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Prokaryotic CRISPR-Cas (clustered regularly interspaced
short palindromic repeat-CRISPR associated) systems
provide a sophisticated adaptive immune system that
offers protection against foreign DNA. These systems
are widely distributed in prokaryotes and exert an impor-
tant influence on bacterial behavior and evolution. How-
ever, interpreting the biological effects of a CRISPR-Cas
system within a given species can be complicated
because the outcome of rejecting foreign DNA does
not always provide a fitness advantage, as foreign
DNA uptake is sometimes beneficial. To address these
issues, here we review data pertaining to the potential in
vivo costs and benefits of CRISPR-Cas systems, novel
functions for these systems, and how they may be
inactivated.

The prevalence and importance of CRISPR-Cas systems
in prokaryotes

CRISPR-Cas systems, which are composed of clustered
regularly interspaced short palindromic repeats
(CRISPRs) and CRISPR associated (cas) genes, are found
in a large number of diverse prokaryotic species and serve
to specifically recognize and destroy foreign DNA, such as
phage genomes. First observed in 1987 in Escherichia coli
K12 [1] as an array of alternating repeats with inter-
spersed spacers, this region was later given the CRISPR
acronym [2]. The possibility that CRISPRs might form an
immune system against phages and plasmids was raised in
2005 when three groups independently reported that
spacer sequences possessed homology with foreign DNA
elements [3-5]. The first experimental evidence of
CRISPR-Cas-mediated adaptive immunity emerged in
2007 with the isolation of phage resistant Streptococcus
thermophilus cells possessing new CRISPR spacers after a
phage challenge. This novel acquisition from the phage
genome into the bacterial CRISPR locus was shown to be
causative of the phage resistance phenotype [6]. A notable
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aspect of CRISPR—Cas systems is that the spacers are
incorporated from previously encountered foreign DNA
elements, so that resistance to these elements is an
acquired trait, similar to adaptive immunity seen in higher
eukaryotes. The increased fitness provided by CRISPR-
Cas systems is illustrated by the occurrence of CRISPR loci
in 46% of bacteria and 84% of archaea (CRISPRdb) [7].

Since the first demonstration of CRISPR—Cas-mediated
phage resistance, a number of CRISPR—Cas systems have
been found in diverse bacteria with differing repeat
sequences, Cas proteins, and modes of action. These sys-
tems have been grouped into three types (Types I-III),
along with subtypes (e.g., Type I-E), on the basis of the cas
genes they possess and their mode of action [8]. Despite the
diversity of the cas genes and the organisms possessing
CRISPRs, the loci are generally composed of multiple
repeated sequences ranging from 21 to 48 bp, separated
by 26 to 72 bp variable spacer sequences [9], with cas genes
located adjacent to the CRISPR locus.

CRISPR-Cas systems have been the subject of intense
investigation owing to their intriguing RNA-based
mechanism of action. Parallels exist between CRISPR—
Cas systems and the RNA interference (RNAi) systems
in eukaryotes, and this similarity has, in part, fueled the
investigation of these processes; however no homologous
proteins have been identified between the CRISPR-Cas
and RNAi machinery. For CRISPR-Cas system function,
the CRISPR locus is transcribed, yielding a single precur-
sor RNA that is processed within the repeat regions by a
host and/or Cas protein into individual units of CRISPR
RNAs (crRNAs) [10-12]. The mature crRNA subsequently
nucleates the formation of a complex with Cas proteins
that will survey the cell for invading DNA [10,13]. The
crRNA-Cas complex recognizes and cleaves foreign DNA
or RNA molecules at sites with complementarity to the
crRNA, called protospacers [14-16] (Figure 1). In addition
to requiring sequence identity between the spacer and
protospacer, Type I and II CRISPR-Cas systems require
a 2-5 nucleotide motif next to the protospacer, called the
protospacer adjacent motif (PAM) [17].

Phage predation and horizontal transfer of DNA
between bacterial species have massive effects on bacterial
evolution, virulence, and physiology [18,19]. Owing to the
widespread occurrence of CRISPR—Cas systems in prokar-
yotes and their proven role in inhibition of phage replica-
tion and foreign DNA uptake, there is no doubt that these


http://dx.doi.org/10.1016/j.tim.2014.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tim.2014.01.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tim.2014.01.007&domain=pdf
mailto:alan.davidson@utoronto.ca

Trends in Microbiology April 2014, Vol. 22, No. 4

L |

l Cas proteins

< <

cas genes

= CRISPR locus

lTranscription

Pre-crRNA
1H2H3H485A6A7A8A9
'ﬁ' 'ﬁ_ﬁ' transcript

lProcessing

44

< <

Interference

CRISPR-Cas
surveillance complex

Foreign
genome
cleavage

Assembly - ﬂ - -% _a

Mature crRNA

TRENDS in Microbiology

Figure 1. A generic schematic of the Type | CRISPR-Cas (clustered regularly interspaced short palindromic repeat-CRISPR associated) system is shown to demonstrate
function. Thick black arrows represent the cas genes, which encode the members of the CRISPR-Cas surveillance complex as well as the genes for degradation of the target
and spacer acquisition. The CRISPR locus is shown on the right with repeats as black boxes and spacers as colored boxes. The CRISPR locus is transcribed to produce the
precursor CRISPR RNA (pre-crRNA) molecule, which is processed by a cas gene (brown circle) to produce single mature crRNAs. These are each assembled with other Cas
proteins into a complex that will scan the cell for invading DNA. The spacer-derived crRNA sequence can recognize the protospacer sequence through complementary
binding (blue line) and guide a cleavage event. The protospacer adjacent motif (PAM, not shown) is also required in Type | and Il systems. CRISPR-Cas type-specific
differences are not shown here. For specific mechanistic and structural insight, see [9,22,23].

systems play a crucial part in shaping phage genomes and
bacterial populations both in the environment in general
and in the human microbiome [20,21]. Although structural,
biochemical, and in vivo studies have provided extensive
insight into the molecular mechanisms of CRISPR-Cas
function (reviewed in [22,23]), considerably fewer studies
have focused on the endogenous operation of these systems
and on the physiological ramifications of CRISPR-Cas
activity. In particular, there are only a handful of cases
in which a CRISPR—Cas system has been directly demon-
strated to resist phage infection or uptake of foreign DNA
(Table 1). The mere presence of an intact CRISPR-Cas
system in a genome does not necessarily mean that it is
functioning as a defense system in all conditions; some
systems are inactive, repressed, suppressed, or performing
alternative functions. In this review, we describe work that
addresses the biological consequences of the presence or
absence of a CRISPR—Cas system within a given prokar-
yotic species. We also outline the difficulties associated
with identifying active CRISPR-Cas systems simply
through genomic analysis, and we present examples of
noncanonical CRISPR-Cas functions. This review empha-
sizes the complexities inherent to interpreting the effects
that a CRISPR—Cas system might have on the fitness and
physiology of a bacterial species.

The costs and benefits of CRISPR-Cas systems

Because resisting lytic phage growth is expected to always
benefit a bacterium, the evolutionary advantage of posses-
sing an active CRISPR—Cas system to destroy the genomes
of these phages is clear. Indeed, models of the relationship
between CRISPR-Cas and lytic phage have confirmed this
assertion [24]. Further, indiscriminate foreign DNA inser-
tions within the genome (e.g., genomic islands and pro-
phages) can often be detrimental owing to the
misregulation of new genes or the interruption of essential
genes. Bacteria have developed multiple mechanisms to
prevent invasions by such detrimental DNA in addition to

CRISPR—-Cas, such as restriction endonucleases, abortive
infection systems, and phage adsorption/entry inhibitors
[18]. However, invasion by DNA encoded on temperate
phages, plasmids, and conjugative elements could, in some
cases, be beneficial owing to advantageous genes from these
sources being incorporated into the bacterial/host genome.
Supporting this idea, many bacterial species acquire foreign
DNA through natural competence and/or have evolved stra-
tegies to safely incorporate foreign DNA, including histone-
like nucleoid-structuring protein (H-NS) mediated silencing
of foreign DNA [25]. Horizontally acquired traits, such as
antibiotic resistance and virulence factors, increase the
fitness of many bacterial species. This presents a potential
cost of CRISPR—Cas (i.e., destroying beneficial foreign DNA)
in addition to the energetic costs of maintaining and produ-
cing the CRISPR—Cas surveillance system. Thus, owing to
the unpredictable effects of foreign DNA uptake, evaluating
the evolutionary pressure for the maintenance or loss of a
CRISPR-Cas system is complicated [26].

Experiments using temperate phages, which are able to
integrate their genomes into the bacterial genome, have
demonstrated that CRISPR—Cas systems can block the
uptake of foreign DNA into bacterial genomes. CRISPR—-
Cas systems can inhibit temperate phages during infection
[27] or after integration has taken place [28]. The experi-
ments by Edgar and Qimron [28] first demonstrated that
bacterial genomic DNA (i.e., a lambda prophage) is not
intrinsically protected from the CRISPR—Cas system, and
several other experimental approaches have subsequently
confirmed that a CRISPR-Cas system can kill the cell
when a spacer co-exists with a chromosomal protospacer
[29-31]. The ability of the CRISPR—Cas systems to target
the host genome explains why, in general, very few perfect
matches between CRISPR spacers and the host genome
are observed [32].

Because prophages can be beneficial to the host bacter-
ium, CRISPR-Cas systems could reduce fitness when
they eliminate or prevent the acquisition of beneficial
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Table 1. CRISPR-Cas systems with characterized in vivo effects®
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Laboratory experiments

Streptococcus thermophilus Phage targeting, spacer acquisition 1-A [6]
Staphylococcus epidermidis Plasmid targeting -A [15]
Pseudomonas aeruginosa Phage targeting, spacer acquisition I-F [27]
Pectobacterium atrosepticum crRNA targeting self not tolerated, spacers matching mobile genetic elements  |-F [29]
Streptococcus agalactiae CRISPR blocked conjugation, 40% of 949 spacers target mobile genetic II-A [68]
elements
Sulfolobus spp. Phage and plasmid targeting, spacer acquisition I-A [31,69,70]
Neisseria meningitides Natural transformation blocked 11-C [41]
Francisella tularensis subsp. novicida Endogenous gene regulation 11-B [60]
Vibrio cholerae Phage-encoded CRISPR-Cas system I-F [50]
Lactococcus lactis Plasmid-encoded CRISPR-Cas targets phage I-A [45]
Haloferax volcanii Plasmid targeting, spacers matching viruses 1-B [71]
Streptococcus pyogenes Plasmid targeting 1-A [10]
Thermococcus kodakarensis Plasmid targeting I-A, I-B [72]
Escherichia coli Plasmid targeting I-F [73]
Inference/natural spacer matches
Streptococcus pyogenes Many spacers matching phages, inverse correlation with prophage II-A, I-C  [33]
Enterococcus sp. Spacers matching horizontal elements, inverse correlation with plasmid 1-A [34]
Campylobacter jejuni crRNA expression and processing II-C [35]
Mycoplasma gallisepticum Related strains which infect different hosts possess different and rapidly ] [74]
evolving spacers
Xanthomonas oryzae 139 out of 203 (68%) unique spacers match phage I-C [75]
Leptospirillum group Il Lateral transfer of CRISPR loci and subsequent locus expansion over time 1] [76,77]
Yersinia pestis High CRISPR locus diversity among isolates, spacers with matches to I-F [78]
prophages
Francisella tularensis subsp. novicida CRISPR spacers with matches to phage and prophage I [59]
Clostridium difficile crRNA expression and processing I-B [47]
Sulfolobus islandicus Extensive spacer re-assortment and diversity among related strains I-A [79]
Erwinia amylovora Spacers matching a plasmid correlate with the absence of that plasmid I-E, I-F [80]
Porphyromonas gingivalis 1,187 diverse spacers in 60 strains, matches to insertion sequences I-C, llI-B  [81]
Repressed
Escherichia coli Repressed by H-NS, does not block plasmid acquisition I-E [52,55]
Salmonella enterica serovar Typhimurium Repressed I-E [56]
Suppressed
Pseudomonas aeruginosa Phage-encoded anti-CRISPRs inhibit CRISPR-Cas I-F [67]

2Abbreviations: Cas, CRISPR associated; CRISPR, clustered regularly interspaced short palindromic repeat; crRNA, CRISPR RNA.

prophages. An organism with a large prophage population,
Streptococcus pyogenes, has many virulence factors that
are prophage-encoded. It has been observed that S. pyo-
genes strains with large numbers of prophages (up to eight
in one genome) generally possess fewer spacers in their
Type II and Type I-C CRISPR loci [33]. Although 27 out of
the 41 different CRISPR spacers that were present in these
strains matched streptococcal phage genomes, no single
strain possessed a spacer that matched a resident proph-
age within the same strain. These data imply that
CRISPR-Cas systems prevent the integration of phage
genomes even though the phage DNA may be beneficial.
Thus, the net outcome on fitness is a balance between the
selective pressures that favor the presence of a specific
prophage and those that favor the presence of a given
CRISPR spacer, given the inability of the CRISPR-Cas
system to distinguish a beneficial phage from a detrimen-
tal one.

The role of CRISPR-Cas is not limited to resisting
phage infection; plasmids can also be targeted. For exam-
ple, conjugation efficiency into Staphylococcus epidermidis
was reduced by greater than 10*-fold when the conjugated

220

plasmid possessed a protospacer matching a spacer in the
Type III-A CRISPR locus that is present in this species
[15]. To assess the role of naturally occurring CRISPR-Cas
systems in preventing the acquisition of plasmids, retro-
spective analyses have been conducted in the human
pathogens Enterococcus faecalis and Enterococcus faecium.
The presence of a Type II CRISPR-Cas system was found
to have a significant inverse correlation with the presence
of horizontally acquired antibiotic resistance genes [34],
suggesting that CRISPR-Cas systems might be function-
ing in what would seem to be a non-beneficial manner by
preventing the acquisition of useful genes. Further, RNA
sequencing studies on four Campylobacter jejuni strains
revealed that two had nonfunctional Type II-C systems
(i.e., obvious cas gene mutations or deletions), whereas the
other two strains possessed intact CRISPR-Cas systems
that produced mature crRNAs. The strains with defective
CRISPR-Cas systems each possessed a prophage or viru-
lence-conferring plasmid that was not present in the other
two strains, in which there was a CRISPR spacer matching
the virulence plasmid [35]. These data indicate that this
system is likely to be excluding potentially beneficial genes



from C. jejuni. Recently, an experimental approach
designed to make the cell ‘choose’ between an antibiotic
resistance-bearing plasmid and its Type III-A CRISPR-
Cas system showed that S. epidermidis lost CRISPR-Cas
function through a number of different mechanisms to
acquire the plasmid under times of selection [36]. No
mutations of the plasmid protospacer were seen, which
is in contrast to lytic phage experiments that find evasion
mutations in the phage protospacer and PAM [37]. Taken
together, these cases illustrate the difficulty in rationaliz-
ing the effects and consequences of possessing an active
CRISPR-Cas system, and they again show that selection
does not always favor the maintenance of these systems.

In addition to phages and plasmids, CRISPR loci can
interfere with competence and natural transformation.
Here we present three examples of different scenarios with
regards to the link between CRISPR-Cas systems and
competency. In the first example, the CRISPR—Cas system
directly interferes with competency and was probably
selected against. Second, a scenario is discussed where
the CRISPR-Cas system may fend off detrimental DNA
while allowing a competent state to proceed. In the final
example, a recent report is presented that demonstrates
that the CRISPR-Cas system interferes with competency
but is nevertheless maintained. Naturally competent bac-
teria such as Streptococcus pneumoniae can take up foreign
DNA and be transformed, for example, to produce a cap-
sule, thereby increasing the virulence of the strain in a
mouse infection [38]. Interestingly, S. pneumoniae is natu-
rally devoid of CRISPR-Cas systems, whereas related
streptococci possess active systems of different types.
When a Type II system from S. thermophilus was artifi-
cially introduced into S. pneumoniae and targeted towards
capsule genes, the process of transformation no longer
occurred, and mice were protected during infection [39].
At low frequencies, the introduced CRISPR-Cas system
was lost, leading to DNA acquisition and a lethal mouse
infection. Although an artificial set up, these results sug-
gest that the absence of a CRISPR—Cas system has been
adaptive for this organism and the cost of detrimental
foreign DNA invasion (i.e., lytic phage) has perhaps been
balanced by the benefit of natural competence. As a coun-
ter-example, only 30% of strains of the bacterium Aggre-
gatibacter actinomycetemcomitans have maintained
competency, and the others have lost this ability. The loss
of competence in this species is often followed by the loss or
degradation of the CRISPR—Cas system, suggesting that
CRISPR-Cas may be useful in fending off detrimental
foreign DNA during times of competence. Consistent with
this, spacers in competent strains are enriched for phage
and plasmid targets. Strains that have lost competence
and much of their CRISPR-Cas system seem to acquire
more foreign DNA through non-competency mechanisms
(e.g., phage) than those that have maintained competence
[40]. The few spacers found in non-competent strains are
enriched for self-targeting sequences, suggesting a poten-
tial role in gene regulation or perhaps indiscriminate
spacer acquisition in an inactive system. A final example
relating competence with CRISPR-Cas function is in
Neisseria meningitidis. The Type II-C CRISPR-Cas sys-
tem of this naturally competent species seems to be highly
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active because isolates possesses a diverse collection of
spacers, with ~97% of all database matches being to N.
meningitidis and N. gonorrhoeae genomes. Despite this,
most spacers do not have a match within their own
genome, and those that do come with PAM mutations
that are likely to eliminate self-targeting. Further, it has
been shown experimentally that this CRISPR-Cas sys-
tem can indeed block the transformation process. Thus,
the CRISPR—Cas system seems to be able to limit inter-
strain and interspecies genetic exchange within this
genus, but is maintained [41]. Although the selective
pressures that drive these variable outcomes relating
to competency are not entirely clear, horizontal transfer
and CRISPR-Cas systems certainly have a complex rela-
tionship that elicits different phenotypes over the course
of evolution.

Mobile CRISPR-Cas systems

CRISPR-Cas systems are thought of as a way to resist
foreign DNA invasion in the cell, but, paradoxically, these
systems are found on plasmids and megaplasmids [42]. In
the cyanobacterium Synechocystis, three CRISPR—Cas loci
belonging to Type I-D and Type III were found on a single
103 kb plasmid that produced highly transcribed and pro-
cessed crRNAs [43]. A Type I-C CRISPR-Cas system
comprising 48 spacers was also found on a linear plasmid
in Streptomyces rochei with no matches to any putative
targets [44]. Despite the absence of chromosomally
encoded CRISPRs in Lactococcus lactis, this organism
seems to have an active plasmid-encoded Type III-A sys-
tem that is self-transmissible and contains many spacers
that match phage targets [45]. This sharing of plasmid-
encoded CRISPR-Cas systems can result in the ability of
many different related strains to exclude detrimental for-
eign DNA without the need to each independently acquire
CRISPR spacers against common phage targets. These
plasmids also enable horizontal transfer of CRISPR—Cas
systems, which is likely to explain the distribution of these
systems in a way that does not necessarily match the
phylogeny of their host [8].

In addition to plasmid-encoded CRISPR-Cas systems,
examples have emerged of phage-encoded systems. Before
the roles of CRISPR-Cas systems were fully appreciated,
several CRISPR-Cas loci were found in mobile elements in
Clostridium difficile, including two in prophages [46].
Later studies revealed that C. difficile isolates have many
CRISPR arrays (up to 34 in one isolate), along with cas
genes, and expression was detected from all 12 of the Type
I-B CRISPR loci in one strain, five of which were found in
prophages [47]. In addition, metagenomic studies of the
human gut have revealed examples of prophage-encoded
CRISPR arrays, representing a large diversity of CRISPR
types and spacers with matches to co-existing viral popu-
lations [48,49]. Vibrio cholera phage ICP1 encodes a func-
tional Type I-F CRISPR-Cas system that it uses to
neutralize a phage-inducible chromosomal island-like ele-
ment that would otherwise mediate phage resistance. The
phage CRISPR array has spacers matching the island, and
protospacer mutations on the island evade CRISPR target-
ing, thus preventing phage infection [50]. The phage can
acquire new spacers against this island to shift the balance
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back to favor the phage. In these cases, either a mobile
element uses its own functional CRISPR-Cas system as a
means to invade the host or a newly acquired and estab-
lished CRISPR-Cas system provides a fitness advantage to
the recipient in times of detrimental DNA exposure. Over-
all, the occurrence of CRISPR-Cas systems encoded by
mobile DNA again emphasizes the difficulty in distinguish-
ing between ‘good’ and ‘bad’ foreign DNA.

Inactivation of CRISPR-Cas systems

To gauge the impact of the CRISPR—Cas system in any
particular species, it is essential to determine whether the
system is active under natural and/or laboratory condi-
tions. This is a relevant concern because few species with
CRISPR-Cas systems have been shown to be active
through experimental challenge with phage or plasmids
(Table 1). Most notably, the Type I-E system of E. coli is one
of the most thoroughly studied systems, yet it is repressed
under laboratory conditions [51]. It may also be repressed
in some natural conditions because among the many
spacers in the CRISPR loci of E. coli strains, there is little
interstrain diversity observed when comparing 290 differ-
ent strains [52], and few matches to sequenced phages or
plasmids. These observations are consistent with a
CRISPR-Cas system that has been inactive for more than
200,000 years [53,54]. Further, no CRISPR-Cas mediated
exclusion of antibiotic resistance-encoding plasmids was
observed among 263 E. coli isolates [54]. This situation
contrasts with the case of E. faecalis, in which many
matches between plasmids and CRISPR spacers were
observed [34]. To elicit anti-phage activity from this sys-
tem, it can be activated either by overexpression of tran-
scriptional activator LeuO or elimination of H-NS [55],
which suggests that this system has maintained function-
ality and is perhaps performing an alternative function. A
Type I-E CRISPR-Cas system of Salmonella enterica ser-
ovar Typhimurium was shown to be repressed in a similar
manner to the E. coli Type I-E system [56].

Even when a bacterial strain possesses a CRISPR—Cas
system with many spacers matching existing phages, this
system may still be inactive towards a given target. The
most commonly observed evasion mechanism for phages
has been via mutation in the protospacer or PAM region
[37]. Recently, an alternative approach to evading
CRISPR-Cas activity that does not require mutation
(and is thus harder to predict bioinformatically) was
described in Pseudomonas aeruginosa. Prophages in var-
ious strains of this species express genes that specifically
inactivate the resident Type I-F CRISPR-Cas system,
leading to co-existing spacer—protospacer matches in the
same genome [57]. Prophage-borne anti-CRISPR genes
may mediate a more transient inactivation of the
CRISPR-Cas system than is seen in E. coli because pro-
phages can be acquired readily. In addition, prophages can
potentially be lost more often than a typical chromosomal
region through prophage excision followed by a failed lytic
cycle. It is notable that anti-CRISPR genes have also been
observed on other mobile DNA elements in P. aeruginosa
[57]; thus, the influence of this group of genes in this
species may be profound. Although no homologues to the
P. aeruginosa genes encoding anti-CRISPRs have been
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detected outside this genus, distinct classes of anti-
CRISPR genes might exist in phages or mobile DNA ele-
ments of other species. In fact, given the potential evolu-
tionary advantage provided by such genes, it would be
surprising if they did not exist elsewhere. Of course,
extending the theme of the complexity of these systems,
phage-borne anti-CRISPR genes are a boon during lytic
growth, but a bane for lysogens because they render the cell
more susceptible to further phage infection [57]. A clue for
the presence of an anti-CRISPR mechanism in a given
strain would be co-existing spacer—protospacer matches
with the correct PAM in the same genome or widespread
mobile elements that seem to be recalcitrant to CRISPR—
Cas targeting in organisms with intact systems.

Novel CRISPR-Cas functions

Upon the discovery of CRISPR loci through bioinformatic
means, it was hypothesized that they might be involved in
gene regulation, analogous to functions of RNAI in eukar-
yotes [58]. This hypothesis was strengthened in 2009 when
it was shown that the Type III-B CRISPR-Cas system of
Pyrococcus furiosus does indeed target RNA in vitro [16],
shortly after DNA targeting had been demonstrated in the
Type III-A system of Staphylococcus epidermidis [15].
Although the major role of most CRISPR—Cas systems
certainly seems to be resisting invasion by foreign DNA,
novel roles of CRISPR-Cas systems in gene regulation
have emerged in recent years. For example, Francisella
tularensis subsp. novicida seems to have an active Type II
CRISPR-Cas system with a full suite of cas genes and
arrays with multiple spacers matching phages [59]. In
addition, this system mediates repression of an endogen-
ous lipoprotein-encoding gene through imperfect base pair-
ing between a trans-activating crRNA (tracrRNA) and the
target transcript, in a region spanning the start codon [60].
This endogenous gene regulation is necessary for full
virulence of F. novicida in mice and represents the first
characterized demonstration of CRISPR-Cas-mediated
gene regulation along with a role in virulence. An unpro-
cessed orphan precursor crRNA (i.e., not associated with
any cas gene) in Listeria monocytogenes was found to be
expressed as a five-repeat unit containing spacers that
matched a host mRNA in two locations. This crRNA formed
a duplex with the target mRNA in vitro, and overexpres-
sion of the crRNA seemed to stabilize the target, causing an
increase of mRNA levels in vivo [61]. In P. aeruginosa,
when phage DMS3 is present as a prophage, it mediates
the inhibition of biofilm formation [62]. This inhibition is
dependent on full activity of the P. aeruginosa CRISPR-
Cas system and also required a CRISPR spacer matching a
region of DMS3 with five mismatches, demonstrating that
CRISPR-Cas recognition and function might be more
plastic than originally thought [63]. Although DNA clea-
vage in this case is unlikely, because it would kill the cell,
there might be an effect on transcript production from this
region due to CRISPR—-Cas complex recruitment. On muta-
tion of the DMS3-targeted region to four or zero mis-
matches with the crRNA, the CRISPR-Cas system
resisted phage infection, demonstrating a gradient of activ-
ity in the presence of mismatches [27]. These data show
that not all mismatches will necessarily abolish cleavage or
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Table 2. Genomic hallmarks of active versus inactive CRISPR-Cas systems®

Intact CRISPR locus
and cas genes

Spacer diversity

Protospacers match
known phages
or plasmids

Self-targeting

Lower frequency of
mobile elements

An intact system is defined as one that is similar to an active system (i.e., a system of the same type with conserved repeat
and Cas protein sequences), that has an intact CRISPR locus, and that has a complete set of cas genes with no obviously
debilitating mutations (e.g., frameshifts or nonsense mutations)

Many different CRISPR spacers are found when comparing strains of a given species. This suggests that each strain is
actively acquiring new and diverse spacers. Leptospirillum isolates in microbial biofilms are closely related with distinct
CRISPRs, and no two strains had same CRISPR spacers [76]. Pseudomonas aeruginosa has spacer diversity in related
isolates [82], and Streptococcus agalactiae has 109 unique spacer arrangements in 124 strains [68], whereas many
Escherichia coliand Salmonella entericaisolates have identical arrays [52,56]. The ancestral end (leader distal) of the array
can be used to compare loci in related strains, and leader end diversity demonstrates recent acquisition. Caveat: horizontal
transfer of ‘successful’ CRISPR arrays could permeate through a population, thus appearing homogenous

In species with known active systems, matches are observed to phages (e.g., P. aeruginosa) [27], plasmids (e.g.,
Staphylococcus epidermidis) [15], and other genomes (e.g., Neisseria meningitidis) [41]. These matches may be 100%
complementary, indicating the potential for interference, or may contain mismatches that could indicate mutations to
evade the CRISPR-Cas system. Species with no matches to sequenced elements may indicate function has been lost.
Caveat: some species may have very few sequenced phages and plasmids for comparison

Strains with active CRISPR-Cas systems generally do not display protospacers with perfect complementarity to self-
spacers. Perfect self-matches mapping to mobile regions indicate active suppression [57] or repression [55] mechanisms,
possibly encoded on the mobile element. Mismatches to mobile elements may indicate a functioning system being
evaded, and mismatches mapping to the ‘core’ genome might indicate the potential for alternative/regulatory functions.
Caveat: a perfect match might not be relevant if coupled with a PAM mutation [29]

Strains with active CRISPR-Cas systems generally are less likely to possess mobile elements. This can be established
through intraspecies comparisons. More CRISPRs correlate with fewer prophages and plasmids in Streptococcus
pyogenes [33] and Enterococcus spp. [34]. Caveat: widespread suppression mechanisms of the CRISPR-Cas system could

allow acquisition of foreign elements despite matches

®Abbreviations: Cas, CRISPR associated; CRISPR, clustered regularly interspaced short palindromic repeat; PAM, protospacer adjacent motif.

recognition by the CRISPR—Cas system, consistent with
work in the Type I-E CRISPR—Cas system of E. coli showing
that certain mismatches do not eliminate target DNA bind-
ing [64]. The knowledge that protospacers with up to five
mismatches might still mediate in vivo function presents a
challenge when attempting to identify CRISPR—Cas targets
bioinformatically, although excellent tools exist to approach
this problem, such as CRISPRTarget [65].

Finally, additional roles for cas genes have been pre-
viously described, but they do not seem to be dependent
on the CRISPR locus and thus represent isolated gene
functions. For example, Cas1 and Cas2 proteins, which have
been implicated in DNA acquisition, have individually been
attributed to playing a role in DNA repair [66] and in
Legionella pneumophila virulence [67], respectively. We
expect that future studies will uncover many more instances
of alternative roles for CRISPR-Cas systems that may
involve varying degrees of mismatch to protospacers.

Concluding remarks

CRISPR-Cas systems provide a powerful means for bac-
teria to destroy potentially harmful foreign DNA, and the
common occurrence of these systems within bacterial gen-
omes emphasizes the positive influence that these systems
must have on evolutionary fitness. However, as summar-
ized here, the current literature provides many examples
in which the acquisition of foreign DNA may be advanta-
geous for an organism and the possession of an active
CRISPR-Cas system could be non-adaptive. This is likely
to explain the observation that <50% of sequenced bacteria
possess these systems, despite their ability to be horizon-
tally transferred. The principle conclusion of this review is
that the net biological outcome of a CRISPR—Cas system
within a given organism in a given environment is difficult
to predict. This uncertainty arises because the balance
between the beneficial and detrimental effects of foreign

DNA depends on the nature of the DNA being acquired,
and this property varies among species. In addition, some
systems may be inactive (i.e., suppressed, repressed, or
defective) or be performing alternative roles. For improve-
ment of our understanding of the complex biological out-
comes that can result from the presence of CRISPR—Cas
systems, future studies must focus on in vivo characteriza-
tion of more systems operating in diverse species. As shown
in Table 1, only a small fraction of systems have been
analyzed in vivo. Future in vivo work would address the
important questions of what percentage of seemingly
intact CRISPR—Cas systems are actually able to resist
the invasion of foreign DNA, and also whether CRISPR~-
Cas systems are commonly performing alternative func-
tions (Box 1). The recent discovery of anti-CRISPR genes in
P. aeruginosa raises the possibility that many such sys-
tems may exist; thus, the identification and characteriza-
tion of more CRISPR—Cas suppression mechanisms will be
crucial for assessing the general impact of CRISPR-Cas
systems. An intuitive extension of anti-CRISPR findings
may be cas or host genes that inhibit these elements, acting
as ‘anti-anti-CRISPRs’, a phenomenon that has been
observed with restriction enzymes [18].

Common genomic hallmarks of active and inactive
CRISPR-Cas systems are outlined in Table 2 to facilitate

Box 1. Outstanding questions

e What percentage of CRISPR-Cas (clustered regularly interspaced
short palindromic repeat—-CRISPR associated) systems are actively
excluding foreign DNA?

e To what extent does non-canonical CRISPR-Cas function shape
prokaryotic biology?

e How prevalent are CRISPR-Cas suppression and repression
mechanisms?

e What are the evolutionary downsides to possessing a CRISPR-Cas
system?
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genomic analyses of a strain or species of interest. Finally,
we encourage all investigators who are analyzing bacterial
genomes to carefully study the spacer content of CRISPR
loci and to clearly enumerate the percentage of spacers
that match known invasive DNA (e.g., plasmids and
phages), that are self-complementary, or that are unique
in individual strains of a given species. This information is
often difficult to find in publications, yet it provides crucial
insight into whether a given CRISPR—-Cas system is func-
tional. Increased accumulation of data pertaining to the in
vivo functioning of CRISPR—Cas systems will allow accu-
rate interpretation of the roles that these systems are
playing in various bacterial species. Because CRISPR-
Cas systems can provide a unique ‘fossil record’ of encoun-
ters with foreign DNA within bacterial species, this knowl-
edge will greatly improve our understanding of bacterial
evolution and the impact of horizontal gene transfer on the
environment and human health.
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