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Abstract

Bacteria have been widely used as starter cultures in the food industry,
notably for the fermentation of milk into dairy products such as cheese and
yogurt. Lactic acid bacteria used in food manufacturing, such as lactobacilli,
lactococci, streptococci, Leuconostoc, pediococci, and bifidobacteria, are
selectively formulated based on functional characteristics that provide id-
iosyncratic flavor and texture attributes, as well as their ability to withstand
processing and manufacturing conditions. Unfortunately, given frequent
viral exposure in industrial environments, starter culture selection and
development rely on defense systems that provide resistance against bacte-
riophage predation, including restriction-modification, abortive infection,
and recently discovered CRISPRs (clustered regularly interspaced short
palindromic repeats). CRISPRs, together with CRISPR-associated genes
(cas), form the CRISPR/Cas immune system, which provides adaptive
immunity against phages and invasive genetic elements. The immunization
process is based on the incorporation of short DNA sequences from virulent
phages into the CRISPR locus. Subsequently, CRISPR transcripts are
processed into small interfering RINAs that guide a multifunctional protein
complex to recognize and cleave matching foreign DNA. Hypervariable
CRISPR loci provide insights into the phage and host population dynamics,
and new avenues for enhanced phage resistance and genetic typing and
tagging of industrial strains.
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Bacteriophage: virus
that infects bacteria;
also known as a phage

Clustered regularly
interspaced short
palindromic repeats
(CRISPRs): a novel
DNA repeat family

CRISPR-associated
proteins (Cas):
diverse family of
proteins directing
CRISPR-encoded
immunity

Spacer: hypervariable
sequence between
DNA repeats of
CRISPR loci, derived
from invasive nucleic
acid

Interference: process
by which invasive
nucleic acid is targeted
by crRINA-guided
CASCADE
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INTRODUCTION

Historically, a diverse number of domesticated microbes have been exploited by humans to fer-
ment natural resources into a wide array of palatable food products and beverages. Over time, food
processing operations have improved together with technological advances, notably in microbi-
ology. In the recent past, advances in bacterial genomics have provided insights into the genetic
basis for desirable functional traits of industrial microbes, notably in the lactic acid bacteria widely
used in the fermentation of dairy products such as yogurt and cheese. A tremendous amount of
knowledge has been developed on the physiology of gram-positive bacteria that efficiently fer-
ment carbohydrates into lactic acid while generating desirable organoleptic compounds through
the catabolism of lipids and proteins into fatty acids and peptides. Although considerable attention
is dedicated to the biochemical capabilities that provide desirable sensory attributes, such as flavor
and texture, the sustainable use of bacterial starter cultures relies on their ability to overcome
phage exposure in industrial settings.

Notwithstanding dramatic improvements in hygiene and industrial operations throughout the
twentieth century, the dairy industry remains victimized by predatory bacteriophages that often
contaminate raw milk (Briissow 2001, Labrie et al. 2010). Their ability to survive pasteurization
and their resistance to multiple sanitation measures have forced the industry to rely on bacteria with
naturally occurring phage resistance systems for the formulation of starter cultures. Indeed, most
current mesophilic lactococci and thermophilic streptococci used in culture rotation strategies
exhibit phage resistance phenotypes, such as prevention of adsorption, blocking of phage DNA
injection, restriction-modification, abortive infection, and the novel CRISPRs (clustered regularly
interspaced short palindromic repeats). Recent advances in microbiology, molecular biology, and
genomics of bacteria and phages have set the stage for the selection and development of sustainable
industrial starter cultures that carry effective and enhanced phage resistance systems (Sturino &
Klaenhammer 2006).

CRISPRs together with CRISPR-associated proteins (Cas), form the CRISPR/Cas system,
which provides immunity against bacteriophages (Deveau et al. 2010, Horvath & Barrangou
2010, Karginov & Hannon 2010, Marraffini & Sontheimer 2010, Terns & Terns 2011, van der
Oost et al. 2009). Although this novel DNA-repeat family, which is present in the genomes of
many bacteria and most archaea (Mojica et al. 1995), was originally discovered in the intergenic
region adjacent to the alkaline phosphatase (iap) gene in Escherichia coli K12 (Ishino et al. 1987),
the CRISPR acronym was coined in 2002 (Jansen etal. 2002a,b), and its function remained elusive
until recently. Although several putative roles were initially proposed based on in silico functional
predictions for Cas proteins, the observation in 2005 that spacer sequences showed homology
to extrachromosomal elements prompted the hypothesis that CRISPRs may provide immunity
against invasive genetic elements (Bolotin et al. 2005, Mojica et al. 2005, Pourcel et al. 2005).
Until then, the limited availability of phage and plasmid sequence information in public databases
hindered the interpretation of the origin of CRISPR spacers. Subsequently, it was proposed in
2006 that CRISPR-encoded immunity may be mediated through RNA interference (Makarova
et al. 2006). It was shown shortly thereafter that biologically, CRISPR loci incorporate novel
spacers from viruses during the natural generation of phage-resistant mutants in bacteria and
that there is a direct genetic link between spacer content and phage resistance based on sequence
homology (Barrangou etal. 2007). Further, it was established that spacer acquisition and resistance
rely on cas genes. Multiple genetic and biochemical studies in the following years revealed that
CRISPR/Cas systems provide immunity against plasmids (Marraffini & Sontheimer 2008) and
phages (Deveau et al. 2008, van der Ploeg 2009), and that the Cas machinery mediates small-RINA
interference (Al-Attar et al. 2011, Brouns et al. 2008). A series of metagenomic surveys established
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that CRISPR-mediated immunity plays a key role in host/virus population dynamics in natural
communities and that CRISPR sequences provide historical and geographical insights (Andersson
& Banfield 2008, Heidelberg et al. 2009, Held & Whitaker 2009, Shah & Garrett 2011, Tyson &
Banfield 2008).

Interest in CRISPR/Cas systems has grown exponentially and prompted studies in multiple
disciplines across phylogenetic branches. Recent advances in understanding the genetic and bio-
chemical underpinnings of the mechanism of action of the CRISPR/Cas immune system have set
the stage for implementation and industrial exploitation of CRISPR-encoded phage resistance,
and the use of its hypervariable and adaptive nature for the typing of bacterial strains.

CRISPR/Cas SYSTEMS
Elements and Features of CRISPR/Cas Systems

CRISPR sequences constitute a novel DNA repeat family, which occurs in the genomes of many
bacteria and most archaea. CRISPR loci consist of noncontiguous direct repeat sequences that
are separated by unique sequences called spacers (Jansen et al. 2002b). These spacer sequences
typically derive from foreign genetic elements, such as viruses and plasmids (Horvath & Barrangou
2010, Marraffini & Sontheimer 2010, Terns & Terns 2011, van der Oost et al. 2009). CRISPR
repeats and spacers usually vary between 21-48 and 21-72 bp, respectively. The number of spac-
ers within a particular locus can vary widely and reach several hundred (587 spacers have been
identified in Haliangium ochraceurn DSM 14365). Although repeat sequence can vary across loci,
GTTTg/c and GAAAC sequences are common at the 5" and 3’ end of the repeat, respectively
(Deveau et al. 2010, Godde & Bickerton 2006, Jansen et al. 2002b, Kunin et al. 2007), providing
partially palindromic sequences. Chromosomes may carry multiple CRISPR loci from distinct
families, as documented in public CRISPR databases, notably CRISPRdb (Grissa et al. 2007)
and CRISPI (Rousseau et al. 2009). Often, CRISPR-associated genes (cas) are present adjacent
to the CRISPR repeat/spacer array (Haft et al. 2005, Jansen et al. 2002a). Cas genes encode a
polymorphic family of proteins that contain functional domains involved in interaction with vari-
ous nucleic acids, including nucleases, polymerases, helicases, and a variety of nucleotide-binding
proteins (Haft et al. 2005; Makarova et al. 2006, 2011). Although initial functional predictions
focused on involvement in chromosome partitioning and DNA repair (Makarova et al. 2002), Cas
homologies with RNA interference machinery led to the hypothesis that CRISPR/Cas might be
a defense system analogous to eukaryotic RNA interference (RNAi) (Makarova et al. 2006).

Those proteins, in combination with nucleic acids, form nucleoproteic complexes that carry
out essential functions throughout the CRISPR/Cas immune system mechanism of action.
Although polymorphism is observed in terms of cas gene number, sequence, type, and function
across CRISPR/Cas systems, there are two universal genes, namely casI and cas2, as well as core
and signature genes that are idiosyncratic across the three CRISPR/Cas types (Makarova et al.
2011). In addition to the repeat/spacer array and cas genes, CRISPR/Cas system elements also in-
clude a leader sequence, which serves as a promoter for the transcription of the repeated elements
(Figure 1, overview of the Streptococcus thermophilus CRISPR1/Cas system).

Classification and Occurrence

CRISPR/Cas systems were recently classified into three types that can be further divided into 10
subtypes (Makarova et al. 2011), based on a polythetic system that notably includes cas content.
For each system, signature genes were established to specify each category. For particular systems,
current knowledge is available about idiosyncratic genetic and biochemical processes, notably for
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Web site offering
several tools to
identify and analyze
CRISPR loci
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CRISPR RNA
(crRNA): small
noncoding ribonucleic
acid mediating
CRISPR-encoded
immunity
Trans-encoded small
CRISPR RNA
(tractrRNA): required
for crRNA maturation
in Type II systems

Pre-CRISPR RNA
(pre-crRNA):
full-length transcript
produced from
CRISPR repeat-spacer
arrays

Repeat-associated
mysterious protein
(RAMP): diverse
protein family involved
in crRNA processing
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Figure 1

Overview of the Streptrococcus thermophilus CRISPR1/Cas system locus in the LMD-9 genome. The cas genes
are represented in blue, including universal markers cas! and cas2, the Type-1II signature gene cas9, and csn2.
The repeat-spacer array is represented in black (top). CRISPR repeats and spacers are represented as black
diamonds and gray rectangles, respectively. Abbreviations: L, leader; T, terminal repeat. Numbers indicate
the order in which spacers have been acquired over time.

S. thermophilus, Pseudomonas aeruginosa, E. coli, Staphbylococcus epidermidis, and Pyrococcus furiosus, all
of which have been investigated in a series of CRISPR studies. The occurrence of CRISPR/Cas
systems in the genomes of bacteria commonly used in food cultures is highlighted and summarized
in Table 1. Historically, attempts to classify CRISPR/Cas systems have focused on the content
and sequences of cas genes and the proteins they encode. Unfortunately, given their sequence di-
versity, this has proven difficult (Haft et al. 2005; Makarova et al. 2006, 2011). Initial classifications
relied on six core genes (Haft et al. 2005, Jansen et al. 2002a). A new classification system based
on multiple criteria, including evolutionary relationships of conserved proteins and cas operon
organization (Makarova et al. 2011), covers two partially independent subsystems: an informa-
tion processing module based on universally present core proteins Casl and Cas2, involved in
new spacer acquisition; and an executive subsystem responsible for processing primary CRISPR
transcripts [CRISPR RNA (crRNA)] and interference with invasive nucleic acids. Based on these
criteria, the new classification has established three distinct types based on locus organization
and content. The Type I CRISPR/Cas systems are defined by the ubiquitous presence of a large
signature gene, cas3, that encodes a helicase/nuclease, likely involved in R-loop-dependent target
DNA cleavage in the interference step (Cady & O’Toole 2011, Jore et al. 2011a, Sinkunas et al.
2011). In addition, several genes (cas5, cas6, cas7) predicted to encode proteins of the interference
complex are present in different combinations. With six different subtypes (Type I-A through
Type I-F), this is the most diverse CRISPR/Cas system type. The Type II CRISPR/Cas systems
typically contain the cas9 signature gene, which encodes a large multifunctional protein with the
ability to generate crRNA and targets phage and plasmid DNA for degradation (Garneau et al.
2010, Deltcheva et al. 2011). Cas9 contains a RuvC-like nuclease domain and an McrA-like HNH
nuclease domain. The functional S. thermophilus CRISPR model is a Type II system that has
been shown to provide defense against bacteriophage and plasmid DNA (Barrangou et al. 2007,
Deveau et al. 2008, Garneau et al. 2010), in which #rans-encoded small CRISPR RNA (tracrRINA)
is involved in the processing of pre-CRISPR RNA (pre-crRNA) into crRNA (Deltcheva et al.
2011). The Type IIT CRISPR/Cas systems have a number of distinguishing features, notably the
signature cas10 gene, which encodes a repeat-associated mysterious protein (RAMP) involved in
the processing of crRNA and target DNA cleavage (Anantharaman et al. 2010). Also, the cas6
signature gene encodes an endoribonuclease involved in crRNA processing (Carte et al. 2008,
Wang et al. 2011). So far, two distinct Type III subtypes have been distinguished: Type III-B,
which includes the P. furiosus system targeting mRINA (Hale et al. 2008, Hale et al. 2009), and
Type II-A, which includes the S. epidermidis system targeting DNA (Marraffini & Sontheimer
2008, 2010).
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Although Type I systems occur in multiple phylogenetic clades of bacteria and archaea,
Type 1II is exclusively present in bacteria and Type III systems appear more commonly in
archaea (Makarova et al. 2011). Intriguingly, there are multiple examples of species that con-
tain more than one CRISPR/Cas type, which is consistent with their propensity for horizon-
tal gene transfer via plasmids, transposons, and insertion sequences (Godde & Bickerton 2006,
Heidelberg et al. 2009, Horvath et al. 2009, Portillo & Gonzalez 2009, Yang et al. 2011). Starting
in the late 1990s and through the 2000s, as bacterial and archaeal genome sequencing/annotation
projects greatly expanded, it became obvious that CRISPR sequences were widespread in bac-
teria and archaea. Within organisms widely used in food operations, a wide array of CRISPR
loci have been identified in the genomes of streptococci and many Lactobacillus species (Table 1).
Occurrence and distribution of various CRISPR/Cas types do not correlate with phylogeny, which
is consistent with their documented propensity for horizontal gene transfer (Haft et al. 2005,
Godde & Bickerton 2006). In addition to Firmicutes, CRISPR loci have also been identified in
the genomes of Actinobacteria used in food manufacturing, notably Bifidobacterium (Horvath et al.
2009, Ventura et al. 2009) (Table 1). As genome sequencing becomes more readily accessible and
complete and draft genomes for food bacteria are made available, the occurrence and distribution
of CRISPR/Cas systems will become available. Indeed, although such loci are yet to be identified
in the genomes of Lactococcus, Leuconostoc, Oenococcus, and Pediococcus (Table 1), more sequencing
is required to assess whether their absence is inherent to low and/or biased sampling. Further, the
current ratio of CRISPR occurrence in bacteria may be underestimated because of the sampling
bias in phylogeny and origin of genomes sequenced to date.

CRISPR Mechanism of Action

The CRISPR/Cas immune system encompasses a multistep process by which DNA-encoded
spacers lead to sequence-specific interference of invasive nucleic acids, mediated by a ribonucleo-
proteic complex. There are two main processes characteristic of CRISPR-based immunity, namely
spacer acquisition (immunization) and crRNA-mediated interference (immunity). Thus far, most
of the molecular basis for the CRISPR/Cas mechanism of action has focused on the interference
step, with notable focus on the biochemical details of crRNA biogenesis and target nucleic acid
interaction.

In the CRISPR RNA (crRNA) biogenesis phase (Figure 2, top), the CRISPR repeat-spacer
array is transcribed and processed into small units that include partial repeat and spacer sequences.
First, a primary transcript covering the full length repeat-spacer array, called pre-crRNA, is tran-
scribed from the CRISPR locus, as shown in E. co/i (Brouns et al. 2008, Pougach et al. 2010, Pul
et al. 2010), Xanthomonas oryzae (Semenova et al. 2009), Thermus thermophilus (Agari et al. 2010),
P. furiosus (Hale et al. 2008), and Sulfolobus (Lillestol et al. 2009, Gudbergsdottir et al. 2011).
Reports have established that CRISPR loci are constitutively transcribed at low levels (Pougach
et al. 2010, Phok et al. 2011) and can be specifically induced by stress and exposure to viruses
using a complex regulatory mechanism (Agari et al. 2010; Lillestel et al. 2006, 2009; Lintner
et al. 2011a; Perez-Rodriguez et al. 2011; Pul et al. 2010; Shinkai et al. 2007). Specific endori-
bonucleases then cleave the pre-crRINA into small crRINAs that contain a single spacer flanked by
partial CRISPR repeats (Hale et al. 2008, Lillestol et al. 2009). In most cases, cleavage occurs 8
bp from the 5" end of the spacer, at the base of the hairpin formed by the palindromic CRISPR
repeats (Brouns et al. 2008, Carte et al. 2008, Haurwitz et al. 2010, Jore et al. 2011a, Wiedenheft
etal. 2011). The partially palindromic nature of CRISPR repeats provides a somewhat conserved
secondary structure in the pre-crRNA (Kunin et al. 2007, Makarova et al. 2006). The enzy-
matic machinery involved in crRNA biogenesis varies across systems and involves a multimeric
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repeat-spacer array is transcribed into a full-length pre-crRNA, which is subsequently processed to generate crRNAs that contain
partial repeat and spacer sequences. (Bottom left) Spacer acquisition. Phage proto-spacer sequences, adjacent to PAMs (proto-spacer
associated motifs), are recognized by Cas proteins and subsequently used to generate a novel repeat-spacer unit that is inserted at the
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recognizes homologous invading sequences, and the dsDNA is cleaved within the proto-spacer in the vicinity of the PAM.

interference complex in E. coli (Brouns et al. 2008), Csy4 in P. aeruginosa (Haurwitz et al. 2010,
Cady & O’Toole 2011, Wiedenheft et al. 2011), and Cas6 in P. furiosus (Carte et al. 2008).

In the spacer acquisition process (Figure 2, bottom left), small fragments of invasive nucleic
acid are incorporated into the host genome between CRISPR repeats at the leader end of the locus
(Barrangou et al. 2007, Deveau et al. 2008). The polarized integration of novel repeat-spacer units
at the leader end provides a chronological time line of spacer acquisition events. The sequence on
the viral genome that corresponds to a spacer is termed proto-spacer (Deveau et al. 2008). In most
cases, a very short stretch of nucleotides is conserved in the immediate vicinity of the proto-spacer,
the CRISPR motif, or the proto-spacer-associated motif (PAM) (Deveau et al. 2008, Horvath etal.
2008, Mojica et al. 2009). The ability to acquire novel spacers in vivo has been experimentally
documented in S. thermophilus (Barrangou et al. 2007, Deveau et al. 2008, Garneau et al. 2010)
and Streptococcus mutans (van der Ploeg 2009). In both species, one or more novel spacers were
incorporated at the leader end of the locus, following exposure to lytic phages or plasmid trans-
formation. The steps involved in spacer acquisition likely include recognition of invasive nucleic
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acid, scanning for PAMs that identify potential proto-spacers, and manufacturing and integrating
a new repeat-spacer unit. PAMs, which typically are 2—5 nt long and occur within 1-4 bp of proto-
spacers, have been identified in multiple CRISPR/Cas systems, notably S. thermophilus (AGAAW,
GGNG), S. mutans NGG, NAA, TTC) (van der Ploeg 2009), Xanthomonas (T'TC) (Semenova
et al. 2009), and Sulfolobus (CC) (Lillestol et al. 2009). Casl, a homodimeric, metal-dependent
DNase that can process double-stranded DNA (Haurwitz et al. 2010, Wiedenheft et al. 2009) and
resolve Holliday junctions (Babu et al. 2011) has been linked to spacer acquisition (Wiedenheft
et al. 2009), which is consistent with the coevolutionary pattern and inherent functional linkage
observed between Casl and specific CRISPR repeat sequences (Horvath et al. 2009). Cas2, which
carries an RNA recognition domain and exhibits endoribonucleic activity, has also been implicated
in spacer acquisition (Beloglazova et al. 2008, Ebihara et al. 2006). It was also shown that in Type
II systems, ¢sn2 is necessary for spacer acquisition following exposure to phages (Barrangou et al.
2007) and plasmids (Garneau et al. 2010).

In the interference process (Figure 2, bottom right), the crRNAs (also called prokaryotic si-
lencing RNAs), together with specific Cas proteins, form a CRISPR ribonucleoprotein complex
(crRINP) that guides homologous base-pairing between crRNA and target nucleic acid proto-
spacer (Brouns et al. 2008, Perez-Rodriguez et al. 2011) and subsequent cleavage. A multiprotein
complex called the CASCADE (CRISPR-associated complex for antiviral defense) complex rec-
ognizes and cleaves incoming DNA (or RNA) through complementarity (Brouns et al. 2008, Jore
et al. 2011b). Recently, two studies showed that the ribonucleoprotein complex facilitates tar-
get recognition by enthalpically driving sequence-specific hybridization between crRNA and the
target sequence over a 7-8 bp seed sequence at the 5’ end of the spacer (Semenova et al. 2011,
Wiedenheft et al. 2011). The involvement of a CASCADE complex in crRNA-mediated interfer-
ence has been documented in bacterial Type I and archaeal Type III systems (Brouns et al. 2008,
Lintner et al. 2011b). Additionally, several RAMPs with RNA recognition motifs and ferredoxin-
fold domains have been implicated in pre-crRINA processing (Brouns et al. 2008, Carte et al. 2008,
Haurwitz et al. 2010). A graphical display of the CRISPR/Cas mechanism of action is shown in
Figure 2. Although initial results suggested that perfect identity was required between spacer
and proto-spacer sequences (Barrangou et al. 2007, Deveau et al. 2008), follow-up experiments
have shown that perfect matches are most critical in the direct vicinity of the seed sequence and
cleavage site (Garneau et al. 2010, Semenova et al. 2009, Wiedenheft et al. 2011).

Although most evidence points to CRISPR/Cas targeting foreign DNA (Marraffini &
Sontheimer 2008, Garneau et al. 2010, Manica et al. 2011), it was also shown that a system
can target RNA (Hale et al. 2009, Garrett et al. 2011). Interestingly, the CRISPR/Cas mechanism
of action shares similarities with the eukaryotic RNAI system, although there are notable genetic
and biochemical differences.

APPLICATIONS OF CRISPR/Cas SYSTEMS

Even though the CRISPR field is still in its infancy and most published research has focused
primarily on the genetic and biochemical underpinnings of the interference mechanism of action,
several studies have provided insights into a series of applications that cover multiple areas of
industrial and academic interest, notably enhancing phage resistance in industrial cultures, con-
trolling the dissemination of undesirable genes via plasmid transfer, controlling RNA transcript
levels from within, strain genotyping, natural genetic tagging, and investigating microbial popu-
lation dynamics. The tremendous interest in and focus on eukaryotic RNA interference, together
with the ever-expanding repertoire of roles of small noncoding RNAs in eukaryotes, have estab-
lished that small RNAs can be multifunctional and versatile (Jinek & Doudna 2009). Likewise,
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there is growing evidence supporting the diverse regulatory roles that small noncoding RNAs play
in bacteria (Gottesman & Storz 2011, Waters & Storz 2009), and recent advances in sequenc-
ing technologies have provided new insights into the diversity and high transcript levels of small
RNAs, including crRNAs (Deltcheva et al. 2011, Phok et al. 2011).

Phage Resistance

Notwithstanding the historical accumulation of knowledge regarding phage resistance, and the
plethora of strategies devised to strategically formulate starter cultures with enhanced phage resis-
tance mechanisms, bacteriophages still remain an issue in industrial dairy fermentation processes.
The option to enhance current phage-resistance strategies by harnessing the natural ability of
the CRISPR/Cas immune system to generate increased phage resistance barriers provides a novel
experimental framework to iteratively build up phage resistance in both resistance levels and spec-
trum (Figure 3). This would theoretically extend the lifespan of valuable industrial strains for
perennial use in starter cultures.

Further, the unique spacer combination resulting from multiple consecutive rounds of CRISPR
mutantselection can be used as a natural genetic tagging system for proprietary strains. This natural
alternative could also be replicated artificially in vitro through genetic engineering approaches that
would generate synthetic spacer sequences.

From a practical standpoint, CRISPR-mediated phage resistance is best implemented iter-
atively, through multiple rounds of selecting natural CRISPR mutants following exposure to
industrially relevant phages. Phages used in different rounds should be selected from a diverse col-
lection based on different host ranges and/or genotypes. CRISPR variants can be readily screened
by polymerase chain reaction, selecting mutants that have novel spacers, which preferably have
sequence homology to highly conserved phage sequences. Iterative acquisition of CRISPR spacers
provides variants with increased phage resistance in terms of reduced phage sensitivity levels (low
efficiencies of phage plaquing) and expanded phage resistance spectra (broad spectrum of phage
resistance across diverse phage types) (see Figure 3). Quantitatively, CRISPR provides high lev-
els of resistance (up to six orders of magnitude of reduction in the efficiency of plaquing for each
spacer). Subsequently, multiple CRISPR variants isolated from independent rounds of iterative
phage challenges can be selectively combined in culture rotation schemes for increased robustness
and optimal industrial lifespan (see Figure 3).

Although several examples in the literature document the propensity for mutations, deletions,
and loss of cas genes in various CRISPR loci (Godde & Bickerton 2006, Horvath et al. 2009),
there are multiple lines of evidence indicating that recently acquired CRISPR spacers are stable
in long-term experiments. Absent ancillary mutations elsewhere in the genome, an advantage of
CRISPR-based phage resistance over other alternatives is the conservation of functional properties
inherent to isogenic strains.

Plasmid Interference

A recent study showed that the CRISPR/Cas system can target plasmids that contain antimicrobial
resistance markers (Garneau et al. 2010). It was shown that CRISPR spacers can specifically target
sequences from antibiotic resistance genes. Thus, CRISPR-encoded immunity provides a natural
means to generate strains refractory to the uptake of plasmids that carry undesirable genes. This can
be leveraged to generate strains that would reduce uptake and limit the dissemination of undesir-
able genetic elements, such as prophages, antibiotic resistance markers, and pathogenicity islands
(Edgar & Qimron 2010, Nozawa et al. 2011, Palmer & Gilmore 2010, Shimomura et al. 2011).
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Figure 3

Iterative buildup of phage resistance. (Center) Wild-type (WT) CRISPR repeat-spacer array (parental strain), with repeats represented
as black diamonds and spacers represented as gray rectangles. Four distinct paths represent independent phage challenges, whereby
each phage is represented by a unique color: yellow, red, or blue. Each arrow represents a unique phage challenge cycle, generating four
isogenic variants, each with a unique set of three novel spacers acquired iteratively that ultimately provide resistance to all three phages
used. (Right inset) Phage resistance (R, red) and sensitivity (S, blue) profiles of each intermediate and final isogenic strain. Combinations
of different isogenic variants in culture systems provide increased robustness against phage predation. Abbreviation: T, terminal repeat.
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Today, capabilities in genetic engineering provide the technology to clone and transfer functional
CRISPR/Cas systems into a wide array of hosts (Sapranauskas et al. 2011). Further, the spectrum of
interference targets can include mobile genetic elements. Given the negative correlation between
CRISPRs and antibiotic resistance markers in multidrug-resistant enterococci, CRISPRs likely
mitigate the dissemination of mobile genetic elements, such as plasmids and prophages, which
account for up to 25% of pathogenic Enterococcus faecalis (Palmer & Gilmore 2010). Likewise, a
negative correlation has been reported between the occurrence of prophages and the number of
CRISPR spacers in Streptococcus pyogenes (Nozawa et al. 2011). Thus, there is potential to leverage
CRISPRs to reduce the spread of antimicrobial resistance genes and virulence factors in pathogens
such as methicillin-resistant Staphylococcus aureus (Marraffini & Sontheimer 2010).

Intriguingly, within industrial cultures, CRISPR-dependent plasmid interference might be
responsible for the relative scarcity of plasmids in dairy S. thermophilus, as compared with
Lactococcus lactis. Although both species have similar genome sizes and environments, the former
relies on chromosomally encoded CRISPR resistance, whereas the latter depends on plasmid-
encoded restriction-modification and abortive-infection systems (Deveau et al. 2010, Labrie et al.
2010). Further studies should investigate the orchestrated deployment of different defense systems,
including CRISPRs, abortive-infection, toxin-antitoxin, and restriction-modification and regula-
tory systems (Labrie et al. 2010). Likewise, future studies should assess the impact of CRISPRs
on phage ecology (Angly et al. 2006, Edwards & Rohwer 2005).

RNA Regulation

Although the primary target of the CRISPR/Cas system is DNA in most studied systems, it was
shown that some systems can target RNA (Hale etal. 2009, Garrett etal. 2011). Accordingly, there
is potential to leverage CRISPR loci targeting RNA to regulate or silence transcript levels within
the cell. A recent report showed that a CRISPR spacer that matches the histidyl-tRNA synthetase
sequence attenuated intracellular histidyl-tRNA pools (Aklujkar & Lovley 2010). Likewise, in
silico analyses have revealed several examples of self-targeting CRISPR spacers (Stern et al. 2010).

Recent studies investigating transcriptional control of CRISPR/Cas systems in E. co/i and
Salmonella have revealed a complex repression scheme involving histone-like nucleoid-structuring
protein (H-NS), LysR-type transcription factor LeuO, and LRP (Diez-Villasenor et al. 2010,
Medina-Aparicio et al. 2011, Pul et al. 2010, Westra et al. 2010), implicating a global regulatory
network consistent with roles beyond immunity.

Self-targeting spacers appear to be involved in lysogeny-dependent inhibition of biofilm for-
mation in P. zeruginosa (Zegans et al. 2009, Cady & O Toole 2011) and swarming of myxobacteria
(Viswanathan etal. 2007). As our knowledge of CRISPRs expands, we anticipate that new functions
of this versatile system will be uncovered.

Typing

Given the dynamic nature of spacer acquisition, CRISPRs provide a genetic basis for strain typing
and epidemiological studies. Indeed, spacers provide a hypervariable time-resolved recording of
past acquisition events that has been used to investigate Mycobacterium tuberculosis (Abadia et al.
2010, 2011; Borile etal. 2011; Brudey et al. 2006; Groenen et al. 1993; Zhang et al. 2010), Yersinia
pestis (Cui et al. 2008, Pourcel et al. 2005), Corynebacterium diphtheriae (Mokrousov et al. 2007,
2009), P. aeruginosa (Cady et al. 2011), E. coli (Diez-Villasenor et al. 2010), Legionella (D’auria
et al. 2010), S. pyogenes (Hoe et al. 1999, McShan et al. 2008), Salmonella (Fricke et al. 2011;
Liu et al. 2011a,b), and industrially relevant organisms, such as lactobacilli and streptococci
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(Horvath et al. 2008, 2009; Guinane et al. 2011). Surprisingly, although the first documented
use of CRISPR sequences for spoligotyping of M. tuberculosis has been ongoing for nearly 20 years
(Groenen et al. 1993), the origin of spacer polymorphism remained obscure until recently. Given
the hypervariable nature of CRISPR loci, when active they provide the ability to segregate nearly
identical strains over time within clonal populations (Andersson & Banfield 2008) and to track
sublineages within monomorphic populations, such as S. thermophilus (Horvath et al. 2008) (see
Figure 3), Erwinia amylovora (Rezzonico et al. 2011), and S. enterica (Fricke et al. 2011). The de-
gree of spacer polymorphism in terms of both number of unique spacers and spacer arrangements
usually correlates with the activity level of a given locus; thus, in cases where there are multiple
CRISPR loci in the genome, it is important to choose a genetically polymorphic locus (Horvath
etal. 2008). In contrast, in cases where CRISPR loci appear inactive and/or absent selective pres-
sure by invasive genetic elements, such as phages, CRISPR content provides limited insights into
phylogeny, as shown in E. co/i (Touchon & Rocha 2010, Touchon et al. 2011).

CRISPR spacer hypervariability in space and time can be exploited to resolve population-level
genotypes in complex environmental samples (Andersson & Banfield 2008, Heidelberg et al. 2009,
Held & Whitaker 2009, Held et al. 2010, Pride etal. 2011, Sorokin et al. 2010, Tyson & Banfield
2008). These studies have shown that CRISPR spacers can be used to monitor complex dynamic
systems over time and provide insights into ancestral relationships as well as allow the detection
of events, such as blooms, selective sweeps, and bottlenecks. Over time, it is likely that active
and hypervariable CRISPR loci will be increasingly leveraged in metagenomic studies (Anderson
et al. 2011, Andersson & Banfield 2008, Tyson & Banfield 2008). In addition to resolving host
population dynamics, spacers provide insights into the coevolutionary dynamics between host and
viruses (Andersson & Banfield 2008, Garrett et al. 2010, Heidelberg et al. 2009). Indeed, studies
have shown that viruses specifically mutate their genomes in proto-spacer and/or PAM regions in
direct response to CRISPR spacer acquisition (Andersson & Banfield 2008, Deveau et al. 2008,
Garneau et al. 2010). Recently, CRISPR-escape strategies were expanded with the observation
that phages can encode H-NS proteins that repress cas genes in bacteria (Skennerton et al. 2011).
These genetic patterns provide important insights into genome evolution of both the host and
phage populations (Anderson et al. 2011, Touchon & Rocha 2010, Touchon et al. 2011, Tyson
& Banfield 2008) and set the stage for mathematical modeling of their evolutionary interplay (He
& Deem 2010, Levin 2010, Vale & Little 2010).

SUMMARY POINTS

1. The CRISPR/Cas system provides DNA-encoded and RNA-mediated immunity against
phages and plasmids by sequence-specific cleavage of invasive nucleic acids.

2. This immune system has been identified in most archaea and many bacteria, and three
different types are distributed across distant phylogenetic phyla.

3. CRISPR/Cas systems providing resistance against phages can be used to iteratively build
up resistance levels to generate robust industrial starter cultures.

4. CRISPR/Cas systems providing interference against plasmids can be used to limit the
uptake and dissemination of undesirable genetic elements, such as antibiotic resistance
genes.

5. The hypervariable nature of CRISPR spacer sequences can be used for high-resolution
genotyping of bacteria and archaea for epidemiological studies and metagenomic surveys.
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FUTURE ISSUES

1. Notwithstanding current knowledge in E. co/i, P. aeruginosa, P. furiosus, S. epidermidis, and
S. thermophilus, there remains a need for new genetically tractable systems for analyses
of the mechanism of action across CRISPR/Cas systems.

2. Mechanistic aspects remain unclear, and very little is known about the elements involved
in CRISPR spacer selection and acquisition.

3. Given the potential practical applications for phage resistance, plasmid interference,
typing, and RNA level control, CRISPRs should be leveraged industrially for the devel-
opment of safer and more robust strains. This will require an understanding of elements

that drive CRISPR activity.

4. Genetically, the speed and rate at which CRISPR loci evolve should be investigated,
notably regarding CRISPR locus size control and spacer turnover.

5. Genomically, as the amount and diversity of available bacterial and archaeal sequences
expand, global studies need to assess the occurrence and origin of the CRISPR/Cas
system across phylogenetic phyla.

6. The availability of genetic engineering tools will allow the transfer of active CRISPR/Cas
systems into a wide array of hosts for heterologous exploitation, notably for the enhance-
ment of phage resistance and control of the dissemination and uptake of undesirable
genetic material.
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