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SUMMARY

CRISPR-Cas systems provide acquired immunity in prokaryotes. Upon infection, short sequences
from the phage genome, known as spacers, are inserted between the CRISPR repeats. Spacers are
transcribed into small RNA molecules that guide nucleases to their targets. The forces that shape
the distribution of newly acquired spacers, which is observed to be uneven, are poorly understood.
We studied the spacer patterns that arise after phage infection of Staphylococcus aureus harboring
the Streptococcus pyogenestype I1-A CRISPR-Cas system. We observed that spacer patterns are
established early during the CRISPR-Cas immune response and correlate with spacer acquisition
rates, but not with spacer targeting efficiency. The rate of spacer acquisition depended on sequence
elements within the spacer, which in turn determined the abundance of different spacers within the
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adapted population. Our results reveal how the two main forces of the CRIPSR-Cas immune
response, acquisition and targeting, affect the generation of immunological diversity.

INTRODUCTION

CRISPR (clustered regularly interspaced short palindromic repeats) loci and their CRISPR-
associated (Cas) proteins protect prokaryotes against infection by viruses (Barrangou et al.,
2007) and plasmids (Marraffini and Sontheimer, 2008). Upon phage infection, a low fraction
of cells acquire and integrate short fragments of the invader’s DNA (known as spacers)
between CRISPR repeat sequences (Barrangou et al., 2007). After integration, spacers are
transcribed and processed into small CRISPR RNAs (crRNAS) (Brouns et al., 2008;
Deltcheva et al., 2011) that are used by Cas nucleases to find their complementary sequences
(protospacers) within the invading genetic element and cleave it. In the type 11-A CRISPR-
Cas system from Streptococcus pyogenes, cleavage is performed by the crRNA-guided
nuclease Cas9 (Garneau et al., 2010; Jinek et al., 2012), whose catalytic activity depends on
the recognition of a 5’-NGG-3’ protospacer adjacent motif (PAM) (Jiang et al., 2013; Jinek
et al., 2012). Cas9 contains a PAM-interacting domain to recognize this motif (Anders et al.,
2014; Jiang et al., 2016) that is not only required for target cleavage but also for the
acquisition of spacers matching protospacers flanked by the appropriate PAM (Heler et al.,
2015).

Besides the presence of a functional PAM, the rules that govern spacer acquisition in type 11
CRISPR-Cas systems are not completely understood. Multiple studies have shown an
uneven pattern of spacer acquisition, where different spacer sequences have markedly
different abundances within the population of cells that survive phage infection (Heler et al.,
2015; Paez-Espino et al., 2013; Paez-Espino et al., 2015). This observation led to the
hypothesis that some spacers become overrepresented because they are more effective at
directing targeting and/or cleavage by Cas9 and therefore have a selective advantage (Paez-
Espino et al., 2013). However, even when spacer acquisition was measured within 30
minutes of infection, i.e. before the viral lytic cycle is completed and the spacers cannot be
selected for their abilities to guide DNA destruction, the pattern of spacer acquisition is
constricted to the viral region that is first injected but with highly variable frequencies of
acquisition for different spacers sequences within this genomic location (Modell et al.,
2017). These data suggest that the abundance of a spacer in the bacterial population can be
independent of its targeting properties and determined solely by its acquisition rate.

Here we used the type I1-A CRISPR-Cas system from Streptococcus pyogenes expressed in
Staphylococcus aureus RN4220 cells (Heler et al., 2015) to investigate the mechanisms
behind the pattern of spacer acquisition when cells are infected with the staphylococcal
phage $NM4y4 (Goldberg et al., 2014; Heler et al., 2015). We found that this pattern is
remarkably reproducible, and by measuring spacer abundance early and late during the
CRISPR-Cas immune response, we showed that the frequency of individual spacers is
mainly determined at the onset of infection and that there is little selection of spacer
sequences thereafter. This led to the hypothesis that spacer abundance depends on the rate of
acquisition rather than enhanced Cas9 cleavage activity. We tested this on selected spacer
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sequences at each end of the distribution spectrum by performing targeting assays and
quantifying CRISPR acquisition of spacer-length oligonucleotides. These experiments
demonstrated that high and low abundance spacers have similar targeting abilities but differ
dramatically in their efficiency of acquisition. Our studies reveal that, for type I1-A systems,
spacer acquisition rates are fundamental to determine the distribution and diversity of the
CRISPR-Cas immune response.

Acquired spacer sequences display a consistent distribution pattern.

To analyze spacer distribution in the type I1-A CRISPR-Cas system of S. pyogenes (Fig. 1A)
we performed infection assays with lytic phage $NM4-y4, as described previously (Heler et
al., 2017). DNA from surviving cells obtained 24 hours after infection was used to amplify
the CRISPR array by PCR and perform next generation sequencing of newly acquired
spacers. We performed the infection in duplicate and obtained two libraries of 2.52 and 2.28
million phage-mapping reads, respectively. Of all the possible 2,318 NGG-adjacent
protospacers on the genome of ¢NM4-y4, 2,096 (>90%) were sampled in both libraries (Data
S1). The frequency of each spacer was normalized as reads per million (RPM) and plotted
across the phage genome (1 kb bins, Fig. 1B). We observed a similar pattern of spacer
distribution for each duplicate experiment. This pattern was not a reflection of the PAM
distribution across the phage genome (Data S1). To determine if the correlation is present
not only in the groups of spacers within each 1 kb bin, but also at the level of the individual
spacer sequences, we compared the RPM value for each of the 2,096 spacers (Fig. 1C). We
found a remarkable correlation of the spacer frequencies in both replicas, particularly of the
most abundant spacer sequences. We arbitrarily picked five spacer sequences with high and
five with low RPM and marked them with different colors to follow their abundance over
different experiments. This is an effort to illustrate the relative consistency in the distribution
of individual spacer sequences, for example after mapping the spacers across the phage
genome in our replicates (Fig. SIA-C). To test if this correlation extends to experiments
using other phages and type 1I-A CRISPR-Cas systems, we performed duplicate infection
experiments of S. aureus RN4220 containing the S. pyogenestype 11-A system with the
phage ¢85 (Kwan et al., 2005) (Fig. S1D), or staphylococci harboring the type I1-A (also
known as CRISPR3 (Deveau et al., 2008)) from Streptococcus thermophilus with §NM4y4
(Fig. S1E). Although we obtained only 50-100 different spacer sequences (Data S1) in both
cases due to a low efficiency of spacer acquisition in these systems (Heler et al., 2015)), a
very strong correlation for spacer abundance in the replicas was found. Altogether, these
results indicate that the abundance of individual spacer sequences within the population of
surviving cells is relatively constant after the type I1-A CRISPR-Cas immune response.

Highly abundant spacer sequences have high rates of acquisition.

In principle, the different but reproducible abundance of spacers could be explained by two
non-mutually exclusive forces that depend on their individual sequences: their efficiency of
viral targeting and/or their inherent frequency of acquisition. We tested these possibilities

using spacer sequences (Figs. 2A and S2A) that displayed markedly dissimilar abundances
in both of our replicates (Fig. 1C): two highly abundant (“dark green” and “light blue”) and
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two consistently under-represented (the “red” and “tan”). First, we compared the efficiency
of in vitro DNA cutting by Cas9 using each of these spacers as guides and we found similar
cleavage properties (Figs. 2B and S2B-E). Second, we measured the targeting efficiency of
each of these spacers in vivo, through the quantification of the reduction in phage
propagation that they mediate, to determine if the frequency of phage escape correlated with
spacer abundance (Fig. 2C). We did not detect substantial differences between the spacers, a
result that demonstrates that not only in vitro, but also in vivo, these sequences provide
similar levels of defense.

Next, we tested the second variable that could impact the distribution pattern of spacers:
their intrinsic rate of acquisition. We co-transformed cells with pairs of annealed, dsSDNA
oligonucleotides at equimolar concentrations, harboring the sequences over- and under-
represented spacers. To increase the frequency of acquisition of the oligos, we used
staphylococci carrying an engineered type 11-A CRISPR-Cas locus in which expression of
the casl, cas2and csn2 genes is controlled by an anhydrotetracycline-inducible promoter
(Heler et al., 2015; Modell et al., 2017), allowing their over-expression to enhance spacer
integration. Transformation was followed by next-generation sequencing of the amplified
CRISPR array to quantify the relative frequency of acquisition for each transformed
oligonucleotide. We compared the acquisition of the selected over- and under-represented
sequences (Fig. 2A): “dark green” vs “red” and “light blue” vs. “tan”. We observed a
striking difference in the number of reads, with ~ 96 % of the reads from oligo-derived
spacers matching the highly abundant sequence (Data S1 and Fig. 2D). To corroborate this
finding, we performed spacer-specific PCR after transformation using the “dark green” or
“red” spacer sequences as reverse primers to amplify the CRISPR array. Consistent with our
next generation sequencing data, we were able to detect a strong PCR product only when
using the highly acquired spacer as reverse primer (Fig. S2F). Finally, we compared the
frequency of acquisition of another high- and low-abundance spacer pair (the “light green”
and “orange” spacers in Figure 1C, respectively), and observed the same differential
integration into the CRISPR array (Data S1 and Fig. S2G). Altogether, these experiments
demonstrate that for a given spacer sequence, its efficiency of acquisition but not its
targeting capabilities, correlate with its abundance in the population of CRISPR-resistant
cells.

PAM-proximal sequences determine the frequency of spacer acquisition.

The above results suggest that there must be elements within the sequence of high-
abundance spacers that increase their rate of acquisition. This has been previously described
for spacers acquired during the Escherichia colitype 1 CRISPR-Cas immune response
(Shipman et al., 2017; Yosef et al., 2013). Applying bioinformatics analysis of spacer groups
composed with the highest and lowest frequencies of acquisition, it was determined that the
presence of the correct PAM at the 3’ end of the spacer (AAG) as well as an AA
dinucleotide located 30 nt downstream of the AAG motif significantly enhance the rate of
acquisition of the spacers they flank. To test for a possible role of the flanking sequences we
added the 15 nt that precede and follow the “dark green” and “red” protospacers (Fig. S2H).
We then transformed these extended oligonucleotides and looked for their acquisition both
by spacer-specific PCR analysis (Fig. S2F) and next generation sequencing of the amplified
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CRISPR locus (Fig. S2H). Both assays showed a remarkable preference of acquisition of the
highly abundant “green” spacer over the under-represented “red” one. To check for the
importance of the flanking sequences the additional 15 nt were swapped (Fig. S2H) and the
resulting dsDNA oligonucleotides were transformed into staphylococci carrying the S.
pyogenes type I1-A CRISPR-Cas system. Next generation sequencing of the expanded
CRISPR arrays showed that the protospacer, but not its flanking sequences, is the main
determinant of the efficiency of acquisition (Fig. S2H).

To look for the presence of protospacer sequence elements that affect its acquisition, we
divided the 30-nt sequence of the “dark green” and “red” spacers into PAM-distal, middle
and PAM-proximal 10-nt regions (Fig. S2I) and swapped these regions in the high and low
abundance spacer sequences. Electroporation with different pairs of swapped oligos,
followed by next generation sequencing of expanded CRISPR arrays revealed that the
presence of the 10-nt PAM-proximal region of the high-abundance spacer was necessary and
sufficient to ensure high levels of acquisition of a dSDNA oligo (Fig. S21). Moreover, the
addition of the 10-nt PAM-proximal region of the “dark green” highly acquired spacer, but
not the middle or PAM-distal sequences, was also sufficient to increase the frequency of
acquisition of the “orange” low-abundance spacer (Fig. S2J). To corroborate these findings,
we co-transformed 10 different dsDNA oligonucleotides containing different combinations
of 10-nt regions of the “dark green” and “red” spacer sequences (Fig. 2E). Again, we found
that dSDNA oligos containing the 10-nt PAM-proximal sequence of the highly acquired
spacer were integrated into the CRISPR array at significantly higher frequencies than those
having the same region from the low-abundance spacer. Nevertheless, this sequence was not
sufficient to make the acquisition of the “red” spacer as high as that of the “dark green” one,
suggesting that there are additional stimulatory (in the “dark green”) or inhibitory (in the
“red”) nucleotides that affect acquisition. Due to the impossibility of testing every acquired
spacer via oligo transformation, we evaluated the importance of this sequence within the
entire set of acquired spacers. To do this, we used kpLogo (Wu and Bartel, 2017) to look for
a conserved motif in the PAM-proximal 10-nt sequence of the most abundant spacers (in the
top 1 % of average spacer reads in Fig. 1C). We obtained two sets of sequences,
corresponding to the enriched and depleted nucleotides at each position of the PAM-
proximal region (Fig. S2K). Although the analysis did not yield any significant motif in this
region, we picked the most conserved nucleotide in each position and appended the resulting
sequences to the low abundance (“red”) spacer to check for their influence in spacer
acquisition. We found that the addition of the enriched PAM-proximal nucleotides
dramatically increased spacer acquisition (Fig. S2L). Finally, we investigated whether the
rates of acquisition of different protospacers correlated with the Kinetics of in vitro
integration (Fig. S2M). While we did see variation in the rates of integration (Fig. S2N), the
differences were unrelated to acquisition rate, with a poorly-acquired sequence supporting
the fastest integration rate as a blunt protospacer. This, together with the primary importance
of PAM-proximal sequences for selection /n vivo, is consistent with a model where sequence
preference is established at the protospacer selection stage, rather than during the integration
reaction itself. The overall results of these experiments demonstrate that specific DNA
sequences located immediately upstream of the PAM have important effects on the
frequency of acquisition of the 30-nt spacer determined by that PAM.
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The spacer distribution pattern is established early during infection.

Our data that compared the targeting abilities and acquisition rates of a limited number
spacer sequences showed that the latter, but not the former, correlates with the abundance of
these spacers in the distribution pattern resulting after the type 11-A CRISPR-Cas immune
response. These results led us to formulate the hypothesis that the rate of acquisition of the
different spacers early during infection, but not their subsequent selection for their phage
cleavage properties, is the major force that shapes this pattern. To test this hypothesis, we
compared the spacer distribution 30 minutes after infection, when the great majority of cells
have not lysed yet [the §NM4y4 viral cycle takes ~ 40 minutes (Modell et al., 2017)], with
the distribution obtained after 16 hours of infection, a time during which the acquired
spacers can be selected against or for their targeting properties (Fig. S3A). We analyzed over
0.72 million spacers for the early time point and 12.3 million spacers for the late time point,
with 1,517 sequences shared between the two libraries (Data S1). We detected reads for
1614 spacers in the early time point and 2019 in the late one, with all of the non-detected
spacers in the early time point having a very low number of reads (Data S1). This suggests
that approximately 75% of the acquisition occurs in the first 30 minutes post-infection, and
that the spacers acquired afterwards have a minimal contribution to the type 11-A CRISPR-
Cas immune response. When we compared the abundance of the spacers shared by both time
points, we observed a strong correlation for the frequency of each individual spacer (Fig.
3A) and for their overall distribution across the phage genome (Fig. S3B-D). This result
suggests that spacer abundance is determined early after infection, and selection throughout
the re-growth of CRISPR-adapted cells has a minimal impact on shaping the spacer
distribution. To explore this more directly, we calculated the fold-increase in abundance
from the early time point to the late time point for each spacer. This value reflects the fitness
of each sequence after its acquisition; i.e., the positive or negative selection suffered by a
spacer due to its targeting abilities. We found that the fitness range of the entire spacer
repertoire was narrow and did not correlate with the average spacer abundance obtained in
the Figure 1C replicates (Fig. 3B). For example, our set of highly abundant spacers had
average fitnesses close to 1, even though they were order of magnitudes more frequent than
other spacers with similar fitnesses (Fig. 3B). Interestingly, we did not detect a strong
positive selection for any spacer sequence (the maximum fitness value was 3.3, Data S1), but
there were 14 that displayed more than a 100-fold negative selection (Data S1, Fig. 3C, Fig.
S3E). On average, the acquired spacers have a fitness value close to 1 (Fig. 3C), with
approximately half of them displaying fitness higher than 1 and half lower than 1 (Fig. S3E).
These findings indicate that the relative abundance of spacer sequences is determined at their
time of acquisition, early during the CRISPR-Cas immune response, and remains relatively
constant during the targeting phase of CRISPR immunity.

Spacer abundance is determined by the rate of acquisition.

To test whether targeting efficiency affects the relative abundance of individual spacer
sequences, we performed a barcoded, phage-free spacer acquisition experiment. For this we
used a plasmid-based, modified type I1-A locus (Fig. 4A) containing a random 10 nt
sequence located 50 bp immediately upstream of a single repeat, a barcoding strategy we
previously used to count independent acquisition events (Heler et al., 2017). In addition,
expression of the casi, cas?and csnZ2 genes, essential for spacer acquisition, is controlled by
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an anhydrotetracycline-inducible promoter, allowing turning on and off spacer integration
(Heler et al., 2015; Modell et al., 2017). Instead of using a replicating virus, cells harboring
this engineered type 11-A system were transformed via electroporation with $NM4y4 phage
DNA, sheared into ~150 bp fragments by sonication, in the presence of anhydrotetracycline.
After two hours the inducer was washed off, DNA was extracted from cells and the new
CRISPR loci along with barcoded leaders were amplified by PCR (Fig. 4A) and subjected to
next-generation sequencing. We analyzed 2.00 million spacer reads each with its respective
barcode that sampled almost all (2,274) of the existing protospacers on the $NM4-y4
genome (Data S1 and Fig. S4A-B). To test the barcoded system, we plotted the relative
abundance versus the number of different barcodes for each individual sequence (Fig. S4C).
Assuming that different barcode sequences in front of the same spacer are the result of
independent events of integration, this value reflects how many times a given spacer was
acquired during transformation. We detected a strong correlation between the abundance of a
spacer and its number of barcodes, a result that validates the use of barcode count as an
absolute measure of the acquisition of a given spacer sequence present in the ¢NM4-y4
genome.

We then compared the number of barcodes with the number of reads obtained for each
spacer sequence in the experiment using replicating phage presented in Figure 1. In this way
we can determine how much of the spacer distribution obtained after viral infection
(measured as the average RPM of the replica experiments of Figure 1) can be explained by
the intrinsic rate of acquisition of each viral spacer sequence (measured by the number of
barcodes obtained in Figure S4). First we compared the distribution patterns across the
dNM4y4 genome (Fig. 4B). We found very similar distribution patterns, with a conservation
of most peaks and valleys in both curves (note that the RPM and number of barcode values
are intrinsically different and therefore the curves do not overlap). Next, we plotted both
values against each other and found a good correlation, in which our ten selected spacers
maintained their low or high abundance, and with an Z value of 0.580 (Fig. 4C). This
indicates that the distribution of more than half of the spacers acquired in response to viral
infection can be explained by their intrinsic rate of acquisition; i.e. independent of the
targeting abilities of the spacer sequence.

DISCUSSION

Early studies of the type 11-A CRISPR-Cas response to phage infection have shown that the
population of surviving bacteria has a diverse content of new spacer sequences, some much
more abundant than others (Modell et al., 2017; Paez-Espino et al., 2013; Paez-Espino et al.,
2015). In principle, the abundance of a spacer should be determined by two factors: its
frequency of integration into the CRISPR array and its targeting capabilities (Bradde et al.,
2017). Here we found that the abundance of most spacers is determined shortly after phage
infection, when positive or negative selection for good or bad targeting, respectively, is still
not a factor at play. In addition, there is a strong correlation between the abundance of most
spacers acquired during infection with replicating phage and their abundance after
transformation with sheared phage DNA, again, when targeting is not required for survival.
Finally, we showed that the frequency of most spacers in the surviving population correlates
directly with their frequency of acquisition.
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The data presented here show that the spacer abundance that emerges after the type |1
CRISPR-Cas immune response is basically determined shortly after infection, depending
mostly on the acquisition rate of each acquired sequence and not on its properties as a guide
for Cas9 DNA cleavage. In support of our findings, modeling of the CRISPR-Cas immune
response determined that high spacer acquisition probabilities will lead to greater diversity
in the spacer distribution, while strong selection of spacers providing better phage clearance
will tend to homogenize the population of spacers in favor of the most effective one
(“winner takes all” situation) (Bradde et al., 2017). Since differences in the targeting
efficiency between different spacers definitively exist, how is it possible that they do not
play a significant role in the in the outcome of the CRISPR-Cas response? Previous studies
in our lab showed that spacers at low concentrations within the host population have marked
differences in targeting efficiency, provided equally strong immunity once they reached a
certain threshold (McGinn and Marraffini, 2016; Modell et al., 2017). We found that spacers
located downstream in the CRISPR array provide very weak protection when the cells that
carry them are a minority within the population of infected cells, but they provide strong
immunity when they constitute a bulk of the culture infected (McGinn and Marraffini,
2016). Likewise, spacers targeting regions of the phage genome that are injected last mediate
a poor immune response when they are present in a small proportion of the population but
enable robust protection when they are in the majority of the cells of the culture (Modell et
al., 2017). We believe that a similar situation can occur during the infection of naive cultures
that acquired multiple (thousands) of new spacers. The high rate of acquisition of certain
sequences would effectively create a high concentration of immune cells that will reach the
concentration threshold necessary to provide most of the immunity to the population, and no
further selection of these sequences due to their targeting efficiency will take place.

Our findings showed that spacer abundance is mostly determined at the acquisition stage of
type I1-A CRISPR-Cas immunity. The uneven distribution of different spacer sequences
could be in principle explained by the existence of phage genomic regions that are better
substrates for spacer acquisition. Indeed, this is the case for the regions proximal to the cos
site in $12-y3 that first enter the host cell (Modell et al., 2017) and is a possible explanation
for the clustering of highly abundant spacers from the 5’ end of the $§NM4y4 genome (Fig.
Sla-b). However, even within these regions there is a wide spectrum of spacer abundances.
Here we showed that a key factor for these different abundances is the intrinsic frequency of
acquisition of a given spacer sequence. Mutagenesis analysis revealed that the 10-nt
sequence at the PAM end of a spacer is determinant for its frequency of acquisition.
However we could not identify a critical motif within these 10 nucleotides. This differs from
the findings for the acquisition of type I-A spacers in £. coli, where a strong motif with the
PAM sequence (AAG), the “acquisition affecting motif” upstream of the spacer, as well as
an AA dinucleotide 30 nucleotides downstream of this motif, were found to significantly
enhance the rate of acquisition (Shipman et al., 2017; Yosef et al., 2013). Interestingly, the
10-nucleotides proximal to the PAM are also part of the target seed region and their
complementarity to the crRNA is fundamental for Cas9 cleavage (Deveau et al., 2008; Jinek
et al., 2012). Therefore the molecular mechanisms behind this preferential acquisition
remain unknown. The current model of spacer acquisition by type 11-A CRISPR-Cas
systems involves three major steps. First, the injected DNA is degraded by the AddAB when
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the phage’s own mechanism that inhibit this host nuclease fail. This creates the spacer
substrates (Levy et al., 2015; Modell et al., 2017), which are selected and processed by a
Cas9-Cas1-Cas2-Csn2 complex (Heler et al., 2015). Finally the processed spacer sequence is
integrated by the Cas1-Cas2 integrase into the CRISPR array (Wright and Doudna, 2016).
Because the 10-nt PAM-proximal sequence did not affect the rate of insertion of the spacer
by the Cas1-Cas2 integration complex, our data suggests that this sequence plays a role in
determining the rate of acquisition in either of the first two steps. In summary, our study
begins to uncover the rules that govern the generation of immunological diversity during the
type 11-A CRISPR-Cas response, revealing that spacer acquisition early during this process
dominates over spacer-mediated targeting to determine the structure of the surviving
population. This contrasts with mammalian adaptive immunity, in which the generation of
diversity is the result of random V(D)J recombination to create millions of different
antibodies that are then selected for their abilities to recognize and mediate the destruction
of the foreign antigen.

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 Marraffini (marraffini@rockefeller.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The bacterial strain used in this study was Staphylococcus aureus RN4220. Cultivation of
Staphylococcus aureus RN4220 was carried out in heart infusion broth (BHI) at 37°C.
Whenever applicable, media were supplemented with chloramphenicol at 10 pug/mL,
erythromycin at 10 pg/mL or spectinomycin at 250 pg/mL to ensure maintenance of pC194,
pE194 and pLZ12 derived plasmids, respectively, or 5 mM CaCl2 for phage adsorption. The
phages used were gNM4-y4, a gNM4 derivative containing a deletion within the lysogeny
cassette (Goldberg et al., 2014) and staphylococcal phage ¢85 (Kwan et al., 2005).

METHOD DETAILS

Bacterial Growth Curves

Overnight cultures were launched from single colonies and diluted 1:100 in BHI. After 1
hour of growth, optical density at 600nm (ODgqg) Was measured for each culture, and
samples were brought to equal cell densities. Immune cells carrying targeting spacers were
diluted with cells lacking CRISPR-Cas to a 1:1000 ratio and loaded into 96-well plates
along with pNM4y4 at MOI = 1. Measurements were taken every 10 minutes for 24 hours.

Phage Interference Assay

Overnight cultures were launched from single colonies. Serial dilutions of a stock of phage
pNM4y4 (Goldberg et al., 2014) were spotted on fresh soft heart infusion agar (HIA) lawns
of targeting cells containing chloramphenicol 10 pg/ml and 5 mM CaCl2. Plates were
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incubated at 37 °C overnight and interference efficiency was measured in plaque forming
units (pfu).

Acquisition from live phage

Acquisition from live phage in cells harboring the CRISPR system of Strepfococcus
pyogenes (plasmid pWJ40) or CRISPR3 of Streptococcus thermophilus (pPRH200) was
performed as described previously (Heler et al., 2015). In Figure 2 and S2, plasmid pwWJ40*
containing randomized leader barcodes was used instead of p\WJ40 (Heler et al., 2017). The
unweighted probability Logo (Figure S2K) of the top 1% protospacers was generated using
kpLogo (Wu and Bartel, 2017).

Acquisition from shredded phage DNA

Phage DNA was shredded by sonication to fragments of ~150bp as described in Modell
(Modell et al., 2017). Following dialysis, 100ug of phage DNA was electroporated into
competent S. aureus cells carrying plasmids pRH317 and pRH318*. Cells were recovered
for 2h in BHI supplemented with anhydrotetracycline at 1pg/ul.

Acquisition from dsDNA oligonucleotides

dsDNA substrates were obtained by annealing ssDNA oligonucleotides in Duplex Buffer
from IDT. Following dialysis, 100 nM of each competing dsDNA substrate were mixed and
electroporated in competent S. aureus cells carrying plasmids pRH223 and pRH240 (Heler
et al., 2015). Cells were recovered for 2h in BHI supplemented with anhydrotetracycline at
1ug/ul. In order of appearance, the annealed oligo pairs are H612-H613, H617-H618, H690-
H691, H690-H691 (Figure 2D), H612-H613, H626-H627, H634-H635, H630-H631, H622-
H623, H624-H625, H628-H629, H620-H621, H617-H618, H632-H633 (Figure 2E), H655-
H656, H657-H658 (Figure S2G), H614-H615, H618-H619, H626-H627, H638-H639
(Figure S2H), H630-H631, H628-H629, H626-H627, H632-H633, H634-H635, H624-
H625, H622-H623, H620-H621 (Figure S21), H668-H669, H657-H658, H670-H671, HE57-
H658, H672-H673, H657-H658 (Figure S2J), H700-H701, H702-H703 (Figure S2L). The
significance (p-value) of the results in Figure 2E was assessed using a two-tailed, unequal
variance Student’s t-test. Oligonucleotide sequences are shown in Table S1.

High-throughput sequencing

Plasmid DNA was extracted from adapted cultures. 200 ng of plasmid DNA was used as
template for Phusion PCR to amplify the CRISPR locus with primer pairs H370-H371
(Figure 1, 3), H180-B153 (Figure S1E), H372-H366 (Figure 4) and H186-H366 (Figure 2
and S2). Following gel extraction and purification of the adapted bands, samples were
subject to Illumina MiSeq (Figures 1, 2, 4, S1, S2, S4) or NextSeq (Figures 3 and S3)
sequencing. Data analysis was performed in Python: first, all newly acquired spacer
sequences were extracted from raw MiSeq FASTA data files. Next, the frequency, number of
different barcodes, the phage target location, and the flanking PAM were determined for
each unique spacer sequence. Analysis was finished in Excel.

Cell Host Microbe. Author manuscript; available in PMC 2020 February 13.
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In vitro Cas9 target cleavage

Cleavage by Cas9 of various targets was assessed using the Guide-It Complete sgRNA
Screening System from Clontech (Cat. No. 632636) with minor modifications. Cas9 and the
SgRNASs were pre-incubated for 5 min at 37C in equimolar ratio and then diluted into the
cleavage reaction to final concentrations of 100, 50, 25, 12.5 and 6.25nM. All reactions
contained 10 nM of a phage-derived PCR template with the target site. All reactions were
stopped after 5 minutes by heat inactivation at 80C for 5 minutes and stored at —80C until
ready to be run on an agarose gel. Guides used in Figure 2B were transcribed from oligos
H521 (blue, also S2D), H522 (brown, also S2E), H694 (green, also S2b), H695 (red, also
S2C).

Plasmid Construction

Plasmid pRH317 was constructed by deleting the CRISPR leader and array from pRH223
(Heler et al., 2015) via a one-piece Gibson assembly reaction with primer pair IM126-
JM127. Plasmid pRH318 was constructed by a two-piece Gibson assembly reaction from
pRH240 (Heler et al., 2015) and pLZ12 with primer pairs H558-H559 and H555-H557,
respectively. Plasmid pRH318* (containing randomized leader barcodes) was constructed by
a two-piece Gibson assembly with primers pairs H378-H294 and H379-H293. Plasmid
pRH248, pRH249, pRH328 and pRH329 were constructed via Bsal cloning as described in
(Heler et al., 2015) with annealed oligonucleotide pairs H433-H434, H435-H436, H641-
H642, and H643-H645, respectively. Oligonucleotide sequences are shown in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in Microsoft Excel. Significance was calculated using
Student’s paired t-Test, with a two-tailored distribution, assuming a two-sample unequal
variance. Error bars represent mean + standard deviation.

DATA AND SOFTWARE AVAILABILITY

Raw data for all figures: Data S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acquired spacer sequences display a consistent distribution pattern.
(A) Schematic diagram of the type 11-A CRISPR-Cas system from Streptococcus pyogenes.

Black arrows indicate the position of the PCR primers used to check for spacer integration.
(B) Average abundance (in reads per million per 1-kb bins, RPM) of gNM4-y4 viral
sequences incorporated as spacers into the CRISPR array, mapped against location on the
phage genome, in duplicate (red and green traces). (C) Individual spacers common to the
two data sets in (B) were plotted with RPM values for replicate 1 on the x axis and replicate
2 on the y axis. The dotted line represents the linear regression fit. Ten spacers were color-
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coded based on their abundance (warm colors for low abundance and cold colors for high
abundance). See also Fig. S1.
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Figure 2. High and low abundance spacer s have different rates of acquisition but similar
targeting efficiencies.

(A) Sequences of the targets of select spacers from Figure 1 with either high abundance
(dark green and light blue) or low abundance (red and tan); all containing an AGG PAM. (B)
Quantification of in vitro cleavage (after 5 minutes) of a 2-kb phage target by various
concentrations of Cas9 loaded with sgRNAs matching the protospacers shown in (A). (C)
Phage propagation on strains harboring the spacers shown in (A), measured as the efficiency
of plaquing (EOP) against propagation in non-CRISPR control staphylococci. (D). Relative
acquisition rates (%) of spacers following electroporation of pairs of high/low abundance
dsDNA oligonucleotides with the sequences shown in (A). (E) Relative acquisition rates (%)
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of spacers following electroporation of 10 dsDNA oligonucleotides with mixed sequences of
the dark green and red targets shown in (A). See also Fig. S2.
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Figure 3. The spacer distribution pattern is established early during infection.
(A) Individual spacers common to the early and late time point samples plotted as RPM

values against each other. (B) Average spacer abundance obtained from the replicates of
Figure 1C as a function of spacer fitness calculated as RPM5te/RPMegriy). (C) Fitness
mapped across the phage genome. The yellow curve represents average fitness in 1-kb bins.

See also Fig. S3.
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Figure 4. Spacer abundance is determined by itsrate of acquisition.
(A) Schematic diagram of the modified S. pyogenes CRISPR locus showing the location of

the leader barcodes and primers (black arrows) used to quantify the number of independent
spacer acquisition events from sheared phage DNA. (B) Overlap of spacer distribution
during phage infection (Figure 1) and number of barcodes as a measure of acquisition
frequency, both plotted in 1-kb bins. (C) Comparison between abundance of individual
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spacers during replicating phage infection and independent acquisition events from sheared
phage DNA. See also Fig. S4.
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