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Prophage integration into CRISPR loci enables
evasion of antiviral immunity in Streptococcus
pyogenes

Andrew Varble ®'>, Edmondo Campisi?, Chad W. Euler?3, Pascal Maguin', Albina Kozlova,
Jessica Fyodorova®', Jakob T. Rostal', Vincent A. Fischetti? and Luciano A. Marraffini®"42

CRISPR loci are composed of short DNA repeats separated by sequences, known as spacers, that match the genomes of invad-
ers such as phages and plasmids. Spacers are transcribed and processed to generate RNA guides used by CRISPR-associated
nucleases to recognize and destroy the complementary nucleic acids of invaders. To counteract this defence, phages can pro-
duce small proteins that inhibit these nucleases, termed anti-CRISPRs (Acrs). Here we demonstrate that the ®AP1.1 temperate
phage utilizes an alternative approach to antagonize the type lI-A CRISPR response in Streptococcus pyogenes. Inmediately
after infection, this phage expresses a small anti-CRISPR protein, AcrllA23, that prevents Cas9 function, allowing ®AP1.1 to
integrate into the direct repeats of the CRISPR locus, neutralizing immunity. However, acrllA23 is not transcribed during lysog-
eny and phage integration/excision cycles can result in the deletion and/or transduction of spacers, enabling a complex modula-
tion of the type II-A CRISPR immune response. A bioinformatic search identified prophages integrated not only in the CRISPR
repeats, but also the cas genes, of diverse bacterial species, suggesting that prophage disruption of the CRISPR-cas locus is a

recurrent mechanism to counteract immunity.

(CRISPR) loci and CRISPR-associated (Cas) proteins pro-

vide prokaryotic organisms with adaptive immunity against
invading nucleic acids, including viruses' and plasmids®. CRISPR
loci are composed of short direct repeats (DRs) separated by simi-
larly short sequences, known as spacers, that match the genomes
of the invader. Usually, the terminal repeat (DRt) is not identical
to the rest of the DRs and marks the end of the CRISPR array’.
In the first phase of CRISPR immunity, new spacer sequences are
acquired from the infecting DNA and integrated between two
repeats in the CRISPR array'. In the second phase, spacers are tran-
scribed and processed to generate RNA guides used by Cas nucle-
ases to recognize and destroy the complementary nucleic acids
of invaders (also known as protospacers)>*’. Depending on the
content of CRISPR-associated (cas) genes, CRISPR loci are classi-
fied into six different types and multiple subtypes®. The type II-A
CRISPR-Cas system of Streptococcus pyogenes has been extensively
studied, not only for its role in phage defence”®, but also for the bio-
technological applications of its signature RNA-guided nuclease,
Cas9°'". During phage infection, a small number of cells acquire
a 30-nucleotide spacer sequence from the viral genome, which
is integrated between the 36-nucleotide DRs'***. DRs and spac-
ers are transcribed into a single pre-CRISPR-RNA (pre-crRNA),
which is subsequently processed into mature crRNA guides after
interaction of the DR and the 5’ end of the trans-activating crRNA
(tracrRNA, a small RNA cofactor of Cas9)"”. The double-stranded
RNA formed through this interaction is cleaved by RNase III'® to
create the mature crRNA used by the Cas9 nuclease to find com-
plementary targets in invading DNA'’. Target recognition requires
the presence of a short motif flanking the protospacer (protospacer

( :lustered, regularly interspaced, short, palindromic repeat

adjacent motif, PAM)'®, and leads to cleavage and destruction of the
infecting genome®.

Phages have evolved anti-CRISPR (Acr) proteins to prevent the
function of different type II Cas9 nucleases'’~*. Acrs are typically
present in temperate phages and are robustly transcribed in both the
lytic and lysogenic cycles immediately after infection***. However,
high levels of transcription of the acr operon interfere with the
proper transcription of other viral genes required for the later stages
of the infection cycle and must be reduced shortly after infection.
This is accomplished by the anti-CRISPR-associated (aca) repres-
sor, a protein containing a helix-turn-helix DNA-binding domain
that regulates the transcription of the operon®-”. Interestingly, Aca
repression is not complete, allowing prophages to produce low lev-
els of Acr that can inhibit CRISPR immunity in the lysogen®.

S. pyogenes (also known as the group A streptococcus), an
important human pathogen, is the causative agent of a variety of
diseases such as scarlet fever, pharyngitis, impetigo, cellulitis, nec-
rotizing fasciitis and toxic shock syndrome*. A large number of the
virulence genes responsible for S. pyogenes pathogenicity are har-
boured within prophages integrated throughout the chromosome?’.
Integration typically occurs after the injection and circularization of
the viral genome, during the lysogenic cycle of temperate phages®.
It usually requires recombination between specific sequences in the
phage (attP) and the bacterial (attB) DNA, which generates two
new sites at the left (attL) and right (attR) borders of the inserted
prophage. Changes in the environment causing bacterial stress
can induce the lytic cycle of the prophage, resulting in the excision
and replication of the viral genome, followed by the formation and
release of new viral particles that can infect other hosts*. In S. pyo-
genes, this process contributes to the spread of the virulence genes
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Fig. 1| ®AP1.1lysogenization into the CRISPR locus. a, Recombination between the attP site of ®AP1.1 (orange) and the attB site present in the direct repeat
(DR, black) of S. pyogenes type II-A CRISPR loci. The mutations of the terminal repeat (DRt) are shown in grey. Recombination results in prophage integration
and the generation of attL and attR sites that will recombine during prophage induction and excision. b, Type II-A CRISPR-cas locus of S. pyogenes K56,
showing DR1, DR2 and DRt as white or grey boxes; spacers as coloured boxes. Orange arrowheads indicate the three possible integration sites of ®AP1.1in the
different repeats. Arrows indicate the primers that anneal on the host (black) or phage (orange) genome to amplify the resulting attL or attR sites. ¢, Agarose
gel electrophoresis of the attL or attR PCR products obtained after the amplification shown in b. Orange arrowheads indicate the inferred integration sites.
Representative of three independent replicates. d, Frequency of lysogens (n=100) carrying attL or attR sites in each of the DRs of the K56 CRISPR locus.

e, Frequency of lysogens (n=100) carrying different numbers of spacers. f, Same as d but showing the combined distribution of attL or attR sites.

carried by the temperate phages”. A bioinformatic study reported
two closely related S. pyogenes strains (SSI-1 and MGAS315) har-
bouring prophages inserted into the repeats of their type II-A
CRISPR array” — an observation that suggests a previously uniden-
tified mechanism used by phages to inhibit CRISPR. Here we stud-
ied a member of this temperate phage family, ®AP1.1, to determine
whether and how type II-A CRISPR-Cas immunity is affected by
prophage integration into the CRISPR repeats.

Results

The temperate phage ®APIl.1 integrates into the repeat
sequences of the S. pyogenes type II-A CRISPR array. In agree-
ment with previous analyses**’, we found 12 different S. pyogenes
strains harbouring almost identical prophages inserted into the type
II-A CRISPR array (Extended Data Fig. 1a). In most cases, these
genomes contained a single degenerate terminal repeat (DRt) that
was interrupted by the viral genome. To understand whether and
how temperate phages integrate into the type II-A CRISPR locus,
we isolated the phage ®AP1.1 from strain AP1°' (Extended Data
Fig. 1b), a cos phage harbouring an attP sequence with 8 bp identical
to nucleotides 7-14 of the DR, and DRt, which is its at¢B site (Fig. 1a).
To facilitate the isolation and quantification of lysogens, we added
a spectinomycin resistance cassette to ®AP1.1 (Extended Data
Fig. 1b). This phage was then used to infect S. pyogenes K56, a
strain containing a CRISPR array of 2 spacers, 2 DRs and one DRt
(Fig. 1b). We extracted genomic DNA from bacteria collected 24h
after infection and performed PCR with primers that specifically
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amplify the attL and attR. We obtained three PCR products sepa-
rated by approximately 66 bp, indicative of phage integration into all
the repeats, with a preference for DR1, DR2 and then DRt, according
to the intensity of the DNA band (Fig. 1¢). A similar analysis of 100
individual spectinomycin-resistant colonies (presumably lysogens)
showed that indeed, ®AP1.1 integrated into every direct repeat, but
with a marked preference for DR1 (Fig. 1d). Prophage integration
typically conserved the original repeat-spacer content, with 75/100
lysogens maintaining the two original spacers (Fig. le) where the
attL and attR are inserted into the same repeat (Fig. 1f). A fraction
of the insertion events led to CRISPR rearrangements that resulted
in either the deletion of one or both spacers (23/100, Fig. 1e) where
the attL and attR were located across different repeats (Fig. 1f),
or in spacer duplication events (2/100, Fig. le and Extended Data
Fig. 1c). We also deleted the integrase gene of this phage, generating
DAP1.14", which failed to produce lysogenic integration into the
CRISPR array (Extended Data Fig. 1d,e). Finally, after analysis of
110 spectinomycin-resistant colonies, we were unable to detect pro-
phage integration into other attB-like sites of the genome (Extended
Data Fig. 2). These data demonstrate that although ®AP1.1-like
phages are typically detected within a single DRt, they are able to
integrate into any repeat of a CRISPR array using a site-specific
recombinase, with a preference for the first DR.

®AP1.1 integration disrupts spacer transcription and crRNA
processing. To determine whether lysogenization could be possible

in the presence of a spacer that targets the infecting phage, we used
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Fig. 2 | Disruption of CRISPR function by ®AP1.1 lysogenization. a, S. pyogenes

CEMTA® type II-A CRISPR-cas locus (wild-type, wt) and the mutant

lacking spacer-repeat units 2, 3, 4 and 5 (A2-5). b, Transformation of the pC194 plasmid or a modified version harbouring a target for spc4 from ®AP1.1,
pTgt4, after electroporation of wt or (A2-5) S. pyogenes CEM1A® competent cells. Mean +s.d. of three biological replicates are reported. Two-tailed
unpaired t-test was used to calculate P value. ¢, Frequency of lysogens (n=100) carrying attL or attR sites in each of the DRs of the CEMTA® CRISPR

locus. d, Frequency of lysogens (n=100) carrying different numbers of spacers.

e, Same as ¢ but showing the combined distribution of attL or attR sites.

f, Transformation efficiency (relative to a pC194 vector control) of plasmids harbouring targets for spc4, spcl or spc5 (pTgt4, pTgt1 or pTgt5, respectively)
after electroporation of wt or lysogenic S. pyogenes CEM1A® competent cells. The ®AP1.1 integration site for each lysogen is indicated. Mean +s.d. of three
biological replicates are reported. g, Northern blot analysis of spc4, spcl and spc5 crRNAs, as well as 55 rRNA produced by the strains transformed in f.

S. pyogenes CEM1A®*, an SF370* derivative lacking all prophages
(Fig. 2a) but harbouring a spacer (spc4) that matches ®API.1
(although with a single mismatch at nucleotide position 48 that does
not impact targeting; Extended Data Fig. 1b,f). We transformed this
strain and a mutant lacking spacers 2-5 (CEM1A®(A2-5)) with a
plasmid harbouring the phage target (pTgt4) and confirmed that this
sequence is targeted by the type II-A CRISPR-Cas system (Fig. 2b).
We then infected strain CEM1A® with ®AP1.1 and analysed the
location of attL and attR by sequencing the PCR products of 100
lysogens. Interestingly, integration of the attL was only observed
in the first 5 DRs, but not in DR6 or DR, of the CRISPR array of
strain CEM1A® (Fig. 2c). Other parameters were similar to those
obtained for the non-targeting strain K56, with a low frequency of
spacer deletions (Fig. 2d,e). The presence of spc4 in most lysogens
suggested that the immunity mediated by this spacer was neutral-
ized by the insertion of ®AP1.1 into the CRISPR array. Indeed, tar-
geting of the pTgt4 plasmid was abolished in lysogens that had the
prophage integrated into DRs 1-5 (maintaining the entire spacer
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repertoire), as well as a lysogen where all spacers were eliminated
due to integration into both DR1 and DRt (DR1-t, Fig. 2f).

We also measured type II-A immunity mediated by spcl and spc5
through transformation of additional plasmids harbouring targets
for each of these spacers (Fig. 2f). Immunity by spcl was abolished
by the presence of prophages integrated into DR1 and DR?2, that is,
immediately upstream and downstream of the targeting spacer. For
spc5, all prophages were integrated in upstream DRs and eliminated
efficient targeting. Taken together, these data suggest that all spac-
ers downstream of the prophage integration site, as well as the one
immediately upstream, lose their ability to provide immunity, most
likely due to interruption of the transcription of the CRISPR array
or crRNA processing'® (Extended Data Fig. 1g,h). We confirmed
this hypothesis after northern blot analysis of spc4, spcl and spc5
crRNAs (Fig. 2g). Furthermore, we corroborated this pattern of
integration by infecting S. pyogenes strain NCTC13743 (accession
number NZ_1.5483384), in which the type II-A CRISPR array con-
tains three spacers that target ®AP1.1: spc2, spc6 and spc9 (Extended
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Fig. 3 | ®AP1.1 carries a type II-A CRISPR-Cas inhibitor, AcrllA23.

a, Lysogenization rates of ®AP1.1, ®AP1.1447A23 or OAPT 14ecrlA2-esc ftar
infection of wt or (A2-5) S. pyogenes CEM1A® cells. Mean + s.d. of three
biological replicates are reported. b, Transformation efficiency (relative

to a pC194 vector control) of the pC194 plasmid or a modified version
harbouring a target for spc5 (pTgt5) after electroporation of S. pyogenes
CEM1A® competent cells carrying the pLZ12 vector or a version expressing
AcrllA23 under the control of a tetracycline-inducible promoter, in the
presence or absence of aTc. Mean + s.d. of three biological replicates are
reported. Two-tailed unpaired t-test was used to calculate P value.

Data Figs. 1b, 3a—c). We found that a majority of phages integrated
either into DR2 or DR3, neutralizing the immunity provided by all
three targeting spacers (Extended Data Fig. 3d), or downstream of
DR3, in which case deletions encompassing the upstream targeting
spacers were also detected. These results demonstrate that lysogeni-
zation of ®API1.1 into repeats neutralizes immunity, either by pre-
venting the biogenesis of the targeting crRNA or through deletion
of the targeting spacer DNA.

®AP1.1 harbours an inhibitor of the S. pyogenes type II-A
CRISPR-Cas system. Even if integration into the CRISPR repeats
inhibits immunity, targeting of the ®AP1.1 DNA immediately after
infection by Cas9 moleculesloaded with spc4 crRNA should decrease
its frequency of lysogenization. Surprisingly however, the number of
lysogens after infection of CEM1A® and CEM1A®(A2-5) strepto-
cocci were almost identical (Fig. 3a). Similarly, only about a 10-fold
reduction in lysogens was observed when the triple-targeting S. pyo-
genes strain NCTC13743 was infected with ®AP1.1 compared with
its non-targeting mutant derivative NCTC13743(A1-10) (Extended
Data Fig. 4a). These results suggest the presence of a mechanism
that avoids Cas9 targeting before integration occurs.

®API.1 contains a four-gene locus with a similar arrange-
ment as an anti-CRISPR (acr) region previously identified by our
lab in the listeriophage ®LS46%, that is, it occurs at the end of the
phage genome and it is transcribed in the opposite direction of the
Iytic genes (Extended Data Fig. 1b). Due to difficulty in detecting
plaque-forming units after treatment of S. pyogenes with ®API1.1,
we used a Staphylococcus aureus heterologous system to determine
whether the genes of this operon are capable of inhibiting the type
II-A CRISPR-Cas response against phage infection (Extended Data
Fig. 4b,c). ORF2 inhibited Cas9, but did not display amino-acid
homology to previously identified Acrs, and therefore we named
it AcrlIA23, according to the current nomenclature®. To test
whether AcrIIA23 is active in S. pyogenes, we transformed strain
CEMI1A® with the streptococcal plasmid pLZ12* or a version con-
taining AcrIIA23 under the control of an anhydrous tetracycline
(aTc) inducible promoter, pLZ12-AcrIIA23. To measure type II-A
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immunity, each of these strains was then transformed with a second
plasmid containing the spc5 target sequence, pTgt5, or an empty
vector control, pC194, in the presence or absence of aTc (Fig. 3c).
We found that in the absence of AcrIIA23 expression, there was low
transformation efficiency for pTgt5 and that this was reverted to
high levels by the addition of aTc. Altogether, these results demon-
strate that ®API1.1 harbours a previously unidentified inhibitor of
the S. pyogenes CRISPR-Cas immune response.

AcrlIIA23 is required for @AP1.1 lysogenization under targeting
conditions. To investigate the importance of AcrIIA23 for ®AP1.1
lysogenization under targeting conditions, we generated a phage
with a deletion of the inhibitor gene (which extended into ORF1 as
well, since deletion of ORF2 only was not possible), @AP1.1441423,
Infection with this mutant phage showed that, in contrast to the
wild-type ®API1.1, integration into the CRISPR array of strain
CEMIA®, but not in that of CEM1A®(A2-5), was markedly
impaired (Fig. 3a). A similar trend in lysogenization was detected
when strain NCTC13743 was infected with the @ AP1.144"142 phage
(Extended Data Fig. 4a). These results suggest that Cas9 cleavage of
the phage genome in the absence of the inhibitor prevents lysog-
enization. To corroborate this, we isolated @ AP1.14er 425 3 yirus
able to escape Cas9 targeting'®* due to the presence of a mutation in
the PAM of the spc4 target (Extended Data Fig. 1e), and found equal
levels of lysogen formation in the presence or absence of a target-
ing spacer (Fig. 3a). Importantly, in contrast to wild-type ®AP1.1
(Fig. 2c), this mutant phage also integrates into DR6 and DRt
(Extended Data Fig. 5a,b). These two integrations do not affect spc4
crRNA generation (Extended Data Fig. 5¢) or immunity against
pTgt4 (Extended Data Fig. 5d). On the basis of these results, we
conclude that, through the inhibition of type II-A CRISPR-Cas tar-
geting, AcrIIA23 protects the phage during the early stages of infec-
tion, allowing ®AP1.1 integration into the CRISPR array.

acrlIA23 transcription is turned off during ®API.1 lysog-
enization. Despite carrying an active inhibitor of the type II-A
CRISPR-Cas immune response, the ®AP1.1 prophage does not
prevent plasmid targeting when the crRNA is still produced by
the host (Fig. 2f). This is a striking contrast to other Acrs found
in prophages, which are active during both the lytic and lysogenic
stages of infection*. Using next-generation RNA sequencing
(RNA-seq), we detected expression of a transcript spanning ORF1
and the inhibitor (as well as another containing ORF3 and ORF4)
as early as 5min after infection, continuing for the duration of the
lytic infection (Fig. 4a). In contrast, when we performed RNA-seq
of a lysogen where ®AP1.1 was integrated into DR3, we found that
only the ORF3-ORF4 mRNA is produced (Fig. 4b). These results
demonstrate that ®API1.1 harbours a conditional inhibitor that is
transcribed, and thus active, during the lytic but not during the
lysogenic cycles of this temperate phage.

Aberrant ®API1.1 excision during prophage induction can
transduce immunity. In most of the strains sequenced to date,
®AP1.1-like phages are located in a spacer-less CRISPR locus,
flanked by a partial DR and a DRt (Extended Data Fig. 1a). In
our lysogenization experiments, we observed that integration into
a full CRISPR array can lead to spacer deletions (Figs. le, 2d and
Extended Data Fig. 3d). We hypothesized that the cycling between
integration and ‘unproductive’ excision, that is, the rare cases when
the phage does not complete its lytic cycle and does not kill the host
upon induction®, could eventually lead to the elimination of all
spacers and the pattern typically observed in sequenced S. pyogenes
genomes. To investigate this, we grew two CEM1A®(PAP1.1) lyso-
gens with prophage insertions in DR3 and DR5 for 24h in liquid
media containing mitomycin C (MMC) to trigger rounds of induc-
tion and integration. We then collected bacteria and amplified the
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Fig. 4 | AcrllA23 is not transcribed from ®AP1.1 prophages. a, RNAseq of
S. pyogenes CEM1A® cells at different times after infection with ®AP1.1. The
fraction of reads (relative to the total number of RNA-sequencing reads)
that map to the acr region of the phage are plotted. b, Same as a but using
RNA from a culture of S. pyogenes CEM1A® (®AP1.1::DR3) lysogen. The
experiment was performed once.

attL and attR sites to detect changes in the number of spacers that
flank each integration site. For the prophages originally inserted
into DR3, we did not detect changes in the attL site, but the attR site
appeared in PCR products of smaller sizes that indicated a location
more proximal to the terminal repeat, either due to the deletion of
spacer-repeat units, or re-insertion into repeats downstream of DR3
(Fig. 5a). Importantly, these new PCR products were diminished
in the absence of MMC treatment, indicating that phage excision
may lead to spacer deletion or rearrangement. A similar result was
obtained with the prophage originally inserted in DR5 (Extended
Data Fig. 6a).

The possibility that spacers are deleted during ®AP1.1 induction
raises the question of whether these spacers can become part of the
viral genome during prophage excision. In principle, every DR and
DRt contains both attR and attL sites (Fig. 1a) and therefore can be
used by the phage integrase during excision. Amplification of the
attP site of the phages induced with MMC produced a DNA frag-
ment consistent with the size of an additional spacer-repeat unit,
which was not seen when DNA from the ®API.1 stock was used
as template (Fig. 5b). PCR amplification of the attP using spcl- or
spc2-specific primers indicated the presence of spacer-repeat units
in the viral DNA (Extended Data Fig. 6b—e). To obtain a more accu-
rate representation of the population of spacer-carrying phages,
we subjected the attP amplicons with a larger size than expected
(Fig. 5b) to next-generation sequencing, to obtain the relative
fraction of reads of each spacer (Fig. 5¢). We observed a ‘proxim-
ity’ effect, whereby the spacer sequences most commonly found
in excised viral genomes were the closest to the DR in which the
prophage was originally integrated, that is, spcI was the most com-
monly acquired spacer by phages previously residing in DR1 and
DR2, spcl and spc2 for DR3, and spc3 and spc4 for DR4 and DR5.
However, this trend was not perfectly uniform and the results there-
fore suggest that there are certain hotspots where attP formation is
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preferred. This was also reflected in the number of repeat-spacer
units that were excised along with the prophage. Whereas pro-
phages integrated into DR1 and DR2 typically contained a single
unit, at least half of the spacer-contaning reads of the DR3-5 lyso-
gens contained two or more spacers (Fig. 5d).

The presence of repeat-spacer units in viral particles suggests
that these could be added to the CRISPR array of new hosts fol-
lowing lysogenization (Extended Data Fig. 6f). To test this, we used
MMC to induce CEM1A® (®AP1.1) lysogens in which the pro-
phage was integrated into DR3, DR4, DR5 or a non-lysogen as a
control. Viral particles were filtered from the culture supernatants
and used to infect strain K56. PCR analysis of the surviving lyso-
gens, using primers that anneal outside of the K56 CRISPR array in
combination with primers that anneal to either the top or bottom
strand of spcl or spc3 sequences from the CEM1A® CRISPR locus,
resulted in many different products for each lysogen population,
with different numbers and mixtures of repeat-spacer units (Fig. 5¢).
This was most likely a consequence of the presence of several repeat
sequences in both phage and bacterial genomes, each being a suit-
able attP and attB site, respectively, thus multiplying the possibilities
for integration (Extended Data Fig. 6f). From this data, we conclude
that all of the three ®API.1 populations were able to transduce
spcl and spc3 from the CEM1A® strain into the CRISPR locus of
the K56 strain. Sanger sequencing of PCR products obtained after
transduction with a ®AP1.1 prophage previously integrated in the
DR3 of CEM1A® confirmed this conclusion (Fig. 5e).

Diverse instances of prophage integration into CRISPR-cas loci.
To determine whether phage integration into CRISPR-cas loci is a
unique feature of S. pyogenes, we performed a bioinformatic search.
We identified prophages integrated into both cas genes and CRISPR
arrays primarily in various type I subtypes (Fig. 6), which har-
boured both site-specific integrases and non-specific, Mu-type-like
integrases’™!. We also found two Streptococcus species with
phages encoding site-specific recombinases integrated into a type
II-A CRISPR repeat. One prophage closely resembled ®API1.1 in
S. pyogenes and was inserted into CRISPR repeats downstream of
the cas genes (S. dysgalactiae); the other was inserted into an iso-
lated type II-A CRISPR array distant from the cas gene operon
(S. canis). Compared to most of the S. pyogenes cases, however, the
CRISPR array was not reduced to a single repeat. Finally, a subset of
the CRISPR-Cas systems contained spacers targeting the interrupt-
ing prophage (Extended Data Fig. 7), suggesting that integration
disabled immunity. We also looked for the distribution of AcrIIA23
across phage genomes (Supplementary Table 1). We found it in mul-
tiple S. pyogenes prophages, and approximately half of these are inte-
grated into the type II-A CRISPR locus. Most of the other AcrIIA23
homologues were located in prophages that integrate upstream of
the glgP gene. Interestingly, in all cases regardless of the prophage
integration site, AcrIIA23 is part of the same four-gene operon, sug-
gesting the presence of a regulation mechanism similar to the one
found in ®AP1.1.

Discussion

Here we describe the interaction between the temperate phage
®AP1.1 and the type II-A CRISPR-Cas system of its host, S. pyo-
genes. Notably, this phage uses the CRISPR DR sequence as the
attachment site for integration and produces an anti-CRISPR,
AcrlIA23, that is only expressed during the lytic portion of its
replication cycle. This particular mode of insertion eliminates
the immunity of spacers located downstream and immediately
upstream of the attL, but does not affect the function of spacers fur-
ther upstream (Fig. 2f). Therefore, ®AP1.1 integration can selec-
tively turn off the immunity provided by different sets of spacers — a
mode of action different from previously described anti-CRISPRs
that broadly turn off CRISPR function. This could be exploited
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Fig. 5 | ®AP1.1 mediates the transduction of CRISPR spacers. a, Agarose gel electrophoresis of the attL or attR PCR products obtained after treatment
of S. pyogenes CEM1A® (®AP1.1::DR3) lysogens with MMC. Primers used and the expected products are shown in the diagrams to the right. Black
arrowheads indicate PCR products that lack a number of the expected spacer-repeat units. Representative of 3 independent replicates. b, Same as a
but after amplification of the ®AP1.1 attP site. s’ indicates a control amplification of a phage stock that has never been lysogenized. Representative of 3
independent replicates. ¢, DNAseq of the attP amplification products obtained via PCR after induction of ®AP1.1 prophages integrated in the indicated
DR. The fraction of reads (relative to the total attP reads with an additional spacer) corresponding to each spacer sequence associated with the attP
site is shown. d, Distribution of the number of spacers associated with the attP in c. e, Agarose gel electrophoresis of PCR products obtained from

the amplification of the CRISPR locus of S. pyogenes K56 lysogens generated after infection with lysates obtained from S. pyogenes CEMTA® lysogens
where ®AP1.1 was integrated into DR3, DR4, DR5 or DR1-t (lacking all spacers). Top diagram shows the K56-, spci- or spc3-specific primers indicated as
black, red or green arrows, respectively. Diagrams next to gels show the spacer composition of 14 different PCR products of the CRISPR locus that were
sequenced, these products being obtained after transduction of S. pyogenes CEM1A® (®AP1.1::DR3) lysates.

by ®AP1.1 (and related phages) to (1) neutralize spacers that tar-
get its genome, but at the same time maintain the immunity pro-
vided by other spacers against competitor phages and (2) allow
the acquisition of new, functional spacers in the first position of
the CRISPR array. Furthermore, due to the presence of multiple
attL and attR sites — one in every upstream and downstream DR,
respectively — induction of the ®AP1.1 prophage can result in the
incorporation of repeat-spacer units into the viral genome and their
subsequent transduction (Fig. 5e). Such spacer transduction events
would increase the range of viral targets in the CRISPR system in an
adaptation-independent manner, and benefit both the residing pro-
phage and its host. Both the gain- and loss-of-function of spacers
that result from integration of ®AP1.1 into the CRISPR array could
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play an important role in the restriction or tolerance of prophages
targeted by type II-A immunity, including those carrying virulence
genes that play fundamental roles in the different manifestations of
group A streptococcus disease”’. In most of the S. pyogenes strains
sequenced so far, ®AP1.1-related prophages are integrated into a
single DRt element (Extended Data Fig. 1a). We suggest that after
the initial insertion into a full CRISPR array, subsequent rounds of
excision and integration over evolutionary timescales ultimately
erase all repeat-spacer units. Although a rare event that requires the
excision without lysis, this process is termed ‘active lysogeny” and
is known to occur in some S. pyogenes and Listeria monocytogenes
prophages®. We hypothesize that the lack of spacers in most ®AP1.1
lysogens decreases barriers against viral infection, facilitating
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Fig. 6 | Prophage integration into other CRISPR-cas loci. Schematic of phages

integrated into either CRISPR or cas loci. Blue arrows, cas genes; red arrows,

non-cas genes; white squares, CRISPR repeats; green squares, spacers; numbers indicate the quantity of repeats or spacers in the CRISPR array. Prophage
insertions are marked by an orange arrowhead, with the name of the cas gene that contains the integration site indicated. The bacterial strain, CRISPR type,
the presence of spacers targeting the inserted prophage and the type of integrase are shown to the right of the locus representation.

the incorporation of multiple prophages, and therefore allowing
lateral gene flow that plays a critical role in S. pyogenes survival and
colonization of the human host*.

Following robust transcription at the onset of phage infection, acr
genes are repressed by anti-CRISPR associated (Aca) transcription
factors to prevent the deleterious effects of the acr high transcrip-
tion on the downstream phage genes***". The acr region of ®AP1.1
contains two genes, orf3 and orf4, which are transcribed during
lysogeny. Since aca genes are invariably found in the vicinity of acr
genes’***, we hypothesize that orf3 or orf4 produces the Aca that
regulates transcription of acrIIA23, providing the tight repression
that is observed in the ®AP1.1 prophage. Regardless of the mecha-
nism that prevents acrIIA23 transcription in ®AP1.1 lysogens, the
absence of Cas9 inhibition after integration only selects prophage
insertions that prevent the generation of the targeting crRNA. This
resembles the strategy used by listeriophages harbouring AcrIIA12,
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which binds to Cas9 and triggers its degradation*®. While this mode
of inhibition functions during lysogeny, it is not efficient enough to
protect the phage during lIytic infection, and therefore other, more
rapid inhibitors are required during this stage.

Interestingly, we found cases of prophage integration within
other CRISPR-cas loci, mostly encoding type I systems. Some of
these prophages carry Mu-like integrases, which lead to lysogeniza-
tion in random places of the host genome***'. Therefore, these tem-
perate phages do not seem to have developed a specific mechanism
to target CRISPR loci. On the other hand, many of the other pro-
phages appear to encode site-specific integrases and it can therefore
be hypothesized that these have evolved to ‘weaponize’ lysogeniza-
tion, that is, disrupt the expression of the CRISPR-cas locus and its
immunity. Our study presents a unique dynamic in the parasite-
host conflict, where the phage can modulate CRISPR immunity in
streptococci and possibly other bacteria through lysogenization.
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Methods

Bacterial strains and growth conditions. Culture of S. pyogenes and S. aureus

was carried out in brain-heart infusion (BHI) medium at 37 °C. For S. pyogenes,
liquid experiments were carried out in 10 ml medium in 15ml conical tubes

unless otherwise noted. S. pyogenes media was supplemented with 5pgml™
chloramphenicol or 50 pgml™" spectinomycin for plasmid maintenance and/

or lysogen selection. For S. aureus, liquid experiments were carried out in 3 ml
medium in 15ml conical tubes. S. aureus medium was supplemented with 5pgml~!
chloramphenicol or 10 pg ml™" erythromycin for plasmid maintenance and/or
strain selection. All strains used in this study are listed in Supplementary Table 2.

Induction of lysogens. To isolate phage, overnight cultures of the indicated
lysogens were diluted 1:50 into 10 ml BHI and grown at 37 °C without agitation. At
ODjy, =0.3, cells were induced with 0.5 pg ml~' mitomycin C. At 4h post induction,
cells were spun down and the supernatant was filtered through 0.45 pm syringe
filters (Acrodisc).

Strain construction. To make S. aureus strains with the integrated SF370 CRISPR
locus (JAV17 and JAV16, Supplementary Table 2), pCL55-integration plasmids
were constructed containing the SF370 cas genes with the wildtype CRISPR

array (pAV121) or with a CRISPR array containing a ®NM4y4-targeting spacer
(pAV122) (5-TGATACATTAACATTTAGTAAATCATTACG-3’). These vectors
were transformed in RN4220, recovered at 30 °C for 2h, and plated on 5pgml™
chloramphenicol. Integration was confirmed using primers 0GG50 and 0GG96.
Primers used in this study are detailed in Supplementary Table 3.

Deletions of spacers in S. pyogenes strains CEM and NCTC 13743 were isolated
by curing ®AP1.1-spec lysogens. Prophages were cured by transforming lysogens
as described in the transformation assay section, with a plasmid containing
the SF370 type II-A cas9 with a CRISPR array targeting the ®AP1.1-spec,
pAV315 (5-TATATTTGGTGTGAAAGAAAGAAGCACATG-3’). Following
transformation, clones were isolated and CRISPR arrays were screened using
primers AV1171 and AV1015 to detect spacer deletions. Positive clones were
then passaged without selection for two 1:100 dilutions and patched on plain and
chloramphenicol plates to isolate clones that had lost the targeting plasmid.

Phage construction. To create ®AP1.1-spec, the K56 strain of S. pyogenes was
transformed with pAV329, a plasmid containing spectinomycin resistance cassette
and ~1 kb phage-homology arms, to insert the antibiotic resistance cassette
immediately downstream of the phage integrase in the lysogeny region. This strain
was diluted 1:50 into 10 ml BHI, supplemented with 5mM CaCl,, grown at 37°C
without agitation and infected with ®AP1.1 at ODg,,=0.3. The resulting lysate
was filtered through 0.45 pm syringe filters (Acrodisc) and used to infect K56. At
5h post infection, cells were plated on 50 pg ml~" spectinomycin. Insertion of the
spectinomycin cassette into ®AP1.1 was confirmed using primers AV1277 and
AV1298.DAPL.14M

To create ®AP1.14", the K56 strain of S. pyogenes was transformed
with pAV480, a plasmid removing the tyrosine site-specific integrase with
~1 kb phage-homology upstream and downstream. This strain was diluted
1:50 into 10 ml BHI and supplemented with 5mM CaCl,, grown at 37°C
without agitation and infected with ®AP1.1-spec at OD4,=0.3. The resulting
lysate was filtered through 0.45 pm syringe filters (Acrodisc) and used to
infect a CEM strain containing a plasmid expressing a type III-A CRISPR-

Cas system from S. epidermidis with a spacer targeting the integrase (5’-
GAACTATTTATCAGTCATATACATTTTTGTGTGGCCAAG-3] pAV483).
Overnight cultures of CEMA®(A2-5) (300 pl) were transformed with pAV483,
mixed with 5ml 50% BHI agar, supplemented with 5mM CacCl, and infected.
Escaper plaques were isolated and replaqued on this strain. Phage DNA was
isolated and primers AV1201 and 1430 were used to amplify the targeted region.

DAPI1.14%42 deletion was isolated by passaging ®AP1.1-spec on
a CEM strain containing a plasmid expressing a type III-A CRISPR-

Cas system from S. epidermidis with a spacer targeting acrIIA23 (5’-
ATATTCCATTTTATTTCTCCTTATTACATAGATAA-3] pAV449). Overnight
cultures of CEMA®(A2-5) (300 pl) were transformed with pAV449, mixed

with 5ml 50% BHI agar, supplemented with 5mM CaCl, and infected with
DAPI.1-spec. Escaper plaques were isolated and replaqued on this strain. Phage
DNA was isolated and primers AV1339 and 1340 were used to amplify the targeted
region. A phage was isolated with a deletion spanning nucleotides 37,881 to 39,044
of the ®AP1.1-spec genome, encompassing acrl[A23 and orfl.

Isolation of ®@AP1.14#MA2><c escaping from spacer 4 targeting of SF370 CRISPR
array was carried out by passaging ®AP1.144"" on a CEM strain containing a
plasmid expressing a type II-A CRISPR spacer (pAV392). Spacer 4 from SF370
contains a mismatch at position 8 when targeting the ®AP1.1, which was corrected
in the spacer cloned into pAV392 to perfectly target @AP1.1. Overnight cultures
of CEMA®(A2-5) with pAV392 (300 pl) were mixed with 5ml 50% BHI agar,
supplemented with 5mM CaCl, and infected with @ AP1.144"4%, Escaper plaques
were isolated and replaqued on this strain. Phage DNA was isolated and primers
AV1127 and AV1128 were used to amplify the spacer 4 target region; a phage
with a G to A mutation in the first PAM position was isolated for subsequent
experiments.
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Phage sequencing. ®AP1.1-spec DNA was purified as previously described®.
Phage DNA was sheared to 300 bp using the Covaris Ultrasonicator $220. Sheared
DNA was prepared using the TruSeq Nano kit (Illumina) and sequenced using
150-nucleotide single-end read with an Illumina MiSeq. The phage genome was
assembled using SPAdes™ and the phage cos site was predicted using PhageTerm®'.

Quantification of lysogens. To quantify lysogens, the indicated strain was diluted
1:30 into BHI supplemented with 5mM CaCl, At ODg,,=0.3, cultures were
infected with 50 ul @AP1.1-spec. Cells were collected 90 min post infection and
plated on BHI plates with 50 pgml~" spectinomycin. Individual colonies were
restreaked and genomic DNA was isolated by resuspending colonies in colony
lysis buffer (250 mM KCI, 5mM MgCl,, 50 mM Tris-HCl at pH 9.0, 0.5% Triton
X-100) supplemented with 500U PlyC** and incubated at 37 °C for 20 min, then at
98°C for 10 min. Samples were centrifuged and the supernatant was used for PCR
amplification with primers H237 and AV1050 for the attL junction, AV1089 and
AV1015 for the attR junction, and AV1425 and AV1441 for the phage genome.

Lysogen passaging. ®AP1.1-spec lysogens integrated into the indicated DR of
CEMI1A® were inoculated from single colonies and serially passaged by making
1:100 dilutions after 24 h growth. Half were passaged in the presence of a sublethal
concentration of mitomycin C (0.1 ugml).

Efficiency of plaquing assays. For S. aureus, phage titre assays were performed as
previously described™. Briefly, S. aureus strains with either the wildtype integrated
type II-A locus from SF370 (JAV17) or the locus with a ®NM4y4 targeting spacer
(JAV16, 5-TGATACATTAACATTTAGTAAATCATTACG-3’) were transformed
with either a Ctl vector (pJTR162), orf4 (pAV412), AcrlIA23 (pAV413) or orfl
(pAV414). Strains were outgrown for 2h. At 30 min pre-collection, aTc was added
at a concentration of 12.5ngml-1. Cultures (200 pl) were mixed with 5ml 50%
BHI agar and supplemented with 5mM CaCl, Cells were plated on plain plates or
plates supplemented with aTc. Serial dilutions of ®NM4y4 were then spotted on
the plates.

Cell transformations. For S. aureus, transformations were carried out as
previously described™. For S. pyogenes, overnight cultures were diluted 1:50 into
250 ml BHI and grown at 37 °C without agitation. At ODy,=0.3-0.4, cultures

were pelleted and washed three times with cold 10% glycerol. Plasmid DNA was
prepared from S. aureus strain RN4220*, and dialysed on 0.025 um nitrocellulose
filters (Millipore). DNA (100 ng) was added to 50 ul aliquots of electrocompetent
cells and transformed in cold 1 mm cuvettes under the following settings: 2,500V,
25uE 600 €2, 1 mm. After electroporation, cells were resuspended in 950 ul BHI and
recovered at 37 °C without agitation for 2h.

Transformation assays. For S. pyogenes, cells were prepared as described in the
cell transformation section. The plasmids used for targeting experiments were

ctl (pC194), spacer 1 target (pAV344), spacer 4 target as it appears in ®AP1.1
(pAV354), spacer 5 target (pAV346), and the three potential NCTC 13743 targets
as they appear in ®AP1.1 (pAV407). DNA (100 ng) was added to 50 ul aliquots of
electrocompetent cells and transformed in cold 1 mm cuvettes under the following
settings: 2,500V, 25 uE, 6002, 1 mm. After electroporation, cells were resuspended
in 950 ul BHI and recovered at 37 °C without agitation for 2 h. Serial dilutions were
then made and plated on the appropriate antibiotics. For cultures where AcrIIA23
was expressed, cells transformed with Ctl (pLZ12spec) and AcrIIA23 (pAV432)
were grown as above, with aTc added 30 min pre-collection at 12.5ngml™". Cells
were treated as above and plated on the appropriate antibiotics plus or minus aTc.

RNA isolation. Overnight cultures were diluted 1:50 into 100 ml BHI and grown
at 37 °C without agitation. At ODgy,=0.3-0.4, cultures were pelleted. Cells were
resuspended in 70 pl PBS supplemented with 500U PlyC™ and incubated at 37°C
for 30 min with shaking. Sarkosyl (10 pl, 10%) was added and the sample was then
vortexed. RNA was then purified and DNase-treated using the Direct-zol miniprep
plus kit (Zymo Research) for RNA-seq or treated with TRIzol for northern blots.

Small RNA northern blots. Northern blot analysis was carried out as previously
described™. Purified RNA (20 pg) was loaded. AV1149 was used to blot for spacer
1, AV1152 for spacer 4, AV1153 for spacer 5 and AV1156 for 5S.

RNA sequencing. For phage infection time courses, overnight cultures of S.
pyogenes strain CEM were diluted 1:50 into 10 ml BHI and grown at 37 °C without
agitation. At ODy,=0.3, cells were infected with ®AP1.1-spec, pelleted and
frozen at indicated time points. RNA was then isolated as described above. For
lysogen sequencing, an overnight culture of CEM with ®AP1.1-spec integrated
into DR 3 was diluted 1:50 into 10 ml BHI and grown at 37 °C without agitation.
At ODg,,=0.3, RNA was collected as described above. Ribosomal RNA was
depleted using Ribo-Zero Plus rRNA depletion kit (Illumina) and subsequently
purified using the RNA Clean and Concentrate —5 kit (Zymo Research). RNA
was then prepared for deep sequencing using the TruSeq Stranded mRNA Library
preparation kit (Illumina) and run on the MiSeq System (Illumina). Reads were
aligned to the ®AP1.1-spec genome for the phage time course or the ®AP1.1-spec
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genome integrated into DR 3 of the CEM1A® CRISPR array using Bowtie 2°.
Sequence alignment map (SAM) files were normalized by total read count and
converted to Wiggle (WIG) files with a custom python script to plot coverage at
each nucleotide. For the phage infection time course, reads were mapped from
nucleotide 35,754 to 39,363 of the ®AP1.1-spec genome. For lysogen sequencing,
reads were mapped to this region plus the 286 bp of the 3’ portion of the

CRISPR array.

Characterizing phage attP. To isolate phage carrying spacers from the

CEMI1A® CRISPR array, overnight cultures of the indicated lysogens were

diluted 1:50 into 10 ml BHI and grown at 37 °C without agitation. At OD,=0.3,
cells were induced with 0.5 pg ml™" mitomycin C. At 4h post induction, cells

were spun down and the supernatant was filtered through 0.45 pm syringe

filters (Acrodisc). Phage DNA was purified from these inductions as previously
described”. From purified DNA, specific PCRs were carried out for spacer 1, 2 and
5. For spacers 1 and 2, AV1089 was used as the forward primer, while AV1149 and
AV1151 were used as reverse primers for spacer 1 and 2, respectively. For spacer
5, H57 was the spacer 5’-specific forward primer, while AV1008 was the reverse
primer. To deep sequence the phage attP, the phage junction was amplified from
purified phage particles with AV1169 and AV1170, and products above the typical
75-nucleotide phage attP were gel purified and prepared for deep sequencing

with the TruSeq Nano kit (Illumina). DNA was sequenced using 150-nucleotide
single-end reads with an Illumina MiSeq. A custom python script was used to
quantify spacers in the phage attP, with read length limiting the detection of
spacers in the attP to two.

Detection of spacer transfer. Phage carrying spacers from the CEM1A® CRISPR
array were isolated as described in the characterizing attP section. S. pyogenes
strain K56 was diluted 1:30 into 10 ml BHI, supplemented with 5mM CaCl, and
grown at 37 °C without agitation. At ODg,,=0.3, cells were infected with phage
induced from the indicated DR. Cells were collected 5h post infection. Genomic
DNA was isolated using the Wizard Genomic DNA purification kit (Promega).
Cells were resuspended in 100 pl 50 mM EDTA with 500U PlyC and incubated

at 37 °C with shaking for 30 min. Nuclei lysis solution (600 pl) was then added and
DNA was purified following the manufacturer’s instructions. PCRs were

then carried out to detect transfer of spacers either 5" or 3’ of the integrated
lysogen in K56. For the amplification of 5" spacers, AV1171 was the forward
primer, while AV1149 and AV1151 were used to specifically detect CEM1A®
spacers 1 and 3, respectively. For the amplification of 3’ spacers, AV1015 was the
reverse primer, while H49 and H53 were used to specifically detect CEM1A®
spacers 1 and 3, respectively.

Identification of prophage integration into CRISPR-cas loci. The database
containing all identified cas loci and CRISPR arrays from CRISPRCasFinder*’
was downloaded and parsed with PostgreSQL to extract strain name and genomic
coordinates of cas loci and CRISPR array. A custom python script was used to
search for strains present in the PHASTER database™ and return strains that had
prophages within 2,000 bp of a cas locus or a CRISPR array. These strains were
then manually checked for prophage integration into either the CRISPR array

or cas locus. CRISPR arrays were checked for targeting spacers that matched the
prophage with less than 4 mismatches. HHpred™ was used to identify the type of
recombinase encoded by the prophage.

Plasmid construction. Primers used in this study are detailed in Supplementary
Table 3. Supplementary Table 4 contains the information of the DNA fragments
used to construct plasmids in this study.Supplementary Table 5 contains the
information of the primers and templates used to construct all the plasmids

in this study.

Statistics and reproducibility. Statistical tests were carried out in GraphPad
Prism 7.05.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. The data from this study are available
from the corresponding authors upon request. The raw data for the RNA-seq
experiments in Figs. 4a,b, 5¢,d and the DNA reads of the ®AP1.1-spec sequence
can be found at the Sequence Read Archive (NIH), BioProject accession number
PRJNA668016. The sequence of @AP1.1-spec is deposited under accession number
MW168838. CRISPR-Cas databases were accessed from CRISPRCasFinder and the
prophage database was accessed from PHASTER.

Code availability

Custom python scripts are deposited at https://github.com/Marraffini-Lab/Varble_
etal_2021.git. Included are scripts that interact with PHASTER to determine
CRISPR proximity to prophages (PHASTER_CRISPR.py), search deep sequencing
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data for spacer sequences in the phage ®AP1.1 attB site (Phage_attb_IL.py) and
convert.sam files to.wig files for RNA sequencing analysis (SAM_WIG.py).
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Extended Data Fig. 1| ®AP1.1integration into S. pyogenes type I1-A CRISPR loci. (a) ®AP1.1-like phages integrated into the type II-A CRISPR locus of

S. pyogenes strains. (b) Schematic of the ®AP1.1 genome. Targets for the spacers found in different strains are shown on top or bottom depending on the
phage DNA strand that is targeted. The acr region and its four ORFs are highlighted in grey. The aadA gene inserted to confer spectinomycin resistance

to ®AP1.1 lysogens is shown in light blue. (¢) Spacer duplication events observed in S. pyogenes K56(®AP1.1) lysogens. (d) To determine if the tyrosine
site-specific recombinase present in the ®AP1.1 genome is required for its insertion into the CRISPR repeats, we deleted the integrase gene, generating
®AP1.14", We infected streptococci with both wild-type and int phages and enumerated spectinomycin-resistant colonies. Interestingly, the number

of colony-forming units (cfu) obtained was similar for both infections. However, in the absence of the integrase, the colonies lost antibiotic resistance
over time, and we were unable to detect PCR products for the attL site or the phage itself, indicating that infection resulted in the transient transfer of
antibiotic resistance but failed to produce lysogenic integration into the CRISPR array. Enumeration of spectinomycin-resistant cfu per ml of S. pyogenes
CEMA®[A2-5] cultures infected with either wild-type ®AP1.1 or ®AP1.14", Mean + STD of 3 biological replicates are reported. Interestingly, the number
of colony-forming units (cfu) obtained was similar for both infections. However, in the absence of the integrase, the colonies lost antibiotic resistance over
time (not shown). (e) Agarose gel electrophoresis of the attL PCR product obtained after the amplification shown in Fig. 1B, using DNA extracted from

24 spectinomycin-resistant colonies that resulted from infection of S. pyogenes CEMA®[A2-5] cultures with ®AP1.14", Collected from three biological
replicates. (f) Sequences of the S. pyogenes CEMTA® spc4 crRNA annealed to its targets in ®AP1.1 and ®AP1.14erA25esc The PAM nucleotides are boxed.
The escape mutation of ®AP1.14erA23esc 5 in red. (g) Base pairs formed between the crRNA and tracrRNA of S. pyogenes (grey dots). Blue sequence,
spacer; pink sequence, repeat; black sequence, tracrRNA. Black arrows indicate RNase Ill cleavage sites required for crRNA processing. (h) Same as (G)
but showing the possible base pairs formed by the prophage transcript and the tracrRNA. Lack of annealing with the prophage-derived sequences (orange)
prevents RNase Ill cleavage and thus processing of the upstream crRNA.
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Extended Data Fig. 2 | ®AP1.1 lysogenization location. We decided to look for integration of ®AP1.1in other genomic sites with the 8-bp sequence of

the attB present on the CRISPR repeat. Because strain K56 is not sequenced and therefore we could not identify such sequences, we decided to perform
experiments with strain SF370, which harbors an additional 27 sites with the attB sequence. To do this, we infected strain CEMTA®[A2-5], which lacks
the prophages as well as most spacers of the CRISPR array (in particular spc4, which targets ®AP1.1) present in SF370. We isolated and analyzed 110
spectinomycin-resistant colonies and looked for the presence of the phage (p) and its integration attL site (i) via PCR. We found that all prophages were
inserted into the CRISPR array (in different repeats, generating different sizes for the attL PCR products). This result indicates a strong preference for
integration into the repeat sequences and also suggests that regions outside of the 8-bp attB site are important for integration. Agarose gel electrophoresis
of the attL (i) or phage (p) PCR products obtained after selection of individual spectinomycin-resistant ®AP1.1 lysogens. PCRs for individual lysogens are
divided by black lines.
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Extended Data Fig. 3 | ®AP1.1lysogenization into the S. pyogenes NCTC13743 type II-A CRISPR locus. (a) S. pyogenes NCTC13743 type |I-A CRISPR-cas
locus, wild-type and the mutant lacking spacer-repeat units 1through 10, [A1-10]. The 't indicates three degenerate repeats that contain mutations from
the repeat consensus sequence. (b) Sequences of the S. pyogenes NCTC13743 spc2, spc6 and spc9 crRNAs annealed to their targets in ®AP1.1. The PAM
nucleotides are boxed. (¢) We verified that the type II-A CRISPR system present in NCTC13743 is capable of restricting a plasmid containing the ®AP1.1
target sties. Transformation efficiency of the pC194 plasmid or a modified version harboring the three targets for spc2, spc6 and spc9, pTgt2-6-9 from
®AP1., after electroporation of wild-type or [A1-10] S. pyogenes NCTC13743 competent cells. Mean + STD of 3 biological replicates are reported. These
results demonstrate that the type II-A CRISPR system present in this strain is capable of restricting a plasmid containing the three target sequences
present in ®AP1.1 (d) Diagrams of the type II-A locus of 25 ®AP1.1 lysogens in S. pyogenes NCTC13743, reconstructed after sequencing of their attL and
attR sites.
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Extended Data Fig. 4 | AcrllA23 inhibits the type II-A CRISPR-Cas response in S. pyogenes NCTC13743 and S. aureus RN4220. (a) Lysogenization rates
of ®AP1.1 or ®AP1.14942 after infection of wild-type or [A1-10] S. pyogenes NCTC13743 cells. Mean + STD of 3 biological replicates are reported. (b)
Integration of the S. pyogenes CEM1A® type II-A system into the lipase gene of S. aureus RNA4220 using the integrative vector pCL55, generating strain
JAV17. A CRISPR locus with a spacer matching the gp68 gene from the virulent staphylococcal phage ®NM4y4 was also integrated, generating JAV16.
(e) JAV17 and JAV16 strains were transformed with each of the individual ®AP1.1 ORFs under the control of an anhydrotetracycline (aTc)-inducible
promoter, on the pJTR162 staphylococcal plasmid backbone, with the exception of ORF3, for which we did not obtain transformants. Strains harboring the
pJTR-ORF1, pJTR-ORF2 and pJTR-ORF4 constructs were then infected with ®©NM4y4 in the presence or absence of aTc, and pfus were counted. We found
that none of the ORFs affected the immunity of the JAV16 strain in the absence of the inducer, and ®NM4y4 propagation was limited. In the presence of
aTc, however, ORF2 expression enabled high levels of viral replication, similar to those observed in the absence of type II-A CRISPR-Cas immunity after
infection of the JAV17 strain. Efficiency of plaquing of phage ®NM4y4 on soft agar lawns of S. aureus JAV17 or JAV16, in the presence or absence of aTc,
carrying the pJTR162 control plasmid or versions that express the different ORFs of the ®AP1.1 anti-CRISPR locus. Mean + STD of 3 biological replicates
are reported. Two-tailed unpaired t-test was used to calculate P value.
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Extended Data Fig. 5 | ®AP1.14e""A23-esc integration pattern. (a) Frequency of ®@AP1.14eA23esc |ysogens (n=50) carrying attl or attR sites in each of
the DRs of the CEMTA® CRISPR locus. (b) Same as (A) but showing the combined distribution of attL or attR sites. (¢) Northern blot analysis of spc4
crRNAs, as well as 5S rRNA, produced by wild-type S. pyogenes CEM1A® or its different ®AP1.1 (DR1-5, 1-t) or ®AP1.14e423-esc (DR6, DRt) lysogens.
(d) Transformation efficiency of the pC194 plasmid or a modified version harboring a target for spc4 from ®AP1.1, pTgt4, after electroporation of the

strains used in (C). Mean + STD of 3 biological replicates are reported.
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Extended Data Fig. 6 | ®AP1.1-mediated transduction of spacers from the CEM1A® to the K56 CRISPR locus. (a) Agarose gel electrophoresis of the
attl or attR PCR products obtained after treatment of S. pyogenes CEM1A®(PAP1.1::DR5) lysogens with mitomycin C (MMC). Primers used and the
expected products are shown in the diagrams to the right. Black arrowheads indicate PCR products that lack a number of the expected spacer-repeat
units. Representative of three independent replicates. (b) Example of aberrant ®AP1.1 excision in S. pyogenes CEM1A®(DAP1.1::DR3) lysogens, where
DR1or DR2 are used instead of attL for recombination with attR. ®AP1.1-, spcT- and spc2-specific primers used to detect attP sites containing either of
these spacers are shown as orange, red and yellow arrows, respectively. (¢) Same as (B) but for a ®AP1.1::DR5 lysogen. (d) Agarose gel electrophoresis

of PCR products obtained after the amplification of the attP site of ®AP1.1 phages induced with MMC from ®AP1.1::DR3, ®AP1.1::DR5 and ®AP1.1:DR1-t
lysogens, using spcl-specific primers. (e) Same as (D) but using spc2-specific primers. In both cases we found PCR products that indicated the presence
of spacer-repeat units in the DNA of the viral particles, with the intensity of the amplicons indicating more spcT- than spc2-containing viral particles. These
results suggest a possible preference for certain excision products. (f) Example of possible recombination of the 5" end (top) or 3’ end (bottom) attP site of
the ®AP1.1%2 phage with the three attB sites present in the DR1, DR2 and DRt of S. pyogenes K56.
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Paen{bact]lus larvae subsp. pulwfamen; strgm CCM 38 target TTTTTAATTTTCCGTTCCCCTCGTGTTGTTATCTA
Paenibacillus larvae subsp. larvae strain Eric_lI|

Paenibacillus larvae subsp. pulvifaciens strain ATCC 13537

Paenibacillus larvae subsp. pulvifaciens strain SAG 10367 spacer TATTGTTAAGTTGGCGAACCCACGGGATAACACCG

FEEEL L et
target TATTGTTAAGTTGGCGAACCCACGGGATAACACCG

Pseudomonas aeruginosa strain H26023 spacer ACGACGCGACCAGAATCGCGATTTGCACCCAC

[ L e el
target ACGACGCGACCAGAATCGCGATTTGCACCCAC

Dickeya aquatica strain 174/2 spacer GGGCGTCCGGGCCATCGTCGTGGTCAGCCATC

FLELE et e e e |
target GGGCGTCCGGGCCATCGTCGTGGTCAGCCACC

Pseudomonas aeruginosa strain PA7790 spacer CCCGTCACGCTGTTGCCATCACGCAACTCGACGGT

i i Lt rrrrr bl
Pseudomonas aeruginosa strain PAB281 target CCCGTCACGCTGTTGCCATCACGCAAGTCGACCGT

Sulfurospirillum cavolei spacer TGATAAGACACTCTACAACTCAGCGAGTGCGTCA

NSNS NN
target TGACAAAACACTCTACAACTCAGCCAGCGCGTCA

Extended Data Fig. 7 | Spacers targeting prophages integrated into other CRISPR-cas loci. Alignment of spacers described in Fig. 6 with their phage
target sites; in the 5' to 3’ orientation.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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X

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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For RNA-seq analysis: Used bowtie2 2.4.4 and custom script in Python 3.9.
For phage attP analysis: Used custom script in Python 3.9.
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The data from this study are available from the authors upon request. The raw data for the RNA-seq experiments in Figures 4A, 4B and Extended Data Figures 5D




and 5E can be found at the Sequence Read Archive (NIH), BioProject accession number PRINA668016. Sequence of ®AP1.1-spec is deposited under accession
number MW168838. Numerical source data that underlie the graphs shown in Figs. 1, 2, 3 and 5, and Extended Data Figs. 1, 2, 3 and 4 are provided with the paper.
Original gel or blot images in Figs. 1, 2 and 5 and Extended Data Figs. 1, 4, and 5 are provided with the paper. CRISPR-Cas databases were accessed from
CRISPRCasFinder and the prophage database was accessed from PHASTER.
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Sample size Calculations for determining sample size were not required for this study. Experiments were performed in at least three biological replicates
of well-defined genetic variants. No data was excluded from this study.

Data exclusions  No data was excluded
Replication All experimental findings were reliably replicated in at least three biological replicate

Randomization  Randomization was not relevant to this study. Experimental comparisons were made between well-defined genetic variants, selection biases
should not apply to such experiments.

Blinding Blinding was not relevant to this study. All data reported relied on quantitative outputs and therefore was not subject to bias on
interpretation of results.
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