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Abstract CRISPR-Cas systems provide adaptive immunity against viruses and
plasmids in bacteria and archaea. Interference is mediated by small non-coding
CRISPR RNAs (crRNAs) that guide the Cas machinery towards complementary
nucleic acids for sequence-specific cleavage. Several recent studies have shown
that CRISPR-encoded immunity can increase the breadth and depth of phage
resistance in bacteria, and can provide a barrier to acquisition of undesirable
genetic elements, notably plasmid-encoded antibiotic resistance genes. Further,
the adaptive and inheritable nature of those idiosyncratic chromosomal loci
provide valuable genetic polymorphism which can be leveraged for typing
purposes, proprietary strain tagging, ecological surveys, and epidemiological
studies. The ability to readily transfer functional CRISPR-Cas systems across even
distant bacteria, and re-program their endonuclease activity make them amenable
to genetic engineering and useful for genome editing. These features, in combi-
nation with recent breakthroughs in unravelling the molecular underpinnings of
the CRISPR mechanism of action have paved the way for several applications in a
diversity of industrial and biotechnological areas.
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11.1 Introduction

While warfare is continuously being waged between microbes and their viral
counterparts, arguably endlessly, a novel weapon is occasionally discovered in the
arsenal, which might be exploited by humans to shift the balance between the
conflicting parties. The raging battle between bacteria used as starter cultures in
the food industry for the fermentation of milk into appetizing products such as
yogurt and cheese, and their predatory bacteriophages has lasted for centuries, ever
since the need to store surplus milk has arisen. Recently, CRISPR-Cas systems
were shown to provide adaptive resistance against viruses of bacteria and archaea,
and numerous studies have documented their functional properties, characterizing
the molecular underpinnings of their biochemical mechanism of action. These
studies have set the stage for leveraging those versatile molecular systems in a
variety of technological applications.

The historical path that the CRISPR field has taken has been discussed in detail
previously (see Chap. 1), and the occurrence, distribution, and evolution of those
loci outlined (see Chaps. 2 and 3), with approximately 46 % of bacteria and 90 %
of archaea carrying CRISPR loci, including many model and industrially relevant
organisms. Notwithstanding the various types of CRISPR-Cas systems that have
been established in the literature (see Chaps. 3, 5, 6, and 7), there are many
elements that are somewhat conserved across CRISPR-Cas systems, both in
mechanism of action and in function(s) that set the stage for a wide array of
technological applications.

Although the field might be considered by many in its infancy, the CRISPR
literature and citation rates reflect both the quantity and quality of the work that
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has been performed over the past decade. Further, the ability to potentially
translate this work into tangible applications can be somewhat measured by the
intellectual property activity, as monitored by a number of patent application
deposits. To date, 12 patents related to CRISPR uses and applications have been
published (see Table 11.1).

These patents span several distinct areas and types of applications, notably the
detection and typing of bacterial strains, the development of phage resistance, and
the use of CRISPR-Cas systems for interference and cleavage of nucleic acids. We
highlight below a number of documented and potential applications of CRISPR-
Cas systems.

11.2 Resistance Against Viruses

A variety of roles have been attributed to the diverse CRISPR-Cas systems within
the last 10 years, including DNA repair and biofilm inhibition (Babu et al. 2011;
Palmer and Whiteley 2011). Nevertheless, it has been quickly and broadly
accepted that resistance against bacteriophages (phages), and more generally
against viruses, is the primary and most common role of these small RNA-based
interference systems. Hypothesized in 2005 (Pourcel et al. 2005; Mojica et al.
2005; Bolotin et al. 2005), the antiviral activity of CRISPR-Cas was demonstrated
shortly thereafter with a food-grade bacterium of industrial relevance (Barrangou
et al. 2007; see Table 11.1, patent application WO/2007/025097). Indeed, large-
scale dairy fermentations using Streptococcus thermophilus-containing starter
cultures are occasionally impaired by lytic phages, compelling starter cultures
companies to constantly devise strategies aimed at controlling phage populations
in industrial settings.

11.2.1 ‘‘CRISPerization’’: Phage Resistance Improvement
Through Iterative Challenges

Traditionally, phages have been extensively used—intentionally or otherwise—to
challenge sensitive bacterial strains, in order to select subpopulations named
Bacteriophage-Insensitive Mutants (BIMs) that display increased viral resistance
(Labrie et al. 2010). Besides providing naturally improved strains, such approaches
have led to the identification of a variety of phage resistance mechanisms, notably
those involved in the early steps (phage adsorption onto cell receptor(s), phage
DNA injection within the cytoplasm) of the phage–host interaction (Sturino and
Klaenhammer 2006). Although relatively easy to generate, BIMs generally show a
weak and volatile protection against phages, mainly because phage populations
evolve at a faster rate than their hosts. Furthermore, receptor mutations only
provide resistance against a narrow spectrum of phages that use a conserved
pathway for infection.
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Some CRISPR-Cas systems have been shown to be responsive to viral challenge,
either naturally (Barrangou et al. 2007; Deveau et al. 2008; van der Ploeg 2009; Mills
et al. 2010; Cady et al. 2012; Erdmann and Garrett 2012) or following genetic
engineering and priming (Datsenko et al. 2012; Swarts et al. 2012; Yosef et al. 2012).
Specifically, in the acquisition stage, small pieces (called proto-spacers) of the viral
nucleic acid may be integrated as new spacers in-between new repeats at the leader
end of CRISPR array(s), thus providing adaptive immunity. The presence of such
additional spacers, subsequently transcribed in order to interfere with any comple-
mentary sequence, confers an improved resistance to the surviving host cell.

Based on this CRISPR-Cas adaptive system, ‘‘CRISPerization’’ strategies have
been developed to rationally and purposefully generate improved lineages in
S. thermophilus (see Table 11.1, notably patent application WO/2008/108989, and
Fig. 11.1). Provided sufficient—both in number and diversity—virulent phages are
available, iterative phage challenges may be performed (endlessly?) to increase the
level of resistance of the host strain, leading to a stacking of newly acquired
spacers. Furthermore, by selecting genetically diverse and industrially relevant
phages, subsequent challenges advantageously broaden the spectrum of resistance
of the host strain. Due to the apparent randomness of proto-spacer uptake (though
new data suggest the proto-spacer sampling process is not completely random;

WT

V1

V2

V4

V5

V3ΦA ΦB

ΦC

ΦD

ΦD

ΦE

ΦF

ΦF

ΦG

Fig. 11.1 CRISPerization process. The diagram displays the way in which CRISPR BIMs
(bacteriophage insensitive mutants) can be selected following iterative exposure to phages (uA
through uG), to generate multi-generational variants (V1–V5) that have acquired several new
CRISPR spacers, eventually making them resistant to all phages used. Colored rectangles and
other shapes represent CRISPR spacers newly acquired, with each color corresponding to the
phage used in the challenge. WT, wild-type (parental) strain. Note that all phages do not need to
be used in each lineage, as some spacers may be efficient against distinct phages sharing common
sequences. This strategy can be enhanced by selecting CRISPR BIMs that have acquired spacers
in multiple active CRISPR loci, that have acquired multiple spacers in a single round of phage
exposure, and by selecting spacers that target highly conserved and/or functional sequences in
phage genomes

11 Applications of the Versatile CRISPR-Cas Systems 271



Datsenko et al. 2012) and the broad reservoir of proto-spacers within each phage
genome (typically several hundreds in a 35 kb genome), distinct bacterial lineages
with complementary resistances may be generated by using independently the
same phages, in the same order or otherwise (see Fig. 11.1).

CRISPerization by iterative challenges holds three major advantages over other
phage resistance improvement strategies. First, the resulting variants are ‘‘natural
microorganisms’’, a trait which is currently critical to the food industry, notably in
Europe. No genetic engineering is involved in the process, which is purely based
on the generation, selection, and characterization of surviving subpopulations.
Second, all variants that are obtained, whatever the number of iterations they
underwent, are isogenic variants of the parental wild-type strain, that have
maintained their valuable functional properties. Theoretically they only carry
mutations (i.e., additional repeat-spacer units) in their CRISPR array(s), thus
maintaining identical physiological and functional properties, another critical trait
for the robustness of industrial applications. Obviously, combinations of various
isogenic strains in rotation schemes are highly valuable in the dairy manufacturing
environment, and provide increased phage resistance both in terms of depth of
phage resistance and breadth of the phage resistance spectrum. While the industry
historically relies on rotation strategies combining distinct phage resistance
mechanisms and phenotypes, CRISPR-mediated phage resistance provides
advantages both in terms of isogenic variants’ sustainable use, and stability of the
chromosomally encoded resistance system, as opposed to plasmid-borne. Highly
advanced ‘‘CRISPerized’’ strains can thus be considered as variants with an
extended lifespan, which may eventually be immortalized. Finally, provided suf-
ficient (both in number and diversity) spacers are acquired in controlled, laboratory
conditions, it may become difficult—or even impossible—for the phages naturally
occurring in the environment to circumvent the CRISPR-encoded immunity.
CRISPerization through iterative challenges may be a clever way to get ahead in
the alleged never-ending arms race between hosts and their predatory viruses.

11.2.2 Artificial Spacer Engineering

As opposed to natural spacer acquisition following viral challenge, additional
spacers can be intentionally introduced into CRISPR arrays by using classical
genetic engineering approaches. Only a relatively short segment (i.e., the size of a
spacer) of the target nucleic acid sequence has to be known in order to build
specific immunity against any complementary sequence (provided the associated
proto-spacer adjacent motif is taken into account). A conservative, safe strategy is
to ‘‘copy-paste’’ naturally occurring spacers (belonging to the same CRISPR-Cas
system) between characterized strains. By extension, spacers can be designed
entirely de novo prior to their integration between CRISPR repeats, so that it is
virtually feasible to confer immunity against nucleic acid sequences that have
never been observed yet. Engineered CRISPR arrays can also be an answer to
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strain improvement when no lytic virus is available for challenge, or when no virus
is efficiently stimulating novel spacer acquisition.

We brought the first illustration of this approach in S. thermophilus in 2007
(Barrangou et al. 2007). Spacers S1 and S2, simultaneously acquired in the
CRISPR1 locus of a BIM following a challenge with phage 858, were cloned from
their host strain into a plasmid and transferred to the CRISPR1 locus of another
strain, thereby transferring immunity against phage 858. De novo spacer engi-
neering against phage Lambda was also performed in Escherichia coli (Brouns et al.
2008; Pougach et al. 2010; Sapranauskas et al. 2011), showing that CRISPR-Cas
systems can be specifically engineered to contain particular spacers that target phage
sequences and provide resistance against viruses that carry homologous sequences.

The major limit of artificial spacer engineering is the fact that not all sequences
constitute efficient CRISPR spacers, due to the need, in some CRISPR-Cas sys-
tems, for a proto-spacer-associated motif (PAM) (Deveau et al. 2008; Horvath
et al. 2008; Mojica et al. 2009). In such cases, the selection in a target nucleic acid
of a sequence to be converted into a CRISPR spacer is constrained by the presence
of an adequate PAM sequence.

11.2.3 Transfer Between Microorganisms

The propensity of CRISPR-Cas systems to be subjected to horizontal gene transfer
has been documented for a while (Godde and Bickerton 2006; Horvath et al.
2009), and reflects the distribution and evolution of those systems, as discussed in
Chaps. 2 and 3, respectively.

Finally, phage resistance may also be obtained through the transfer of a com-
plete CRISPR-Cas system between strains (not necessarily belonging to the same
species), as exemplified by Sapranauskas et al. (2011). After cloning of the
S. thermophilus CRISPR3-Cas system on a plasmid, it was readily transferred into
E. coli, and could provide resistance against phage and lower plasmid uptake
propensity. The next major advance will be to assess whether functional systems
can be transferred and/or engineered to provide nucleic acid interference in
valuable, important, and model eukaryotic organisms, especially for agricultural,
biotechnological, and medical applications (see Table 11.1, patent applications
WO/2012/054726 and WO/2011/143124). As the visibility of the field increases,
we expect that attempts will be made to engineer CRISPR-encoded interference in
yeast, fungi, plants, and perhaps vertebrates.

11.3 Immunity Against Non-Viral Nucleic Acids

Although resistance against viruses is arguably the primary functional role of
CRISPR-Cas systems, as it provides immunity against nucleic acids through base-
pairing between spacer-derived crRNAs and complementary target sequences,
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DNA or RNA molecules other than virus-encoded may be subjected to interfer-
ence. Indeed, similarity searches of spacer sequences within DNA databases
generally show that, besides the large majority of matches with viral sequences,
most of the matches correspond to plasmid sequences, followed by a minority of
hits to chromosomal sequences (Horvath et al. 2008; Stern et al. 2010). The low
occurrence of plasmid- and chromosome-derived spacers in CRISPR arrays may
probably be considered as a side effect of the adaptive nature of CRISPR-Cas
systems, whereby host genetic material (or the transcription products thereof), are
perceived as ‘‘foreign’’ rather than ‘‘self’’ nucleic acid molecules. Thus, CRISPR/
Cas systems may be exploited to provide non-viral immunity.

11.3.1 Plasmid Interference

Several reports in the literature document the ability of CRISPR-Cas systems to
provide interference against plasmid DNA. It was first established in a milestone
and elegant study in Staphylococcus epidermidis whereby CRISPR-encoded
spacers lowered efficiency of plasmid uptake. This study also established that the
primary CRISPR-Cas nucleic acid target is DNA (Marraffini and Sontheimer
2008). Subsequently, several studies showed that spacers can be acquired from
plasmid sequences, and interfere with plasmid uptake (Garneau et al. 2010;
Sapranauskas et al. 2011; Swarts et al. 2012; Datsenko et al. 2012; Jinek et al.
2012; Gasiunas et al. 2012).

11.3.2 Interference Against Other Mobile Elements

The documented ability of CRISPR-Cas systems to preclude plasmid uptake in
S. epidermidis, S. thermophilus, and E. coli has set the stage for developing
CRISPR-based systems that provide interference against mobile genetic elements.
Given the elevated concerns about antibiotic resistance marker dissemination,
especially in clinically relevant human pathogens, in combination with the cir-
cumstantial evidence which indicated a negative correlation between the occur-
rence of CRISPR-Cas systems and pathogenicity in Enterococcus (Palmer and
Gilmore 2010) and Campylobacter (Schouls et al. 2003; Louwen et al. 2012), there
is tremendous potential in leveraging CRISPR-mediated interference against
antibiotic resistance genes. A recent report documenting the ability of S. ther-
mophilus to naturally acquire spacers that target an antibiotic resistance gene
(Garneau et al. 2010), in combination with the ability of the acquired spacers to
preclude the uptake of plasmids that carry homologous DNA sequences, sets the
stage for vaccination of bacterial strains against antibiotic resistance marker
uptake. Similarly, because prophages can also readily mediate the transfer of
pathogenic markers, CRISPR-encoded immunity can be used to reduce the
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pathogenic potential of a microorganism though reduction of its propensity to
uptake novel DNA. This is consistent with the reported negative correlation
between the occurrence of prophages and CRISPR spacers in Streptococcus
pyogenes (Nozawa et al. 2011). As such, active CRISPR-Cas systems provide a
natural means to select strains that are unlikely to uptake and disseminate anti-
biotic resistance markers and pathogenic traits. Likewise, the ability to engineer
CRISPR-Cas systems with synthetic spacers provides an in vitro means to generate
mutants that are refractory to the uptake of undesirable sequences. Indeed, recent
reports show that CRISPR can prevent natural transformation and virulence
marker acquisition in Streptococcus pneumoniae (Bikard et al. 2012), and influ-
ence mobilome diversity in Streptococcus agalactiae (Lopez-Sanchez et al. 2012).

Prokaryotic genome integrity and stability may be affected by the integration or
excision of mobile genetic elements such as transposons and prophages. Spacers
designed to target transposons and mobile genetic elements that mediate chro-
mosomal rearrangements and shuffling could be used to increase chromosomal
stability and integrity. Likewise, spacers targeting undesirable genes such as those
coding for antibiotic resistance, toxins, and virulence factors could be used to
generate ‘‘safer’’ strains.

11.4 CRISPR-Based Gene Regulation

Despite the genetic commonalities observed across the three CRISPR-Cas types,
and the conservation of several mechanistic steps in various systems, in some Type
III systems, at least, CRISPR targets RNA in vitro (Hale et al. 2009; Garrett et al.
2011). Accordingly, there is potential to use CRISPR-Cas systems for the regu-
lation, transcriptional control, or regulation of transcript levels within a cell
(Horvath and Barrangou 2010; see Table 11.1, patent application WO/2010/
075424). A recent report illustrates the ability of CRISPR spacers to lower tran-
script levels, showing that a spacer homologous to the histidyl-tRNA synthetase
sequence lowers His-tRNA levels (Aklujkar and Lovley 2010). A study docu-
menting several examples of self-targeting spacers shows that this phenomenon
may be under-appreciated (Stern et al. 2010). Likewise, several studies have
implicated self-targeting CRISPR spacers in Pseudomonas aeruginosa lysogeny
(Zegans et al. 2009; Cady and O’Toole 2011).

Analogies between CRISPR-mediated interference and RNA interference have
been discussed in several reviews, and multiple studies have provided enough
circumstantial evidence that crRNA can silence transcripts to pave the way for
CRISPR-based mRNA targeting. Further, given the ancillary and emerging roles
of CRISPR-Cas systems beyond foreign DNA defensive targeting (see Chap. 10),
notably host regulatory and developmental processes, there are several RNA-
targeting applications that can be developed. Given the tremendous interest in and
the many successes of RNAi in eukaryotic systems, together with the growing
importance of non-coding small RNAs in numerous biological functions, there is
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potential to harness the flexibility and modularity of CRISPR-Cas systems for
RNA interference in bacteria and archaea (see Table 11.1, patent applications WO/
2010/011961 and WO/2010/054108).

11.5 CRISPR-Based Strain Typing

A historical review of the CRISPR literature over time (see Chap. 1) clearly
illustrates the potential of CRISPR loci for genotyping of bacteria. Several early
studies that preceded the implication of CRISPR-Cas systems in adaptive immu-
nity, notably spoligotyping in the early 1990s, have actually shown that these loci
are both hypervariable, and provide a time-dependent iterative record of the
environmental conditions to which a strain has been exposed. A milestone method
describing the use of ‘‘direct repeat region’’ DNA sequences in the chromosome of
Mycobacterium tuberculosis in 1993 (Groenen et al. 1993) had the foresight to
observe that there was tremendous polymorphism across a diversity of strains in
this particular region, and that sequence content could be digitized to monitor the
epidemiology of clinical cases and samples of tuberculosis (Brudey et al. 2006).
A similar approach was subsequently used and developed for Corynebacterium
diphtheriae (Mokrousov et al. 2007, 2009). Undoubtedly, this is an insightful
example of the contribution of genomics to the discovery of unknown, uncharac-
terized, occasionally un- or mis-annotated regions that nonetheless are hypervari-
able enough to provide a basis for genotyping. Indeed, the literature spans distant
industrial or pathogenic bacteria across which CRISPR-based genotyping provides
insights, notably M. tuberculosis (Abadia et al. 2010; Borile et al. 2011; Brudey
et al. 2006; Groenen et al. 1993; Zhang et al. 2010), Yersinia pestis (Cui et al. 2008;
Pourcel et al. 2005; Riehm et al. 2012; Vergnaud et al. 2007), C. diphtheriae
(Mokrousov et al. 2007, 2009), P. aeruginosa (Cady et al. 2011), Legionella
(D’Auria et al. 2010; Ginevra et al. 2012), S. pyogenes (Hoe et al. 1999; McShan
et al. 2008), S. thermophilus (Horvath et al. 2008), Lactobacillus (see Table 11.1,
patent WO/2006/073445), Propionibacterium acnes (Brüggemann et al. 2012),
Erwinia amylovora (Rezzonico et al. 2011; McGhee and Sundin 2012),
Campylobacter (Tasaki et al. 2012), Salmonella (Liu et al. 2011a, b; Fabre et al.
2012; Fricke et al. 2011; see Table 11.1, patent application WO/2009/115861), and
pathogenic E. coli (Díez-Villaseñor et al. 2010; Delannoy et al. 2012).

Over time, the molecular methods that target CRISPR sequences have evolved.
Initially, hybridization-based spoligotyping was developed in Mycobacterium and
Corynebacterium, although results were highly dependent on the reference data-
base, and solely known sequences could be targeted. Later on, Sanger-sequencing
of CRISPR PCR amplicons, either completely or partially from the extremities,
was developed and implemented for the genotyping of some species (see
Fig. 11.2). Alternatives to sequencing were also assessed to compare and contrast
CRISPR PCR amplicons, notably restriction fragment length polymorphism
(RFLP) assays, capillary electrophoresis analysis, and melting curve analysis
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(Price et al. 2007). Nowadays, the ubiquitous and affordable natures of multiple
sequencing technologies have rendered such approaches nearly obsolete. In fact,
the pace of next-generation sequencing technologies development, in combination
with the ever-increasing throughput and rapidly decreasing price, have opened new
avenues for deep sequencing analysis of CRISPR amplicons and mixed population
metagenomes. Currently, sequencing technologies have out-paced the develop-
ment of fast, efficient, and convenient bioinformatic tools which provide the
reconstruction of CRISPR loci and visualization of their content.

11.6 Bacterial or Viral Strain Tracking

Further, the presence and diversity of CRISPR-Cas systems and their hypervari-
able spacer sequences in a diversity of industrially relevant bacteria provide a
similar basis for genotyping of commercial strains, notably for lactic acid bacteria
widely used as starter cultures in the dairy industry (Horvath et al. 2008, 2009;
Barrangou and Horvath 2012). Even within a clonal population, active CRISPR
loci are hypervariable and adaptive enough to track a strain over time, as shown in
Leptospirillum isolated from acid mine drainage samples (Andersson and Banfield
2008; Tyson and Banfield 2008). Other metagenomics studies have shown that
CRISPR loci can provide critical insights into population diversity and dynamics
(Heidelberg et al. 2009; Held and Whitaker 2009; Anderson et al. 2011; Berg et al.
2012; Delaney et al. 2012; Garcia-Heredia et al. 2012; Pride et al. 2011, 2012; Rho
et al. 2012; Stern et al. 2012). CRISPR spacer sequences may also be exploited to
detect viral sequences or fish out viruses from complex, undefined ecosystems
(Snyder et al. 2010). For metagenomic surveys, resolving CRISPR loci for mixed
and occasionally complex microbial populations can unravel dynamics and
ancestral relationships and occasionally reflect dramatic shifts and events such as
selective bottlenecks. Nevertheless, it is important to keep in mind that such loci
have variable typing potential across organisms given their broad range of (in-)
activity and their highly variable distribution, occurrence, and propensity for
horizontal gene transfer. Also, when multiple CRISPR loci are present within a
chromosome, it is important to target a universal and polymorphic locus.
Accordingly, their epidemiological potential has to be evaluated on a case-by-case
basis, preferably using a broad and bio-geographically diverse set of strains and
isolates.

11.7 Natural Genetic Tagging

In combination with increased phage resistance, CRISPR-Cas systems provide a
tremendous avenue for the development of immortalized industrial workhorses
which have highly desirable functional traits for the food supply chain, or that
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Fig. 11.2 CRISPR-based typing schemes, Panel A: sequencing CRISPR arrays from both ends.
For strain typing purposes, sequencing from both the leader and trailer (i.e., opposite to the
leader) ends should always be preferred, when possible. Ancient spacers at the trailer end allow
clustering of distantly related strains, while leader-end spacers, more recently acquired,
differentiate closely related strains. In many cases, sequencing the whole CRISPR repeat-spacer
array requires significant time and effort but adds only little information. If necessary, sequencing
by walking across can be performed by designing primers within non-redundant spacer
sequences. Panel B: one-sided CRISPR typing. When the sequences surrounding CRISPR arrays
are polymorphic or unknown, sequencing is still possible from the conserved leader end,
especially when cas genes are present. The PCR amplicon mix generated by using a reverse
primer designed within the repeat sequence can be sequenced from the leader end and/or from
internal spacers

278 P. Horvath et al.



carry valuable biotechnological properties. In a competitive and global environ-
ment, although bacteria have been universally used as starter cultures in the food
industry for centuries, it is increasingly critical to secure intellectual property and
monitor the use of proprietary highly valuable strains.

A broadly used strategy is the deposit of characterized strains in strain banks,
notably the culture collections that are official depositories under the Budapest
Treaty (Budapest Treaty on the International Recognition of the Deposit of
Microorganisms for the Purposes of Patent Procedure, signed on April 28, 1977).
However, as strains evolve over time, and the origin and ownership of natural
biological entities is difficult to define, it is important to secure intellectual
property rights for the use of specific material for particular applications in specific
fields. Accordingly, correctly and accurately defining a proprietary strain is criti-
cal, and CRISPR provides a unique natural means to generate mutants that have
iteratively acquired a unique array of novel spacers in a human-defined order,
directed manner, and selected way (see Table 11.1, patent application WO/2007/
136815). Thus, iteratively selecting BIMs that have acquired novel CRISPR
spacers following exposure to phage(s) (see Fig. 11.1) generates a natural (not
genetically engineered) variant with a sequence tag (set of novel CRISPR spacers)
which has an extremely remote probability to randomly arise in nature. This
unique genetic watermark can subsequently be used to monitor the presence of a
proprietary strain in any environment through simple and affordable Sanger
sequencing of a CRISPR PCR amplicon.

11.8 Cas Endonuclease Reprogramming and Restriction
Enzyme Customization

Two recent reports have shown that Cas-mediated DNA cleavage can be repro-
grammed through crRNA design (Gasiunas et al. 2012; Jinek et al. 2012). Jinek
et al. showed that both crRNA and tracrRNA direct DNA cleavage in S. pyogenes,
and that a chimeric RNA can be engineered to redefine cleavage specificity.
Gasiunas et al. showed that the S. thermophilus Cas9–crRNA ribonucleoprotein
complex mediates specific DNA cleavage, and that the Cas9 HNH and RuvC
domains nick the complementary and non-complementary DNA strands, respec-
tively, ultimately generating a dsDNA cleavage. This is consistent with previous
studies showing that Cas9 cleaves phage and plasmid dsDNA (Garneau et al. 2010;
Sapranauskas et al. 2011; Magadán et al. 2012). The ability to nick either or both
DNA strand(s) at (re-)programmable locations in a DNA sequence (see Fig. 11.3)
opens new avenues for genome editing, stacking, shuffling, and engineering
(Barrangou 2012). This essentially adds a new option to the genome engineering
toolkit, in addition to zinc finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENs). Typically, genome engineering relies on site-specific
endonucleases that trigger sequence modification by DNA-repair systems at the
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cleavage site. An advantage of Cas-crRNA-mediated cleavage is that specificity
can be readily reprogrammed by customizing the crRNA sequence, rather than
re-engineering cleavage proteins (ZFNs or TALENs) each time a new sequence has
to be targeted (Gasiunas et al. 2012; Hale et al. 2012; Jinek et al. 2012).

11.9 Other Applications of CRISPR-Cas Systems

There are other ancillary and less documented roles and applications of CRISPR-
Cas systems that remain to be substantiated and investigated, notably the potential
that these loci have for the genesis of ‘‘large’’ amounts of small interfering RNAs
(Djordjevic et al. 2012; see Table 11.1, patent application US20100076057),

crRNA design

tgagaggatgaccagccacaCTGGAACTGAGACACGGTCCAGACTCCTACgGGaGgcagcagtGGgGaatattgc

V2 V3

proto-spacer PAM

Cas9-mediated cleavage

RuvC active site

HNH active site

"spacer-like"  sequence "repeat-like" sequence

Fig. 11.3 Endonuclease customization. Cas9 endonuclease reprogramming. Any sequence
containing at least one appropriate PAM can be cleaved specifically in its vicinity, at a precise
location. In the example provided, the aim was to design a cleavage site within the E. coli 16S
rDNA gene, between the variable regions V2 and V3, using the S. thermophilus CRISPR3-Cas
system. Eight CRISPR3 PAM sequences (50-NGNGG-30, depicted as blue pentagons; Horvath
et al. 2008) are found within this 183 bp region. The proper design and use of a chimeric crRNA
targeting the proto-spacer (green rectangle), in combination with the Cas9 endonuclease, will
lead to dsDNA cleavage within the proto-spacer, 3 nt upstream of the PAM (red arrows).
Furthermore, the use of the wild-type Cas9, or RuvC- or HNH- mutants, lead to a double-
stranded, single (+)stranded, or single (-)stranded cleavage, respectively (Gasiunas et al. 2012)
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and the ability to generate and select ‘‘super phages’’ that circumvent CRISPR-
encoded immunity for advanced biocontrol of microbial populations and phage
therapy (see Table 11.1, patent application WO/2008/108989).

11.10 Conclusions and Perspectives

Overall, many intrinsic features of CRISPR-Cas systems provide avenues for
applications that cover a broad spectrum, ranging from exploiting genetic hyper-
variability for typing and epidemiological purposes to increasing viral resistance,
immunizing strains against the uptake of undesirable genetic material, through the
generation of programmable RNA-guided endonucleases for genome engineering,
editing, and stacking. Notwithstanding the tremendous potential of CRISPR loci in
bacteria and archaea, it is critical to assess their potential for in vivo activity in
eukaryotes to fully assess the potential of CRISPR-Cas systems for white bio-
technology and next-generation synthetic biology.

As we reflect upon the past decade of CRISPR research, the impressive quality
and quantity of manuscripts that have showcased their many powerful function-
alities, in combination with the engaged and collegial CRISPR scientist commu-
nity that has made the field so enjoyable and productive, it is obvious that the
publication and citation rates of CRISPR manuscripts, together with the increased
intellectual property activity, highlight the potential that these systems have for a
diversity of applications.

Clearly, significant recent advances in phage resistance and strain typing have
set the stage for extending the longevity of valuable industrial strains, and new
epidemiological frameworks, respectively. For the latter, it is yet to be determined
whether CRISPR loci can universally or broadly be used for typing of clinical
isolates highly relevant for human health and disease. Nevertheless, we certainly
hope the best is yet to come, and that many a talented and creative scientist will
come up with innovative ways to harness the beauty and power of CRISPR-Cas
systems for valuable and beneficial purposes.
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