer acquisi-
tion patterns after continued targeting in the presence of
pCRISPR(dcsm6). We observed a similar pattern as the
one obtained with the full CRISPR system (Figure 5C),
suggesting that the Cas10 ssDNase activity is responsible
for the toxicity of the spacers derived from these highly
transcribed regions. In agreement with these findings, the
elimination of the targeting mediated by the Csm complex,
using pDR, restored the rRNA/tRNA-derived hotspots
of spacer acquisition (Figure 5D). These results suggest
that many of the early acquired spacers are not fixed in
the bacterial population due to their ability to activate
the Csm effector complex. To investigate this further, we
compared combinations of forward and reverse RNA-seq
reads and type III-A spacer reads sampled ∼24 h after
IPTG induction. We detected stronger correlations (higher
R-values) for reads matching the same strand of the ge-
nomic DNA; i.e., when the crRNA is not complementary
to the transcript and cannot trigger immunity, in the
pCRISPR and pCRISPR(dcsm6), but not pDR, samples
(Supplementary Figure S6B-D). These findings highlight
the value of inducible CRISPR adaptation assays to obtain
patterns of spacer acquisition that exclusively reflect the
activity and preferences of the adaptation machinery,
without the skew introduced by the targeting properties of
the integrated spacers.

AddAB facilitates type III-A spacer acquisition from free ds-
DNA ends

In type I and II systems, spacers are preferentially acquired
from free DNA ends (29,30). For both systems, the acqui-
sition hotspots at the chromosomal terminus (the dif and
ter sites for the S. aureus and Escherichia coli hosts, respec-
tively) have been attributed to the presence of DSBs (which
generate two free dsDNA ends) that occur during repli-
some stalling at these sites. For both systems, the acquisi-
tion hotspot is limited by the chi sites flanking the DSBs, a
result of the involvement of the host DNA repair systems in
the generation of substrates for spacer acquisition (AddAB
and RecBCD for S. aureus and E. coli, respectively) (29,30).

The presence of a similar hotspot at the dif site in the type
III-A spacer acquisition pattern suggested a similar mech-
anism for this system. To investigate if AddAB is involved,
we performed the inducible adaptation assay using a host
strain harboring an inactivating mutation in the nuclease
domain of AddA (addan) (29). In this genetic background,
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Figure 4. Cas1 and Cas2 are sufficient to determine the observed S. epidermidis type III-A acquisition pattern. (A) Schematic representation of the two-
plasmid system used in the inducible adaptation assay for S. epidermidis type III-A dcsm6 CRISPR-Cas system. (B) Agarose gel electrophoresis DR-PCR
products at different time points post induction of CRISPR adaptation in the presence of pCRISPR(dcsm6). (C) Abundance (RPM) of spacers acquired 3
h post induction of the S. epidermidis type III-A acquisition machinery in host cells harboring pCRISPR(dcsm6), mapped to the bacterial chromosome (10
kb bins). (D) Schematic representation of the two-plasmid system used in the inducible adaptation assay for S. epidermidis type III-A pDR (i.e. Δcas10-6
CRISPR-Cas system). (E) Agarose gel electrophoresis DR-PCR products at different time points post induction of CRISPR adaptation in the presence
of pDR. (F) Abundance (RPM) of spacer acquired 3 h post induction of the S. epidermidis type III-A acquisition machinery in host cells harboring pDR,
mapped to the bacterial chromosome (10 kb bins).
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A
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Figure 5. Autoimmunity shapes the type III-A spacer acquisition pattern. (A) Abundance (RPM) of spacers acquired overnight post induction of the S.
epidermidis type III-A acquisition machinery, mapped to the bacterial chromosome (10 kb bins). (B) Abundance (RPM) of S. aureus RN4220 RNA-seq
reads of either an rRNA depleted sample (purple) or an untreated sample (pink), in the vicinity of the dif site, single nucleotide resolution. (C) Abundance
(RPM) of spacers acquired overnight post induction of the S. epidermidis type III-A acquisition machinery in hosts carrying pCRISPR(dcsm6), mapped
to the bacterial chromosome (10 kb bins). (D) Abundance (RPM) of spacers acquired overnight post induction of the S. epidermidis type III-A acquisition
machinery in the presence of pDR, mapped to the bacterial chromosome (10 kb bins).

spacer acquisition was far less efficient and we could not de-
tect a PCR product containing the newly acquired spacers
at the 3 h time point with either type III-A (only expressing
Cas1–Cas2) or type II-A CRISPR-Cas systems. For type
III-A, a PCR band was detected after allowing acquisition
to happen overnight, however for type II-A we had to ex-
tract and sequence an ‘invisible band’ (45) (Supplementary
Figure S7A). For both systems, in the absence of a func-
tional AddAB complex there was a marked reduction in the
acquisition of spacers from the genome (Figure 6A, Supple-
mentary Figure S7B). We also looked for the presence of chi
sites limiting acquisition from the dif site. We found that in
wild-type hosts this hotspot abruptly drops in the proxim-
ity of its flanking chi sites (Figure 6B, Supplementary Figure
S7C). In the mutant host, however, chi sites no longer con-
fined the pattern of spacer acquisition. Finally, to demon-
strate that free DNA ends enhance type III-A CRISPR
adaptation, we used a strain engineered to have an I-sceI
cleavage site (29), and performed an inducible-adaptation
assay with either a plasmid encoding an IPTG-inducible I-
SceI endonuclease or an empty plasmid as a control. After
addition of the inducer to the staphylococcal cultures, both
type III-A and type II-A spacer acquisition patterns showed
an additional hotspot at the I-sceI site (Figure 6C, Supple-

mentary Figure S7D), which was limited by chi sites (Figure
6D, Supplementary Figure S7E). Taken together our data
shows that, similarly to type I and type II CRISPR-Cas
systems, free DNA ends promotes spacer acquisition by the
type III-A CRISPR-Cas system, a process that is stimulated
by the AddAB nuclease activity.

DISCUSSION

Here, we studied spacer acquisition into the type III-A
CRISPR-cas locus of S. epidermidis. We used an inducible
system that enabled us to control the timing of acquisition
and sample the spacer content of the bacterial population
at different times after induction. Using a similar setup,
we compared the results with the previously characterized
type II-A system of S. pyogenes, and found some common
characteristics as well as distinct features. Both systems can
use free dsDNA ends as substrates for spacer acquisition,
and this process is enhanced by the activity of the DNA-
repair machinery of the cell (AddAB in our experimental
system). This is also the case for type I CRISPR-Cas sys-
tems (30), and therefore seems to be a general mechanism
across diverse CRISPR-Cas systems, possibly due to the
high conservation of the Cas1–Cas2 integrase (14), the com-
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A

B

C

Figure 6. Adaptation in the S. epidermidis type III-A CRISPR-Cas system is facilitated by the AddAB helicase-nuclease and stimulated by free DNA ends.
(A) Abundance (RPM) of spacers acquired in an addan mutant host, 24 h post induction of the S. epidermidis type III-A acquisition machinery in the
presence of pDR, mapped to the bacterial chromosome (10 kb bins). (B) Details of the data within the dashed square shown in (A) (top panel) and for the
same region of the pattern shown in Figure 5D (bottom panel), focusing on the chromosomal terminus (dif, purple line) and flanking chi sites (grey lines);
(10 kb bins). (C) Abundance (RPM) of spacer acquired 3 h post induction of the S. epidermidis type III-A acquisition machinery in the presence of pDR,
along with either an empty plasmid (pEmpty, green) or an IPTG-inducible I-SceI endonuclease (pI-SceI, orange), mapped to the bacterial chromosome
(10 kb bins). (D) Details of the data within the dashed square shown in (C), focusing on the I-SceI cleavage site (red line) and flanking chi sites (grey lines);
(10 kb bins).
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plex thought to interact with pre-spacer DNA substrates
(49,50). A consequence of this general mechanism is the
acquisition of new spacer sequences from the chromoso-
mal terminus by types I, II and III systems, as this region
is subject to DSBs during replication termination (29,30).
However, using our inducible spacer acquisition assay, we
were able to demonstrate that the spacers acquired from
this region by both the S. epidermidis type III-A and the
S. pyogenes type II-A CRISPR systems, mediate inefficient
self-targeting, as cells harboring these spacers are not nega-
tively selected after prolonged induction of spacer acquisi-
tion. A possible explanation for the lack of targeting could
be the abundance of DNA repair machinery as well as ss-
DNA templates for homologous recombination at the dif
site (51), which could efficiently fix the DNA damage in-
flicted by the crRNA-guided Cas nuclease. If so, this would
represent an evolved mechanism of the host to lower the
cost of CRISPR autoimmunity at the chromosomal termi-
nus. In addition to this possibility, the absence of uniform
transcription across the dif site limits the activation of the
Csm complexes and thus prevents type III-A targeting at
the chromosomal terminus.

We also found several features of the spacer acquisition
mediated by the S. epidermidis type III-A system that are
not shared with all CRISPR types. One regards to the min-
imal module required for this process. Similar to type I sys-
tems (34,52), we found that cas1, cas2, and a leader-repeat
sequence are necessary and sufficient for the expansion of
the type III-A CRISPR array. This is different for type II
systems, which require additional cas genes, namely csn2
and cas9 (35,36). Another unique characteristic revealed by
this study is the lack of a sequence motif flanking the target
of the spacers acquired by the type III-A system. This re-
sult corroborates previous studies that failed to establish a
PAM requirement for efficient type III CRISPR immunity
(26,27) and contrast with the strong presence of PAMs for
the targets of type I and II spacers (35,53,54). A third dif-
ference is that, as opposed to type II-A spacer acquisition,
there is a general correlation between the transcription of a
given DNA region and the ability of the type III-A machin-
ery to acquire spacers from it. While this does not mean
that the new spacers are inserted in the appropriate direc-
tion to generate a functional crRNA (i.e. complementary
to the transcript), nor that highly transcribed genes are al-
ways the best substrates for spacer acquisition (see below),
this observation raises the possibility of an unknown mech-
anism that links these two cellular processes. A similar ob-
servation was reported for the type III-B CRISPR system
of M. mediterranea (39,40), which harbors RT-Cas1. It was
shown that RT-mediated spacer acquisition was correlated
to expression, but the direction of integration appeared to
be random (39).

The most striking unique attribute of type III-A spacer
acquisition is the presence of hotspots at the rRNA and
tRNA loci. Although much less pronounced than the
hotspots detected in our system, high frequency of spacer
acquisition from rRNA genes has been shown by the type
I-A and I-G CRISPR systems of Pyrococcus furiosus (55).
It was proposed that the high transcription of rRNA genes
could lead to the formation of R-loops and DNA-nicking,
which can result in DSBs upon replication and thus create

substrates for spacer acquisition. However, if DSBs are the
only driver of spacer acquisition for the type III-A system,
we would expect the type II-A system to display enriched ac-
quisition at these sites as well, as we observed at the I-SceI
cleavage sites. In contrast, the rRNA and tRNA hotspots
were exclusively observed in the type III-A system, implying
that these spacers are acquired by a different mechanism,
which does not stimulate acquisition by the type II-A sys-
tem. Importantly, in contrast to the spacers acquired at the
dif site, the rRNA/tRNA derived spacers were negatively
selected in the presence of the Csm effector complex, a result
that provides an explanation for the previous lack of detec-
tion of type III spacers that can be mapped to these loci (56).
In addition, we found that strong DNA transcription is not
sufficient to promote the high frequency of spacer acqui-
sition by the type III-A system. One example of this is the
variation in acquisition observed across tRNA genes, which
are similarly transcribed, sometimes as a single transcrip-
tional unit, yet there are different levels of spacer acquisition
from these loci. We wonder whether tRNA processing and
maturation (57,58), which could occur co-transcriptionally,
can affect the access of the acquisition complex to the DNA
of these genes. Another case is the 23S rRNA gene, which
is immediately adjacent to the 16S gene and has similarly
high transcription levels, but it is sampled by the CRISPR
acquisition machinery much less often. Again, we wonder if
variations in the co-transcriptional assembly of ribosomes
at the different rRNA loci (59), could dissimilarly hinder
the accessibility of this region to the acquisition machinery.
These instances suggest that there is an interplay between
the preference and the accessibility of the substrate DNA
that dictates which sequences are incorporated as new spac-
ers into the CRISPR array. While this manuscript was in
revision, other work showed that type III-A spacer acquisi-
tion in Streptococcus thermophilus is facilitated by ssDNA
secondary structures (60). It is possible that the DNA in
rRNA and tRNA genes of staphylococci could form such
secondary structures to enhance acquisition from these loci.
More generally, other mechanisms that could link transcrip-
tion of a given locus with spacer acquisition are the pres-
ence of regulatory cis sequences important for acquisition
and/or host trans factors that link the acquisition machin-
ery with specific promoters or RNAP. Such mechanisms
could also influence the acquisition from each rRNA gene
copy, which differences, if any, could not be detected in
our study due to the impossibility to map spacer reads to
identical genomic sequences. Interestingly, as opposed from
the ∼150 kb-long spacer acquisition hotspots that originate
from free dsDNA ends at the dif and I-sceI cleavage sites, the
hotspots mapping to rRNA and tRNA genes were only ∼10
kb in length, only spanned the transcribed sequences of the
DNA, and did not seem to be expanded by AddAB activ-
ity; i.e., are not limited by chi sites. The caveat of our anal-
ysis, which arbitrarily mapped spacer reads to all nearly-
identical rDNA loci, also needs to be mentioned. There is
the possibility that some of these loci are a more important
source of spacers than others. If that is the case, this could
constitute a useful tool to investigate the mechanistic details
of this unique mode of spacer acquisition.

In conclusion, although admittedly engineered, our in-
ducible CRISPR adaptation system allowed us to directly
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compare between two different CRISPR-Cas systems, type
III-A and type II-A, using different genetic backgrounds
for the same host with the same controlled induction condi-
tions. Our results revealed two distinct forms of type III-A
spacer acquisition. One originating at DSBs within poorly
transcribed DNA, enhanced by AddAB and limited by chi
sites, and another targeting highly transcribed rRNA and
tRNA genes and independent of AddAB activity. Future
work on hosts that naturally harbor type III-A CRISPR-
Cas systems will corroborate and possibly further develop
our findings.
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