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Abstract
CRISPR-associated proteins 1 and 2 (Cas1–2) are necessary and sufficient for new spacer acquisition in some
CRISPR-Cas systems (e.g., type I-E), but adaptation in other systems (e.g., type II-A) involves the crRNA-guided sur-
veillance complex. Here we show that the type I-F Cas1–2/3 proteins are necessary and sufficient to produce low
levels of spacer acquisition, but the presence of the type I-F crRNA-guided surveillance complex (Csy) improves
the efficiency of adaptation and significantly increases the fidelity of protospacer adjacent motif selection.
Sequences selected for integration are preferentially derived from specific regions of extrachromosomal DNA,
and patterns of spacer selection are highly reproducible between independent biological replicates. This
work helps define the role of the Csy complex in I-F adaptation and reveals that actively replicating mobile
genetic elements have antigenic signatures that facilitate their integration during CRISPR adaptation.

Introduction
CRISPR loci and their associated cas genes are con-

served components of adaptive immune systems that

protect bacteria and archaea from foreign genetic ele-

ments.1,2 These immune systems are phylogenetically

and functionally diverse, but all acquire immunity by pref-

erentially integrating short fragments of foreign DNA at

one end of a CRISPR locus.3–6 Conserved CRISPR-

associated proteins 1 and 2 (i.e., Cas1 and Cas2) have

been shown to be necessary and sufficient for integrating

foreign DNA into the CRISPR loci in some system sub-

types (e.g., I-E),7 while in vivo adaption in other CRISPR

subtypes requires additional proteins (e.g., Cas4, Csn2,

Cas9).8–11

The type II-A crRNA-guided surveillance complex

(i.e., Cas9) facilitates integration of sequences flanked

by a protospacer adjacent motif (PAM),11,12 and chi-

meric Cas9 proteins have been used to demonstrate

that the PAM interacting domain is directly involved

in this process.10 Similarly, the type I-F crRNA-guided

surveillance (Csy) complex has been implicated in naive

sequence adaptation,13 but the role played by this com-

plex is yet to be determined.

Based on the previous work done in type II systems

showing that Cas9 plays a necessary role in selecting

sequences for integration (i.e., prespacers), we hypothe-

sized that the type I-F crRNA-guided surveillance com-

plex (i.e., Csy or I-F Cascade complex) has a similar

role in I-F CRISPR adaptation. Here, we show that the

Cas1 and Cas2/3 fusion proteins (Cas1–2/3), which

form an integration complex in I-F systems,14–16 are

capable of selecting PAM containing prespacers for in-

efficient adaptation independent of the Csy complex.

However, the presence of the Csy complex increases

the fidelity of PAM selection and enhances the efficiency

of naive CRISPR adaptation. Moreover, our work reveals

that protospacers are not selected at random; instead spe-

cific protospacers are consistently selected from specific re-

gions of extrachromosomal DNA. Persistent protospacer

preferences indicate that some DNA sequences may be

recognized as antigenic and this work helps explain

how CRISPR systems avoid autoimmunity.
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Materials and Methods
Adaptation assays in Escherichia coli
Spacer acquisition assays were performed using an engi-

neered strain of Escherichia coli BL21-AI that contains

a type I-F CRISPR array (KD740) in place of the I-E

CRISPR locus. These cells are identical to those de-

scribed by Vorontsova et al.,13 but an orphan type I-F

CRISPR locus has been removed using Red recombi-

nase.17,18 The I-F CRISPR contains a single-spacer sequ-

ence (5¢-ACGCAGTTGCTGAGTGTGATCGATGCCA

TCAG-3¢) that targets the J protein of phage lambda

and should not trigger priming, since this spacer has no

homology to the chromosome or expression plasmids

used in these studies.13,19,20 The I-F CRISPR of KD740

is flanked by a 134 bp leader sequence. The CRISPR is

transcribed from LacI-repressed T7 RNA polymerase

promoter.

The cas1–2/3 genes from Pseudomonas aeruginosa

PA14 were cloned into a spectinomycin resistance (2S)

LIC vector with a ColE1 origin of replication. The cas1–

2/3 genes are cloned downstream of a T7 promoter.

The construction of this plasmid (pCas1–2/3) has been

previously described,15 and the sequence is available in

Supplementary Table S1. pCsy was constructed by

cloning genes coding for the Csy complex from PA14

(i.e., cas8f, cas5f, cas7f, cas6f) downstream of a T7

promoter in pRSF-1. Q5 mutagenesis was used to intro-

duce a mutation in cas8f (N250A) that prevents Cas8f-

mediated PAM-recognition (primers P-CsyPAMmut-F

and P-CsyPAMmut-R in Supplementary Table S2),21

resulting in the pCsyPAM expression vector. Plasmid se-

quences can be found in Supplementary Table S1.

KD740 cells were transformed by electroporation

with pCas1–2/3, and either the WT Csy expression vec-

tor (pCsy) or the PAM-recognition-deficient Csy mutant

(pCsyPAM). Transformants were selected on Luria-Bertani

(LB) agar plates containing 50 lg/mL spectinomycin

(pCas1–2/3) and 50 lg/mL kanamycin (pCsy/pCsyPAM),

but no antibiotics were used in downstream adaptation

experiments. Cells were grown at 32�C in LB media sup-

plemented with 1 mM L-arabinose and 1 mM IPTG for a

total of 72 h in a shaking incubator at 225 RPMs. Cultures

were diluted (1:100) in fresh media every 24 h.

Spacer acquisition was detected using ‘‘internal’’ and

‘‘degenerate’’ primers with Q5 polymerase (NEB) via the

recently described CAPTURE method.22 Briefly, 1lL of

liquid culture was used as template for polymerase chain

reactions (PCRs) with ‘‘internal’’ primers (i.e., P1 and P2)

(Supplementary Table S2), and products were visualized

on 1.5% agarose gels. PCR products were extracted from

gels and purified using Zymoclean Gel DNA Recovery

Kits (Zymogen) or the BluePippin size selection system

(Sage Science) with a ‘‘Range’’ setting of 220–300 bp

on a 2% agarose cassette. These size selected oligos

were then used as templates for a subsequent round of

PCR with ‘‘degenerate’’ primers (i.e., P3 and P2) (Sup-

plementary Table S2), and products were subsequently

visualized on 1.5% agarose gels. These experiments did

not require approval by an IRB.

High-throughput sequencing
Products from the second PCR amplification were ext-

racted from agarose gels and were purified using a Zymo-

clean Gel DNA Recovery Kit (Zymogen). These products

were used as templates for PCR with Q5 polymerase

(NEB) using barcoded primers P-HTS-F1–5 and P-HTS-

R (Supplementary Table S2). Samples were sequenced

with 1 · 150 bp single-end runs on an Illumina NextSeq

and included two independent biological replicates of

KD740 with pCsy and pCas1–2/3, and three independent

biological replicates of KD740 with pCas1–2/3.

Spacer sequence analysis and statistics
High-throughput sequencing (HTS) data were processed

with the ShortRead package from Bioconductor.23

Sequencing reads contained one, two, or three CRISPR,

representing unexpanded arrays (i.e., no adaptation), ar-

rays with one newly acquired spacer, and arrays with

two newly acquired spacers, respectively. Only reads cor-

responding to one acquisition event were examined for

downstream analyses, to prevent the analysis of spacers

acquired through priming. Sequences between CRISPR

(i.e., spacers) were extracted. Spacer sequences corre-

sponding to the original WT spacer present in KD740

were removed.

Extracted spacers were aligned to the E. coli genome

(NC_012947.1) and cas gene expression plasmids pres-

ent in each sample. Sequences were aligned using the

Biostrings package, allowing for one mismatch.24 Spacer

sequences that align with pCas1–2/3 were used for the

analysis shown in Figure 3B and C. To assess spacers

that uniquely align to pCas1–2/3 (Figs. 2 and 3D, E),

we discarded sequences that produced more than one

alignment or that aligned to a 565 bp region shared by

the ori sequences of pCas1–2/3 and pCsy (94% nucleo-

tide identity).

Pearson correlation coefficients were calculated by com-

paring the quantities of uniquely aligned protospacers that

were present at each position of pCas1–2/3 using the ggpubr

package,25 and graphs of protospacer positions and quanti-

ties were rendered with the ggplot2 package.26 A summary

of the HTS results can be found in Supplementary Table S3

and spacer sequences extracted from sequencing reads are

included in Supplementary Table S4.
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Results
Csy-PAM interactions increase I-F CRISPR adaptation
efficiency
To determine if Csy-PAM interactions are required for

I-F spacer acquisition, we screened for adaptation using

E. coli KD740 cells overexpressing Cas1–2/3 (I-FCas1–2/3)

and either the wild-type Csy complex (I-FCas+Csy) or a

Csy mutant (I-FCas+CsyPAMmut) with reduced PAM recog-

nition (Fig. 1A).21 Adaptation assays were performed by

PCR amplification of the leader end of the I-F CRISPR

array (Fig. 1B). PCR performed on cells expressing

both Cas1–2/3 and the Csy complex (I-FCas+Csy) results

in two clearly visible PCR products. The smaller prod-

uct corresponds to the expected size of the wild-type,

FIG. 1. Cas1–2/3 proteins are necessary and sufficient for new spacer acquisition, but Csy accelerates adaptation.
(A) Schematics of the Cas1–2/3 and Csy subunit (Cas8f, Cas5f, Cas7f, and Cas6f) expression vectors are shown
above schematics for each of the conditions tested. Escherichia coli KD740 cells are shown as tan ovals. (B) PCR
amplification with ‘‘internal’’ (P1 and P2) primers to detect adaptation events. (S0 is initial spacer that targets
phage k.) Expected sizes of PCR products for CRISPR with acquired spacers (CR+1 and CR+2) or no acquisition (CRWT)
are labeled. Adaptation events detected after PCR with primers P1 and P2. Each lane represents a biological
replicate. (C) PCR products from (B) were enriched for higher molecular weight species, and then used as templates
for a subsequent round of CAPTURE PCR with primers P3 and P2. Products corresponding to expanded arrays are
visible in all biological replicates for I-FCas+Csy, I-FCas+CsyPAMmut, and I-FCas1–2/3. Cas, CRISPR-associated protein; PAM,
protospacer adjacent motif; PCR, polymerase chain reaction.
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unexpanded CRISPR (CRWT), and the larger product

corresponds to the addition of one spacer-repeat unit. In

contrast, PCR performed on cells lacking the Csy com-

plex (I-FCas1–2/3) or expressing the PAM sensing mutant

(I-FCas+CsyPAMmut) resulted in only the CRWT product,

in agreement with earlier data.13 These results suggest

that Csy and more specifically Csy-PAM interactions

are required for efficient I-F adaptation.

Cas1–2/3 are necessary and sufficient for inefficient
I-F spacer acquisition
The observation that wild-type Csy is required for effi-

cient spacer acquisition in vivo is consistent with previ-

ous results,13 but in vitro experiments have shown that

Cas1–2/3 are sufficient for spacer processing and integra-

tion.16 We wondered if in vivo adaptation occurs without

the Csy complex, but at levels below the limit of detec-

tion of the standard PCR-based assay.

To detect rare adaptation events in I-FCas+CsyPAMmut and

I-FCas1–2/3 samples, we cut out regions of the gel that would

contain higher molecular weight PCR products correspond-

ing to expanded arrays and repeated the PCR according to

a recently published CAPTURE PCR protocol.22 Size-

enriched PCR products were amplified using a forward pri-

mer with a degenerate 3¢ nucleotide that anneals in the

CRISPR (P3) and a reverse primer that is complementary

to the phage lambda (k)-targeting spacer (P2) (Fig. 1C).

This approach enables detection of rare (i.e., 1 in 105

cells) adaptation events, and is two orders of magnitude

more sensitive than the standard PCR protocol.22

Using the CAPTURE primer set (P2 and P3), PCR

products corresponding to expanded arrays (111 and

171 bp) were detected in samples from all three condi-

tions (i.e., I-FCas+Csy, I-FCas+CsyPAMmut, and I-FCas1–2/3

cultures) (Fig. 1C). Notably, strong bands corresponding

to one (111 bp) and two (171 bp) new spacer-repeat units

were visible in cells expressing both Cas1–2/3 and Csy

(I-FCas+Csy), suggesting that size selection of the PCR

template successfully enriches expanded arrays (Fig. 1C).

These results indicate that Cas1–2/3 proteins are neces-

sary and sufficient for I-F spacer acquisition, but adap-

tation in this system is inefficient in the absence of the

wild-type Csy complex.

The Csy complex increases the percentage
of PAM-proximal spacers
Cas9 plays a critical role in prespacer selection during

in vivo adaptation of type II CRISPR systems.10,11

While the mechanistic details of this process remain ob-

scure, we do know that Cas9 has to be loaded with a

tracrRNA and crRNA-guide and that the PAM sensing

residues play a critical role in determining the sequence

of newly acquired spacers.10,11 To determine if Csy

plays a similar role in type I-F adaptation, we used Illu-

mina NextSeq to sequence higher molecular weight

CAPTURE PCR products from cells expressing Cas1–

2/3 alone (I-FCas1–2/3) or Cas1–2/3 and Csy (I-FCas+Csy),

then protospacer flanking sequences were analyzed for

the presence of PAMs. We focused this analysis on

32 bp spacers that uniquely aligned to a single proto-

spacer target on the pCas1–2/3 plasmid, since this repre-

sented the largest pool of uniquely aligned spacers in

both I-FCas+Csy and I-FCas1–2/3 samples.

In total, we analyzed 227,834 and 205,354 sequences

flanking I-FCas+Csy and I-FCas1–2/3 protospacers, respec-

tively (Fig. 2A). In cells expressing Csy and Cas1–2/3,

the majority (98.3–98.9%) of protospacers were flanked

by a PAM (Fig. 2B). This trend was consistent across bi-

ological replicates, and these numbers agree with previ-

ous work showing high-fidelity PAM selection (97.8%)

in this system.13 While the majority of protospacers ac-

quired in cells expressing Cas1–2/3 alone (I-FCas1–2/3)

were most often flanked by a PAM (87.9–88.6%), the oc-

currence of a PAM in these samples (i.e., Cas1–2/3 alone)

was significantly less than what was measured for cells

expressing Csy and Cas1–2/3 (T-test; p = 1.2 · 10�3)

(Fig. 2B). These differences indicate that Cas1–2/3 are

capable of acquiring spacers flanked by a PAM, but

Csy significantly increases the fidelity of PAM selection.

Previous work has shown that newly acquired spacers

are often flanked by incorrect PAMs due to slipping of

Cas1–2/3 during prespacer capture or processing.20,27,28

To determine if uniquely aligned protospacers flanked

by an incorrect PAM could have been produced by slip-

ping, we searched for a PAM three nucleotides up-

stream and downstream of each protospacer (Fig. 2A).

For the three I-FCas1–2/3 biological replicates we sequen-

ced, 10.6–11.4% of the 32 bp protospacers that were not

directly flanked by a PAM were within three nucleotides

of a PAM, suggesting that Cas1–2/3 slipping events and

subsequent incorrect processing at the PAM-spacer bound-

ary may be responsible for the integration of most spacers

without a PAM (Fig. 2B). In particular, I-FCas1–2/3 spacers

that were acquired with a slip of �1 nt accounted for

most (92.2–93.5%) of the 32 bp protospacers that were

not flanked by a PAM and represented a large portion

(9.9–10.7%) of the uniquely aligned I-FCas1–2/3 spacer

population. This represents a significant increase in �1 nt

slipped spacers for I-FCas1–2/3 samples over I-FCas+Csy

(0.2–0.6%) samples ( p = 9.9 · 10�5; T-test) (Fig. 2C).

Collectively, these data indicate that Cas1–2/3 mediate

prespacer trimming at the PAM-spacer boundary with

about 90% accuracy in vivo, but the fidelity of this pro-

cessing is increased by the presence of the Csy complex.
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Since previous work has shown that aberrantly sized

spacers are often associated with Cas1–2/3 slipping,20

we examined the PAMs of 31 and 33 bp spacers that

uniquely align to pCas1–2/3. I-FCas1–2/3 samples had sig-

nificantly more 31 bp spacers that were acquired with a

slip of �1 or �2 nt compared with I-FCas+Csy samples

( p = 1.6 · 10�2 and p = 3.1 · 10�3, respectively; T-test)

(Fig. 2C). As previously reported,20 slipping of +1 nt

was elevated in 31 bp spacers acquired in both condi-

tions compared with +1 nt slipping for 32 bp spacers

(Fig. 2B, C). Thirty-three base pair spacers had more

�1 nt slipping overall, and although this trend was

more pronounced in I-FCas1–2/3 spacers than in I-FCas+Csy

spacers, the difference between these two conditions was

not significant ( p = 0.123; T-test) (Fig. 2D). Considered

together, these data are consistent with the observation

that slipping occurs more frequently when the Csy com-

plex is not present.

Spacers are preferentially acquired
from the terminus of plasmid replication
The origin of plasmid replication initiation (ori) has pre-

viously been shown to be a ‘‘hotspot’’ for spacer acquisi-

tion,6,13,20 however, it is unclear if the surveillance

complex is involved in the spacer selection process. To

determine if the Csy complex effects the frequency or

location of spacer selection, we calculated the number

of newly acquired spacers derived from the E. coli ge-

nome and the cas gene expression plasmids. The majority

of spacers (44.7–45.8%) acquired in I-FCas+Csy cells were

homologous to sequences that are identical in both ex-

pression plasmids (i.e., pCas1–2/3 and pCsy), and most

of these spacers (97.3–98.3%) mapped to discrete loca-

tions near the origin of replication initiation (ori)

(Fig. 3A, B). This preference for spacers derived from

the ori occurred independent of Csy expression, since

69.6–77.1% of spacers acquired in I-FCas1–2/3 samples

also mapped to the ori (Fig. 3A, C). These patterns sug-

gest that the ori is a hotspot for acquisition, regardless of

whether or not Csy is present.

The ColE1 ori of pCas1–2/3 shares *565 bp of ho-

mology with the RSF1030 ori of pCsy (94% nucleotide

identity), and spans both the start and end of replication

for these unidirectionally replicating plasmids.29 Most

spacers acquired from this region are derived from se-

quences near the terminus of replication, rather than

from replication initiation (Fig. 3B, C). Replication ter-

mini of bidirectionally replicating genomes and plasmids

have previously been shown to be hotspots of spacer ac-

quisition,6,13 and these data suggest that termini of unidi-

rectionally replicating plasmids present similar antigenic

signals that increase the number of spacers acquired from

these regions.

Preference for terminus-centered acquisition have pre-

viously been explained by the action of RecBCD, which

produces prespacer substrates during repair of dsDNA

breaks (DSBs).6 DSBs occur more often near the termi-

nus of replication where replication forks stall,6 and

RecBCD nucleases degrade both strands of linear

dsDNA until RecBCD reaches an asymmetric, octameric

Chi site (5¢-GCTGGTGG-3¢).30 pCas1–2/3 and pCsy

both contain a single imperfect Chi site (5¢-GCTGGT-

AG-3¢; mutation underlined) that is present near the ori.

However, previous work has shown that this mutated

Chi sequence is seldom recognized by RecBCD (<2%

of consensus Chi-site activity),31,32 and this mutated

Chi site is improperly oriented to stop RecBCD degrada-

tion, with respect to the terminus of replication (Fig. 3B,

C).30 These data suggest that Chi-site distributions alone

do not explain the boundaries of protospacer peaks near

the pCas1–2/3 terminus.

Acquisition of spacers from the E. coli genome was

rare (0.004–0.032%) and percentages of genomic proto-

spacers were not significantly different between biologi-

cal replicates of I-FCas+Csy and I-FCas1–2/3 ( p = 0.15;

T-test) (Supplementary Table S3). These results were

expected for cells expressing the Csy complex, since

the acquisition of ‘‘self’’ spacers would target the

Cas2/3 nuclease to the E. coli chromosome, resulting in

autoimmunity. However, the strong preference for

‰
FIG. 3. Protospacer hotspots are reproducible across multiple biological replicates. (A) Linearized genetic map
of Cas1–2/3 expression plasmid. Regions shown in (B, C) are marked with dotted outline. (B, C) Positions and
quantities of all protospacers that align to ori of pCas1–2/3, including spacers that produce alignments to
additional sequences (e.g., pCsy). Protospacer locations are mapped using a 50 nt sliding window. Data from each
biological replicate are represented as a different color. PAM densities (gray) mapped with a 150 nt sliding window.
Direction and start/end positions of plasmid replication shown in brown. Consensus Chi sites are shown as
triangles filled in with black, and Chi sites with a single base mismatch are shown as triangles with a white fill.
Dotted green lines indicate the boundaries of Chi sites, and RecBCD directions of cleavage are shown for each
strand of DNA. (D, E) Positions and quantities of protospacers that produce a single unique alignment to
pCas1–2/3 are shown as in (B, C).
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plasmid-derived spacers in cells expressing Cas1–2/3

alone (I-FCas1–2/3) suggests that either RecBCD preferen-

tially generates prespacers from replicating plasmids or

that the Cas1–2/3 integration complex is capable of dis-

tinguishing self from nonself during I-F adaptation.

Some spacers are reproducibly acquired
To determine if there are hotspots for protospacer selec-

tion beyond the ori, we mapped the positions and quan-

tities of spacers outside this region. Specifically, we

examined 32 bp spacers extracted from I-FCas+Csy and

I-FCas1–2/3 reads that uniquely align to pCas1–2/3. Proto-

spacers outside the ori mapped primarily to the 5¢ end of

transcriptionally active genes, including cas1 and cas2/3,

for both I-FCas+Csy and I-FCas1–2/3 samples (Fig. 3D, E).

In contrast, very few spacers were acquired from the

intergenic region between cas2/3 and the spectinomycin

resistance gene (smR) in either I-FCas+Csy (0.2–0.4%) or

I-FCas1–2/3 (0.0–0.1%) samples (Fig. 3D, E). These data

are consistent with previous results suggesting that in

addition to replication termini, protospacers are preferen-

tially acquired from highly transcribed regions of foreign

DNA.20

To determine if specific sequences are preferentially

targeted for integration across biological replicates, as

previously reported,6,13,20 we calculated Pearson correla-

tion coefficients for positions and quantities of proto-

spacers unique to pCas1–2/3 (Fig. 3D, E). This analysis

revealed that I-FCas+Csy protospacer profiles from two bi-

ological replicates were positively correlated (R = 0.83,

p < 2.2 · 10�16) (Supplementary Fig. S1A). In addition,

protospacer profiles from three I-FCas1–2/3 replicates were

nearly perfectly correlated (R = 0.98–0.99, p < 2.2 ·
10�16) (Supplementary Fig. S1B). To determine how re-

lated the I-FCas+Csy and I-FCas1–2/3 protospacer profiles

were, we calculated mean protospacer quantities from

each biological replicate of each condition. This analysis

reveals that the two data sets are positively correlated

(R = 0.78, p < 2.2 · 10�16) (Supplementary Fig. S1C).

Taken together, these data indicate that hotspots of

naive spacer acquisition are remarkably consistent with

and without the Csy complex. Cas1–2/3, therefore, ap-

pears to be the primary determinant of spacer selection

during naive I-F sequence adaptation. While we were un-

able to find similarities in the primary structure of highly

acquired spacer sequences, the preponderance of proto-

spacer hotspots in actively transcribed areas of the plas-

mid suggests that a higher level DNA structure may be

recognized as antigenic by Cas1–2/3.13,20

Alternatively, DSBs that form as a result of transcrip-

tion may lead to increased acquisition from these regions

due to the increased availability of RecBCD degradation

products.20 One complete Chi site and nine sites with a

single mismatch to the consensus Chi sequence are pres-

ent on pCas1–2/3. Previous work has shown that Chi sites

with a single base mutation are sufficient, although less

efficient (<2–38% of consensus Chi activity) for imped-

ing RecBCD degradation of dsDNA.30–32 While some

protospacer peaks occur near the boundaries of these

RecBCD-halt signals, not all of the protospacer peaks

are constrained by Chi sites as previous experiments in

a I-E system have shown (Fig. 3B–E).6 These data sug-

gest that the I-F integration complex may provide an ad-

ditional level of prespacer selection specificity during

CRISPR adaptation.

Discussion
We have shown that the Cas1–2/3 proteins are necessary

and sufficient for low levels of PAM-proximal se-

quence acquisition in the type I-F CRISPR-Cas system

of P. aeruginosa. However, it is probably unlikely that

spacers are often acquired independent of the surveil-

lance complex, since adaptation is difficult to detect

even when Cas1–2/3 are overexpressed. Our data reveal

that the Csy complex plays a role in increasing the effi-

ciency of naive adaptation, and that this process is de-

pendent on Csy-PAM interactions (Fig. 1). These

findings differentiate Csy-facilitated adaptation from

Cas9-dependent acquisition. In type II systems, PAM-

sensing by Cas9 is required for the acquisition of spacers

flanked by PAMs, but PAM-sensing mutants of Cas9

still support efficient adaptation of spacers that are not

flanked by PAMs.10

While the mechanistic details of Csy-mediated en-

hancement of adaptation remain murky, our results suggest

that the Csy complex not only increases the frequency of

protospacers flanked by a PAM, but also helps define the

PAM-spacer boundary. However, these data and their inter-

pretations may be affected by additional selective pressures.

Cells expressing both Csy and Cas1–2/3 can eliminate the

cas gene expression plasmids via CRISPR-mediated inter-

ference. Cells replicating without the metabolic burden as-

sociated with supporting plasmid replication may have a

growth advantage,33,34 and this advantage could account

for some of the spacer acquisition enhancements that we

detect in cells expressing both Cas1–2/3 and Csy. Addi-

tional experiments are necessary to clarify the influence

of newly acquired spacers on cells during adaptation.

The Cas3 lobe of the genetic Cas2–3 fusion protein

may be involved in spacer maturation,20 since the inser-

tion of a stop codon between Cas2 and Cas3 or inactivat-

ing mutations of the SF2 helicase or HD nuclease active

sites all prevent efficient spacer acquisition in vivo.13

However, these same mutations do not prevent spacer
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processing and integration in vitro.16 While our work

does not address the role of Cas3 activity in naive spacer

acquisition, our results do demonstrate that cells ex-

pressing Cas1–2/3 alone are sufficient for new spacer in-

tegration.

Previous work has shown that Cas1–2/3 are capable

of processing prespacers at the PAM-boundary with

*50% accuracy in vitro,16 but our results indicate

that this process happens with greater accuracy (*90%)

in vivo (Fig. 2). These differences may arise from the

availability of other cellular nucleases (e.g., DNA PolIII,

ExoT, ExoI, or ExoIII) involved in trimming prespacer

substrates in the I-E and II-A systems.35,36 However, the

participation of cellular nucleases in I-F spacer maturation

remains to be demonstrated, and additional studies are

needed to determine if and how Csy-mediated spacer

processing occurs.

Strikingly, we demonstrate that spacer sequences ac-

quired in one experiment were frequently acquired in

other biological replicates, reinforcing previous findings

and suggesting that plasmids present antigenic signatures

that prompt preferential adaptation from these elements.6,13

The vast majority of reproducible protospacers were con-

fined to the origin and terminus of plasmid replication.

Higher copy numbers of DNA at origins of replicating ge-

nomes have previously been used to explain high levels of

spacer acquisition at these loci.6 In fact, when spacer counts

are normalized to total cellular DNA content, protospacers

derived from the origin become less pronounced.6 Similar

dynamics may be at play in our data, since regions near the

origin of plasmids will be replicated first and will thus have

a higher copy number in the cell.

However, the high frequency of spacers derived from

plasmid termini is more difficult to explain. Acquisition

from the termini occurs reproducibly and independent

of the Csy complex (Fig. 3). While we cannot rule out

an increase in acquisition at this locus due to prespacer

substrate generation by RecBCD DNA repair machinery,

our data indicate that Chi-site distributions alone do not

explain the reproducible patterns of protospacer acquisi-

tion. These data argue for an additional level of antigen-

specific detection by the type I-F Cas1–2/3 integration

complex, although the mechanistic details of this process

remain to be determined.

Spacers acquired from the genome were rare in our data

(0.004–0.032% of total spacers), regardless of whether

or not cells expressed the Csy complex. A similar dearth

(<1%) of genome-derived spacers has been detected in

other I-F overexpression systems.13 In contrast, the I-F

system of Pectobacterium atrosepticum has been reported

to acquire more genomic spacers (*16%) when cas genes

are expressed at wild-type levels.20

Direct comparison between results of different experi-

ments is, however, difficult due to differing experimental

conditions (e.g., endogenous vs. heterologous expression,

plasmid copy numbers, and different bacterial species).

For example, naive adaptation experiments with I-E

CRISPR systems result in the opposite dynamic. Cas1–

2 overexpression increases I-E acquisition from the ge-

nome, while lower cas expression levels produce less ge-

nomic spacers.6 In contrast to both I-E and I-F adaptation,

naive spacers acquired in the I-B system of Pyrococcus

furiosus nearly all come from the genome.37 These

subtype-specific differences may reflect differing mecha-

nisms of Cas-mediated antigen recognition or may simply

be the result of different experimental conditions.

While the specific antigenic signatures of plasmid

DNA remain nebulous, cellular localization may play a

role in recognition of these foreign genetic elements.

Cas2 proteins from the I-E system of E. coli have previ-

ously been shown to localize to the poles of bacterial

cells,38 and similar polar localization has been reported

for plasmids with ColE1 origins of replication.39 Many

bacteriophages also target cellular poles for entry and

k phages replicate at cellular poles.40 In contrast, the bac-

terial chromosome typically occupies the cellular mid-

point.41 Collectively, these data suggest that CRISPR-

associated adaptation proteins may rely on DNA location

as one of the signatures that help distinguish self from non-

self DNA. Future work is necessary to test this hypothesis,

but localization could help explain why actively replicating

foreign genetic elements are preferentially selected over the

chromosome during CRISPR adaptation.
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