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Abstract

Prokaryotes have various defense systems, such as clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR associated (Cas) adaptive immune
systems, to protect themselves from invading foreign DNA, in particular mobile
genetic elements (MGESs). In prokaryotic genomes, various classes of the genes
encoding prokaryotic defense systems often cluster in specific genomic regions,
referred to as defense islands, which are involved in the evolution and diversifi-
cation of prokaryotic defense systems. In this chapter, we review the functions of
prokaryotic defense systems, their evolutionary dynamics, and their co-evolu-
tionary arms race with invading foreign DNA. We also introduce our previous
works related to the comparative genomic analyses of Streptococcus species and
oral bacterial species, in particular focusing on restriction-modification (R-M)
systems and CRISPR-Cas adaptive immune systems.
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3.1  The Roles of Mobile Genetic Elements in Prokaryotic
Genome Evolution

Prokaryotes (bacteria and archaea) are ubiquitous in the natural environment, and
encounter invading foreign DNA, in particular mobile genetic elements (MGEs),
such as plasmids, DNA transposons, and bacteriophages (or simply phages)
(Figs. 3.1a—c) [1, 2]. Plasmids are self-replicating extrachromosomal DNA mole-
cules, which can be transmitted horizontally (referred to as horizontal gene transfer)
between prokaryotic cells by direct cell-to-cell contact, referred to as conjugative
transfer [3, 4]. The conjugative transfer of transmissible plasmids, such as F plas-
mids (Fig. 3.1a; the F plasmids enable prokaryotes to transfer DNA from the donor
cells harboring the F plasmids (referred to as F* strains) to the recipient cells
(referred to as F~ strains)) [5, 6], is thought to be one of the most important path-
ways for the transmission of virulence genes and antibiotic resistance genes in
prokaryotes [7, 8]. Several studies have reported that virulence genes and antibiotic
resistance genes of Enterobacteriaceae, including Escherichia coli, Enterococcus
faecalis, and Enterococcus faecium, could be transferred through plasmids [8—10].

DNA transposons, which are self-transmissible DNA elements that excise them-
selves and transfer into another genomic location, also mediate the horizontal gene
transfer of antibiotic resistance genes in prokaryotes through the mating of prokary-
otic cells [11, 12] (see also Chap. 8). The mobilization of DNA transposons is
typically facilitated by transposable elements composed of a transposase-encoding
gene and two terminal inverted repeats (TIRs) flanked by target site duplications
(TSDs) (Fig. 3.1b) [13]. A transposase-encoding gene in transposable elements is
first transcribed and translated to a transposase, which recognizes and binds to TIRs
of the transposable elements and then catalyzes the excision of the transposable ele-
ments from the donor site flanked by TSDs [13]. The transposable elements bound
to the transposase integrate themselves into another genomic location, and finally
are flanked by other TSDs [13]. Transposons can be divided into two major classes
(Class I and Class II) [14] and other distinct classes, including self-synthesizing
DNA transposons [15], based on the nature of the transposition intermediate. Class
I transposons, known as retrotransposons, move through an RNA intermediate and
are reverse transcribed by a transposable element-encoded reverse transcriptase
(RT) before their integration at another genomic location by a “copy and paste”
mechanism [14]. Class II DNA transposons encode a transposase as described
above, and simply move as DNA segments into another genomic location by a “cut
and paste” mechanism [14]. Self-synthesizing DNA transposons (alternatively,
called Polintons [15, 16] or Mavericks [17]), first discovered in eukaryotic genome
sequences [15], encode a protein-primed family B DNA polymerase and a retroviral-
like integrase, and are more likely involved in transposon replication [18, 19]. DNA
transposons in bacteria, particularly in Gram-negative bacteria, often contain inte-
grons, which were first characterized in 1989 [20] and are currently classified into
five classes, class 1, class 2, class 3, class 4, and class 5, according to their integrase
(intl) gene sequences [21, 22]. Among the five classes of integrons, the class 1 inte-
grons are common in Gram-negative bacteria, and are captured by a Tn402
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Fig. 3.1 Schematic description of the horizontal gene transfer by mobile gene elements (MGEs);
(a) the F plasmid-mediated conjugation between F* and F~ prokaryotic cells; (b) typical Class 11
DNA transposons by a “cut and paste” mechanism (site-specific transposition is shown); (c) lytic
and lysogenic phage life cycles (solid bold arrows indicate general lytic and lysogenic phage life
cycles and dotted arrows indicate prophage induction under specific conditions, such as environ-

mental stimulation or stress)
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Fig. 3.1 (continued)

transposon to generate a transposon/integron hybrid carrying an antibiotic and anti-
septic resistance-encoding cassette [22]; hence, the integrons are thought to be one
of the key players in the dissemination of antibiotic resistance genes within a bacte-
rial community [23]. Domingues et al. [24] have experimentally demonstrated that
exposure of Acinetobacter baylyi to integron-containing Salmonella DNA led to the
horizontal gene transfer of the integron by natural genetic transformation facilitated
by the transposition of a Tn2/-like transposon that contains the integron [24]. In
Domingues et al. [24], exposure of A. baylyi to integron-containing Acinetobacter
baumannii DNA also led to the horizontal gene transfer of the integron by natural
genetic transformation, indicating that the interspecies transfer of transposons and
integrons is not limited by the genetic relatedness of donor and recipient cells [24].
These findings strongly support that natural genetic transformation provides the
widespread of MGEs, including transposons, in divergent species of bacteria [24].
Phages, which are obligate intracellular parasites of prokaryotes, present a seri-
ous threat to the life cycles of prokaryotes, and invade their host cells and propagate
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themselves in several ways, through lytic, lysogenic, pseudolysogenic, and chronic
infection (Fig. 3.1c; only lytic and lysogenic life cycles are shown) [25, 26]. Lytic
phages (alternatively, called virulent phages) use their host cell’s translational
machinery to synthesize their own proteins, and can kill the host cells to release
their progenies by cell lysis [27]. Lysogenic phages (alternatively, called temperate
phages) integrate their DNA into their host chromosomes and replicate passively
along with the hosts [28]. In general, the infection of lysogenic phages does not
initially cause cell lysis and remains in a dormant state in their host genomes
(referred to as prophages) [26, 28]. However, in response to specific environmental
stimulation or stress, the prophages are excised from the host genomes and can start
reproducing progeny phages (referred to as prophage induction) [28, 29]. Very
recently, Erez et al. [30] have experimentally demonstrated that Bacillus subtilis
phage phi3T encodes various communication peptides, denoted as the arbitrium
system, for a lysis-lysogeny switch [30]. In the arbitrium system, the probability
that B. subtilis phage phi3T enters into a lysogenic cycle is proportional to the
increase in the concentration of arbitrium peptides produced during its lytic cycle as
host cell disruption, and is then inversely proportional to the number of living host
cells [30]. The findings indicate that the arbitrium system enables the progenies of
B. subtilis phage phi3T to prevent the overkill of their host cells. Pseudolysogeny
(alternatively, called a phage carrier state) may be another survival strategy of
phages in starved prokaryotic cells, in which, unlike the lysogenic infection, lytic
phages postpone their lytic life cycles, until the infected host cells are exposed to
nutrient-rich environment [26, 31]. Most of the pseudolysogeny remains unclear,
yet may be important to better understand the complexity of phage life cycles and
their roles in the natural environment. In chronic infection, rod-shaped single-
stranded DNA phages, such as filamentous bacteriophage M13, can replicate and
release their progenies for a long period without killing their host cells [25, 32].
Their ability to chronically replicate the progenies without host cell disruption has
been used for laboratory experiments, such as M13 cloning [33] and phage display
technology [34].

Among the phage life cycles described above, the horizontal gene transfer
between prokaryotic cells typically occurs via their lysogenic cycles [27, 35] (see
also Chap. 5). During the lysogenic cycles, the prophages occasionally package
various pieces of the donor genomes, and allow the recipients to acquire new func-
tions in a process, referred to as lysogenic conversion [28, 35, 36]. In the early
1950s, Freeman [37] has experimentally demonstrated that non-virulent strains of
Corynebacterium diphtheriae infected with specific phages could be converted to
virulent strains [37]. Other researchers discovered phage-inducible chromosomal
islands (PICIs) in Gram-positive bacteria, in particular Staphylococcus aureus [35,
38-40]. S. aureus pathogenicity islands (SaPIs), which are known as the prototypi-
cal members of PICI family, are widely spread among staphylococcal species [41]
and their mobility has been experimentally demonstrated [38, 42]. Recently, the
PICIs are defined as a family of MGEs that might be responsible for the horizontal
gene transfer of antibiotic resistance, and phage resistance, and in particular viru-
lence genes [35, 40, 41]. Hence, phage-mediated transduction is considered as one
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of the important contributors to the widespread of virulence genes, antibiotic resis-
tance genes, and phage resistance genes in the environment [43, 44].

Since the integration of foreign DNA into prokaryotic genomes makes an impact
on prokaryotic life cycles, prokaryotes have several defense systems to protect
themselves from invasion by foreign DNA. For instance, restriction-modification
(R-M) systems, DNA phosphorothioate (PT) modification, toxin-antitoxin (TA)
systems, phage abortive infection (Abi) systems, Argonaute proteins, bacteriophage
exclusion (BREX) systems, and clustered regularly interspaced short palindromic
repeats (CRISPR)-CRISPR associated (Cas) adaptive immune systems (henceforth
called CRISPR-Cas systems) have been identified in the genomes of many prokary-
otes (Figs. 3.2a—f and 3.3) [46]. These defense systems are roughly divided into
relatively non-specific innate immune systems (R-M systems, DNA PT modifica-
tion, TA systems, Abi systems, pAgo proteins, and BREX systems) and highly spe-
cific adaptive immune systems (CRISPR-Cas systems) [46]. This chapter introduces
a brief overview of the principle of the innate immune systems in prokaryotes, fol-
lowed by CRISPR-Cas systems, their evolutionary dynamics, and finally our inves-
tigation of CRISPR-Cas systems in Streptococcus species and oral bacterial
species.

3.2  Prokaryotic Innate Inmune Systems Against Foreign
DNA Invasion

R-M systems (Fig. 3.2a), first discovered in the early 1950s [47, 48], are one of the
best-characterized prokaryotic defense systems. The defense mechanism of R-M
systems allows prokaryotes to distinguish between their own DNA (methylated DNA)
and invading foreign DNA (non-methylated DNA) by a pair of enzymes, a restric-
tion endonuclease (REase) and a DNA methyltransferase (MTase) [49, 50]. An
REase recognizes methylated bases (5-methylcytosine (m5C), N4-methylcytosine
(m4C), and N6-methyladenine (m6A)) in host DNA, and cleaves non-methylated
DNA as non-self DNA at specific sites [51]. Meanwhile, a DNA MTase acts as a
host DNA methylation enzyme, which transfers a methyl group (CH;) from methyl
donating compounds, such as S-adenosylmethionine (SAM), into the potential
REase target sites in the host DNA for the prevention of self DNA cleavage [52-54].
R-M systems are classified into four types, Type I, Type II, Type III, and Type IV,
based on their enzyme composition, sequence recognition, cleavage position,
co-factor requirements, and substrate specificity [53]. Among the four types of R-M
systems, Type II R-M systems are the most typical and most studied R-M systems
[46]. The Type II R-M enzymes, such as EcoRI isolated from E. coli species [55],
have been commonly used for laboratory experiments, such as restriction fragment
length polymorphisms (RFLPs) and DNA cloning [56], because of its highly spe-
cific DNA cleavage ability. Meanwhile, Type IV R-M systems are composed of only
an REase (referred to as a Type IV restriction enzyme), which can recognize and
cleave only methylated DNA, unlike other Type R-M systems [57, 58].



3 Acquired and Innate Immunity in Prokaryotes Define Their Evolutionary Story 53

a b

Cleavage of non-methylated
DNA as non-self

Cleavage of unmodified
DNA as non-self

chromosome

: methylation

v
O—»C 8 Nuclease

Phage
DNA

dnd gene cluster
(€

: sulfur modification

chromosome

C

Dormancy or cell death via
toxin-mediated pathway

Host
chromosome

5

Toxin gene
[ —

Antitoxin gene

Aborting the lytic growth of
infecting phages

2. Depolarization of cell
membrane by ion
channel formation

RexB

3. Abortive ® 1. Recognition
infection

Degradation of toxin-
antitoxin duplex

Cell death
by toxin

oo (3= = )

Host
chromosome

&

DNA interference by
Argonaute proteins

Preventing phage DNA
replication by methylation

|Loading

N~

DNA or RNTA\ ?

L guide

Host
chromosome

f O N

Phage
DNA
CH,
|
TAGGAG-

Host
chromosome

: methylation
10

Fig.3.2 Schematic description of prokaryotic innate immune systems; (a) restriction-modification
(R-M) systems (typical Type II R-M systems are shown); (b) DNA phosphorothioate (PT) modifi-
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phage abortive infection (Abi) systems (Rex system, which is carried out in ascending order of
numbers); (e) prokaryotic Argonaute (pAgo) proteins (typical long pAgo proteins are shown); (f)
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DNA PT modification (Fig. 3.2b) is a sulfur modification of self DNA, in which
a non-bridging oxygen atom in self DNA is substituted with a sulfur atom, and
unmodified non-self DNA is cleaved [59]. The defense mechanism of DNA PT
modification is based on self/non-self DNA discrimination, like R-M systems. The
DNA degradation (Dnd) phenomenon of DNA PT modification was initially
observed during electrophoresis of DNA from the Gram-positive bacterium
Streptomyces lividans [60], and is typically associated with a family of proteins
(DndA-E) encoded by a five-gene dnd cluster (dndA-E) [59]. DndA (cysteine desul-
furase), DndC (phosphoadenosine phosphosulfate reductase), DndD (ATPase), and
DndE (DNA-binding protein with a distinct fold) proteins form a complex to replace
an oxygen atom with sulfur, whereas a DndB protein acts as a negative transcriptional
regulator for PT-modifying genes, and is not essential for DNA PT modification
[46, 59, 61, 62]. A DndD protein acts as an ATPase possibly associated with DNA
structure alteration or DNA nicking during sulfur incorporation [63—65]. Xu et al.
[66] have reported that Salmonella enterica serovar Cerro 87 possesses a four-gene
cluster homologous to dndB-E genes, termed dptB-E, and its cognate three-gene
dnd cluster (dndF-H) (alternatively, called dptF-H genes) [59, 66]. The DndF-H



3 Acquired and Innate Immunity in Prokaryotes Define Their Evolutionary Story 55

proteins encoded by dndF-H genes make double-stranded DNA damage as a trigger
for SOS response, cell filamentation, and prophage induction [59]. The combination
of the DNA PT modification-related genes found in the S. enterica serovar Cerro
87 has been proposed as DNA PT modification-dependent R-M systems [67],
which are composed of modification-related genes (dndB-E) and restriction-
related genes (dndF-H) [67], and have been experimentally demonstrated as
temperature-dependent defense systems [59].

TA systems (Fig. 3.2c) are also one of the most studied prokaryotic defense
systems, as well as R-M systems, and are closely linked to dormancy induction or
programmed cell death (PCD) [68]. The genetic modules of TA systems are com-
posed of stable toxin genes and unstable antitoxin genes in multiple copies, and
activated when prokaryotic cells possessing the genetic modules are exposed to
stress, such as antibiotic treatment and phage infection [68, 69]. TA system-related
genes, known as post-segregational killing (PSK) systems, were first discovered in
the 1980s [70-72], such as a hok/sok system composed of hok (host killing), sok
(suppression of killing), and mok (modulation of killing) in plasmid R1 of E. coli
[70]. In the hok/sok system (Fig. 3.2c), the activity of hok as stable toxin-encoding
mRNA is suppressed by being bound to sok as non-coding unstable neutralize anti-
sense RNA that is complementary to hok, resulting in the formation of an RNA
duplex that is degraded by RNase III [73, 74]. However, when the plasmids encod-
ing TA systems are not transmitted to daughter cells, the sok is rapidly degraded and
highly toxic Hok proteins are synthesized from the Kok, ultimately leading to cell
death by depolarization of the cell membrane [73, 74]. TA systems are classified
into six types, Type I, Type I, Type 111, Type IV, Type V, and Type VI, based on the
nature and the mechanism of antitoxins [75]. Among the six types, Type II TA
systems are well-characterized TA systems, in which protein antitoxins neutralize
the toxin activity of TA systems by directly binding to their cognate toxins [76]. In
most Type II TA systems, the Type II toxins are a potent endoribonuclease and
cleave cellular mRNA at specific sequences to inhibit translation in response to
stress [75]. For instance, drug-tolerant Mycobacterium tuberculosis, which pos-
sesses a large number of TA systems [77], shows antibiotic tolerance by a remark-
able downregulation of genes associated with growth, metabolism, and lipid
synthesis, and an upregulation of stress-associated sigma factors, transcription fac-
tors, drug efflux pumps, and toxin-antitoxin genes during a prolonged antibiotic
exposure [78]. Another example of toxin-antitoxin genes in Type II TA systems is
higher eukaryotes and prokaryotes nucleotide-binding (HEPN)-minimal nucleotid-
yltransferase (MNT) genetic modules, which are the most abundant genes in
hyperthermophilic archaea [79-81]. The HEPN-MNT genetic modules are com-
posed of HEPN as RNA-cleaving toxins and MNT as predicted antitoxins, and are
predicted as antibiotic resistance systems [80]. These TA systems are widely present
in chromosomes or plasmids of prokaryotes as TA loci, and are stably maintained in
the populations of viable cells [68, 74, 76].

Abi systems (Fig. 3.2d) lead to the death of infected cells (referred to as altruistic
suicide), to terminate the production of progeny phages, and then protect clonal
cells in the prokaryotic populations [82, 83]. Many of Abi phenotypes, denoted by
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“Abi” and capital alphabet letters (e.g., AbiA), have been found in the plasmids of
Lactococcus lactis [84], which is one of the model microorganisms for Abi system
studies. Although Abi systems are thought to be distinct from TA systems, many of
Abi systems share the genetic modules with TA systems, such as HEPN domains
described above [46, 85]. A recent study has shown that Type III TA systems,
ToxIN,, composed of ToxN as endoribonuclease toxins and ToxI,, as RNA antitox-
ins, are employed by the phytopathogenic bacterium Pectobacterium atrosepticum
for anti-phage activity [82, 86]. On the other hand, the Rex system found in
A-lysogenic E. coli strains [83, 87] is a well-studied Abi system that has the different
mechanism from ToxIN,, system. The Rex system is composed of two proteins,
RexA protein as an intracellular sensor and RexB protein as an ion channel [83, 88].
When phage infection occurs, RexA protein is first activated by recognizing a phage
protein-DNA complex, followed by RexB protein activation [88, 89]. The activated
RexB protein induces a drop in the cellular ATP level, thereby stopping cell multi-
plication and aborting the lytic growth of the infecting phages [88, 89].
Prokaryotic Argonaute (pAgo) proteins (Fig. 3.2e) are nucleic acid-guided
proteins, which use RNA or DNA guides and provide specific cleavage of comple-
mentary nucleic acid targets as a host defense mechanism [90]. Argonaute proteins,
first discovered in eukaryotes [91], are essential components of an RNA-induced
silencing complex (RISC) responsible for RNA interference (RNA1) (alternatively,
called RNA silencing) [92-94]. Small non-coding RNA, such as microRNA
(miRNA), small interfering RNA (siRNA), and P-element induced wimpy testis
(PIWD)-interacting RNA (piRNA), guides Argonaute proteins to complementary
RNA targets in RNAi [92, 95, 96], leading to translational inhibition, mRNA desta-
bilization, or RNA target cleavage [97]. In contrast to eukaryotic Argonaute (eAgo)
proteins, some pAgo proteins are key players in specific DNA target cleavage,
referred to as DNA interference (DNA1) [98, 99]. Based on the domain structure,
pAgo proteins are roughly divided into two groups, long and short pAgo proteins
[100]. Among the two groups of pAgo proteins, the domain structure of long pAgo
proteins is structurally similar to that of eAgo proteins [101]. Both eAgo proteins
and long pAgo proteins are composed of a PIWI endonuclease domain, a PIWI-
Argonaute-Zwille (PAZ) domain, a middle (MID) domain, and an amino-terminal
(N-terminal) domain, along with two domain linkers (L1 and L2) [46, 100].
Meanwhile, short pAgo proteins are composed of only a PIWI domain and a MID
domain [100]. Instead of a PAZ domain and a N-terminal domain, short pAgo pro-
teins are associated with the genes encoding an analogue of PAZ (APAZ) domain,
which is fused to a putative nuclease domain, such as Sir2, Mrr, or TIR proteins [90,
101]. It is assumed that short pAgo proteins are responsible for nucleic acid-guided
target recognition, and their associated nuclease-APAZ domain is responsible for
guide generation and/or target degradation, respectively [101]. Recent bioinfor-
matic analysis has revealed that pAgo proteins are encoded in ~32% and ~9% of the
sequenced archaeal and bacterial genomes, respectively [100], and the phylogenetic
tree of pAgo-encoding genes does not follow the prokaryotic phylogeny based on
ribosomal RNA and other universal genes [100]. These indicated that horizontal
gene transfer results in the widespread of the pAgo protein-encoding genes in
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prokaryotes. Other recent studies have demonstrated that most of the characterized
long pAgo proteins, including Thermus thermophilus (TtAgo) [99] and Pyrococcus
Suriosus (PfAgo) [102], can target DNA using either DNA or RNA guides [101],
and can act as prokaryotic defense systems against invading foreign DNA as well as
RNAI in eukaryotes. Moreover, it has been proposed that the features of long pAgo
proteins described above can be used as genome-editing tools, because they can
selectively cleave double-stranded DNA targets [101].

BREX systems (Fig. 3.2f) are a relatively novel defense mechanism against
phage infection, and are composed of a combination of six genes among 15 BREX-
related genes [103]. The BREX-related genes include five pgl genes (pglW, pglX,
pglXI, pglY, and pglZ) and ten brx genes (brxA, brxB, brxC, brxD, brxE, brxF,
brxHI, brxHII, brxL, and brxP) [103]. Each of these genes encodes a serine/threo-
nine kinase (pglW), an adenine-specific DNA methyltransferase (pglX, pglXI), an
ATP-binding P-loop protein posessing ATPase activity (pg/Y), an alkaline phospha-
tase (pglZ), an NusB-like RNA-binding anti-termination protein (brxA), a protein of
unknown function (brxB, brxE, brxF), an ATP-binding protein (brxC, brxD), an
Lhr-like helicase (brxHI), a DNA/RNA helicase (brxHII), a Lon-like protease
(brxL), and a phosphoadenosine phosphosulfate (PAPS) reductase (brxP), respec-
tively [103—105]. In the early 1980s, BREX-like systems have been already discov-
ered in Streptomyces coelicolor A3(2), denoted as “phage growth limitation (Pgl)
systems” [106], which are composed of pgIWXYZ genes [107]. Moreover, two of
the five pgl genes in BREX systems, pglXZ genes, show sequence homology to
genes in Pgl systems [103]. The phage resistance mechanism of BREX systems is
based on self/non-self DNA discrimination, like R-M systems [103]. Prokaryotes
possessing BREX systems methylate their own genomes, typically at the fifth posi-
tion of a non-palindromic 5'-TAGGAG-3" hexameric sequence, and can prevent
phage DNA replication, but they do not cleave phage DNA, unlike R-M systems
[103]. BREX systems are currently classified into six types, Type 1, Type 2, Type 3,
Type 4, Type 5, and Type 6, based on the six-gene combination and the order of the
six genes, all of which contain a pglZ gene [103]. Goldfarb et al. [103] analyzed the
genomes of approximately 1500 bacteria and archaea and revealed that pglZ genes
as a putative member of an alkaline phosphatase superfamily are present in approxi-
mately 10% of these microbial genomes [103], suggesting that BREX systems are
widely distributed as phage resistance systems.

3.3  CRISPR-Cas Adaptive Inmune Systems

CRISPR-Cas is protein-encoding genes located in hypervariable genetic loci
(referred to as CRISPR-cas loci), which are composed of multiple repeat-spacer
arrays and the CRISPR-associated (cas) genes encoding CRISPR-associated (Cas)
proteins located in close-proximity to the repeat-spacer arrays [45]. CRISPR-cas
loci in prokaryotes memorize past encounters with invading foreign DNA as
CRISPR spacers and act as prokaryotic adaptive immune systems [45]. The repeat-
spacer arrays, later referred to as CRISPR arrays [108, 109], were first discovered
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in the 3’-end flanking region of alkaline phosphatase isozyme (iap) genes in E. coli
[110]. Soon after, similar repeats were discovered in the genome sequences of many
prokaryotes [111]. In 2000, the prokaryotic repeat-spacer arrays were named as
short regularly spaced repeats (SRSR) [112]; in 2002, the arrays were renamed as
spacers interspersed direct repeats (SPIDR) [108, 109], and finally as clustered
regularly interspaced short palindromic repeats (CRISPR) on the basis of the struc-
tural feature [108, 109]. At the same time, four cas genes (casl, cas2, cas3, and
cas4 genes encoding Casl, Cas2, Cas3, and Cas4 proteins, respectively) were also
identified nearby CRISPR arrays, and the structural coherence of the CRISPR
arrays and the cas genes was characterized as CRISPR-cas loci [108, 109]. In 2005,
the involvement of CRISPR-cas loci in adaptive immune systems against invading
foreign DNA began to be speculated on the basis of some scientific evidence; (1)
CRISPR spacers derive from the genomic fragments of invading foreign DNA
including MGEs (later referred to as protospacers) [113-116], (2) phages and
plasmids harboring the protospacers fail to infect their hosts yielding antisense RNA
(later referred to as CRISPR RNA (crRNA)) [114, 115, 117]. The experimental dem-
onstration of CRISPR-Cas systems against phage infection was carried out by
Barrangou et al. [118], in which phage-sensitive Streptococcus thermophilus strains
became resistant to Streptococcal phages after acquiring new CRISPR spacers identi-
cal to the protospacer sequences in the phage DNA [118]. Soon after, the adaptive
immune activity of CRISPR-Cas systems against plasmid transfer was experimen-
tally demonstrated by Marraffini and Sontheimer [119], in which the CRISPR-cas
loci in Staphylococcus epidermidis strains acted as DNAi machinery, and prevented
the transfer of staphylococcal conjugative plasmids, as well as RNAi in
eukaryotes [119].

CRISPR-Cas systems act as DNA-encoded, RNA-guided, and nucleic acid-
targeting interference (CRISPR interference) in prokaryotes (Fig. 3.3) [45]. The
first step of CRISPR-Cas systems is to detect the motifs associated with protospac-
ers of invading foreign DNA, referred to as protospacer adjacent motifs (PAMs)
[120], and cut the protospacers at the site a few base pairs upstream or downstream
from the PAMs by nuclease and integrase activity of Cas proteins, such as a Casl—
Cas2 protein complex or Cas9 proteins, respectively [121-123]. The shortly cut
protospacers as new CRISPR spacers are integrated between multiple repeats of
CRISPR arrays adjacent to a leader sequence in CRISPR-cas loci, and the CRISPR
arrays are transcribed into a long precursor, referred to as precursor CRISPR RNA
(pre-crRNA) [121]. The pre-crRNA is further trimmed into multiple short segments
of crRNA by the endonuclease activity of Cas proteins, such as Cas6 proteins [122,
124]. The crRNA binds to the complementary nucleic acid sequences, and the
crRNA-guided CRISPR interference is then carried out by the crRNA-guided nucle-
ase activity of Cas proteins (referred to as an effector), such as Cas9 proteins [125],
which cleave the crRNA-guided nucleic acid targets.

To date, CRISPR-cas loci are present in approximately 50% of bacterial genomes
and approximately 90% of archaeal genomes [122]. CRISPR-Cas systems are cur-
rently classified into two classes (class 1 and class 2), including six major types
(Type I, Type II, Type III, Type IV, Type V, and Type VI) and 28 subtypes
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(e.g., Type I-A), based on the CRISPR-Cas machinery, in particular the combina-
tion of Cas proteins, and its mode of action (Table 3.1) [126]. A recent report has
described that approximately 90% of all identified CRISPR-cas loci belong to class
1 CRISPR-Cas systems, and the remaining 10% belong to class 2 CRISPR-Cas
systems [128]. Class 1 CRISPR-Cas systems with multi-protein effector complexes
include Type I, Type III, and Type IV CRISPR-Cas systems [126]. Among the three
types in class 1 CRISPR-Cas systems, Type I and Type III CRISPR-Cas systems are

Table 3.1 Current classification of CRISPR-Cas systems (referring to [126, 127])

Major type| Subtype Combination of Cas protein-encoding genes and other genes | Target
Type I I-A casl, cas2, cas3’', cas3”, cas4 (x2), cas5, cas6, cas7, DNA
cas8al, casll
1-B casl, cas2, cas3, cas4, cas5, cas6, cas7, casS8b1 DNA
I-C casl, cas2, cas3, cas4, cas5, cas7, cas8c DNA
I-D casl, cas2, cas3’, cas3”, cas4, cas5, cas6, cas7, cas10d DNA
I-E casl, cas2, cas3, cas5, cas6, cas7, cas8e, casll DNA
I-F casl, cas2, cas3, casS, casof, cas7, casSf DNA
1-U casl, cas2, cas3, cas4, cas5, cas6, cas7, cas8u2 DNA
Type I II-A casl, cas2, cas9, csn2, tracrRNA DNA
1I-B casl, cas2, cas4, cas9, tracrRNA DNA
1I-C casl, cas2, cas9, tracrRNA DNA
II-C variant | casl, cas2, cas4, cas9, tracrRNA DNA
Type I | III-A casl, cas2, cas5, casb, cas7 family (csm3, csm)), caslO0, DNA,
casll, csmb RNA
11I-B cas5, cas6, cas7 tamily (cmrl, cmrd, cmr6), cas10, casll | DNA?,
RNA?
11I-B casl, cas2, cas5, casb, cas7 family (cmrl, cmr4, cmro6), DNA,
variant casl0, casll, reverse transcriptase, PD-DExK nuclease RNA
III-C cas5, cas7 family (cmrl, cmrd, cmr6), casl0, casl —
1I1-D cas5, cas7 family (csm3, csm5), casl0, casll, all1473 DNA?,
RNA?
Type IV v cas5, cas6-like, cas7, cas8-like, dinG DNA?
IV variant cas5, cas7, cas8-like, casl 1 DNA?
Type V V-A casl, cas2, cas4, casl2a DNA
V-B casl, cas2, cas4, cas12b, tracrRNA DNA
V-C casl, casl2c DNA
V-D casl, cas12d (casY) DNA
V-E casl, cas2, cas4, casl2e (casX), tractRNA DNA
V-U - -
(tentative)
Type VI | VI-A casl, cas2, casl3a RNA
VI-B1 casl3b, csx28 RNA?
VI-B2 casl3b, csx27 RNA?
VI-C casl3c RNA?

Class 1 CRISPR-Cas systems include Type I, Type III, and Type IV CRISPR-Cas systems, and
Class 2 CRISPR-Cas systems include Type II, Type V, and Type VI CRISPR-Cas systems
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the most common CRISPR-Cas systems and are distributed in many archaea and a
few bacteria, whereas Type IV CRISPR-Cas systems are a relatively rare [127, 129].
The multi-protein effector complexes of class 1 CRISPR-Cas systems are composed
of multiple Cas proteins, such as CRISPR-associated complex for antiviral defense
(Cascade) in Type I CRISPR-Cas systems [117, 130] and a CRISPR-Cas subtype
Mtube (Csm)-CRISPR RAMP module (Cmr) complex in Type III CRISPR-Cas
systems [131, 132]. Both of the multiple Cas proteins, such as Cas5, Cas6, Cas7,
and Cmr proteins, include paralogous repeat-associated mysterious proteins
(RAMPs) responsible for RNA binding and/or ribonuclease activity [133]. Several
structural analyses have revealed that RAMPs contain single- or multi-domains of
RNA recognition motif (RRM), known as a ferredoxin-like fold, which is a com-
mon protein fold often found in the structure of nucleic acid-binding proteins [133—
135]. Recently, RT-associated CRISPR-cas loci encoding an RT-Cas1 fusion protein
have been found by several bioinformatic analyses [136—138], and were classified
as Type III CRISPR-Cas systems [139]. Soon after, it was experimentally demon-
strated that RT-associated Type III CRISPR-Cas systems can acquire CRISPR
spacers directly from RNA [140], implying that the Type III CRISPR-Cas multi-
protein effector modules with an RT-Cas1 fusion protein may have the ability to
adapt to invaders with both DNA and RNA [141].

Class 2 CRISPR-Cas systems with single and long protein effector modules
include Type II, Type V, and Type VI CRISPR-Cas systems [126, 128]. Among the
three types in class 2 CRISPR-Cas systems, Type II CRISPR-Cas systems with
Cas9 proteins as a multi-domain effector are one of the best-characterized
CRISPR-Cas systems [142], and are widely used for genome editing [143-146].
In Type II CRISPR-Cas systems, pre-crRNA is bound to trans-acting CRISPR
RNA (tracrRNA), which is complementary to the repeat sequence in the pre-
crRNA, and the pre-crRNA-tracrRNA duplex is processed into a crRNA-tracrRNA
duplex by a double-stranded RNA-specific ribonuclease RNase III [147-149].
The crRNA-tracrRNA duplex forms a complex with Cas9 proteins, and the Cas9-
crRNA-tracrRNA complex finally introduces site-specific double-stranded DNA
cleavage at the specific target site [148, 150]. Cas9 proteins contain two nuclease
domains, RuvC and HNH, to generate paired double nicks [151], which can be
re-programmed by single-guide RNA (sgRNA) to cleave its specific DNA target
[145, 146, 148]. In Type V and Type VI CRISPR-Cas systems, Cas12 and Cas13
proteins are predicted as multi-domain protein effector, respectively [126, 128].
All Cas12 proteins contain RuvC-like endonuclease domains, and in some cases
a putative novel nuclease (Nuc) domain [152]. Very recently, new CRISPR-Cas
systems, referred to as CRISPR-CasX and CRISPR-CasY, were discovered from
uncultivated bacteria [153], and were putatively classified as new subtypes of
Type V CRISPR-Cas systems, because both CasX and CasY proteins contain
RuvC-like domains (renamed as Casl2e (CasX) and Casl2d (CasY) proteins,
respectively) [127]. All Cas13 proteins contain two HEPN domains, which may
possess RNase activity, as well as HEPN toxins in Type II TA systems (see Sect.
3.2) [80, 81], suggesting that Cas13 proteins would have evolved from HEPN
toxins [127].
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The CRISPR-Cas systems described above show a remarkable diversity in terms
of the combination of Cas proteins and its mode of action [126]. Meanwhile, recent
comparative genomic and structural analyses have revealed that Cas1 and Cas?2 pro-
teins, in particular Cas1 proteins, are universally conserved, and are thought to play
key roles in almost all CRISPR-Cas systems [19, 127]. Krupovic et al. [19] discov-
ered “genomic islands” in the genome sequences of many archaea and some bacte-
ria, in which some cas/ genes encoding homologous Cas|1 proteins are not associated
with CRISPR-cas loci, referred to as cas1-solo genes [19]. The cas1-solo genes are
classified into two groups, group 1 and group 2, based on cas/ gene phylogeny [19].
Among the two groups, group 2 casl-solo genes are co-localized with protein-
primed family B DNA polymerase-encoding genes (henceforth called polB genes)
in genomic islands [19], as well as self-synthesizing DNA transposons in eukary-
otes [15]. The MGEs composed of casl-solo genes, polB genes, TIRs, and TSDs
(see Sect. 3.1) were denoted as “casposons,” [19] which employ Cas1-solo proteins
as an integrase (alternatively, called a casposase) [154]. Casposons are currently
classified into four families, family 1, family 2, family 3, and family 4, based on the
gene composition and phylogeny of Cas1 proteins [155]. The experimental demon-
stration of casposon mobilization has not been performed yet, but comparative
genomic analysis of various strains of Methanosarcina mazei has shown the recent
mobility of casposons as potentially active MGEs [155]. Béguin et al. [156] have
revealed the close similarities between the insertion mechanisms of casposons and
CRISPR spacers facilitated by a casposase and a Casl—Cas2 protein complex,
respectively [156]. These findings strongly support the evolutionary relationship
between the adaptive modules of CRISPR-Cas systems and casposons [156].

The evolution and diversification of CRISPR-Cas systems appear to be driven by
the co-evolutionary arms race between prokaryotes and phages. Phages possess the
genes encoding anti-CRISPR proteins, referred to as Acr genes, which encode anti-
CRISPR proteins that show the ability to inhibit the functions of diverse effector
complexes in CRISPR-Cas systems [157]. As described above, lysogenic phages
integrate their own genomes into their host chromosomes, and then form prophage
regions [27], and might express the anti-CRISPR genes to maintain the prophage
regions during lysogeny [158]. To date, more than 20 families of Acr genes have
been identified in previously published reports, and can inhibit the anti-phage activ-
ity in some subtypes of Type I and Type II CRISPR-Cas systems [157]. Bondy-
Denomy et al. [159] have experimentally demonstrated the two mechanisms of
anti-CRISPR activity by AcrFl1, AcrF2, and AcrF3 proteins, which specifically
inhibit the activity of Type I-F CRISPR-Cas system [159]. AcrF1 and AcrF2 pro-
teins could inhibit the DNA-binding activity of the multi-protein effector complex
in Type I-F CRISPR-Cas system, whereas AcrF3 proteins directly bind to Cas3
proteins and prevent their recruitment to the DNA-bound multi-protein effector
complex [159]. It has also been known that phages adapt and evolve against some
prokaryotic innate immune systems, in particular R-M systems [160]. Several
phages possess MTase-encoding genes, and modify their own genomes by the
MTase activity to protect themselves from the REase activity of R-M systems [161].
Another mechanism is that the phages possessing overcome classical restriction (ocr)
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genes produce Ocr proteins, which directly bind to both MTase and REase of Type I
R-M systems, and then inhibit the endonuclease activity of the R-M systems [160,
161]. The co-evolution by the prokaryotic host-phage arms race remains unclear, but
it could be the result of a diversification of prokaryotic defense systems [162].

3.4  Effect of the Evolutionary Dynamics of Defense Systems
on Prokaryotic Genome Evolution

Makarova et al. [163] have performed the comparative genomic analysis of 1055
completely sequenced prokaryotic genomes focused on defense systems, and have
indicated the involvement of transposable elements in the gain, loss, and exchange
of the defense system-encoding genes (henceforth called defense genes) [163]. The
results suggested that many species have intraspecific variation in defense systems
through the horizontal gene transfer of defense genes. The authors also discovered
specific genomic locations in prokaryotic genomes, referred to as defense islands
[163], which are enriched in not only the genes encoding deferent classes of defense
systems, in particular R-M systems, T-A systems, and BREX systems, but also
uncharacterized genes as candidates for new types of defense systems [103, 163].
After that, the comparative analysis of 35 groups of closely related bacterial genomes
and one group of archaeal genomes has demonstrated that the defense genes in more
than half of the analyzed genomes tend to be co-localized in defense islands [164].
In some species, MGEs in defense islands are frequently involved in the evolution
and diversification of defense systems, suggesting that defense islands are responsi-
ble for the enhanced dynamics of the evolution in prokaryotic defense systems [164].
Very recently, Ofir et al. [165] have reported new defense systems, denoted as
defense island system associated with restriction modification (DISARM), as multi-
gene R-M systems [165]. DISARM systems are composed of five genes: four genes
encode a DNA MTase, a helicase domain, a phospholipase D (PLD) domain, a
domain of unknown function (DUF) 1998 (a helicase-associated domain), and one
remaining gene has an unknown function [165]. Among the five genes, at least the
four genes encoding a DNA MTase, a helicase domain, a DUF1998, and a gene of
unknown function are essential for the anti-phage activity of DISARM systems.
Meanwhile, the genes encoding a PLD domain are not always essential, but are
required for the anti-phage activity against myophage SPO1 and podophages Nf.
Among the five genes, a DUF1998 is enriched in defense islands, and is then thought
to be a part of anti-phage defense systems [163], also indicating that DISARM
systems are widely spread prokaryotic defense systems in defense islands.
Alternative DNA methylation levels have been shown to cause changes in gene
expression in bacteria [166], because bacteria use a DNA MTase as a switch to sys-
tematically change their transcriptome [167, 168]. It is conceivable that the varia-
tion in R-M systems may affect the DNA methylation patterns and also may
ultimately split clonal populations into epigenetic lineages [169]. In fact, clustering
based on the presence/absence of R-M systems in genomes accurately reproduced
the core genome phylogenetic structure in Neisseria meningitidis, and each
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phylogenetic clade harbored a unique repertoire of R-M systems [170]. A genomic
clade-distinctive combination of the R-M system enzymes was also observed in
Burkholderia pseudomallei, which is the causative agent for melioidosis [171].
Furthermore, clade-specific DNA methylation patterns in B. pseudomallei were
observed, suggesting that R-M systems contribute to the limiting intraspecific
exchange of genetic material, and the genomic clades may represent functional
units of genetic isolation in this species [171]. In Streptococcus pneumoniae, a
genomic region, where different lineages code for variable R-M systems, was found
[172]. This locus has been proposed to play a role in the fine-tuning of the extent of
genomic plasticity [172]. Therefore, these findings suggested that the intraspecific
variation in R-M systems plays a key role in the genome diversification. Prokaryotic
defense systems other than R-M systems also appear to have additional functions
besides the limitation/prevention against invasion by foreign DNA. A role in stabi-
lizing genomic islands was proposed for TA systems [76, 166]. CRISPR-Cas sys-
tems are also able to control transcription endogenously, and regulate important
lifestyle-based bacterial phenotypes, such as pathogenicity [173].

To analyze the intraspecific diversification of bacterial populations associated
with prokaryotic defense systems, we have investigated 47 genome sequences of
Streptococcus suis, an important swine pathogen and an emerging zoonotic agent,
with a focus on the defense genes [174]. Our comparative genome analysis of S. suis
indicated similar or identical profiles of the defense genes related to R-M systems,
TA systems, Abi systems, and CRISPR-Cas systems in the same genomic clusters
and several cassette-like defense system loci [174]. Among the defense system loci,
one locus found in S. suis was a variable region. In the region, not only genetic ele-
ments in R-M systems but also those in Abi systems and CRISPR-Cas systems,
prophages, and/or other genes were replaced with each other [174]. In addition, the
shift of prokaryotic defense systems at the locus was coincident with the branching
of the genomic clusters in many cases [174]. Taken together with our investigation
and previously published researches, it is possible to hypothesize that some pro-
karyotic defense systems, in particular R-M systems, affect the extent of genomic
plasticity and the intraspecific diversification of bacterial populations in certain spe-
cies, and in some cases deferent classes of defense genes are located on the same
locus. However, it remains unclear to what extent such prokaryotic defense systems
are involved in the intraspecific speciation. Future investigation is needed to evalu-
ate the authenticity of this hypothesis.

3.5 Functions of CRISPR-Cas Adaptive Inmune Systems
in Streptococcus Species and Oral Bacterial Species

We have investigated how CRISPR-Cas systems act in prokaryotic cells by the use
of Streptococcus species and oral bacterial species, and are suspecting that
CRISPR-Cas systems play key roles in the genomic evolution of the bacterial spe-
cies investigated. Streptococcus pyogenes, also known as group A beta-hemolytic
Streptococci (GAS), is one of the most virulent pathogens causing a broad spectrum
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of infectious diseases, such as pharyngitis as the most common bacterial disease in
children and streptococcal toxic shock syndrome (STSS) as life-threatening illness
[175]. Our investigation found numerous prophage regions in the genome sequences
of S. pyogenes, although their genome size is a relatively small (approximately 1.9
mega base pairs) [176]. In addition, the streptococcal virulence genes encoding
superantigens, a hyaluronidase, and a streptodornase were also found in the pro-
phage regions of the S. pyogenes genome sequences investigated [176]. These
results suggested that S. pyogenes takes advantage of prophages within its genome
for survival. Subsequently, we have investigated the association between the num-
ber of prophages and CRISPR-cas loci in the genomic sequences of 13 S. pyogenes
strains available in a public nucleotide database [177]. As a result, CRISPR-cas loci
were found in 10 of the 13 strains investigated, and interestingly the number of
CRISPR spacers was inversely proportional to the number of prophages in the ten
strains [177], suggesting that S. pyogenes is able to control the acquisition of pro-
phages based on the contents of CRISPR-cas loci, and also contribute to strain-
specific pathogenesis of streptococcal phages (Fig. 3.4a).

As for other Streptococcus species, we have analyzed the complete genome
sequences of several Streptococcus mutans serotype c strains, which are known as a
major cause of dental caries (tooth decay) [178, 179]. As a result, CRISPR-cas loci
were found in almost all of the analyzed S. mutans serotype c strains, where no
prophage regions were found in all the S. mutans serotype c strains [178, 179]. In
addition, the CRISPR spacer sequences in the analyzed S. mutans serotype c strains
exhibited high similarity to the genome sequences from several streptococcal
phages, including S. mutans phage M102 [179]. Our investigation suggested that
Streptococcus species possess species-specific survival strategy; S. mutans may be
attacked by streptococcal phages and then protected by CRISPR-Cas systems
(Fig. 3.4b), whereas S. pyogenes acquires virulence-encoding genes by phage-
mediated transduction.

We have also investigated the functions of CRISPR-Cas systems in three oral
bacterial species referred to as “red complex,” Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola [180-183]; they have been fre-
quently detected in human periodontal pockets [184]. We have first sequenced the
complete genome of P. gingivalis strain TDC60 isolated from a severe periodontal
lesion in a Japanese patient for subsequent comparative genome analysis [181]. In
the comparative genome analysis of the 3 P. gingivalis complete genome sequences
including the complete genome of P. gingivalis strain TDC60, multiple CRISPR-
Cas subtypes were identified in each of their genome sequences, although the
potential targets were not determined for the CRISPR-Cas subtypes identified
[181]. To identify the targets, our further investigation of CRISPR-Cas systems in
P. gingivalis was carried out [182, 183]. In Watanabe et al. [182], 60 P. gingivalis
isolates were used for genetic typing and intraspecific diversity analysis [182]. As
a result, a total of 2150 CRISPR spacers were identified in the 60 P. gingivalis
isolates, and only 29 of the 2150 CRISPR spacers exhibited high sequence similar-
ity to the genome sequences available in public nucleotide databases [182]. Of the
29 CRISPR spacers analyzed, 19 CRISPR spacers exhibited high sequence
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similarity to the three P. gingivalis genome sequences available in the databases;
hence, we hypothesized that genetic recombination and rearrangement within P.
gingivalis strains might be regulated by CRISPR-Cas systems [182]. The compara-
tive genome analysis was then performed in Watanabe et al. [183] using the draft
genome sequences of 51 P. gingivalis isolates, and the publicly available genome
sequences of 13 P. gingivalis and 46 other Porphyromonas species [183]. As a
result, the CRISPR spacers (identified from the 41 P. gingivalis isolates) with
potential targets in the genus Porphyromonas were approximately 23 times more
abundant than those with potential targets in other genus taxa (1720/6896 CRISPR
spacers vs. 74/6896 CRISPR spacers) [183]. These results strongly suggested that
CRISPR-Cas systems in P. gingivalis are able to limit genetic recombination and
rearrangement by acquiring the genome fragments of other P. gingivalis strains as
self-targeting CRISPR spacers.

As for other red complex species, T. forsythia and T. denticola, we have ana-
lyzed the draft genome sequences of 19 T. forsythia strains and 14 T. denticola
strains for comparison [180]. In the comparative genome analysis of the 19 T. for-
sythia strains and the 14 T. denticola strains, 106/1631 and 7/78 CRISPR spacers
exhibited high sequence similarity to the genome sequences available in public
nucleotide databases, respectively [180]. In the 19 T. forsythia strains, 16/106 and
3/106 CRISPR spacers exhibited significant sequence similarity to the genome
sequences of P. gingivalis and T. denticola, respectively [180]. In addition, the
CRISPR spacers found in four of the 19 T. forsythia strains exhibited high sequence
similarity to the MTase-encoding genes in P. gingivalis [180]. These results sug-
gested that CRISPR-Cas systems in 7. forsythia may attack MGEs including the
genes encoding defense systems in other red complex species [180]. Meanwhile,
6/7 CRISPR spacers found in the 14 7. denticola strains exhibited significant
sequence similarity to hypothetical genes in the genome sequences of 7. denticola,
suggesting that 7. denticola limits genetic recombination and rearrangement within
T. denticola strains [180].

Further comparative genome analysis was performed to reveal the association
between the three red complex species [180]. As a result, gene deficiencies were
mutually compensated in metabolic pathways when the genes of all the three red
complex species were taken into account, suggesting that there is cooperative rela-
tionship among the three red complex species (Fig. 3.4c) [180]. Meanwhile, the
three red complex species may have competitive interaction via CRISPR-Cas sys-
tems as described above (Fig. 3.4c) [180]. The association between the three red
complex species may allow them to have different genomic evolutionary strategy to
survive in the dental environment.

3.6 Future Perspectives

In this chapter, the functions of prokaryotic defense systems and their co-evolutionary
arms race with invading foreign DNA were discussed. The prokaryote-phage co-
evolution is thought to be one of the drivers of phenotypic and genotypic
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diversification [162]. A recent study has described that, on average, the origins of
approximately 7% of the CRISPR spacers found in prokaryotic genome sequences
were identifiable, whereas the remaining 93% have not yet been unidentifiable,
termed “CRISPR dark matter” [185]. It is noteworthy that identifying the CRISPR
dark matter would provide blueprints for better understanding of microbial com-
plexity and robustness in the biosphere. Moreover, it has also been discussed that
several phages may be able to control the community structure in the prokaryotic
populations. For instance, CRISPR-cas loci have been found in two prophage
regions in Clostridium difficile genome sequences [186], suggesting that the phages
possessing CRISPR-cas loci enable their hosts to prevent the infection of other
phage types for their interspecific competition.

In our previous investigation, the time-course metagenomic analysis of microbes
in artificially polluted soils with four harmful aromatic compounds, 3-chlorobenzoate
(3CB), phenanthrene, biphenyl, and carbazole, showed another potential capability
of CRISPR-Cas systems (unpublished data). The time-course metagenomic analy-
sis showed that the number of identified CRISPR repeats rapidly and proportionally
changed according to those of bacteria in the polluted soil bacterial community.
Meanwhile, the number of identified CRISPR spacers in the polluted soil bacterial
community was stable throughout the analysis period. The time-course metage-
nomic analysis also showed that the species diversity and functions of the bacterial
community were resilient against the chemical disturbance, whereas the contents of
CRISPR arrays were altered and did not return to their original states. These results
strongly suggested that the bacteria exposed to the chemicals newly inserted uniden-
tifiable CRISPR spacers between the identifiable repeats for recording the environ-
mental fluctuation; hence, we may call the phenomenon associated with the CRISPR
arrays in the bacterial community as “memory of bacterial communities.” From all
the information presented in this chapter, we conclude that studying the prokaryotic
defense systems allows us not only to understand the co-evolutionary arms race
between prokaryotes and invading foreign DNA but also to predict microbial com-
plexity and robustness.
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