J AMERICAN mB' &
8 sociETy For
MICROBIOLOGY

OBSERVATION

CrossMark
&dlick for updates

Programming Native CRISPR Arrays for the Generation of Targeted

Immunity

Alexander P. Hynes, Simon J. Labrie, Sylvain Moineau

Département de Biochimie, de Microbiologie et de Bio-informatique, Université Laval, Québec, Canada

ABSTRACT The adaptive immune system of prokaryotes, called CRISPR-Cas (clustered regularly interspaced short palindromic
repeats and CRISPR-associated genes), results in specific cleavage of invading nucleic acid sequences recognized by the cell’s
“memory” of past encounters. Here, we exploited the properties of native CRISPR-Cas systems to program the natural “memori-
zation” process, efficiently generating immunity not only to a bacteriophage or plasmid but to any specifically chosen DNA se-

quence.
IMPORTANCE

CRISPR-Cas systems have entered the public consciousness as genome editing tools due to their readily program-

mable nature. In industrial settings, natural CRISPR-Cas immunity is already exploited to generate strains resistant to poten-
tially disruptive viruses. However, the natural process by which bacteria acquire new target specificities (adaptation) is difficult
to study and manipulate. The target against which immunity is conferred is selected stochastically. By biasing the immunization
process, we offer a means to generate customized immunity, as well as provide a new tool to study adaptation.
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he microbial adaptive immune system, called CRISPR-Cas

(clustered regularly interspaced short palindromic repeats and
CRISPR-associated genes), results in specific cleavage of invading
nucleic acid sequences recognized by the cell’s “memory” of past
encounters (1). The ability of the system to adapt and offer pro-
tection against previously unencountered invaders is what enables
it to be readily “programmed” with customized RNA guides. This,
in turn, has led to the use of CRISPR-Cas as an exceptional tool for
directed genome editing (2). The natural process of adaptation in
CRISPR-Cas systems, however, involves the incorporation of
short (~30-nucleotide [nt]) spacers, typically derived from for-
eign genetic elements, into a repeat-spacer array (CRISPR) that
forms the memory of the system (1). These spacers derived from
foreign sequences are known as protospacers. The only known
sequence constraint on what can serve as a protospacer is adja-
cency to a PAM (protospacer-adjacent motif)—a short (~3- to
7-nt) recognition motif specific to any given type I or type II
CRISPR-Cas system. This PAM is required for both acquisition of
a new spacer and subsequent cleavage of a targeted protospacer
(3). Transcription of the “memory” array generates CRISPR RNA
(crRNA) guides (4) that, in complex with a variety of Cas proteins,
act as surveillance complexes that recognize and cleave matching
invading sequences (5).

The natural process of adaptation has proven difficult to study.
Very few organisms to date have demonstrated readily detectable
spacer acquisition (3, 6-9). Even when spacer acquisition is evi-
dent, such as in the Gram-positive bacterium Streptococcus ther-
mophilus, it is seemingly stochastic. When S. thermophilus cells are
challenged with virulent phages, approximately one in 10° cells
survive by acquisition of a new phage-derived spacer within the

May/June 2016 Volume 7 Issue 3 e00202-16

CRISPR array (10); however, any of the phage protospacers (e.g.,
716 in the genome of the S. thermophilus phage 2972 [11]) could
form the basis of that immunity. Engineering this immunity is
complicated, as the CRISPR loci are generally difficult to manip-
ulate. The nature of the repeat structures makes synthesis of oli-
gonucleotides difficult and recombination unpredictable. This is
generally avoided by the creation of custom CRISPR arrays borne
on plasmid vectors (12—14). This option has to be tailored to each
CRISPR-Cas system, is ill-suited for strains with few suitable vec-
tors, and carries with it the pitfalls generally associated with non-
chromosomal, higher-copy-number systems. Once generated,
however, the resulting constructs have proven useful for manipu-
lating genetic material in vivo, facilitating previously laborious
tasks like the editing of virulent phage genomes (13).

In order to better manipulate the native CRISPR arrays, we
have to understand any biases in spacer acquisition. Recently,
three such biases (or lack thereof) were uncovered: a preference
for acquisition from defective phages (15), as well as no preference
for the targeting of nonself DNA elements in the absence of selec-
tion (16), with the exception of enrichment from stalled replica-
tion forks and associated DNA damage (17). Together, these find-
ings suggest that plasmids are highly preferred targets for spacer
acquisition. In fact, for the purposes of the CRISPR-Cas system,
plasmids are analogous to defective phages in that there is no race
to acquire a spacer before suffering irreparable cell damage. As
plasmids can be present in high copy numbers, the number of
protospacer targets increases. Furthermore, the acquisition of a
spacer from a plasmid leads to the loss of that plasmid, which is
generally associated with a direct fitness benefit to the bacterium.

Here, we exploit the acquisition of spacers from plasmids as a
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FIG1 Programming a native CRISPR array. Bacterial growth in the absence of selection for the plasmid bearing the desired protospacer (step 1) results in one
of four scenarios. In scenario A, the plasmid is maintained and exposure to a virulent phage (step 2) results in typical CRISPR immunization, with one in 10°
survivors (step 3). There could be a moderate bias toward acquisition of the desired spacer, as it is more abundant (high-copy-number plasmid) than any other
immunity-conferring protospacer. In scenario B or C, the plasmid is either lost through acquisition of a plasmid-targeting spacer other than the desired one
(scenario C) or by other means (scenario B). When exposed to phages, these cells are only capable of typical naive CRISPR immunization, with one in 10°
survivors having randomly acquired 1 of the 716 possible phage-derived spacers. It is possible that the fitness benefit of curing the plasmid has enriched the
population for cells more prone to CRISPR acquisition, offering an increase in the immunization rate. In scenario D, the plasmid is lost due to acquisition of the
desired plasmid-borne, phage-derived protospacer. While this event should be rare (one of the 64 protospacers on the plasmid is the desired one), all cells that
have acquired this spacer will survive exposure to the phages. These should be a considerable proportion of the colonies surviving phage exposure.

tool to bias (and select for) the natural acquisition of specific spac-
ers—in other words, readily programming the native CRISPR ar-
rays. Designing a custom protospacer for inclusion on a plasmid,
we allow time for plasmid loss by spacer acquisition within the
CRISPR locus (Fig. 1, step 1) and then, by adding selection via a
phage bearing the desired protospacer (Fig. 1, step 2), we select for
survivors with CRISPR-conferred immunity. The resulting
phage-resistant colonies should have preferentially picked up the
desired spacer cloned on the plasmid. Where the resulting bias is
insufficient, a number of parameters may be easily manipulated:
(i) increasing the number of generations for plasmid loss, (ii) in-
creasing the benefit to the cell of losing the plasmid—ideally by
using a higher-copy-number vector, which may also further bias
spacer selection by the abundance of the desired target, and (iii)
applying a screen for plasmid loss at step 2 (or 3) and thus enrich-
ing the population of desired spacers.

The low-copy-number plasmid pNT1 had previously been
shown to be cured by the two active type II-A CRISPR-Cas sys-
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tems (CR1 and CR3) of S. thermophilus DGCC7710 (5). In that
study, 6% of cells screened after 60 generations had lost the plas-
mid, 55% of those due to the acquisition of a plasmid-targeting
spacer within a CRISPR array. While this would be suitable, we
hypothesized that the additional replicative burden of the high-
copy-number (>50) (18) plasmid pNZ123 would result in faster
plasmid loss. When we introduced the high-copy-number plas-
mid pNZ123 into S. thermophilus DGCC7710, we observed plas-
mid loss in 6.5% (41/623) of screened colonies after only seven
generations. We checked 18 colonies for spacer acquisition, and
11 of them (61%) had acquired one of eight different plasmid-
specific spacers at either the CR1 locus (10 colonies) or the CR3
locus (1 colony). Clearly, spacers can be readily and rapidly ac-
quired from this high-copy-number plasmid.

To program the native CRISPR array to acquire a specific de-
sired spacer from a plasmid and as proof of concept, we sought to
introduce a spacer that would provide resistance against several
phages.
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TABLE 1 Counts and characterization of surviving colonies in CRISPR-programming assays

Mean no. of survivors

Acquisition profile (no. of colonies  No. of on-target

Dilution (CFU/plate) = SD No. of survivors  Fraction with acquisition at indicated locus/ acquisitions/total no.
Strain (plasmid) factor® (n=23) (CFU/ml) surviving no. of colonies tested) of colonies tested
DGCC7710 (pNZ) NA 56.0 * 114 187 1.85in 10° CFU 23/24 CRI, 1/24 CR3 0/24
DGCC7710 (pNZCR3) 1/9 764 = 18.9 22,940 2.27in 10* CFU 4/24 CR1, 20/24 CR3 20/24 (100% of CR3)
DGCC7710 (pNZCR1) 1/27 868 £ 14.3 78,168 7.73in 10* CFU  24/24 CRI1, 0/24 CR3 24/24 (100% of CR1)

@ Dilution factor (in fresh media) used in plate from which colony counts were obtained (vol/vol).

In S. thermophilus DGCC7710, the CR1 locus is responsible for
>90% of spacer acquisition events (19) and requires recognition
of an NNAGAAW PAM (3). The other active locus, CR3, depends
upon recognition of a shorter PAM, NGGNG (20). We scanned
the 13 publicly available S. thermophilus phage genomes for iden-
tical 30-bp, PAM-adjacent sequences (i.e., protospacers). We
found a number of protospacers that were conserved in over half
of these genomes and even across two distinct phage groups
(Fig. S1 in the supplemental material). Decreasing the length of
the required PAM-adjacent sequence match to as few as 15 bp
increased the number of protospacers detected in at least seven
genomes but yielded only a single protospacer matching more
than seven (see Fig. S1). With further characterization of the
“seed” sequences (minimal regions of the protospacer absolutely
required for immunity [13, 21]), it should be possible to design
protospacers with even broader cross-immunity. We selected
both a CR1 and a CR3 protospacer (see Fig. S1 and Table S1),
targeting the greatest number of virulent phages in a highly con-
served gene less likely to be tolerant of mutations. Both protospac-
ers and their respective PAMs were cloned into pNZ123 to gener-
ate the programming plasmids pNZCR1 and pNZCR3.

S. thermophilus DGCC7710 cells containing the control plas-
mid (pNZ123) or a programming plasmid (pNZCR1 or pNZCR3)
were grown in the absence of selection for the plasmid and then
exposed to the virulent phage 2972. Strikingly, more than 100
times as many cells carrying a programming plasmid survived
phage infection as did cells carrying the control plasmid (123
times as many for pPNZCR3 and 419 times as many for pNZCR1)
(Table 1). This indicated that the phage-immune cells obtained
were influenced by the presence of the chosen phage-derived,
plasmid-borne protospacer.

To confirm this, the CRISPR loci of phage-resistant colonies
were screened by PCR in order to detect integration of the target
spacers. Where such a spacer was not detected, the CR1 and CR3
loci were amplified to detect expansion of the arrays by a repeat-
spacer unit (66 bp) and then sequenced. For phage-resistant cells
carrying the control plasmid pNZ123, spacer acquisition from the
phage genome occurred but appeared to be stochastic. The spacer
acquisition patterns matched the expected CR1-to-CR3 natural
bias for S. thermophilus DGCC7710 (Table 1). Unsurprisingly,
none of the phage-resistant colonies tested (0/24) had acquired
the spacers present in the programming plasmids pNZCR1 and
pNZCR3.

In the presence of the programming plasmid pNZCR1, 100%
(24/24) of the phage-resistant colonies tested had acquired the
desired phage-derived spacer present on the plasmid. Despite the
documented lower adaptation activity of CR3 in S. thermophilus
DGCC7710 (19), in the presence of pNZCR3, 20/24 colonies
tested had acquired the desired spacer (83.3%) (Table 1). This
represents over a thousandfold (1,024) increase in CR3-resistant
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colonies over the numbers obtained in unprogrammed assays. By
both replica plating of colonies in the absence/presence of chlor-
amphenicol and a PCR screen for the vector, we confirmed that
the pNZCR1 and pNZCR3 plasmids were absent in all phage-
resistant survivors bearing the target spacers.

Plasmid-programed spacer acquisition is a quick, inexpensive,
and labor-light method to select for the integration of specific
spacers into native CRISPR arrays. Furthermore, the resulting
product is clean and markerless, with no trace of the plasmid used
to bias the selection process—meaning that it is readily repeatable
with a single vector and indistinguishable from natural acquisi-
tion.

Constraining the application of this strategy are the following
three requirements: a host capable of spacer acquisition and sub-
sequent interference, a moderately stable/persistent vector, and
the dependence of selective pressure on the replication of a genetic
element bearing, or edited to bear, the desired protospacer. Be-
cause we can easily edit conditionally lethal plasmids or phage
genomes (13) to incorporate these targets, when these three re-
quirements are met, we can readily obtain the integration of any
desired sequence of the appropriate size into a CRISPR array.

This approach lends itself to many applications. A key example
from industrial settings such as dairy fermentations is the stan-
dard practice of generating spontaneously phage-resistant bacte-
rial cultures (22). Accordingly, the generation of spontaneous
CRISPR-Cas-based immunity is already widely used for S. ther-
mophilus (23), but because spacers are acquired stochastically, any
attempt to obtain a specific spacer must entail excessive screening.
Instead of this inefficient process, we have shown here the rapid
generation of customized bacterial strains immune to multiple
phages, even prior to exposure to (or even discovery of) said
phages, by targeting conserved protospacers. Similarly, it would
be possible to create beneficial strains refractory to a plasmid/
antibiotic resistance gene, serving to reduce horizontal gene trans-
fer of undesirable genes or, alternatively, specifically select for
functional sequence variants.

Applications in basic CRISPR-Cas research include studying
spacer acquisition events at loci that rarely acquire them (e.g., CR3
inin S. thermophilus DGCC7710) or are thought to be defective.
This technique also allows the determination of optimal features
of both PAMs and protospacers by varying the two components
independently of one another, screening for functional PAMs or
other CRISPR-related motifs, and assaying their activities for ac-
quisition and interference. Lastly, it could be used to insert specific
sequences at the CRISPR loci, such as promoters, terminators,
DNA binding sites, or additional CRISPR repeats capable of mod-
ulating or serving as reporters for CRISPR acquisition.

This “spacer on demand” strategy provides a simple and novel
means to introduce any chosen spacer into a native CRISPR array.
This offers new tools to characterize CRISPR-Cas systems and to
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exploit them to generate a resistance phenotype with unprece-
dented flexibility.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBi0.00202-16/-/DCSupplemental.

Figure S1, DOCX file, 0.3 MB.

Table S1, DOCX file, 0.1 MB.

Text S1, DOCX file, 0.3 MB.
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