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ABSTRACT

The clustered regularly interspaced short palin-
dromic repeats and their associated proteins
(CRISPR/Cas) constitute a recently identified pro-
karyotic defense mechanism against invading
nucleic acids. Activity of the CRISPR/Cas system
comprises of three steps: (i) insertion of alien
DNA sequences into the CRISPR array to prevent
future attacks, in a process called ‘adaptation’,
(i) expression of the relevant proteins, as well as
expression and processing of the array, followed
by (iiil RNA-mediated interference with the alien
nucleic acid. Here we describe a robust assay in
Escherichia coli to explore the hitherto least-studied
process, adaptation. We identify essential genes
and DNA elements in the leader sequence and in
the array which are essential for the adaptation
step. We also provide mechanistic insights on the
insertion of the repeat-spacer unit by showing that
the first repeat serves as the template for the newly
inserted repeat. Taken together, our results eluci-
date fundamental steps in the adaptation process
of the CRISPR/Cas system.

INTRODUCTION

The clustered regularly interspaced short palindromic
repeats (CRISPR) and their associated proteins comprise
a significant prokaryotic defense system against viruses and
horizontally transferred nucleic acids (1-4). This defense
system consists of a CRISPR array that is usually
preceded by a leader sequence and located near a cluster
of CRISPR-associated (cas) genes (5-7). RNA transcribed
from the CRISPR array is processed by Cas proteins and
directs interfering proteins to target nucleic acids matching
the sequences between the repeats. These sequences, called
spacers, often originate from plasmids and phages, and
thus the system adaptively targets these invaders.

The adaptation process of the CRISPR system, i.e. acqui-
sition of new spacers into the genome, is still poorly
understood. Barrangou et al. were the first to report
spacer acquisition into the CRISPR array of Streptococcus
thermophilus (2). They showed that bacteria surviving a
phage challenge expanded their CRISPR array with
spacers identical to small DNA regions from the
challenging phage, termed protospacers. Spacer acquisition
seemed polarized toward the leader end of the array. Their
study did not identify a bias of sampled protospacers from a
specific strand nor a preference for a specific region in the
phage DNA. Knock out of ¢sn2 [previously annotated cas7
(8)] dramatically reduced spacer acquisition, providing an
indirect evidence that the product of csn2 is essential for
adaptation of the CRISPR array in S. thermophilus.
Later, van der Ploeg characterized in vivo spacer acquisition
in Streptococcus mutans. He observed acquisition of new
spacers in ~25% of phage-resistant mutants. The
acquired spacers, in this case too, corresponded to
randomly distributed protospacers with regard to strand
or position in the phage genome (9). These studies did not
address the roles of the repeats, leader and the core Cas
proteins in the acquisition process.

The core Cas proteins, Casl and Cas2, were
hypothesized to play a major role in the acquisition
process. This hypothesis is based on the fact that these
two proteins have no role in the interference stage, yet
they are conserved in most CRISPR loci (2,3,10). Invol-
vement of Casl and Cas2 in the acquisition step is
supported by the fact that both proteins show endonucle-
ase activities. Casl of Pseudomonas aeruginosa and of
Escherichia coli was shown to function as a metal-
dependent DNA endonuclease (11,12), and Cas2 of
Sulfolobus solfataricus and other strains was shown to be
an ssRNA-specific endonuclease (13). Nevertheless, direct
evidence for Casl and Cas2 involvement in the adaptation
process has not yet been provided.

It was suggested from DNA sequence analyses, and
later shown experimentally, that short, 2-5bp sequences
found near the protospacer, called protospacer adjacent
motifs (PAMs), are crucial for the interference step
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(14,15). Requirement of PAMs for the interference stage
suggests that acquisition of new spacers requires DNA
sequences having PAMs. Indeed, it was demonstrated
that spacers conferring phage resistance were identical in
sequence to protospacers with PAMs (2,14). Moreover,
some phage mutants escaping CRISPR/Cas-interference
harbored mutations in the PAMs, indicating that PAMs
play a role in both interference and adaptation steps (14).

Insights on the adaptation process were also obtained
from in silico analyses. These analyses determined PAM
sequences for six different CRISPR types based on
sequence conservations adjacent to protospacers (15,16)
[most recent classification system (&) in parentheses]: 1, 2
(I-E), 3 (I-C), 4 (I-F), 7 and 10 (II). For example, the
study identified that CRISPR-2 type (I-E), to which
E. coli arrays I and II belong, contained a PAM of the
sequence 5-AWG. Sequence analyses of CRISPR arrays
also indicated that the leader sequence may orient the ac-
quisition of new spacers, yet no direct experimental
evidence for these analyses was provided.

Partially due to lack of a robust experimental system to
study adaptation, several primary questions have not yet
been experimentally addressed: How are spacers
incorporated into the genome? Which proteins are essen-
tial for this process? Are the leader or repeat sequences
important for this process? What clements in the leader
sequence are required? We describe a robust assay to study
the adaptation process in E. coli and provide insights on
the essential proteins, DNA elements and insertion mech-
anism of repeat-spacer units.

MATERIALS AND METHODS
Reagents, strains and plasmids

LB medium (10 g/l tryptone, 5g/l yeast extract and 5 g/l
NaCl) was from Acumedia, agar was from Difco, and anti-
biotics, isopropyl-B-p-thiogalactopyranoside (IPTG) and
L-arabinose were from Sigma-Aldrich. Restriction
enzymes were from New England Biolabs. Rapid ligation
kit was from Roche. The bacterial strains, plasmids and
oligonucleotides used in this study are listed in Supp-
lementary Table SI.

Spacer acquisition assay

E. coli BL21-Al or IYB5101 harboring pCasl+2 plasmid
were aerated at 37°C in LB medium containing 50 pg/ml
streptomycin with or without 0.2% L-arabinose +0.1 mM
IPTG for 10 to 16 h; the culture was diluted 1:300, grown
for an additional 10-16 h, and the procedure repeated for
a total of three times. A sample of the culture was used as
template in a PCR amplifying CRISPR array I using
primers REIOR/MG7F or 260F/IY13R for non-
manipulated BL21-Al and IYB5101, respectively (Supp-
lementary Table S1). For experiments presented in
Figures 3, 4B, and 5, primers WIS75188/RE10R were
used to detect array expansion, in addition to REIOR/
MGT7F, and for experiments presented in Figure 4A,
primers WIS75188/MG7F were used in addition to
RE10R/MGT7EF.

Strain and plasmid construction

Construction of strains and plasmids is detailed in the
Supplementary Methods.

RESULTS AND DISCUSSSION
Establishment of an acquisition assay

To study the adaptation process, we developed an assay
for detection of the insertion of new spacers into CRISPR
array I of E. coli. We used strains derived from E. coli B
(BL21-Al) or K-12 (IYB5101), lacking or encoding the
endogenous cas genes, respectively (Figure 1A). Both
strains encode T7 RNA polymerase under an
L-arabinose-induced promoter. We introduced plasmids
pCasl, pCas2 or pCasl+2, encoding K-12-derived Casl,
Cas2 or both, respectively, under a T7-lac promoter, into
these strains. Casl and Cas2 were tested since they are
found in almost all CRISPR/Cas systems, and it has
been hypothesized that since these proteins are not
required in the expression and interference step, they
might play a role in the adaptation step (2,3,10). Induced
expression of E. coli Casl and Cas2 resulted in acquisition
of spacers, as determined by PCR amplification of the
repeat-spacer units adjacent to the leader terminus in
CRISPR array I of both strains (Figure 1B). The size of
each repeat-spacer unit is 61 bp, and accordingly PCR
amplification from array I of cultures induced for Casl
and Cas2 expression showed a band representing an
increase of approximately this size (Figure 1B).
Acquisition was detected at significant levels during the
10-16h course of the assay by comparing the intensities
of the parental-size band versus the higher MW band
(expanded with a newly inserted spacer). Continuous
growth of bacteria overexpressing Casl and Cas2
resulted in even higher MW bands, indicating that even
more than a single spacer could be added into the
CRISPR array under conditions of Casl and Cas2
overexpression (Figure 1B). The assay could detect acqui-
sition events occurring in <1% of the total bacterial
suspension, as determined by a titration experiment in
which a known number of cells having expanded array
were serially diluted with cells having the parental array
and subjected to PCR analysis (Supplementary Figure S1).
Strains harboring plasmids encoding Casl or Cas2 alone
(pCasl and pCas2, respectively) did not show observable
expansion of their array (Figure 1B). Moreover, no expan-
sion of the array was detected when pCas1+2 was mutated
to encode Cas1®**'* Casl with a residue reported in
P. aeruginosa and in E. coli to abolish the DNase activity
of the protein without loss of protein stability (11,12)
(Supplementary Figure S2A). Strains harboring pCasl,
or pCas1P*!'*+2 or I§>CasZ plasmids showed expression
levels of Casl, Cas1P??'A or Cas2 similar to or higher
than their expression level detected in the strain harboring
pCasl+2, in which adaptation does occur, indicating that
lack of adaptation in these strains was not due to lower
expression levels of these proteins (Supplementary
Figure S2B). These results indicate that Casl and Cas2
are essential for the adaptation process and that the
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Figure 1. Detection of spacer acquisition in BL21-Al and IYB5101. (A) Schematics of CRISPR I arrays and leader sequences from E. coli BL21-Al
and TYB5101 (based on NCBI reference sequences of NC_012947.1 positions 1002800-1003800 and NC_000913.2 positions 2875600-2876800,
respectively). Repeats are marked as gray diamonds for IYB5101 consensus and black diamonds for BL21-Al consensus. Last repeat in IYB5101
is marked as half a diamond to indicate that only half a repeat is present. Spacers are marked as numbered rectangles. The leader and repeat
sequences of each strain are specified. Asterisk below or above a base indicates its conservation between the two strains. Gray highlighting indicates
the (-10)-TATA box (18). (B) Schematics and results of the spacer-acquisition assay. Cultures of E. coli BL21-Al or I'YB5101 harboring the indicated
plasmids were grown in the presence of inducers (0.2% r-arabinose and 0.1 mM IPTG) for the indicated cycles. Each cycle represents dilution of
1:300 of a previously 10-16 h induced culture grown for additional 10-16 h in medium containing inducers. PCR products using the primers indicated
as flagged arrows, from samples taken from cultures at the indicated cycle, were electrophoresed on an agarose gel and imaged. Parental and
expanded bands are indicated. Gels are representative of two experiments yielding similar results.

DNase activity of Casl is essential for the acquisition
activity. The fact that adaptation occurs in BL21-Al, a
strain lacking casABCDE genes (3,17), and in K-12
strain in which these genes are silenced by H-NS (18-20),
indicates that these genes are dispensable for the adapta-
tion step. They also indicate that despite a 1-nt difference
at position 2 between the consensus repeats of CRISPR
array I of IYB5101 and BL21-AI (Figure 1A), Casl and
Cas2 can efficiently process both repeats. Interestingly,
IYB5101 harbors an additional CRISPR array, array II,
with repeats and leader sequences identical to those found
in BL21-Al In line with the observation that Casl and

Cas2 processes the BL2I-Al array efficiently, we
observed significant expansion of IYB5101 array II, as
expected. On the other hand, CRISPR array II in
BL21-Al, which does not have conserved leader sequence
upstream the repeats, did not show acquisition of new
spacers (Supplementary Figure S3).

Analysis of acquired spacers

Detection of higher MW bands in PCR amplifying the
CRISPR array suggested that new spacers inserted in
the array. However, other possibilities exist for this obser-
vation. For example, rearrangement of spacers within the
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array could show these expansion patterns. To prove that
the expanded array contained newly acquired spacers and
to gain more insights on their nature, we sequenced DNA
from the examined strains having expanded arrays. We
used two approaches to isolate DNA for sequencing.
The first was to ligate PCR-amplified DNA from bacterial
cultures that underwent adaptation into plasmid vectors,
and then transform and sequence the DNA inserts. The
other was to streak the cultures on agar plates for isolation
of individual clones and then to sequence DNA of
individual clones showing expansion of the CRISPR
array (see Supplementary Methods). Both approaches
yielded DNA sequences of a total of 94 new spacers.
The source of the new spacers was from pCasl+2 and
also from genomic DNA, an expected observation, since
these were the only DNA sources in the culture. Figure 2A
shows the protospacer location and orientation on the
plasmid DNA, whereas Supplementary Table S3
provides a detailed list of all sequenced spacers. For an
unknown reason, the sequences originating from the
plasmid DNA were highly overrepresented in the new
spacers. The expected ratio of plasmid-derived spacers
versus genome-derived spacers is ~1:100, as the plasmid
has on average 10 copies per cell (21) and its length is
4711bp (yielding a total length of ~4.5x 10* bp)
compared with a genome length of ~4.5x 10° bp.
Nevertheless, the observed fraction of plasmid-derived
spacers is 42/57 for BL2-Al and 24/37 for 1YB5101,
~200 folds more than expected. This result suggests that
an active mechanism selectively acquires spacers from
extrachromosomal DNA or that spacer acquisition from
the genome Kkills the bacteria and thus reduces the observ-
able occurrences of genomic spacers. The newly acquired
genomic spacers cannot kill the bacteria using the
CRISPR/Cas system in both the BL21-AI and in
IYB5101 because in the former there are no cas genes,
whereas in the latter, the presence of /ns in the genome
silences the activity of the system (18-20). In all instances
in which a single spacer inserted, it was in the first position
next to the leader. In a few cases, we observed expansion
of up to three spacers, and these were in all cases located
at the first, second and third positions adjacent to the
leader, as observed in other systems (2). The length of
most spacers was 32-33 bp, consistent with the observable
length of spacers in the CRISPR array, except one
instance of a spacer of 49bp (clone 17, Supplementary
Table S3). The observed PAM was AWG, in accordance
with the reported motif (16) as analyzed by Weblogo (22)
(Figure 2B). Nevertheless, the first two bases of the PAM,
AW, were significantly less conserved than the third base,
G. Analysis of motifs in the protospacer and in the 10nt
flanking it showed no significant conversation in other
positions. We could not identify a bias for acquisition of
spacers from any strand of DNA (Figure 2A,
Supplementary Table S3), indicating that strand selection
is random under the tested conditions. The number of
clones acquiring new spacers following pCasl+2
overexpression for 10h were 121/207 and 105/278 for
E. coli BL21-Al and TYBS5101, respectively. The high
acquisition observed corroborates the intensity of the
expanded band compared to the parental band in the

PCR analysis in Figure 1B. This robust assay allowed
us to study several aspects of the acquisition mechanism,
as described below.

Elements in the repeats essential for acquisition

We wanted to define the minimal number of repeats that is
essential for acquisition. Therefore, we deleted most of the
repeats, leaving 0, 1 or 2 of them in the array (Figure 3). The
constructed strains were tested for their capacity to acquire
new spacers using the assay described above. Results
showed that the process of spacer acquisition required at
least one repeat (Figure 3). Moreover, the efficiency of
adaptation into an array having one or two repeats was
similar to that of the parental array. These results indicated
that a specific DNA sequence in the repeat is essential for
adaptation (presumably a motif recognized by the acquisi-
tion machinery), but that repetition by itself is not required.
Strikingly, as shown in the gel, the size of the inserted
repeat-spacer unit into the single repeat array (1-rep) was
~61bp (size of inserted repeat-spacer unit), despite the
absence of a spacer in this array. This indicates that the
mechanism by which a spacer length is determined does
not rely on previous spacer-repeat units in the array,
suggesting that an inherent mechanism in the protein ma-
chinery dictates the size of the spacer. The inverse process of
spacer acquisition—spacer deletion—probably occurs
through recombination or slippage of the DNA polymerase
during replication and requires at least two repeats (10,23).
If deletion of spacers occurs through recombination of
repeats, then theoretically, a deletion event could result in
only a single repeat being left in the array. The fact that
adaptation does not require more than one repeat
explains how the CRISPR array may still expand, even if
all of the CRISPR spacers are deleted by such an event, and
this observation thus has physiological significance.

Elements in the leader sequence essential for acquisition

The leader sequence has been shown to promote transcrip-
tion of the CRISPR array (18) and has been postulated to
direct the orientation of the newly acquired spacers (2).
We wanted to test whether the leader sequence is indeed
essential to the adaptation process and to determine the
essential DNA elements within the leader required for
acquisition of new spacers. The leader sequences of
E. coli BL21-Al and K-12 have extensive similarities in
the ~90nt upstream of the first repeat, and thus we
hypothesized that the essential region for spacer acquisi-
tion is found in these sequences (Figure 1A). We therefore
systematically deleted DNA segments of the leader
sequence at short intervals within these 90nt, and a
larger interval of 50nt upstream of the first 100nt.
Initially, segments of 20, 40, 60, 80, 100 and 150nt
upstream of the first repeat were left intact in the
genome of E. coli BL21-Al, by inserting a kanamycin-
resistance cassette exactly upstream of these locations
(Figure 4A). We then assayed for acquisition capability
using our developed assay. The results of the acquisition
assays carried out for BL21-Al-derived-strains indicated
that within the tested intervals, 60 bp is the minimal length
required for acquisition: leader sequences of 40 and 20 bp
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Figure 2. Position and orientation of protospacers on plasmid DNA and analysis of protospacer adjacent motifs (PAMs). (A) Protospacers matching
the sequenced spacers are marked on the pCasl+2 plasmid map according to their position and orientation (blue arrows pointing clockwise and red
arrows pointing counterclockwise). Protospacers are numbered according to the clone from which the spacers were sequenced, as listed in Table S3.
Spacer position in a sequenced array is separated from the clone number by a period, where applicable. (B) WebLogo (22) was used to analyze
PAMs from sequenced spacers that were 32 bp long. The first nt of the protospacer is at position 0. Protospacer region is highlighted in gray.
Weblogo of the protospacer as well as 10 nt upstream and downstream of the protospacer are shown. Relative letter size indicates the base frequency

in that position.

showed no acquisition at all (Figure 4A). It is interesting to
note that deletion of the (-10)-TATA box [position
(-61)—(-66) upstream of the first repeat (Figure 1A, (18)],
required for transcription of the array, did not reduce the
acquisition efficiency, suggesting that transcription may
not be essential for the adaptation process.

To find out if elements within the 60-bp segment
upstream of the first repeat are essential, we replaced 40
and 20 bp of the 3’-end of the leader sequence adjacent to
the repeat, with the original DNA sequence, scrambled.

This produced a leader with similar length as the parent
but with a different sequence (Figure 4B). For technical
reasons, we constructed these in a CRISPR array contain-
ing a single repeat, which was shown to be as functional as
a complete array (Figure 3). In this case, no acquisition
was observed when replacement of even 20 bp was tested.
This indicated that at least some elements in the 20-bp
segment upstream of the first repeat are essential for
acquisition and that the mere presence of similar nucleo-
tides of similar length is not sufficient for acquisition.
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Figure 3. Minimal repeat sequence essential for spacer acquisition. Schematics of the constructs in CRISPR array I of genetically engineered E. coli
BL21-Al. Repeats are marked as diamonds, spacers as rectangles. Kanamycin-resistance cassette used to construct the different strains is marked as
gray chevron. Parental: non-manipulated E. coli BL21-Al; 2-rep: one spacer between two repeats, other repeats removed. 1-rep: only one repeat, no
spacer, other repeats removed. 0-rep: complete array replaced with a kanamycin-resistance cassette. Parallel lines on the kan cassette indicate that
only a partial gene is depicted. Gel shows PCR products amplified from the indicated cultures of E. coli BL21-Al harboring plasmid pCasl+2 and
grown in the presence or absence of inducers (0.2% vL-arabinose and 0.1 mM IPTG) for 10-16h for three cycles. Gel is representative of two
experiments yielding similar results.
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Figure 4. Regions in the leader sequence essential for spacer acquisition. (A) Schematics of the constructs in CRISPR array I of genetically
engineered E. coli BL21-Al. Repeats are marked as diamonds, and spacers as rectangles. Parental: non-manipulated array; LN: N — number of
nt upstream of first repeat left intact. Parallel lines on the kan cassette indicate that only a partial gene is depicted. Gel shows PCR products
amplified from the indicated cultures of E. coli BL21-Al harboring plasmid pCasl+2 and grown in the presence or absence of inducers (0.2% L-
arabinose and 0.1 mM IPTG) for 10-16h for three cycles. (B) Schematics of constructs as above. Scram40: 40 nt upstream of first repeat scrambled,
other nucleotides not manipulated; Scram20: 20 nt upstream of first repeat scrambled, other nucleotides not manipulated. Gel shows PCR products
amplified from the indicated cultures of E. coli BL21-Al harboring plasmid pCasl+2 and grown in the presence or absence of inducers (0.2% L-
arabinose and 0.1 mM IPTG) for 10-16h for three cycles. Gels are representative of two experiments yielding similar results.

This result was expected considering the high-sequence
conservation (~65%) between the leader sequences of
BL21-AI and K-12 in this region (Figure 1A).

Mode of insertion of the repeat sequence

To further elucidate the insertion mode of the repeat, we
took advantage of the fact that two variants of the func-
tional repeats exist, one starting with the sequence
5-GAG (e.g. repeat 1 and most repeats in E. coli
BL21-Al), and one starting with 5-GTG (e.g. repeat 14
of E. coli BL21-Al and most repeats in E. coli K-12)
(Figure 1A). These variants were used as genetic labels

of a two-repeat array (Figure 5). Labeling the repeats
enabled us to determine which one serves as a template
for replicating the newly inserted repeat, and whether the
sequence of the template or its position in the array influ-
ences the outcome. Another insight that might be deduced
from these experiments is whether the new repeat is
synthesized de-novo or perhaps synthesized from a
genetic source other than the array. If the repeat is
always replicated from a single position in the array,
then the label of the new repeat should change when pos-
itions are switched. Following labeling of the two repeats
in the two possible positions, we sequenced five randomly
selected colonies of each strain showing insertion of one
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Figure 5. Determination of the DNA template for newly inserted
repeats. Schematic of the parental and expanded arrays in CRISPR
I of E. coli BL21-Al. Repeats are marked as black or gray
diamonds, depending on the nucleotide ‘label’, parental spacer as a
blank rectangle whereas newly inserted spacer as gray rectangle
marked ‘new’. R*-S-R: first repeat from BL21-Al consensus, second
from K-12 consensus; R-S-R*: first repeat from K-12 consensus,
second repeat from BL21-Al consensus. Indicated cultures of E. coli
BL21-Al harboring plasmid pCasl+2 and grown in the presence or
absence of inducers (0.2% vL-arabinose and 0.lmM IPTG) for
10-16h for three cycles were streaked to isolate single colonies. Five
isolated colonies from each culture showing insertion of a spacer in a
PCR were DNA-sequenced. Five out of five colonies of each strain
harbored labeled repeats, as indicated.

repeat-spacer unit in the PCR amplification. Sequencing
of all 10 colonies showed that the first and second repeats
adjacent to the leader in the expanded array always carry
the same label, regardless of the label of the third repeat in
the array (Figure 5). This indicates that the new repeat is
always replicated from repeat #1 (starting from the leader
end) and not generated “‘de-novo” or from another genetic
reservoir (e.g. repeat #2 or repeats from CRISPR
array II).

Overall, our assay provides a robust tool for studying
the adaptation process; using this tool, we define the
minimal requirements for the process. We provide first
direct evidence for the following: Casl and Cas2 are
both essential for efficient adaptation of the CRISPR
array, the leader has a direct role in spacer acquisition,
and a single repeat is sufficient for spacer acquisition. In
addition, we demonstrate that the inserted repeat is always
replicated from the first repeat in the array proximal to the
leader. We believe that these insights will significantly fa-
cilitate research on the adaptation process in E. coli, and
consequently in other prokaryotes.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Methods, Supplementary Tables 1-3,
Supplementary Figures 1-3, DNA sequence of plasmid
pCasl+2, and Supplementary References [18,23-26].
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