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SUMMARY

Type 1l CRISPR-Cas systems defend prokaryotes from bacteriophage infection through the
acquisition of short viral DNA sequences known as spacers, that are transcribed into short RNA
guides to specify the targets of the Cas9 nuclease. To counter the potentially devastating
propagation of escaper phages with target mutations, the host population acquires many different
spacer sequences. Whether and how the presence of preexisting targeting spacers in type Il
systems affects the acquisition of new ones is unknown. Here we demonstrate that previously
acquired spacers promote additional spacer acquisition from the vicinity of the target site through
the cleavage of the target DNA. Therefore CRISPR immune cells can at the same time destroy the
infecting virus and acquire additional spacers. This anticipates the rise of escapers or related
viruses that could escape targeting by the first spacer acquired. Our results reveal a new role for
Cas9 in the generation of immunological memories.

INTRODUCTION

All immune systems must be able to neutralize rapidly evolving pathogens that diversify to
evade them. In bacteria and archaea, clustered regularly interspaced short palindromic
repeats (CRISPR) systems and their associated (cas) genes provide immunity against viral
(Barrangou et al., 2007) and plasmid infection (Marraffini and Sontheimer, 2008). During
infection, short sequences of DNA derived from these foreign nucleic acids are captured and
stored within the CRISPR locus as spacers in between the repeats (Barrangou et al., 2007).
Spacer sequences are transcribed and processed to generate short CRISPR RNAs (crRNAS)
that specify targets of CRISPR immune response (Brouns et al., 2008; Deltcheva et al.,
2011; Hale et al., 2008). CrRNAs form ribonucleoprotein complexes with Cas effector
nucleases and guide them to foreign nucleic acid targets (protospacers) that are
complementary to the spacer sequence (Gasiunas et al., 2012; Jinek et al., 2012; Jore et al.,
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2011; Kazlauskiene et al., 2016). Cleavage of the invader’s nucleic acids provides immunity
to infection (Garneau et al., 2010; Samai et al., 2015; Westra et al., 2012).

Depending on their Cas content, CRISPR-Cas systems have been categorized into six types
(1-VI1) and 19 subtypes (Koonin et al., 2017). The mechanism that crRNA-Cas complexes
utilize to orchestrate the destruction of foreign nucleic acids depends on the CRISPR type.
In type Il systems, targets must contain a short motif immediately downstream of the
protospacer (the protospacer adjacent motif, or PAM) (Bolotin et al., 2005; Deveau et al.,
2008); which for the type 11-A system of Streptococcus pyogenes used in this study is NGG,
where N is any nucleotide (Bikard et al., 2014; Deltcheva et al., 2011). This is because the
Cas9 nuclease first searches for this motif in the foreign genome prior to catalyzing the
formation of an R-loop structure in which the crRNA guide makes base pair interactions
with the complementary strand in the target DNA (Jiang et al., 2016; Sternberg et al., 2014).
Complementarity between the 6-12 nucleotides immediately upstream of the PAM, known
as the “seed” region of the target, is absolutely required for Cas9 cleavage (Bikard et al.,
2014; Jinek et al., 2012). As a consequence of this molecular mechanism, phages with
mutations in either the PAM or seed sequences can escape Cas9 destruction (Deveau et al.,
2008; Pyenson et al., 2017). However, the many different spacer sequences present in the
CRISPR-adapted host population prevent both the propagation of phage escapers (van Houte
et al., 2016) as well as the evolution and emergence of new escape mutations (Chabas et al.,
2018). In one recent study of the S. pyogenestype I1-A CRISPR-Cas system it was shown
that all possible targets, defined as any 30-nt region of the phage genome that is followed by
an NGG sequence, can be acquired as a new spacer (Heler et al., 2019). Therefore, although
a mutant phage can escape targeting and kill a host cell with a particular spacer, its progeny
will most likely be destroyed after infection of the next host containing a different spacer
(the probability for the presence of two Cas9-inactivating mutations in the same phage
genome is very low).

Recent work has investigated the acquisition of new spacers into a minimal type 11-A
CRISPR locus; i.e. containing a single repeat and no pre-existing spacers (Modell et al.,
2017). It revealed the presence of acquisition “hotspots” around linear dsSDNA ends, such as
the cos site of phages or a dsDNA break (DSB), in the absence of AddAB (the nuclease
responsible for the first step in homology-directed DSB repair in gram-positive bacteria
(Wigley, 2013)). This led to the hypothesis that the type 11-A acquisition machinery uses
linear dsDNA ends to extract new spacers. In contrast, in the presence of AddAB the
hotspots expanded up to the first /i site (a sequence that halts AddAB DNA degradation
(Wigley, 2013)), a result that suggests that AddAB processing of linear DNA ends generates
more DNA substrates for the spacer acquisition machinery. Cas9 also participates in spacer
selection to ensure that the new sequences are followed by the correct PAM and thus are
functional, presumably through the formation of a spacer acquisition complex with Cas1,
Cas2 and Csn2 (Heler et al., 2015; Wilkinson et al., 2019). Finally, Casl and Cas2 form an
integrase complex that is able to incorporate the new spacer DNA into the first position of
the CRISPR array, using sequence information located upstream of the first repeat known as
the “leader” sequence (McGinn and Marraffini, 2016; Wei et al., 2015a; Wright and Doudna,
2016).
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Little is known about the influence of pre-existing spacers in the spacer acquisition process
of type Il systems. For type | CRISPR-Cas systems, the presence of spacers that match
mutated targets (either in the seed or PAM sequences recognized by the Cascade complex)
significantly boosts the acquisition of additional spacers (Datsenko et al., 2012; Swarts et al.,
2012). Recent bioinformatic analysis suggested that this phenomenon, known as “priming”,
also occurs in type Il systems (Nicholson et al., 2018); but whether and how the presence of
pre-existing spacers affects the type 11-A CRISPR-Cas immune response has not been
experimentally addressed. Here we show that not only spacers matching mutant targets, but
also those providing full immunity, lead to further acquisition of additional spacers. The new
sequences originate from the vicinity of the Cas9 target site and protospacer cleavage is
required for their acquisition. Finally, we show that priming in type 11-A systems prevents
the rise of escaper viruses and provides an advantage to the bacterial population. Our results
reveal an unexpected role for Cas9 cleavage, beyond the destruction of the target genome,
that enables the type I1-A CRISPR-Cas immune response to anticipate future threats.

Immune cells acquire additional spacers upon infection

Our lab studies type I1-A CRISPR-Cas immunity using an heterologous system, where the
CRISPR locus of Streptococcus pyogenes SF370 (Fig. S1A) is cloned into the pC194
plasmid and expressed in Staphylococcus aureus RN4220 [pCRISPR (Heler et al., 2015)].
Recently we discovered that spacer acquisition in this system has a marked preference for
linear dsDNA ends (Modell et al., 2017). Since it is well established that these are also the
products of Cas9 cleavage both in vivo (Garneau et al., 2010) and in vitro (Gasiunas et al.,
2012; Jinek et al., 2012), we decided to investigate if type 11-A CRISPR-Cas targeting of
phage invaders could lead to spacer acquisition in cultures that are already immune. To test
this, the native CRISPR array of pCRISPR was replaced with a single-spacer array
containing spacer 174 [pCRISPR(spc74); the sequences of all spacers used in this study are
compiled in Supplementary Data File 2], a spacer commonly acquired by this heterologous
system following infection with the staphylococcal phage ®NM4-y4 (Fig. 1A) (Heler et al.,
2019). As a control, we utilized a pCRISPR(SR) harboring a single-repeat CRISPR locus;
i.e. lacking a pre-existing spacer (we were concerned that possible off-target effects of a
“non-targeting” spacer could invalidate it as a negative control). One caveat of this approach
is the possibility of a cis effect of the pre-existing spacer on the integration of new ones,
which could lead to differences of spacer acquisition due to divergent levels of spacer
integration into the “regular” vs. “single-repeat” CRISPR loci. To avoid spacer integration
biases, we deleted part of the leader sequence in both plasmids (generating
PCRISPR(spc174)AL and pCRISPR(SR)AL, Fig. S1B-C), a mutation that prevents the
integration of new spacers (Fig. S1D) in c/s. We then transformed the cells with a second
plasmid containing only the leader sequence and a single repeat (pLR), which will enable
spacer acquisition in #ransinto genetically equivalent CRISPR loci (Figs. S1B-D). We
corroborated efficient targeting by socZ74in this dual plasmid system (Fig. S1E) and
proceeded to test our hypothesis. Cells carrying either sets of plasmids were infected with
®NM4-y4, collected 30 minutes after infection for plasmid DNA extraction and
amplification of its CRISPR locus. In line with previous observations that type Il systems
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acquire spacers preferentially from free DNA ends, we detected an expansion of the
CRISPR array (Fig. 1B). This result demonstrated that not only naive cells, which must
acquire new spacers to survive infection, but also immune cells, which a priori do not need
extra spacers to destroy the phage, can generate new CRISPR memories.

Pre-existing spacers determine the pattern of spacer acquisition

Next, we wanted to determine how the presence of a targeting spacer influences the
acquisition of additional ones. To do this, we compared spacer acquisition in cells carrying
PCRISPR(spc174)AL or pCRISPR(SR)AL. Both strains were infected with ®NM4y4, pLR
was extracted, the new spacers amplified and the products subject to next-generation
sequencing (all next-generation sequencing data presented is compiled in Supplementary
Data File 1). Analysis of the data indicated a striking difference in the acquisition of new
spacers from the phage genome, with the presence of the pre-existing spacer spc174
resulting in ~ 30-fold more anti-viral spacer acquisition (Fig. 1C). We then mapped the
acquired spacers and their abundances along the ®NM4y4 genome. We found that, in the
presence of spcl74, the new spacers clustered around the targeting site (fgt174, Fig. 1D). We
corroborated this finding by investigating the sequences acquired in the presence of four
different targeting spacers, spc256, spc300, spc303 and spc305 (Fig. 1A). All these spacers
provided efficient immunity against ®NM4-y4 (Fig. S1E) and, although not as striking as the
peak generated at the fgt774 site, we observed distinguishable spacer acquisition peaks at the
targets of all of them (Figs. 1E-H). Together these results show that the presence of a pre-
existing spacer not only increases dramatically the spacer acquisition rate, but also
determines the genomic location of the new spacers.

PAM, but not seed, target mutations abrogate spacer-mediated spacer acquisition

To investigate the molecular mechanisms behind the enhanced spacer acquisition observed
in immune cells that already contain a functional spacer, we decided to test if its targeting
capabilities are required. Therefore we looked for phages that were able to escape spcl74
immunity. We analyzed 30 escaper plaques and, as previously described for type 1l CRISPR-
Cas systems (Deveau et al., 2008; Pyenson et al., 2017), we found two types of mutations:
within the seed region within the protospacer or within the PAM sequence immediately
flanking the protospacer (Fig. S2A-B). We isolated one mutant phage containing each
mutation, ®NM4y4174-s¢ed and dNM4y4174-PAM (Fig, 2A), and corroborated that indeed
they are able to propagate in staphylococci harboring pCRISPR(spc174) (Fig. 2B).
Therefore these two phages have partially matching sequences with a pre-existing spacer but
cannot be targeted. We infected cells containing pCRISPR(spc74) and pLR plasmids with
these two mutant phages, plated the phage-resistant staphylococci and analyzed ten colonies
for the presence of new spacers via PCR of the pLR plasmid. As a control, we infected cells
lacking the targeting spacer, harboring pCRISPR(SR). We performed this experiment four
times and consistently observed that only a few colonies acquired new spacers after infection
with ®NM4y4174-PAM (Fig. S3A), similar to the no-spacer control (Fig. S3B). In contrast,
most of the colonies surviving infection with ®NM4-y4174-s¢ed acquired new spacers (Fig.
S3C), many more than the control strain (Fig. S3D). Quantification of these data showed a
significant increase of the frequency of spacer acquisition from the ®NM4y4174-seed j the
presence of spcl 74, but not from the ®NM4y4174-PAM phage (Fig. 2C). Finally, we
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amplified the expanded pLR loci in bulk and subjected the resulting PCR products to next-
generation sequencing (NGS) to determine both the abundance and the distribution of the
newly acquired spacers on the phage genome. Similarly to the colony analysis, deep
sequencing results showed a marked increase in the proportion of ®NM4-y4174-seed_derived
spacers compared to ®NM4y4174-PAM_derived spacers (Fig. 2D). Mapping of the reads
showed that, similarly to the new spacers generated from wild-type ®NM4-y4, acquired
spacers from ®NM4y4174-seed clyster around the spc 74 target (Fig. 2E). Although
qualitatively similar, spacer acquisition from wild-type ®NM4y4 and ®NM4-y4174-seed gre
quantitatively different, with approximately a 10-fold increase in the acquisition frequency
during infections with the wild-type phage. The pattern of spacer capture from the
ONM4y4174-PAM phage in the presence of spci74, however, is indistinguishable from the
pattern of a no spacer control (Fig. 2F); i.e., is not enhanced by the presence of a matching
spacer.

Target orientation does not affect the pattern of spacer acquisition

Our findings resemble the “priming” effect of pre-existing spacers observed during the type

I CRISPR-Cas immune response (Datsenko et al., 2012). Similarly to our results, the
presence of a pre-existing spacer enhances the rate of acquisition of new spacers, which tend
to cluster in the vicinity of the protospacer sequence (Staals et al., 2016). An outstanding
feature of type | priming is the orientation bias of the acquired sequences: most of the
protospacers that correspond to the new spacers are either located in the same DNA strand as
the priming protospacer (defined as the strand that anneals to the crRNA) (Datsenko et al.,
2012; Swarts et al., 2012) or in opposite strands at the 5° or 3’ of the target site (Staals et al.,
2016; Westra et al., 2015). Therefore we decided to check whether type Il priming displays a
similar orientation bias. Analysis of the new spacers acquired as a result of spcZ74 priming
showed a marked strand bias, both during targeting (infection with wild-type ®NM4+4, Fig.
S4A) and non-targeting (infection with ®NM4-y4174-seed Fig. S4B) conditions. If there is
orientation bias as in type | priming, relocating the target of spcZ74 on the opposite strand
would reverse the observed strand bias. We unsuccessfully attempted to introduce the

spcl 74 protospacer in the opposite strand of ®NM4+y4, most likely because the resulting
phages are not viable (data not shown). Therefore we decided to investigate the orientation
bias during priming by spc256 (Fig. 1E), which targets a non-essential region of ®NM4-y4
that can be reversed without loss of viral titers (Fig. 3A-B). This spacer targets a protospacer
located in the bottom strand of the ®NM4y4 genome. Similarly to spc174, spc256 priming
showed a strong strand bias, with most new spacers acquired having matching protospacers
in the bottom strand (Fig. 3C). When the target was relocated to the top strand in the mutant
phage ®NM4-y4256rev however, the newly acquired spacers still matched bottom-strand
protospacers (Fig. 3D). Therefore, as opposed to priming in type | CRISPR-Cas systems,
type Il priming lacks an orientation bias.

Target DNA cleavage is required for type Il primed spacer acquisition

The distribution of the new spacers acquired through type Il priming, narrowly centered at
the target site of the priming spacer, suggests that Cas9 binding and/or cleavage of the
protospacer are important for the process. To investigate this, we first tested the ability of
spc174to direct the cleavage of the different targets found in ®NM4y4, DNM4y4174-seed
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and ®NM4y4174-PAM phages. Biochemical characterization of S. pyogenes Cas9 has shown
that binding of the PAM nucleotides is the fundamental first step in target recognition, which
then proceeds to the critical pairing of the protospacer DNA and crRNA seed sequences
(Sternberg et al., 2014). As a result of this mechanism, PAM mutations that prevent its
recognition completely abrogate target cleavage, whereas mismatches within the seed region
can lead to low levels of nuclease activity. Indeed, when we tested the cleavage of the
different spci 74 targets in vitro we found strong cleavage of the wild-type target, lower
levels of cleavage of the 174-seed target, and no Cas9 nuclease activity against the 174-PAM
target DNA (Figs. 4A-B and S4C). We also tested cleavage of phage DNA in vivo during
infection. Cells containing the pCRISPR(spc174) or pCRISPR(SR) plasmids where infected
with ®NM4y4, DNM4-y4174-seed or BNM4-y4174-PAM phages, total DNA extracted after 20
minutes and treated with terminal deoxynucleotidyl transferase (TdT) and deoxycytosine to
add poly-dC extensions to the 3’ ends of DNA breaks (Fig. S4D). The modified DNA was
used as template for amplification with a polyG primer and a second primer annealing
upstream of the spci 74 target sequence to detect Cas9 cleavage of the phage genome as a
PCR product. Whereas no amplification was detected in the non-targeting control samples,
strong and weak products were observed for targeting cells infected with wild-type
®NM4y4 and DNM4y4174-seed phages, respectively (Fig. 4C). No PCR product was
detected for targeting cells infected with mutant phages lacking a functional PAM in the
spcl74target. Cloning and sequencing of these PCR products confirmed the specificity of
the cleavage (data not shown). Therefore both in vitro and in vivo experiments, as expected,
showed a strong cleavage of the wild-type spci74 target, partial cleavage of the target with
the seed mutation, and no cleavage of the target with the non-functional PAM. These
different levels of Cas9 cleavage are correlated with the level of priming mediated by
spcl74, as spacer acquisition was highest during infection with wild-type ®NM4-y4,
intermediate with ®NM4-y4174-¢ed and very low with ®NM4y4174-PAM (Figs, 1B and 2D).
As mentioned above, this could be due to a requirement for binding and/or cleavage of the
target site. To determine if binding alone can induce type Il primed spacer acquisition, we
performed short-term infection experiments in staphylococci expressing catalytically dead
Cas9 (dCas9), which can bind but not cleave the target specified by the crRNA guide
(Bikard et al., 2013; Qi et al., 2013), and has been previously shown to be capable of
participating in naive spacer acquisition (Heler et al., 2015; Wei et al., 2015b). Next-
generation sequencing analysis of the acquired spacers in the presence of spcl74targeting
showed the reduction of the peak located in the target site to the same background levels
observed in the absence of targeting, during infection with both wild-type ®NM4-y4 (Fig.
4D) and ®NM4-y4174-seed (Fig. 4E) phages. These data demonstrate that target cleavage is
fundamental for type Il CRISPR-Cas primed spacer acquisition.

Cleavage-mediated spacer acquisition in Streptococcus thermophilus

In order to confirm our results in a natural experimental system, i.e. as opposed to the
heterologous plasmid-based system described above, we explored cleavage-mediated spacer
acquisition in Streptococcus thermophilus, the first organism shown to employ CRISPR-Cas
systems for anti-phage defense (Barrangou et al., 2007). Strain DGCC7710 harbors two type
I1-A CRISPR loci (CRISPR1 and CRISPR3) that function independently from one another
(Carte et al., 2014) and both are capable of spacer acquisition (Barrangou et al., 2007; Wei et
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al., 2015a). To eliminate the possibility of competition between these two CRISPR loci for
the same substrates during spacer acquisition that might complicate interpretation of our
results, we used a mutant containing only CRISPR3 (Fig. S1A), strain CRISPR3-naive
(Varble et al., 2019), since this locus encodes the closest relative to the S. pyogenes SF370
type I1-A system used in our previous experiments (Fonfara et al., 2014). We infected
CRISPR3-naive cells with the phage ©2972 (Fig. 5A) in soft agar to generate
‘bacteriophage-insenstive mutants’ (BIMs) colonies as previously described (Hynes et al.,
2017). The resulting BIMs were screened for spacer acquisition by PCR and three of these
colonies containing a single, unique spacer targeting 2972 were saved for subsequent
experiments (CRISPR3a, CRISPR3p, and CRISPR3y, Fig. 5B). First we confirmed the
targeting, and thus cleavage, properties of each spacer (spc-a, spc-g, and spe-y, Fig. 5A and
Supplementary Data File 2) by measuring the ability of 2972 to form plaques in lawns of
CRISPR-adapted streptococci (Fig. 5C). We then measured cleavage-mediated spacer
acquisition after infection of liquid cultures with ®2972 at a MOI of 10 for thirty minutes.
Cells were collected for genomic DNA extraction, amplification of the CRISPR3 locus and
NGS of the obtained PCR product. When analyzed quantitatively, sequencing data showed a
markedly higher number of new anti-viral spacers for the three targeting strains relative to
the CRISPR3-naive control (~ 80-fold increase on average, Fig. 5D). Finally, qualitative
analysis of the distribution pattern of the new spacers revealed a clustering around their
respective Cas9 target sites (Fig. 5E). Altogether, these results demonstrate the existence of
cleavage-mediated spacer acquisition in the CRISPR3 locus of S. thermophilus, and also
show that it shares similar mechanistic features with the S. pyogenes SF370 heterologous
system.

Type Il primed spacer acquisition protects against the rise of escapers

A hallmark of CRISPR immunity is the generation of a heterogenous bacterial population
with thousands of different spacer sequences, each of them in a different cell (Barrangou et
al., 2007; Heler et al., 2015; Paez-Espino et al., 2013). This prevents the rise of phage
escapers containing mutations that can avoid the immunity mediated by one of the acquired
spacers (van Houte et al., 2016). These phages can kill the cells in the population harboring
that particular spacer but will be eliminated upon infection of other host cells that contain
different spacers for which they do not have escape mutations. In addition, the expansion of
the spacer repertoire defends the host population from infection with related phages that
share target sequences with the previous phage that triggered spacer acquisition. Therefore,
the enhancement of spacer acquisition promoted by Cas9 cleavage should mediate a more
robust type 11-A CRISPR-Cas immune response. On one hand, the cleavage of targets with
seed escape mutations would allow the host to contain the rise of such escapers after they
appear in the population. On the other, the acquisition of additional spacers that occurs after
cleavage of perfect targets within immune hosts would enable to anticipate the occurrence of
phage (seed and PAM) escapers or related phages; i.e. it would equip the host with a
different spacer sequence for defense against phages that cannot be cleaved by the first
spacer.

To investigate these scenarios, we first determined whether primed spacer acquisition occurs
during infection of staphylococci harboring a naive pCRISPR, without spacers matching

Cell Host Microbe. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussenzweig et al.

Page 8

®NM4-y4; i.e whether cleavage-mediated spacer acquisition can happen after naive cells
capture their first spacers. We infected naive cells with ®NM4+y4 at a multiplicity of
infection (MOI) of 1 and allowed the cultures to grow in the presence of phage for 24 hours
before amplifying the CRISPR arrays and submitting the resulting PCR products to next-
generation sequencing. We then selected reads that contained two new anti-viral spacers and
calculated the genomic distance between the first and second acquired sequences (located at
the 5’ end of the array (Barrangou et al., 2007; McGinn and Marraffini, 2016)). Consistent
with a previous bioinformatic analysis (Nicholson et al., 2018), the histogram of these
distances revealed that the majority of the second spacers map within 1 kb of the protospacer
targeted by the first spacer (Figs. 6A and S5A-E), without any noticeable strand bias (Fig.
S6A). This spacer distribution is similar to that obtained in the spc74 priming experiments
(Figs. 1C and 2E), and thus the data strongly suggests primed spacer acquisition follows the
naive type I1-A CRISPR-Cas immune response. To determine if primed spacer acquisition
can limit the propagation of phage escapers, we selected colonies that acquired a second
spacer after priming with spc74 (Fig. S3C) and infected them with wild-type ®NM4y4
phage. Whereas the phage population contained a significant number of mutants that were
able to propagate in staphylococci equipped with pCRISPR(spc74), we were unable to
detect plaques on cultures harboring an additional spacer acquired through priming (Fig.
S6B).

We then tested our first prediction; i.e. that Cas9 partial cleavage would promote the
acquisition of new spacers to neutralize seed escaper phages. We infected exponentially-
growing staphylococci harboring pCRISPR(spc 74) with ®NM4-y4, dNM4-y4174-seed o
®NM4y4174-PAM phages (or a mock infection as a control) at a MOI of 10 and we measured
the optical density of the culture to monitor cell survival (Fig. 6B). Due to spcl74targeting,
cultures infected with wild-type ®NM4y4 continue growing, similarly to the control where
no phage was added. In contrast, cultures infected with both escaper phages succumbed to
infection and stopped growing, and the cells that received ®NM4-y4174-PAM were not able to
recover. Cells infected with ®NM4-y4174-seed however, regained growth at 13 hours post-
infection. PCR analysis of the three replicas showed that in all cases a second new spacer
was acquired (Fig. 6C). Spacer acquisition was absolutely required for the recovery of the
culture, as cells expressing the catalytically dead version of Casl (dCasl) were incapable of
recovery (Figs. S6C-D). In addition, the spacer acquisition that enabled the survival was
primed by spc174, since cells harboring pCRISPR(SR) failed to regrow (Figs. S6E-F).

Finally, we tested the second prediction; that Cas9 cleavage within fully immune hosts
prepares the cell for future escaper or related phages. First, we infected cells carrying
PCRISPR(spc174) with ®NM4-y4 at a high MOI (100), which increases the concentration of
escapers present in the experiment. After the initial decimation of the culture, presumably by
escaper phages, resistant cells that acquired new spacers were able to recover (Figs. 6D-E).
Cells harboring pCRISPR(SR), lacking the priming spacer, or pCas9(spc174), lacking the
Cas1-Cas2-Csn2 acquisition machinery, both failed to regrow (Fig. 6D) or acquire new
spacers (Fig. 6E), demonstrating that the survival of staphylococci carrying
pCRISPR(spc174) depended on the expansion of the spacer repertoire mediated by spc74-
mediated cleavage of wild-type viruses. Second, we infected cells carrying
PCRISPR(spc174) with ®dNM4-y4 for 30 minutes and then added the related phage
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®NM1y6PAM, which shares 73.5 % of sequence identity with ®NM4-y4 and contains a
PAM mutation in fgt174 that prevents Cas9 cleavage. As controls, we also infected
staphylococci with either ®NM4y4 or ®NM1y6PAM alone. Analysis of data from Figures
2B and 2C indicated that, from the 346 different spacer sequences acquired during the first
30 minutes of infection with ®NM4y4 in all three replicates, 343 have perfect matches on
the ®NM1y6PAM genome, and the remaining 3 have imperfect matches that could still
enable some level of Cas9 targeting (Fig. S6G and Supplementary Data File 1). Therefore, it
is expected that staphylococci carrying pCRISPR(spc74) will use the targeting spacer not
only to destroy ®NM4-y4, but also to prepare the host population with spacers against
®NM1y6PAM and thus ensure survival after infection with this phage. As expected, the
culture resisted infection with ®NM4y4 but not with ®NM1y6PAM (Fig. 6F). The latter
eventually recovered after about 17 hours, due to the naive acquisition of spacers (Fig. 6G).
In contrast, the culture pre-infected with ®NM4-y4 recovered from infection with
®NM1y6PAM significantly faster, at about 13 hours (Fig. 6F) through the acquisition of new
spacers (Fig. 6G). Next generation sequencing of the new spacers showed that, in addition to
spacers acquired from the ®NM1y6PAM genome, all 346 spacer sequences that were
acquired from the ®NM4y4 genome after 30 minutes of infection were present at least in
one replicate population that survived infection by both phages for 24 hours, including the
three spacers that partially match the ®NM1y6PAM genome (Supplementary Data File 1).
The presence of these sequences, resulting from spacer acquisition from ®NM4y4 DNA
following cleavage of this phage by Cas9 loaded with the spcZ74 crRNA guide, and which
are not required to provide immunity against this ®NM4+y4, demonstrates that these spacers
indeed can be used for the targeting of ®NM1y6PAM, Altogether, the results presented in
Figure 6 demonstrate that primed spacer acquisition occurs during the type I1-A CRISPR-
Cas immune response, enabling the containment of seed escaper phages. More importantly,
priming within already-immune cells allows a pre-emptive strike against future infection by
escaper phages and/or related viruses.

DISCUSSION

Our results demonstrate that the presence of pre-existing spacers enhances further spacer
acquisition during the type 11-A CRISPR-Cas immune response through a mechanism that
requires the cleavage of the target DNA and that results in the capture of sequences in the
vicinity of the cut site. This phenomenon was observed for both an heterologous S. pyogenes
SF370 and the native CRISPR3 locus of S. thermophilus DGCC7710, suggesting that it is a
common feature of type 2 CRISPR systems.

As a result of this mechanism, the abundance of the newly acquired spacers is determined by
the efficiency of cleavage mediated by the preexisting priming spacer. Spacers with fully
functional targets lead to the highest level of spacer acquisition, spacers that target a
protospacer with seed mutations promote an intermediate level of priming and those that
target a site with a non-functional PAM do not enhance spacer acquisition. We believe that
the strict correlation between target cleavage and primed spacer acquisition is a result of the
mechanism behind type 11-A spacer capture, which displays a marked preference for
sequences near free double-stranded DNA (dsDNA) ends (Modell et al., 2017). In this
model, the dsDNA ends generated by Cas9 cleavage become substrates for spacer
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acquisition. The previously reported physical association between Cas9, Csn2 and the Casl-
Cas2 integrase of the type I1-A systems (Heler et al., 2015; Wilkinson et al., 2019), could
provide an efficient avenue for the recruitment of the spacer acquisition machinery to the
free dsDNA ends generated by Cas9. A previous study showed that when the dsDNA end is
either the cos site injected by a phage or the product of DNA restriction, processing by the
AddAB nuclease extends the region of spacer acquisition to the first ¢/ site capable of
inhibit AddAB (Modell et al., 2017), presumably by generating degradation products with
new dsDNA ends for the spacer acquisition machinery. In AddAB mutants, however, the
region of acquisition is narrowed and centered around the dSDNA end, lacking the expansion
to the chisites. Interestingly, our data shows an acquisition hotspot concentrated at the
cleavage site, not limited by chisites, similar to the spacer acquisition pattern in AddAB
mutants (Modell et al., 2017). This suggests that the dsDNA ends produced by Cas9 cannot
be processed by AddAB, due to either the tight binding of Cas9 to its cleavage products
(Garneau et al., 2010; Sternberg et al., 2014) or the expression of an AddAB inhibitor by
®NM4-y4 (Bobay et al., 2013). Alternatively, as a result of the close association between the
acquisition machinery and Cas9, the Csn2/Cas1-Cas2 complex could have preferential
access to the dsDNA ends generated after cleavage and prevent the loading of AddAB to the
ends.

Although conceptually similar, our results show important differences in the mechanism of
primed spacer acquisition carried out by type | and type Il CRISPR-Cas systems. In these
systems, the crRNA-guided Cascade complex requires both seed and PAM sequences to
recognize a protospacer sequence and recruit the Cas3 nuclease to destroy the target genome
by nicking one DNA strand at different length intervals (Dillard et al., 2018; Loeff et al.,
2018; Mulepati and Bailey, 2013; Sinkunas et al., 2011). The lack of robust priming against
perfect targets has been explained by two hypotheses in the context of this targeting
mechanism. Some studies support the idea that, upon interaction with a mutated, but not
with a perfect, protospacer, the Cascade complex adopts a “priming” conformation that
enables the recruitment of Cas1/Cas2 to initiate spacer acquisition from the target genome
(Blosser et al., 2015; Redding et al., 2015). Other work has shown that target cleavage is
required for type | priming, but perfect protospacers lead to the rapid degradation of the
target genome and prevent Cas1/Cas2 from extracting additional spacers from it (Musharova
etal., 2019; Semenova et al., 2016). Indeed, only when an anti-CRISPR Cascade inhibitor is
over-expressed in hosts to impair target destruction, high levels of “interference-driven
acquisition” can be detected (Staals et al., 2016). Mutated protospacers, on the other hand,
lead to the recruitment by Cascade of both Cas3 and Cas1/Cas2, which promote slow
degradation of the target genome and primed spacer acquisition, respectively (Musharova et
al., 2019; Semenova et al., 2016; Staals et al., 2016). Moreover, in type I-F systems that
encode a Cas2-Cas3 fusion protein, Casl recruitment to the mutated target site, an essential
step for primed acquisition, inhibits the nuclease activity (within Cas3) of the fusion (Rollins
et al., 2017), supporting the idea that slow target degradation is important for primed spacer
acquisition. In contrast to the results reported for type | priming, where acquisition mediated
by targeted protospacers can only be detected when target degradation is artificially
decreased, we observed the highest levels of type Il primed spacer acquisition in the
presence of a perfect protospacer that can be rapidly cleaved. We believe that this difference
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could be related to the lack of processive degradation after target cleavage by Cas9
compared with Cas3 (Sternberg et al., 2014); i.e. the rapid degradation of DNA containing a
perfect target for Cas3 prevents the acquisition of new spacers from sequences that surround
the target site. Alternatively, even if the Cas1/Cas2 complex interacts with both the Cas3 and
Cas9 nucleases, the integration substrates (also known as pre-spacers) could be more
immediately accessible to the integrase complex in the vicinity of the target site after Cas9
cleavage versus Cas3 nicking.

Another difference is the influence of the protospacer location in the orientation of the new
spacers. Whereas during type | priming the acquired spacers match the same strand as the
priming protospacer (Datsenko et al., 2012; Staals et al., 2016; Swarts et al., 2012), this is
not the case for the spacers acquired through type Il primed spacer acquisition. This
dissimilitude could be related to the disparities in DNA cleavage between Cas3 and Cas?9.
The recognition of a mutated protospacer by Cascade leads to the recruitment of Cas3 and
the Cas1/Cas2 integrase to the target DNA. This priming complex moves unidirectionally
along one of the DNA strands (Dillard et al., 2018; Redding et al., 2015), a process that
could cause the observed polarity of spacer acquisition during type I priming. In contrast,
Cas9 remains bound to the cleaved DNA ends (Sternberg et al., 2014); i.e. the lack of strand-
specific or directional movement of this nuclease prevents any influence on the extraction of
spacers by Cas1/Cas2.

Primed spacer acquisition has clear advantages for the bacterial population: it increases the
diversity of spacer sequences to prevent the raise of escaper phages (van Houte et al., 2016)
and to generate new immunity against related viruses. In type | systems, the presence of a
target mutation would trigger additional spacer acquisition from other regions of the escaper
or related phage to neutralize these threats. In type Il systems, however, given the strong
priming effect of fully targeting spacers, spacer diversity is generated not only after, but also
before the cell is infected with an escaper or a related phage. This is a unique feature of type
Il primed spacer acquisition that allows “preventive” immunity against future threats that
could overcome the defense provided by the initial spacer acquired. We believe that
cleavage-mediated spacer acquisition is an integral part of the type 11-A CRISPR-Cas
immune response that immediately follows the acquisition of the first spacers by naive cells
(an argument supported by the data in Figure 6A) and leads to a more rapid increase in the
diversity and abundance of spacers in the population that limits the rise of escapers. Phage
escapers, however, are only one of the many threats that bacteria face in their natural
habitats. How cleavage-mediated spacer acquisition impacts the dynamics of the virus-host
co-evolution in ecological contexts remains largely unknown. In Figure 6F we explored
conditions in which the host is exposed to two phages and showed that this mechanism can
immunize the host against both infections if the viral genomes are related. In more complex
environments, the number of co-existing phages, their genetic divergence and their relative
frequencies will most likely affect the benefits of type Il priming. Finally, since the strength
of the immunity provided by type Il spacers decreases as their positions within the CRISPR
array upon new integration events (McGinn and Marraffini, 2016), the accelerated
acquisition mediated by Cas9 cleavage will also “downgrade” the previously acquired
spacers. How this potential cost of priming affects the overall type Il CRISPR-Cas immune
response is not known.
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Finally, the wide use of Cas9 as a tool for genome engineering of the human genome
(Doudna and Charpentier, 2014) have revealed the existence of “off-target” sites. These are
not simply mutated targets, but sequences with random and imperfect complementarity to
the crRNA guide of Cas9 that can nevertheless be recognized and cleaved by the nuclease at
low rates (Fu et al., 2013; Hsu et al., 2013). Limiting Cas9 off-target effects represents a
fundamental obstacle for the continued improvement of CRISPR-Cas9 biotechnology.
According to our results, these off-target cleavage events should lead to primed spacer
acquisition, and therefore it is interesting to speculate that this “defect” of Cas9 targeting has
been selected through evolution to boost the otherwise naive type 1l CRISPR-Cas immune
response and to achieve immunization against phages for which a priori there are no
partially matching pre-existing spacers.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Luciano A. Marraffini (marraffini@rockefeller.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and growth conditions—Cultivation of S. aureus RN4220
(Kreiswirth et al., 1983) was carried out in brain-heart infusion (BHI) broth medium or
tryptic soy broth (TSB) at 37°C with shaking. Wherever applicable, media were
supplemented with chloramphenicol at 10 pg/ml and or erythromycin at 10 pug/ml to ensure
pC194-derived and pE194-derived plasmid maintenance respectively. Cultivation of S.
thermophilus DG7710 (Horvath et al., 2008) was carried out in M17 broth supplemented
with 10% lactose (LM17) at 42 °C without shaking. Wherever applicable, media were
supplemented with 200 pg/ml spectinomycin. Strains and plasmids used in this study are
listed in Supplementary Data File 2.

METHOD DETAILS

Plasmid Construction—All cloning was performed with electrocompetent S. aureus
RN4220 cells as described previously (Goldberg et al., 2014). The sequences and
oligonucleotides used in this study are listed in Supplementary Data File 2. To construct
pPN86, pE194 was amplified with 0PN283 and 0PN284, pGG32 (Goldberg et al., 2014) was
amplified with oPN285 and 0PN286, and a two-piece Gibson assembly was preformed. To
construct pPN249, pC194 was amplified with 0PN548 and oPN549, ¢NM4y4 genomic
DNA was amplified with oPN550 and oPN551, and a two-piece Gibson assembly was
preformed. pPN250 was then constructed by amplifying pPN249 with AV186 and o0PN565
as well as AV187 and oPN564 and a two-piece Gibson assembly was preformed. pPN23 was
constructed by amplifying pJM62 (Modell et al., 2017) with H237 and H238 (Heler et al.,
2015) and preforming a one-piece Gibson assembly. Bsal cloning was used to make pPN183
by inserting spacerl174 (annealed primers RH486-RH487) into the Bsal site of pPN23.
pPN77 was constructed by amplifying pJM62 with JIM110 and JM115 (McGinn and
Marraffini, 2016) and preforming a one piece Gibson assembly. pPN91 then was constructed
in a two-piece Gibson by amplifying pPN77 with JIM90 and 0PN280 as well as JM91 and
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0PN279 and a two-piece Gibson assembly was preformed. Bsal cloning was used to make
pPN174 and pPN256 by inserting spacerl174 (annealed primers RH486-RH487) and
spacer256 (annealed o0PN91-0PN92) into the Bsal site of pPN91. The E220A mutation was
introduced into pPN174 to generate pPN285 by amplifying pPN174 with PS285 and H293
as well as PS284 and H294 and then preforming a two-piece Gibson assembly as described
previously (Heler et al., 2015). pPN136 was constructed by amplying pGG32 (Heler et al.,
2015) with JIM91 and 0GG140 and JM90 and JM115 and preforming a two piece Gibson
assembly (McGinn and Marraffini, 2016). pPN290 was constructed by replacing the wild-
type Cas9 with the nuclease-dead form of Cas9 (D10A, H840A mutations) by amplying
pPN91 with H294 and H295 (Heler et al., 2015), amplyfing pDB182 (Bikard et al., 2014)
with H293 and H296 (Heler et al., 2015), and preforming a two-piece Gibson assembly.
pPN294 was then made by inserting spacer174 (annealed primers RH486-RH487) into the
Bsal site of pPN290. pPN92 was constructed by amplifying pJM62 (Modell et al., 2017)
with JM90 and oPN280, amplifying pPN77 with JIM91 and o0PN279, and preforming a two
piece Gibson assembly (McGinn and Marraffini, 2016). Bsal cloning was used to make
pPN182 by inserting spacerl74 (annealed primers RH486-RH487) into the Bsal site of
pPN92.

Strain Construction—To create the S. thermophilus strain JAV25 we employed the
method described previously (Varble et al., 2019). Briefly, deletions were made by
transforming PCR amplicons with 2-kb homology arms flanking an spectinomycin
resistance cassette into wild-type strains. The sequences and oligonucleotides used in this
study are listed in Supplementary Data File 2. To delete CRISPR1, DG7710 genomic DNA
was amplified with AV664 and AV665 as well as AV666-AV667 (Varble et al., 2019) and
pLZ12spec55 was amplified with AV672 and AV673 (Varble et al., 2019) followed by a
thee-piece Gibson assembly to create the final PCR amplicon for transformation.

Isolation of JAV25 CRISPR BIMs—BIMs derived from JAV25 (CRISPR3-naive in the
text) were isolated using a previously described method (Hynes et al., 2017) with minor
modification. Overnight cultures of JAV25 were infected with ©2972 at an MOI of 0.1, and
mixed with with LM17 media soft agar supplemented with 10 mM CacCl, and then plated
LM17 agar plates supplements on 10 mM CacCl,. Plates were incubated at 42 °C overnight
after drying at room temperature from 30 minutes. The resulting colonies were then
screened for spacer acquisition by TopTagq PCR amplification (Qiagen) with the primers
oPN737 with oPN738 and three of these colonies containing a single, unique spacer
targeting ®2972 were saved for subsequent study (CRISPR3a, CRISPR3, and
CRISPR3Yy).

Plague formation assay in S. aureus—Serial dilutions of phage stock were prepared
in triplicate, spotted on fresh top agar lawns of RN4220 in BHI agar supplemented with
appropriate antibiotic and 5 mM CaCl,. Plates were incubated at 37 °C overnight after
drying at room temperature from 30 minutes.

Plague formation assay in S. thermophilus—Plaque formation of was measured as
described previously (Hynes et al., 2017) with minor variations. Briefly, overnight cultures
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were launched from single colonies, infected with serials dilutions of phage stock ®2972
were prepared in triplicate, and mixed with with LM17 media soft agar supplemented with
10 mM CaCl, and then plated LM17 agar plates supplements on 10 mM CaCl,. Plates were
incubated at 42 °C overnight after drying at room temperature from 30 minutes.

Quantifying CRISPR phage escapers—Thirty escaper plaques were isolated from soft
agar lawns of RN4220 harboring a type 11-A CRISPR plasmid targeting gNM4y4 in BHI
soft agar supplemented with the appropriate antibiotic, 5 mM CaCl,, and resuspended in 20
pL BHI. 2 uL of the phage mixture was added to 30 pL of Colony Lysis Buffer (Pyenson et
al., 2017) and boiled at 98 °C degrees for 10 minutes. 1 uL of the resulting phage lysate was
then used as template for PCR amplification. For escapers of CRISPR174, 0PN246 and
0PN247 (all oligonucleotides used in this study are listed in Supplementary Data File 2)
were used to amplify a portion of pNM4y4 amidase gene (gp68) (Bae et al., 2006). PCR
products were purified with the QlAquick PCR Purification Kit (Qiagen) and submitted for
Sanger sequencing.

Isolation of spontaneous CRISPR escaper phage—¢NM4y4PAM gNM4-y45eed
and gNM1y6PAM were isolated from spontaneous escaper plaques following infection of
¢NM4y4 on soft agar lawns of S. aureus RN4220 cells carrying pPN174 that encodes a type
I1-A CRISPR system targeting the amidase gene (gp68) of pNM4-y4 (CRISPR174) (Fig.
2A). PCR and Sanger sequencing of the resulting PCR amplicons confirmed escape
mutation in the PAM and seed of the target of CRISPR174 (Fig. S2).

Phage construction—We used a variation of a previously described method (Lemay et
al., 2017). pNM4-y4256reV wag created by propagating NM4y4 liquid culture of cells
harboring pPN250 which contains the protospacer and PAM of CRISPR256 flipped onto the
opposite strand as well as the surrounding upstream and downstream homology regions for
recombination with the pNM4y4 genome. Recombinant gNM4-y4256™&V plaques were
isolated on a soft agar lawn of RN4220 pGG14, which encodes a type 111-A CRISPR-Cas
system targeting the sequence present in gpNM4y4 and not in pNM4-y4256'eV_ Sybsequent
PCR and Sanger sequencing of the resulting PCR amplicons confirmed the flipped target.

Spacer Acquisition in S. aureus Liquid Culture—Overnight cultures were launched
from single colonies and diluted to an optical density at 600 nm (ODgqg) of ~0.1 in BHI, 5
mM CacCl,, and the appropriate antibiotics. After 1 hour and ten minutes, optical density
(ODggg) was measured for each culture, and each sample was normalized to an equal cell
density. Cultures were then infected with gNM4y4, gNM4y4PAM oNM4-y4Seed
eNM4y4256reV or mock infected at a multiplicity of infection (MOI) of 100 for thirty
minutes prior pelleting infected cells, removing the supernatant, and flash freezing the
pellets in liquid nitrogen. Frozen pellets were kept at —=80°C until ready for DNA extraction.
For 24 hour spacer acquisition assay (Figs. 5 and S5), three cultures of pWJ40 prepared as
above and each normalized to an ODggg of ~0.5 prior to infection with gNM4y4 at a MOI of
1 for 24 hours. Infected cultures were pelleted, the supernatant was removed, and
immediately prepared for DNA extraction.
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Spacer Acquisition in S. thermophilus Liquid Culture—Overnight cultures were
launched from single colonies and diluted to an optical density at 600 nm (ODgqg) of ~0.1 in
LM17 with 10 mM CacCl,. After 1 hour and 30 minutes of outgrowth, the optical density
(ODggg) was measured for each culture, and each sample was normalized to an equal cell
density. Cultures were then infected with 2972 or mock infected at a multiplicity of
infection (MOI) of 10 for thirty minutes prior pelleting infected cells, removing the
supernatant, and flash freezing the pellets in liquid nitrogen. Frozen pellets were kept at
—80°C until ready for DNA extraction.

PCR amplification of expanded CRISPR loci for high-throughput sequencing
in S. aureus—CRISPR plasmids were isolated from RN4220 cells with modified QIAprep
Spin Miniprep Kit protocol (Qiagen) as previously described (Modell et al., 2017). We used
200 ng (log phase) of plasmid as input for encrichment PCR of the CRISPR locus with
Phusion DNA Polymerase (Thermo) with the following primer mix: oPN287 and cocktail
containing an equal mixture of 0PN288, 0PN289, and o0PN290. For 24 hour infection assay,
H188 and JM257, JIM248 and JM258, and JM249 and JM259 were used to amplify the
CRISPR for the three cultures respectively. To differentiate between samples during
multiplexed high-throughput sequencing, variants of o0PN287 containing randomized 5
nucleotides (NNNNN) followed by 3-6 nucleotide barcode at 5’ end. Amplicons
corresponding to the size of expanded CRISPR arrays were gel purified allowing for the
removal of unexpanded CRISPR arrays. Purified amplicons were then prepared for
sequencing with the TrueSeq Nano DNA Library Prep protocol (Illumina), using a final
concentration of 1.36x Sample Purification Beads (Ilumina) following end repair for further
size selection, followed by high-throughput sequencing with the MiSeq platform.

PCR amplification of expanded CRISPR loci for high-throughput sequencing
in S. thermophilus—Genomic DNA was isolated from DG7710 cells by first treating
with modified Wizard Genomic DNA Purification protocol for gram-positive bacteria
(Promega): bacterial cell pellets were resuspended in 0.5 M EDTA, pH 8.0 supplemented
with 200 pg mlI~1 lysozyme (Sigma) and incubated at 37 °C for 25 min prior to pelleting and
removing the supernatant. The standard Wizard protocol for gram-positives was then
followed as described by the manufacturer (Promega). We used 200 ng (log phase) of
plasmid as input for PCR of the CRISPR locus with Phusion DNA Polymerase (Thermo)
with the following primer mix: o0PN737 with o0PN738, o0PN757, oPN758, or oPN759
depending on whether JAV25, JAV25-BIMO01, JAV25-BIMO02, or JAV25-BIMO03 was used.
To differentiate between samples during multiplexed high-throughput sequencing, variants
of 0PN737 containing randomized 5 nucleotides (NNNNN) followed by 3-6 nucleotide
barcode at 5’ end. Amplicons corresponding to the size of expanded CRISPR arrays were
gel purified allowing for the removal of unexpanded CRISPR arrays. Purified amplicons
were then prepared for sequencing with the TrueSeq Nano DNA Library Prep protocol
(Illumina), using a final concentration of 1.36x Sample Purification Beads (llumina)
following end repair for further size selection, followed by high-throughput sequencing with
the MiSeq platform.
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Spacer acquisition in soft agar—Overnight cultures were launched from single
colonies and diluted to an optical density at 600 nm (ODggg) of ~0.1 in BHI and the
appropriate antibiotics. After 1 hour and ten minutes, optical density (ODggg) was measured
for each culture, and each sample was normalized to an equal cell density. Cultures were
then concentrated to a final density of ODggo ~125, infected at with gNM4y4, gNM4y4PAM
or gNM4-y45eed gt MOI 2.5, mixed with soft BHI soft agar containing 5 mM CaCl, and then
plated BHI agar with the appropriate antibiotics. In order to quantify initial number of cells
infected, prior to infection an aliquot of each culture was serially diluted and plated on BHI
plates. Following overnight incubation at 37 °C, soft agar plates were photographed and the
number of surviving bacteriophage-immune mutant colonies (BIMs) were quantified with
ImageJ32. To assay for spacer acquisition, individual colonies were picked and lysed with
lysis buffer containing 50 ng/ul lysostaphin (Ambi) as described before (Heler et al., 2015).
Following centrifugation (21,0009), the supernatant of each sample was used a template for
TopTaq PCR amplification (Qiagen) with the primers o0PN479 and o0PN292. The resultant
PCR amplicons were then analyzed on 2% agarose gels and the percent of BIMs containing
expanded arrays (CRISPR BIMSs) was determined (Fig. S3). The spacer acquisition rate for
each infection was then calculated based on the percent of CRISPR BIMs divided by the
initial number of cells infected (Figs. 2C and S3).

In vitro CRISPR-Cas9 cleavage assay—174CRISPR RNA and tracrRNA (IDT cat#
1072532) were purchased from IDT and annealed to form crRNA174:tracrRNA RNA
duplexes according Alt-R CRISPR-Cas9: /n vitro cleavage of target DNA with
ribonucleoprotein complex protocol (IDT). All RNA oligonucleotides used in this study are
listed in Supplementary Data File 2.Target DNA substrates were generated by PCR of
purified pNM4-y4 genomic DNA with Phusion DNA Polymerase (Thermo) using oPN144
and oPN562 and then purified by gel extraction. Cleavage assays were preformed similarly
as described previously (Jinek et al., 2012). Briefly, crRNA:tracrRNA and Cas9 (NEB
#MO386) were allowed form RNP complexes at room temperature for 10 minutes and then
diluted to a final concentration of 6.25, 12.5, 25, 50 and 100 nM following to the addition of
target DNA. All reactions were incubated at 37°C for 5 minutes before the digestion with
proteinase K (NEB #P8107) to stop the reactions and liberate target DNA and then stored at
—80°C until ready for further analyzed. Samples were visualized on 2% agarose gel with
SYBR Gold Nucleic Acid Gel Stain (Invitrogen #511494) and the abundance of cleavage
products quantified by automated electrophoresis and imaging using a Tapestation 4200
(Agilent).

In vivo CRISPR-Cas9 cleavage of viral DNA—To observe CRISPR-Cas9 cleavage of
anti-viral targets, overnight culture of RN4220 cells carrying the pC194 (CRISPR-), pPN136
(SR), or pPN174 (CRISPR174) were diluted to an ODggq of ~0.1 with the appropriate
antibiotic and 5 mM CaCl,. After 1 hour and ten minutes of growth, optical density (ODgg)
was measured for each culture, and each sample was normalized to equal cell density.
Cultures were then infected at MOI 5 with gNM4-y4, gNM4-y4PAM or gNM4-y45€ed for 20
minutes prior to centrifugation and flash-freezing of cell pellets. All samples were stored at
—80°C until ready for genomic DNA (gDNA) purification using the DNeasy Blood and Soft
Tissue protocol for Gram-Positive organisms (Qiagen). In order assay for viral gDNA
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cleavage we preformed modified Anchor PCR by utilizing components of the 5> RACE
System for Rapid Amplification of cDNA Ends Version 2.0 kit (Invitrogen Life Sciences). In
brief, 200 ng of purified genomic DNA was incubated with dCTP at final concentration of
200 uM for 2.5 minutes at 94°C degrees to denature dSDNA. The reactions were chilled on
ice for 1 minute prior to the addition of recombinant terminal deoxynucleotidyl transferase
(TdT) (Invitrogen Life Sciences). Incubation at 37°C for 10 minutes allows for the addition
dC-homopolymeric tail to the 3’ ends of dsDNA ends generated by Cas9-mediated cleavage
and creates abridged anchor primer (AAP) binding site (Invitrogen Life Sciences). TdT is
then heat inactivated at 65°C for 10 minutes. dC-tailed DNA was then amplified with 7ag
DNA polymerase (Invitrogen Life Sciences) using the AAP and oPN656 upstream of
CRISPR174 protospacer. Finally amplicons were visualized on 2% agarose gel and
amplicons were purified by gel extraction for Zero Blunt TOPO PCR cloning (Invitrogen
Life Sciences).

Bacterial infection growth curves—Viral infections were preformed in a microplate
reader as previously described (Goldberg et al., 2014; McGinn and Marraffini, 2016) with
minor alterations. Overnight cultures were launched in triplicate from single colonies and
diluted to an ODggg of ~0.1 with the appropriate antibiotic and 5 mM CaCl,. After 1 hour
and ten minutes of growth, optical density (ODgqg) was measured for each culture, and each
sample was normalized to equal cell density (ODggg ~ 0.4) and loaded into a 96-well plate
(Cellstar, 655180). Individual cultures were then infected with pNM4-y4, pNM4y4PAM or
@NM4y4S€eed gt an MOI 1. For infections at high MOIs (Fig. 5D), cells were prepared as
above but infected at an MOI 100 in bulk culture (5 ml) and the infection were allowed to
proceed in the shaking incubator for 30 minutes before an aliquiot of each culture was then
loaded into a 96-well plate. Optical density measurements were then taken every 10 minutes
for 24 hours in a microplate reader (TECAN Infinite 200 PRO) to generate growth curves.
At the end of 24 hours, an aliquot of each culture was lysed in colony lysis buffer contains
50 ng/ul lysostaphin (Ambi) as described before (Heler et al., 2015) and the supernatant was
used as template in PCR to assay for spacer acquisition using 0PN479 and oPN292 or
0PN635 and 0PN292. The resulting amplicons were then analyzed on a 2% agarose gel.

Bacterial co-infection growth curve assays—As before, overnight cultures were
launched, diluted to an ODgqq of ~0.025, and then normalized to equal cell density (ODggg ~
0.1) prior to infection with gNM4y4 at a MOI 10. The infections were allowed to proceed in
the shaking incubator for 30 minutes before the optical density (ODggg) was re-measured.
Cultures were then loaded into a 96-well plate and infected with gNM1y6PAM at MOI 1.
Optical density measurements were then taken every 10 minutes for 24 hours in a microplate
reader (TECAN Infinite 200 PRO) to generate growth curves. At the end of 24 hours, an
aliquot of each culture was lysed in colony lysis buffer contains 50 ng/ul lysostaphin as
described before (Heler et al., 2015) and the supernatant was used as template in PCR to
assay for spacer acquisition using oPN635 and 0PN292. The resulting amplicons were then
analyzed on a 2% agarose gel.
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QUANTIFICATION AND STASTICAL ANALYSIS

High Throughput Sequencing Data Analysis—Spacers were extracted from raw
MiSeq FASTQ files and aligned to reference phage genomes using Python. Spacers that
aligned perfectly to each reference genome were assigned to genomic position at the 5’ end
of the alignment and reads were aggregated based on each unique spacer sequence. In order
to avoid bias introduced into the data set due to duplication of the CRISPR array, reads
containing expanded CRISPR arrays comprising of the original priming spacer (spc174,
spc256, spe300, spe303, spe305, spea, speB, or spey) were discarded. Following
aggregation, the flanking protospacer adjacent motif (PAM) and strand for each spacer was
determined based on the reference genome. To account sequencing bias introduced as result
of enrichment PCR, all spacer read counts were normalized as described previously (Modell
et al., 2017). When conventional spacers primers were used to amplify CRISPR loci this
normalization step was skipped. Each unique spacer was then sorted into 1-kb bins and each
bin was divided by the number of 5’-NGG-3’ sequences CRISPR loci derived from S.
pyogenes SF370 or 5’-NGGNG-3’ for CRISPR loci derived from S. thermophilus
DGCC7710 CRISPR3 within each bin in order to account for observation that spacer
acquisition occurs primarily from sequences immediately upstream of PAMs (Heler et al.,
2015). Reads per million (RPM) were calculated as RPMyot Or RPMppage as desired
previously (Modell et al., 2017).

When assessing expanded CRISPR arrays with two anti-viral spacers (Figs. 5A and S5A-E),
both spacers were extracted pooled from three liquid cultures, aligned to gNM4-y4 genome,
and the genomic position, PAM, and strand were determined for each spacer as before. Each
anti-viral spacer pair was then grouped into 1-kb bins based on the distance between their
respective positions in the gNM4-y4 genome. The proportion of anti-viral spacer pairs in
each bin was then calculated by dividing by the total number of pairs. To examine groups of
doubly expanded arrays that all arise from primed acquisition against the same viral target
within gNM4y4 (Figs. SSA-E), CRISPR loci were sorted into groups based on the first
acquired spacer in the array and the distance between each anti-viral spacer was calculated.

Growth Curve Analysis—For growth curves in Figure 5 and S6, error bars represent the
standard error of four biological replicates

In vitro CRISPR-Cas9 Cleavage Assay Analysis—For the cleavage assay in Figure 2,
error bars represent the standard error of 3 biological replicates.

Efficiency of Plaquing Assay Analysis—For EOP assays in Figure 2, 3, and 5, error
bars represent the standard error of 3 biological replicates.

DATA AND CODE AVAILABILITY

All the datasets generated during this study are all available and the accession number is
SRA:SUB6246845.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immune cells acquire can additional spacersupon infection.
(A) Staphylococcal phage ®NM4y4 genome and the Cas9 targets analyzed in this study. (B)

Staphylococci harboring pCRISPR(spc 74) that targets the phage ®NM4-y4 and
pCRISPR(SR) were infected (+) or mock-infected (-) for 30 minutes and their DNA
purified to amplify the CRISPR locus. PCR products were separated by gel electrophoresis
to detect the acquisition of new spacers. Grey and black arrows: non-expanded and
expanded, respectively, CRISPR arrays. (C) Fraction (%) of spacer sequences matching to
the genome of phage ®NM4-y4 detected in the PCR product of the expanded CRISPR array
of staphylococci harboring either pPCRISPR(spc174) or pCRISPR(SR). Mean + StDev
values of three independent experiments are shown. (D-H) Distribution of new spacer
sequences detected 30 minutes after infection of staphylococci expressing Cas9 programmed
to cleave the targets shown in (A). Reads per million of phage reads (RPMphage) are mapped
to 1 kb bins of the @NM4y4 genome (shown in linear form, with the specified target in the
center). Average curve of three independent experiments is shown. See also Fig. S1.
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Figure 2. PAM, but not seed, target mutations, abrogate new spacer acquisition in immune cells.
(A) ®NM4~y4 variants containing different fgtZ 74 sequences: wild-type, PAM (AGG>ATG)

and seed (A_3>G_3). (B) Propagation ability of the three ®NM4+y4 variants described in (A)
on staphylococci harboring pCRISPR(spc74), measured as efficiency of plaquing (EOP).
Mean + StDev values of three independent experiments are shown. (C) Spacer acquisition
rate after infection with different DNM4+y4 phages containing mutations in either the PAM
or seed of fgt174, measured as the fraction of cells [harboring either pPCRISPR(spc174) or
pCRISPR(SR)] that survive infection through the acquisition of a new spacer. Mean + StDev
values of three independent experiments are shown. (D) Fraction (%) of spacer sequences
matching to the genome of phage ®NM4y4 detected in the PCR product of the expanded
CRISPR array of staphylococci harboring either pCRISPR(spc74) or pCRISPR(SR) after
infection with different ®NM4-y4 phages containing mutations in either the PAM or seed of
tgt174. Mean £ StDev values of three independent experiments are shown. (E) Distribution
of new spacer sequences detected in (D) in cells harboring pCRISPR(spc174), measured as
spacer reads per million of total reads (RPMyy), and mapped to 1 kb bins of the ®DNM4-y4
genome (shown in linear form, with fgtZ74in the center). Average curve of three
independent experiments is shown. (F) Same as (E), but after analysis of bacteria harboring
pCRISPR(SR). See also Figs. S2 and S3.
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Figure 3. Target orientation does not affect the pattern of spacer acquisition.
(A) The sequence of {gt256 on the ®NM4y4 genome (orange box, the line marks the PAM)

was reversed in the ®NM4-y4256™eV mutant virus to allow annealing of the crRNA generated
by spc256'to the other strand of the phage genome. (B) Comparison of the efficiency of
plaquing (EOP) of ®NM4y4 on staphylococci carrying pCRISPR(spc256) of both phages
shown in (A). Mean + StDev values of three independent experiments are shown. (C)
Distribution of new spacer sequences acquired after infection of staphylococci carrying
PCRISPR(spc256) with ®NM4-y4, measured as spacer reads per million of total phage reads
(RPMphage), and mapped to 1 kb bins of either the top or bottom strands of the phage
genome (shown in linear form, with #gf256in the center). Average curve of three
independent experiments is shown. (D) Same as (C) but after infection with ®NM4-y4256rev,
See also Fig. S4.
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Figure 4. Target DNA cleavageisrequired for typell primed spacer acquisition.
(A) In vitro cleavage assay of a dsDNA oligonucleotide containing the different fgt174

sequences shown in Fig. 2A, incubated with increasing concentrations of a 1:1:1 mix of
Cas9:tracrRNA:crRNAL74: 0, 6.25, 12.5, 25, 50 and 100 nM. Substrates and cleavage
products were separated by agarose gel electrophoresis. A representative image of three
replicates is shown. (B) The bands corresponding to the cleavage products in (A) were
quantified and plotted against the concentration of the Cas9 ribonucleoprotein complex.
Mean + StDev values of three independent experiments are shown. (C) In vivo cleavage of
phage DNA. Cells containing the pCRISPR(spc174) or pCRISPR(SR) plasmids where
infected with ®NM4y4, ®NM4-y4174-seed or GNM4-y4174-PAM phages and the cleavage
products (marked by the black triangle) of the fgtZ74 sequence were amplified and separated
by agarose gel electrophoresis. (D) Distribution of new spacer sequences acquired after
infection of staphylococci carrying either pCRISPR(spc174, wtcas9), pCRISPR(spc174,
dcas9) or pCRISPR(SR), with ®NM4-y4, measured as spacer reads per million of total reads
(RPMyq1), and mapped to 1 kb bins of either the top or bottom strands of the phage genome
(shown in linear form, with fg¢174in the center). Average curve of two independent
experiments is shown. The inset shows the data from cells harboring pCRISPR(spc174,
dcas9) or pCRISPR(SR) around the target site, with a different RPM;q; scale. (E) Same as
(D) but after infection with ®NM4-y4seed, See also Fig. S4.
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Figure 5. Cleavage-dependent spacer acquisition in Streptococcus thermophilus.
(A) Streptococcal phage 2972 genome and the Cas9 targets analyzed in this study. (B)

Agarose gel electrophoresis of PCR products after amplification of the CRISPR3 array from
S. thermophilus CRISPR3-naive that acquired spacers a, B and -y upon infection with
®2972. Grey and black arrows: non-expanded and expanded, respectively, CRISPR3 arrays.
(C) Comparison of the efficiency of plaquing (EOP) of phage 2972 on CRISPR3-a, -p or -
v streptococci. Mean £ StDev values of three independent experiments are shown. (D)
Fraction (%) of new spacer sequences matching to the genome of phage ®2972 detected
after infection of CRISPR3-a, -B or -y streptococci. (-) indicates new spacers acquired in
the absence of a targeting spacer by CRISPR-naive cells. Values for a single experiment are
shown. (E) Distribution of new spacer sequences detected 30 minutes after infection of
streptococci expressing Cas9 programmed to cleave the targets shown in (A). Reads per
million of phage reads (RPMphage) are mapped to 1 kb bins of the 2972 genome. Values
for a single experiment are shown.
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Figure 6. Cleavage-dependent spacer acquisition mediates a robust immune response.
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(A) Distance between the targets in the ®NM4-y4 genome specified by the first and second
spacers acquired after infection of naive staphylococci carrying the type I1-A CRISPR-Cas
system of S. pyogenes with ®NM4-y4. The number of different spacers within 1-kb bins of
the ®NM4y4 genome are shown; the position of first spacer acquired in each array is set as
0 kb. (B) Cell survival measured as ODgqq after infection of cultures carrying
pCRISPR(spc174) with different phages at MOI 10 or none as a control. The average curves
of three different replicates are shown, with +/- StDev values shown in lighter colors. (C)
Agarose gel electrophoresis of PCR products after amplification of the CRISPR array of
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cells obtained after the experiment in (B) to detect the integration of new spacers. Grey and
black arrows: non-expanded and expanded, respectively, CRISPR arrays. (D) Cell survival
measured as ODggy after infection with ®NM4-y4 at MOI 100 of staphylococci carrying
different plasmids. The average curves of three different replicates are shown, with +/-
StDev values shown in lighter colors. (E) Same as (C) but for the cells obtained after the
experiment in (D). (F) Cell survival measured as ODg after infection of cultures carrying
pCRISPR(spc174) with different phages at MOI 1 or none as a control. “®NM4-y4/dNM1”
indicates infection with ®NM1y6PAM 30 minutes of addition of ®NM4+y4 at MOI 10.
“®NM1” is an abbreviation for PNM1y6PAM, The average curves of three different
replicates are shown, with +/= StDev values shown in lighter colors. (G) Same as (C) but for
the cells obtained after the experiment in (F). See also Figs. S5 and S6.
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