
Chapter 11

CRISPR and Salty: CRISPR-Cas Systems

in Haloarchaea

Lisa-Katharina Maier, Omer S. Alkhnbashi, Rolf Backofen,

and Anita Marchfelder

Abstract CRISPR-Cas (CRISPR: Clustered Regularly Interspaced Short Palin-

dromic Repeats and Cas: CRISPR associated) systems are unique defence mecha-

nisms since they are able to adapt to new invaders and are heritable. CRISPR-Cas

systems facilitate the sequence-specific elimination of invading genetic elements in

prokaryotes, they are found in 45% of bacteria and 85% of archaea. Their general

features have been studied in detail, but subtype- and species-specific variations

await investigation. Haloarchaea is one of few archaeal classes in which CRISPR-

Cas systems have been investigated in more than one genus. Here, we summarize

the available information on CRISPR-Cas defence in three Haloarchaea: Haloferax
volcanii, Haloferax mediterranei and Haloarcula hispanica. Haloarchaea share

type I CRISPR-Cas systems, with subtype I-B being dominant. Type I-B systems

rely on Cas proteins Cas5, Cas7, and Cas8b for the interference reaction and these

proteins have been shown to form a Cascade (CRISPR-associated complex for

antiviral defence) -like complex in Hfx (Haloferax). volcanii. Cas6b is the endonu-

clease for crRNA (CRISPR RNA) maturation in type I-B systems but the protein is

dispensable for interference in Hfx. volcanii. Haloarchaea share a common repeat

sequence and crRNA-processing pattern. A prerequisite for successful invader

recognition in Hfx. volcanii is base pairing over a ten-nucleotide-long

non-contiguous seed sequence. Moreover, Hfx. volcanii and Har (Haloarcula).
hispanica rely each on certain specific PAM (protospacer adjacent motif) sequences

to elicit interference, but they share only one PAM sequence. Primed adaptation in

Har. hispanica relies on another set of PAM sequences.
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11.1 The Prokaryotic Immune System CRISPR-Cas

Prokaryotic organisms, especially archaea, thrive in nature’s most hostile habitats.

Apart from the environmental stressors imposed by the abiotic nature of their

ecological niche, prokaryotes also face a constant threat by the virome, which

exceeds their number by a power of 10 (Suttle 2007). Moreover, prokaryotes face

a multitude of invasive entities, including plasmids, transposons and other mobile

genetic elements. To balance the integration of beneficial elements and the elimi-

nation of detrimental invaders, prokaryotes apply a range of defence strategies

(Labrie et al. 2010). The RNA-mediated CRISPR-Cas system has recently attracted

increasing attention because it confers adaptive, specific and hereditary immunity

against viruses and mobile genetic elements (for recent reviews see (Barrangou

2015; Hille and Charpentier 2016; Mohanraju et al. 2016; Mojica and Rodriguez-

Valera 2016)).

Although CRISPR-Cas systems come in different versions (Makarova et al.

2015; Mohanraju et al. 2016; Shmakov et al. 2017), they share one common

functional principle. A small RNA guide sequence, called the crRNA, specifically

recognizes together with Cas proteins an invading nucleic acid and mediates target

degradation. The nature of the effector defines the CRISPR-Cas system as class 1 if

a multiprotein complex is present (termed Cascade for type I systems and Csm- or

Cmr-complex for type III systems) and class 2 if only a single effector protein is

required (e.g. Cas9 for type II, Cas12a1 for type V) (Makarova et al. 2015;

Mohanraju et al. 2016; Shmakov et al. 2017). The cas genes include a great variety
of nucleic acid binding and processing activities that are crucial for CRISPR-Cas

immunity (Jansen et al. 2002a; Makarova et al. 2011). In addition to the mechanis-

tic details of the defence reaction, the presence of these proteins and their charac-

teristic arrangement within the cas gene loci give rise to a multilayer classification

that currently encompasses 2 classes, 6 types and more than 20 subtypes (Burstein

et al. 2017; Makarova et al. 2015; Mohanraju et al. 2016; Shmakov et al. 2015,

2017; Vestergaard et al. 2014).

In contrast the nature of the small RNA guide is relatively uniform. Organisms

with an active CRISPR-Cas system encode arrays of recurring repeat sequences that

are interspaced by short sequence stretches (spacers) captured from foreign genetic

elements in close proximity to the aforementioned cas gene cassettes (Bolotin et al.
2005; Jansen et al. 2002a, b; Mojica et al. 2005). The adaptability and expandability

of the CRISPR loci through the integration of new spacers of foreign origin upon

infection is the basis of the immunogenic power of the CRISPR-Cas system

(Barrangou et al. 2007; Brouns et al. 2008; Deveau et al. 2008; Garneau et al.

2010; Pourcel et al. 2005). The cell maintains an ongoing record of previously

encountered pathogens or mobile genetic elements that confers specific immunity

upon reinfection. Adaptation to an invading genetic element through the integration

of new spacers is one of the three stages of CRISPR-Cas immunity (Fig. 11.1)

1Cas12a was formerly termed Cpf1.
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(detailed reviews can be found in (Amitai and Sorek 2016; Mohanraju et al. 2016;

Sternberg et al. 2016)). To use the genetic information stored within the spacer

sequences, the CRISPR array is transcribed in the second stage of the defence

reaction into a long precursor molecule, the pre-crRNA, which is subsequently

processed into the mature crRNAs. This reaction is catalysed in type I systems by

Cas proteins and in most type II systems by RNase III in conjunction with tracrRNA

and Cas9. Every crRNA comprises a unique spacer flanked by the remainder of the

repeat sequence. Depending on the type of system, each crRNA is joined by one or

more Cas proteins to form the active effector complex, in type II and type V-B

systems the effector complex also contains the tracrRNA (Shmakov et al. 2017). In

the third and final step, the interference, the crRNA-loaded complex mediates the

recognition of foreign nucleic acid sequences through the base pairing between the

crRNA and the invader. This interaction leads to the degradation and subsequent

elimination of the targeted nucleic acid: in type I systems the degrading nuclease

Cas3 is recruited to the effector complex whereas in type III systems Cas10 and

Cmr/Csm subunits of the effector complex mediate target degradation; in class

2 systems degradation is achieved via the activity of the single effector protein.

Type I, II, and V systems target DNA, whereas the activity of type III systems is

transcription-dependent and results in degradation of RNA and DNA (Mohanraju

et al. 2016), the recently discovered type VI systems target RNA (Mohanraju et al.

2016; Shmakov et al. 2017).

Moreover, some CRISPR-Cas types rely on short sequence motifs, termed PAM

(type I, II and V) or PFS2 (type VI), that are located on the invading nucleic acid

(Deveau et al. 2008; Jinek et al. 2012; Mojica et al. 2009; Shmakov et al. 2017;

Westra et al. 2013; Zetsche et al. 2015). These motifs direct protospacer selection

during adaptation as well as interference by ensuring self/non-self discrimination

(Amitai and Sorek 2016; Shah et al. 2013).

Despite the rapid pace in scientific activity regarding CRISPR-Cas systems,

much has yet to be elucidated with regard to the protein and RNA machinery that

execute CRISPR-Cas function as well as the regulatory circuits that orchestrate it.

11.2 CRISPR-Cas Systems in Haloarchaea

CRISPR-Cas systems are present in approximately 45% of bacteria and 85% of

archaea (Alkhnbashi et al. 2014; Lange et al. 2013; Makarova et al. 2015). Despite

their prevalence in archaea, most studies have focused on CRISPR-Cas systems in

bacteria, whereas only a few archaeal model organisms have been analysed.

Archaeal CRISPR-Cas systems are almost exclusively restricted to class 1 systems,

which rely on a multisubunit effector complex (Makarova et al. 2015; Vestergaard

et al. 2014). Just recently a few class 2 systems have been found in archaeal

2PFS is the abbreviation for protospacer flanking site.
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genomes (Burstein et al. 2017; Makarova et al. 2015; Mohanraju et al. 2016): Cas9

protein genes were identified in a metagenomic analysis in two uncultured

nanoarchaeal genomes: Candidatus Micrarchaeum acidiphilum ARMAN-1 and

Candidatus Parvarchaeum acidiphilum ARMAN-4 (Burstein et al. 2017) and a

putative type V system could be identified in Candidatus Methanomethylophilus

alvus (Makarova et al. 2015).

Archaea encode more type III systems than bacteria but the most prevalent

systems in archaea are the type I systems with type I-A and I-B being the most

abundant (Fig. 11.2). Interestingly, type I-F is completely absent from archaeal

genomes (Fig. 11.2) (Makarova et al. 2015; Staals and Brouns 2013). The distri-

bution of CRISPR-Cas types in the archaeal domain is not uniform: crenarchaeota

encode mostly type I-A and III-B systems, whereas in euryarchaeota a greater

diversity is found with examples of type I-A, -B, -D and type III-A (Makarova

et al. 2015; Vestergaard et al. 2014). The type I-B systems are overrepresented

within the Euryarchaeota and are most abundant in Haloarchaea (Makarova et al.

2015; Vestergaard et al. 2014). Haloarchaea thrive in the most saline habitats found

on earth, e.g., salterns, salt lakes, tidal evaporation ponds, deep-sea salt domes, salt

mines, salty soils and anthropogenic salt-dominated environments, such as salted-

fish-fermented foods (Oren 2006). They can tolerate salt concentrations up to

saturation but also depend on a species-specific minimal salinity within their

environment (Oren 2006).

Regarding their CRISPR-Cas content, haloarchaea also form a coherent group;

12 of the 24 publicly available genomes possess complete CRISPR-Cas systems, all

of subtype I-B (Fig. 11.3). Most haloarchaea contain only one CRISPR-Cas

subtype, and only two strains (Haloquadratum walsbyi C23 and Halorubrum
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Fig. 11.2 Distribution of type I subtypes in Archaea. Subtypes I-A and I-B are the dominant

subtypes in Archaea, subtypes I-C, I-D, I-E and I-U are only present in few archaeal systems,

whereas subtype I-F systems are completely absent. In Bacteria however, all subtypes are present

with subtypes I-B, I-C and I-E predominant
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lacusprofundi ATCC49239) encode two different complete CRISPR-Cas systems

of subtypes I-B and I-D. Interestingly, some haloarchaeal genomes contain isolated

cas genes that represent partial effector modules comprising cas genes cas5 and

cas7. These partial cas gene clusters are found in isolation in four species

(Haloquadratum walsbyi DSM16790, Halogeometricum borinquense DSM11551,

Natrialba magadii ATCC43099, and Natronococcus occultus SP4). In Natrinema

Fig. 11.3 Phylogenetic distribution of CRISPR-Cas systems in Haloarchaea. This phylogenetic

tree was constructed using all of the haloarchaeal genomes that are available in public databases

(as of October 2016). The presence and type of CRISPR-Cas system found in each species are

given. The distribution of cas gene cassettes does not show a pattern that correlates with the

phylogenetic relationship of the haloarchaea depicted. All of the CRISPR-Cas-positive species

exclusively encode type I systems, and most of them only possess a single cas gene cassette of

subtype I-B (black dot). Dual CRISPR-Cas systems are rare and represent a combination of

subtypes I-B (black dot) and I-D (grey dot). Moreover, partial cas gene cassettes comprising

only cas5 and cas7 genes (grey halfmoon) are the sole trace of a CRISPR-Cas system in some

species but also co-occur with complete systems of both subtypes. The strains referred to in the

text are given in bold
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sp. J7-2, Natronobacterium gregoryi SP2 and Haloarcula hispanica ATCC 33960,

orphan cas genes accompany a subtype I-B cas gene cluster, whereas in Hrr3.
lacusprofundi ATCC49239, a partial cluster is present together with type I-B and

I-D systems. Five representatives of haloarchaea were completely devoid of both

CRISPR loci and cas genes, whereas four strains (Halogeometricum borinquense
DSM 11551, Haloquadratum walsbyi DSM 16790, Haloterrigena turkmenica
DSM 5511, Natrinema pellirubrum DSM 15624) were missing cas genes but

possessed CRISPR loci, so called orphan CRISPR loci.

The presence and absence, as well as the distribution of CRISPR-Cas types and

combinations of subtypes, do not reflect the phylogenetic relationships among

species. This is not only true in haloarchaea but was observed throughout all

classification efforts (Garrett et al. 2011; Haft et al. 2005; Makarova et al. 2011,

2015; Mohanraju et al. 2016; Vestergaard et al. 2014). An uneven distribution

pattern reflects the dynamic nature and rapid pace of evolution of the CRISPR-Cas

components as well as the system’s propensity to be transmitted by mobile genetic

elements or to be lost due to self-targeting or selective pressure, favouring the

uptake of mobile DNA elements (Makarova et al. 2015; Shah and Garrett 2011).

Thus, the distribution of CRISPR-Cas activity may reflect the balance between the

costs and benefits of maintaining a CRISPR-Cas system in the individual habitat of

the respective species (Jiang et al. 2013).

A growing body of information on haloarchaeal CRISPR-Cas systems is avail-

able and has, until now, been concentrated on subtype I-B and focussed on

Haloferax volcanii (Brendel et al. 2014; Cass et al. 2015; Fischer et al. 2012;

Maier et al. 2012, 2013a, b, 2015b; Stachler and Marchfelder 2016; Stoll et al.

2013), Haloferax mediterranei (Li et al. 2013) and Haloarcula hispanica (Li et al.

2014a, b; Wang et al. 2016). The signature gene of this subtype is cas8b, and the cas
gene clusters show a conserved arrangement (Makarova et al. 2015), whereas the

number and location of the associated CRISPR loci differ widely (Fig. 11.4).

However, the nature of the repeats within these CRISPR loci is strictly conserved

within the Haloarchaea, resulting in a near-identical repeat sequence and length

over the phylogenetic tree (Fig. 11.5). Aspects of all stages of CRISPR-Cas activity

have been studied in different haloarchaeal systems, and the resulting picture is

summarized in the following paragraphs.

11.3 The Adaptation Process in Haloarcula hispanica

The most striking feature of the CRISPR-Cas defence is its capacity to adapt to

previously unknown invaders (as reviewed in (Amitai and Sorek 2016; Sternberg

et al. 2016)). Until a decade ago, adaptive immunity was exclusively assigned to

eukaryotic organisms, a paradigm that was swept aside by the characterization of

3Halorubrum.
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CRISPR-Cas systems. Early on, the spacer content of CRISPR loci was linked to

environmental sequences, such as phages or transposable elements (Bolotin et al.

2005; Mojica et al. 2005; Pourcel et al. 2005), conferring adaptive phage resistance

(Barrangou et al. 2007; Brouns et al. 2008; Hale et al. 2009; Marraffini and

Sontheimer 2008). The adaptation step expands the CRISPR locus by one repeat-

spacer unit, and new spacers are preferentially added to the leader end of the locus,

resulting in a near-chronological record of past encounters. First, the intruding

nucleic acid has to be identified, and a small portion of its sequence known as the

Fig. 11.4 The CRISPR-Cas type I-B systems of the haloarchaeal species discussed in this review.

All three species possess a cas gene cassette of subtype I-B comprising eight cas genes. Gene
synteny is conserved, whereas intergenic spacing as well as individual gene sequences are not. A

characteristic of type I systems is the presence of the nuclease Cas3, whereas the Cas8b protein

further characterizes a subtype I-B system. The cas genes are accompanied by a species-specific

number of associated CRISPR loci. The repeat sequences within each locus are the same, whereas

the sequences of different loci found within one genome vary in few positions (bold, blue). In
Haloferax volcanii, the cas gene cassette is encoded on the pHV4 plasmid and is flanked by two

CRISPR loci. A third locus is located on the primary chromosome. Laboratory strain H119 shows

a deletion of 23 spacers within locus P1 with respect to the genome sequence published for the type

strain Hfx. volcanii DS2 (Fischer et al. 2012). The repeat sequences of each locus are identical

except for position 23. Haloferax mediterranei possesses six CRISPR loci. There are two loci

flanking the cas gene cassette on plasmid pHM500 and four loci distributed on the primary

chromosome. The repeat sequences in the four loci are identical, whereas loci C2 and P12 deviate

at two positions (bold, blue). The Haloarcula hispanica CRISPR-Cas system is found on chro-

mosome II. Downstream of the cas gene cassette is a single CRISPR locus (CRISPR2). CRISPR2

is also the only locus that encodes a full-length repeat sequence (with respect to the conserved

repeat sequence given in Fig. 11.5). CRISPR1 on chromosome I comprises only repeats of

19 nucleotides, which widely deviate from the conserved haloarchaeal repeat (Fig. 11.5). Whether

this locus actually results in mature crRNAs is unknown
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protospacer has to be selected for integration. Crucial for this step in type I systems

is a conserved series of a few nucleotides upstream of the protospacer, which is the

PAM (Deveau et al. 2008; Erdmann and Garrett 2012; Mojica et al. 2009; Shmakov

et al. 2015; Swarts et al. 2012; Wang et al. 2015). The PAM not only allows for the

selection of a sequence as a protospacer during adaptation but also ensures dis-

crimination between endogenous CRISPR loci that encode the spacer and the

invader carrying the protospacer during the interference stage (Shah et al. 2013).

The Cas proteins that are essential for the adaptation step are Cas1 and Cas2, which

form a complex (Nunez et al. 2015; Plagens et al. 2012; Yosef et al. 2012). The

concerted activity of the Cas1/Cas2 complex leads to the integration of the new

spacer at the leader-repeat junction via a transposase/integrase-like mechanism, as

shown in studies of the E. coli I-E system (Arslan et al. 2014; Nunez et al. 2015;

Yosef et al. 2012). In E. coli (type I-E) DNA polymerase I and presumably other not

Fig. 11.5 The haloarchaeal repeat sequence is highly conserved and nearly identical throughout

Haloarchaea. The repeat sequences found in the haloarchaeal-encoded CRISPR loci (listed on the

right) have been combined into a sequence logo using the software WebLogo (Crooks et al. 2004),

and the corresponding phylogenetic tree with repeat conservation is provided on the right (Lange
et al. 2013; Alkhnbashi et al. 2014). The overall sequence conservation of the haloarchaeal repeat

is very high, and only a few positions show interspecies differences. This trend, together with the

conservation of the processing site utilized by Cas6 endonuclease during crRNA maturation, gives

rise to highly uniform crRNA populations
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yet identifies factors are involved (Ivancic-Bace et al. 2015) and adaptation depends

on RecBCD activity occurring at sites of double strand breaks found e.g. at

replication forks (Ivancic-Bace et al. 2015; Levy et al. 2015). In type I-B systems

the Cas4 protein is also required for adaptation but details on its involvement are

not unravelled yet.

In addition to this de novo capture of spacers known as naı̈ve adaptation, a

second form of spacer acquisition called primed adaptation was shown (Datsenko

et al. 2012; Fineran et al. 2014; Künne et al. 2016; Li et al. 2014b; Richter et al.

2014; Semenova et al. 2016; Swarts et al. 2012; Vorontsova et al. 2015). During

primed adaptation, a pre-existing spacer induces a positive-feedback loop, which

leads to enhanced spacer acquisition from the targeted genetic element. A

non-perfect match between a pre-existing crRNA and an invader DNA results in

a defective interference reaction, and the elimination of the invader is not achieved;

however, enhanced acquisition activity is induced (Datsenko et al. 2012; Fineran

et al. 2014). Accordingly, in addition to the key acquisition proteins Cas1 and Cas2,

primed adaptation also requires the presence of the Cascade interference complex

as well as the Cas3 nuclease (Datsenko et al. 2012; Künne et al. 2016; Li et al.

2014b; Swarts et al. 2012). The co-occurrence of naı̈ve and primed adaptation has

so far been demonstrated in the E. coli type I-E system (Datsenko et al. 2012;

Fineran et al. 2014; Swarts et al. 2012; Yosef et al. 2012), and the type I-F systems

of Pectobacterium atrosepticum and Pseudomonas aeruginosa (subtype I-F, (Rich-
ter et al. 2014; Staals et al. 2016; Vorontsova et al. 2015)), whereas in the Har.
hispanica subtype I-B system, only primed adaptation seems to be employed

(Li et al. 2014b). Har. hispanica is the only haloarchaeal system for which

adaptation could be shown to date. The deletion of the adaptation genes cas1,
cas2 and cas4, as well as the deletion of the interference module (cas5–8) in its

entirety or the effector nuclease Cas3, will render Har. hispanica cells incapable of
acquiring new spacers (Li et al. 2014b). In accordance with the necessity of the

interference machinery, this process is strictly limited to primed adaptation, as the

deletion of the priming spacer, with limited complementarity to the invader

sequence, likewise hinders the integration of new spacers (Li et al. 2014b). During

the priming process, a Cascade loaded with the imperfectly matched crRNA binds

to the protospacer region of the invader in low-fidelity binding mode, triggering the

priming process, as shown by FRET (F€orster resonance energy transfer) analysis in
E. coli (Blosser et al. 2015). Cas3 was speculated to be involved in the provision of
acquisition substrates (Ivancic-Bace et al. 2015; Swarts et al. 2012). This specula-

tion was supported by the observation that mutation of conserved residues within

Har. hispanica Cas3 clearly show the active involvement of both the HD nuclease

and the DxD/H-helicase domain in spacer acquisition (Li et al. 2014b). Recent work

in E. coli further confirmed it: Cas3 degradation products were bound by the Cas1-

Cas2 complex and integrated as new spacers (Künne et al. 2016). In P. atrosepticum
(I-F system) interference promotes a targeted spacer acquisition process similar to

priming (Staals et al. 2016).

Primed adaptation results in a biased sampling of new spacers with respect to the

location of the priming protospacer. In E. coli, the DNA strand from which the new
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spacers are derived from is the same as that of the priming protospacer (Datsenko

et al. 2012; Fineran et al. 2014). However, in Har. hispanica, the pattern is more

diverse. Upstream of the imperfect match, spacers stem from the non-target strand,

and their orientation matches the priming protospacer, whereas downstream, the

target strand is the preferred source of spacers with the opposite directionality

(Li et al. 2014b). A similar distorted acquisition pattern from both strands has

also been observed in type I-F (Richter et al. 2014). The spacers acquired by Har.
hispanica over the course of these first experiments were all sampled exclusively

from the infecting viral particles, and the cognate protospacers were always pre-

ceded by the PAM TTC (Li et al. 2014b). Li and co-workers further used a

mutational approach, presenting Har. hispanica cells with all possible three-

nucleotide PAM combinations within an invader plasmid to study the motif’s
impact on the initiation of primed adaptation as well as its variability (Li et al.

2014a). Twenty-three of the 64 tested PAM sequences induced primed adaptation

when the 50 end of the protospacer was targeted by the priming spacer, these PAMs

were termed priming permissive (Fig. 11.6) (Li et al. 2014a). Further investigation

Fig. 11.6 Overview of PAM requirements during primed adaptation and interference. (a)

Haloarcula hispanica is the first haloarchaeon for which primed adaptation was studied. 23 out

of 64 possible PAM sequences triggered primed adaptation (Li et al. 2014a, b). In contrast,

interference was triggered only with four PAM sequences (highlighted in grey) (Li et al. 2014a).
(b) For Hfx. volcanii, the PAM requirements have only been determined for the interference stage.

Here, six sequences trigger successful elimination of an invader DNA (Fischer et al. 2012).

Additional in silico analyses revealed seven motifs found upstream of sequences matching spacers

of the Hfx. volcanii CRISPR loci (Maier et al. 2015a). Three of them are identical to the identified

interference PAM sequences. Despite their close phylogenetic relationship, both haloarchaea only

share one PAM motif: TTC (marked in bold)
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also revealed that these sequences are not sensed by a base-pairing mechanism but

rather through the authentication of the PAM sequence (Li et al. 2014a). In addition,

repeat sequences flanking the targeted protospacer do not impair priming as long as

a cognate priming-permissive PAM is present (Li et al. 2014a). Similar findings

were made in E. coli, here some PAM sequences can trigger both, interference and

priming, but more PAM sequences were permissive for primed adaptation than for

direct interference (Fineran et al. 2014; Li et al. 2014a).

Requirements for the integration of new spacers were also studied in detail in

Har. hispanica (Wang et al. 2016). The sequences surrounding the leader-repeat

junction are highly conserved within Haloarchaea and the conserved leader

sequence plays a critical role during spacer integration (Wang et al. 2016). The

leader-proximal cut occurs consistently at the leader-repeat junction (Fig. 11.7,

integration site 1). However, the leader distal cut site does not have specific

sequence requirements but is located at a constant distance to the second conserved

repeat motif GTGGG (Fig. 11.7, integration site 2). A mutational analysis of the

repeat sequence revealed that two conserved motifs in the repeat sequence are

required for integration of new spacers (Fig. 11.7). The first motif (AACCC) needs

to be 10 base pairs downstream of the leader-repeat junction and presumably serves

as docking site for the integrase complex. The second motif (GTGGG) seems to be

the anchor for a molecular ruler to direct the second cut 10 base pairs downstream

thereby determining the size of the repeat duplication. Analysis of adaptation in

E. coli confirms the presence of a ruler mechanism to define repeat length (Goren

et al. 2016). Here, two rulers are employed, both anchored in the repeat sequence.

Whether this model on the governing of the spacing of integration events is also true

for other systems has yet to be determined. Moreover, an analysis of other

haloarchaeal species will reveal whether adaptation in Haloarchaea is truly limited

to a priming process.

Fig. 11.7 Primed adaptation in Har. hispanica: motifs governing the integration process. A

mutational analysis revealed sequence-specific recognition of the sequence spanning the leader-

repeat-junction as well as two important motifs in the middle of the repeat sequence. The first

motif (motif 1 depicted in green) has to be located ten nucleotides downstream of the leader-

repeat-junction, whereas motif 2 (shown in blue) serves as an anchor-point to direct the second

cleavage
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11.4 Expression of the crRNA and Assembly of the Cascade

Complex

The key player in CRISPR-Cas interference is the crRNA. The small guide that

confers invader specificity to the Cascade complex is allocated during the expres-

sion stage of CRISPR-Cas activity. The crRNA is bound to and positioned within

the Cascade by a subset of Cas proteins. Each complex is loaded with an individual

guide that allows for the sequence-specific identification of an invader, equipping

the cell with a multitude of effector complexes (Brouns et al. 2008; Jore et al. 2011;

Künne et al. 2014).
The transcription of CRISPR loci is driven by a promoter region within the

leader sequence (Pul et al. 2010). In Hfx. volcanii as well as in Hfx. mediterranei,
the expression of the long precursor, pre-crRNA, is constitutive (Fischer et al. 2012;

Li et al. 2013). The release of the crRNAs follows through the processing of the

repeat region, catalysed by the Cas6b protein. This was confirmed in Hfx. volcanii
and Hfx. mediterranei, where crRNA production is lost upon deletion of the cas6b
gene (Brendel et al. 2014; Li et al. 2013). Apart from Cas6b, multiple other Cas

proteins are involved in the maintenance of a stable crRNA population within the

cell. In Hfx. volcanii, a deletion of the cas5 or cas7 gene does not impair but rather

severely lessens the steady-state level of crRNA, which indicates that there is a

Cas5- and Cas7-mediated protection against degradation (Brendel et al. 2014). The

protective effect of Cas5 and Cas7 is even more pronounced in the Hfx.
mediterranei system, in their absence, no mature crRNA is detectable (Li et al.

2013).

By contrast to cas6b deletion, the loss of cas5/7 clearly leaves endonucleolytic

processing intact because a leader-first repeat product still accumulates in Hfx.
mediterranei (Li et al. 2013). As revealed by structural studies with the subtype I-E
Cascade in E. coli, Cas5 binds to the repeat-derived 50-handle, whereas Cas7 covers
the spacer sequence, thereby enclosing the crRNA within the Cascade and making

it less accessible for the degradation machinery (Jackson et al. 2014; Mulepati et al.

2014; Zhao et al. 2014). Both Cas proteins are also integral parts of theHfx. volcanii
Cascade, which in addition includes Cas6b (Fig. 11.8) (Brendel et al. 2014). The

Cas8b protein was only occasionally obtained and therefore seems to be only

loosely associated with the Haloferax Cascade complex. This finding is also

mirrored by the minor stabilizing effect of Cas8b on the crRNA population in

both Haloferax species (Brendel et al. 2014; Li et al. 2013).
The crRNA itself also affects the structure and composition of the effector

complex. The Cascade complex of the type I-B system in Haloferax has not yet

been structurally characterized, but a combination of mass spectrometry and

intensity-based absolute quantification (iBAQ) identified the core complex as

being composed of Cas5, Cas6b and Cas7 in a ratio of 1.7:1:8.5 (Brendel et al.

2014). This complex differs from the composition of the E. coli type I-E Cascade,

for which the stoichiometry was also determined as Cas5, Cas6, Cas7, Cas8, and

Cse2: 1:1:6:1:2 (Jore et al. 2011; Wiedenheft et al. 2011). The small subunit Cse2
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and the Cas8 protein are integral parts of the E. coli I-E Cascade, which is the most

striking difference, but the composition of the core Hfx. volcanii I-B Cascade also

shows two additional copies of Cas7 (Brendel et al. 2014). This composition might

reflect differences in the length of the crRNA because the spacer length in

Haloferax is 34–39 nt, as opposed to the 32 nt in E. coli. Given that Cas7 forms

the backbone of Cascade receiving the spacer portion of the crRNA, additional

subunits are needed to cover the entire 2- to 7-nt-longer spacer sequence found in

Haloferax. The elongation of the Cascade backbone to accommodate an elongated

crRNA has also been observed in a study that analysed the subunit composition of

Shewanella putrefaciens I-F Cascade. Upon the extension of the spacer portion of

the crRNA, more Cas7 subunits are incorporated (Gleditzsch et al. 2016).

Further analysis of cas gene deletion mutants in Hfx. mediterranei revealed a

negative effect of Cas1, 3 and 4 on the crRNA level (Li et al. 2013), however, it is

not clear how these proteins might contribute to crRNA stabilization or influence

pre-crRNA expression.

11.5 The crRNA Populations of Haloarchaeal

CRISPR-Cas Systems

The position of the Cas6 cleavage site within the repeat regions of the pre-crRNA is

highly conserved in type I systems and shows the tight evolutionary and phyloge-

netic link between the repeat sequence and Cas6 protein family (Kunin et al. 2007;

Wang et al. 2012). However, individual Cas6 proteins share neither a common

mode for substrate binding nor conserved catalytic residues (Brendel et al. 2014).

Fig. 11.8 Potential structures of Cascade complexes in Hfx. volcanii. Since structural data are not
available for theHaloferax Cascade or any I-B Cascade complex, a schematic representation based

on the published structure of the E. coli type I-E complex is given. Co-purification approaches

combined with quantitative mass spectrometry identified a Cascade complex composed of Cas5,

Cas6, Cas7 in a stoichiometry of 1.7:1:8.5 (Brendel et al. 2014). Cas8b seems to be loosely

associated and could only be occasionally co-purified (Brendel et al. 2014). A minimal stable

complex might be formed that includes only Cas5 and the Cas7 backbone alongside the crRNA, as

Cas6b is dispensable for interference (Brendel et al. 2014; Maier et al. 2015b). The minimal

crRNA that elicits an interference reaction only comprises the 50-handle and the spacer sequence;

thus, the minimal Cascade may well be further reduced by omitting the crRNA 30 handle (Maier

et al. 2015b)
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Their amino acid sequences show limited conservation with only two common

motifs: the ferredoxin fold and a glycine-rich motif (Li 2015). The crRNAs of

type I systems are consistently composed of the spacer sequence accompanied by

an eight-nucleotide 50-handle and the remainder of the downstream repeat as a

30-handle (Charpentier et al. 2015). The extraordinary conservation of the repeat

sequences present in haloarchaeal CRISPR-Cas systems results in near-identical

crRNA flanking sequences, and the conserved repeat length results in 22 nt-long

30-handles in almost all haloarchaeal species.

Interestingly, the three CRISPR loci of Hfx. volcanii each differ in their repeat

sequence at position 23, resulting in a mixed population of mature crRNAs starting

with either U, A or G as the first nucleotide of the 50-handle (Fig. 11.4) (Fischer

et al. 2012). The genome of Hfx. mediterranei encodes six CRISPR loci, also

sharing a common repeat sequence with slight variations in the repeat of locus

C2 at positions 11 (A to G) and 17 (A to C), and the repeat sequence of locus P12

deviates at position 18 (G to A) (Fig. 11.4). Those variants also result in a

population of crRNAs with varying 30-handle sequences (Li et al. 2013).
Despite the close phylogenetic relationship of both Haloferax species, they

differ in the size distribution of the crRNA population that is detectable in vivo
(Fig. 11.9). The analysis of crRNA sequences in Hfx. mediterranei by CR-RT-PCR
(circularized-RNA RT-PCR) revealed one population of mature crRNAs with a size

range from 64 to 68 nt and with differences accounted for by the varying spacer

lengths (approximately 34–39 nt, as expected) (Li et al. 2013). However, an

RNA-Seq approach in Hfx. volcanii identified a second group of crRNAs that is

stably maintained separate from the dominant crRNA population of 64–69 nt due to

the spacer length (Maier et al. 2015b). These crRNAs are substantially shorter due

to having a 30-handle of only five nucleotides. A similar trimming of mature

crRNAs has been reported for other type I-B systems of Clostridium thermocellum
and Methanococcus maripaludis and is assumed to be characteristic of type I-B as

well as I-A and I-D systems in contrast to the type I-C, I-E and I-F systems featuring

non-trimmed crRNAs (Charpentier et al. 2015). This variety illustrates the diversity

of CRISPR-Cas mechanisms, reaching beyond the subtype-level and making it

even more important to study a wide variety of CRISPR-Cas systems in different

species to complete the picture of this most elaborate defence system.

Moreover, the crRNA population of Hfx. volcanii revealed that crRNAs origi-

nating from the same CRISPR locus are not present in equal amounts (Maier et al.

2013a), an observation confirmed in several other organisms of different subtypes

(Deng et al. 2012; Hale et al. 2012; Nickel et al. 2013; Richter et al. 2012; Scholz

et al. 2013; Zhang et al. 2012). This finding might reflect an imminent technical

problem in the currently available RNA-Seq approach but it might also be of

biological relevance. Furthermore, as shown forHfx. volcanii, the different crRNAs
diverged in their ability to fend off the plasmid invader (Maier et al. 2013a). The

different crRNAs present in the cell vary in their spacer sequence, which may not

only contain signals that trigger a faster degradation of some of the molecules but

may also influence the effectivity of Cascade binding. In addition, they may
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influence the microarchitecture and topology of the Cascade complex and thereby

the efficiency of the interaction with the target.

The crRNA structure has so far only been investigated in Hfx. volcanii, and
although the 22-nucleotide 30-handle encodes a set of inverted repeats, offering the

possibility of forming a hair-pin structure at the very 30 end, no such structure has

been detected in in vitro studies (Fischer et al. 2012). Nevertheless, a hairpin

structure might be stabilized upon interaction with the Cas6b protein during

processing, as seen in Thermus thermophilus and Sulfolobus solfataricus
(Niewoehner et al. 2014; Shao and Li 2013).

The characteristics of the crRNA with importance beyond processing were

studied in Hfx. volcanii using a system for the Cas6-independent generation of

crRNAs based on the tRNA-maturation machinery (Maier et al. 2015b). The

independent biogenesis pathway results in a crRNA with a 50-phosphate and

30-hydroxyl group, in contrast to a crRNA processed by Cas6b possessing a

50-hydroxyl and 20-30-cyclic phosphate group. This independently generated

crRNA (termed icrRNA) was active, therefore, neither the loading of a crRNA

Fig. 11.9 Different crRNAmolecules in Hfx. volcanii andHfx. mediterranei. (a) In addition to the
spacer sequence, the long form of the crRNA identified in vivo in both Haloferax strains possesses
an 8-nucleotide 50 handle and a 22 nucleotide long 30 handle (Li et al. 2013; Maier et al. 2013a). In

Hfx. volcanii, the first nucleotide of the 50 handle differs due to sequence variation within the three
CRISPR loci. The varying repeat sequences in Hfx. mediterranei result in a mixed population of

crRNAs with variable 30 handles. The RNA-Seq analysis of the crRNA pool in Hfx. volcanii also
revealed a shortened crRNA variant with only five nucleotides as the 30 handle and seven instead of
eight nucleotides at the 50 handle (Maier et al. 2015b). Moreover, mutational analysis demonstrated

that the crRNA is still active when the 30 handle is completely removed (Maier et al. 2015b)
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into Cascade nor the interference reaction depends on the chemical nature of the

end groups (Maier et al. 2015b). A mutational analysis of independently generated

crRNAs revealed that the 30-handle of the crRNA was completely dispensable for

the in vivo interference reaction (Maier et al. 2015b). A comparison with the

structure of the type I Cascade complexes of E. coli showed that the 30-handle
would come into contact with Cas6b (Jackson et al. 2014; Mulepati et al. 2014;

Zhao et al. 2014). However, in a Hfx. volcanii strain capable of Cas6b-independent
crRNA maturation, cas6b could be deleted without affecting the interference step

(Maier et al. 2015b). This finding implies that Cas6b is not an essential part of

the type I-B Cascade complex for the interference step (Fig. 11.8). The crRNA

50-handle, by contrast, is indispensable for crRNA function, only the first nucleotide

can be removed without loss of activity (Maier et al. 2015b). Inference from the

atomic structures of type I-E Cascade showed that in E. coli is bound by the Cas5

subunit (Jackson et al. 2014; Mulepati et al. 2014; Zhao et al. 2014), which was also

shown to be an integral part of theHaloferax type I-B Cascade (Brendel et al. 2014).

11.6 Determinants for a Successful Defence Reaction

in Subtype I-B

CRISPR-Cas systems have recently attracted attention as a molecular biological

tool that out-competes all the available nucleic-acid targeting proteins because its

targeting activity is based on an easily interchangeable module: crRNA. Through

the embodied spacer sequence, different crRNAs guide the Cascade complex to a

defined targeting site within an invading nucleic acid. This identification depends

on base pairing between the spacer part of the crRNA and the target molecule

(Künne et al. 2014). A mutational analysis of the protospacer sequence within a

plasmid invader was used to determine how strictly defined this interaction is

regarding the Hfx. volcanii type I-B system (Maier et al. 2013a). The first ten

nucleotides of the spacer sequence were identified as being critical for triggering a

defence reaction. Within this sequence, which is denoted as the seed region, only a

mismatch at position 6 is tolerated (Fig. 11.10). A similar seed sequence was also

determined for E. coli and P. aeruginosa (Künne et al. 2014; Semenova et al. 2011;

Wiedenheft et al. 2011). For the E. coli system, every sixth position within the

crRNA is not involved in a base-pairing activity (Semenova et al. 2011). As

structural data show, the thumb domain of the Cas7 proteins in the E. coli Cascade
extrude every sixth nucleotide from the axis that runs down the Cas7 backbone,

rendering it inaccessible for base pairing with the protospacer region (Jackson et al.

2014; Mulepati et al. 2014; Zhao et al. 2014). Increments of six could not be

confirmed in the Hfx. volcanii analysis, but this difference might very well reflect

the aforementioned differences in the Cascade composition (Maier et al. 2013a).

An important prerequisite for having and keeping a CRISPR-Cas defence system

is, that self-targeting is excluded, since this can be fatal for the cells. Such an
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auto-immune reaction is prevented by the absence of the PAM in the host DNA.

The role of PAM sequences in adaptation has already been discussed, but these

sequences also play an important role during the interference stage (Deveau et al.

2008; Mojica et al. 2009). PAM sequences can be found in type I, type II and type V

CRISPR-Cas systems and are unique features of the protospacer. Despite perfect

base pairing within the seed sequence, interference takes place only if a cognate

PAM is present at the 50 end of the protospacer sequence in type I and type V

systems and at the 30 end in type II systems (Shah et al. 2013; Zetsche et al. 2015).

PAM sequences of haloarchaeal species could not be directly inferred by compar-

ing the spacer contents and publicly available sequences of mobile genetic elements

because haloarchaeal viruses are grossly underrepresented in public databases

(Fischer et al. 2012). Moreover, the population of mobile genetic elements present

today likely differs substantially from the one that was present on the isolation date

of the laboratory strains under investigation. Therefore, the PAM sequences of the

Hfx. volcanii type I-B system have been identified in vivo using a mutational

approach based on a plasmid invader (Fischer et al. 2012). A systematic analysis

of all possible three nucleotide sequences preceding a protospacer revealed the

following six PAM sequences: ACT, CAC, TTC, TAT, TAG, and TAA (Fig. 11.6).

The stimulation of an interference reaction by more than one sequence motif is a

strategy for coping with the divergence of invader populations, rendering escape via

individual PAM mutations less likely. Moreover, this stimulation increases the

possibility that closely related foreign elements are also susceptible to CRISPR-

Cas interference. The authentication of the PAM sequence is a crucial step in the

transition of Cascade from a DNA-sensing to a DNA-degrading complex. Studies

of E. coli type I-E Cascade show that upon detection of a cognate PAM sequence,

the conformation of the Cascade is changed and the processing endonuclease Cas3

is recruited (Hochstrasser et al. 2014). The subunit responsible for determining the

PAM identity in type I-E systems is the large subunit Cas8e (Sashital et al. 2012).

Accordingly, upon the deletion of Cas8b in Haloferax, the interference was lost

without affecting the crRNA level or stability (Cass et al. 2015). More importantly,

the response of Cas8b variants with mutated conserved residues varied with regard

to the PAM sequence presented by the invader (Cass et al. 2015). However, the

Fig. 11.10 A seed sequence is required for interference in Hfx. volcanii. During invader recog-

nition, the crRNA base pairs with the protospacer region of the invading DNA. Base pairing over a

ten-nucleotide-long non-contiguous seed sequence elicits the interference reaction. Essential base

pairs are shown in red. Pairing at position six is not required, but Hfx. volcanii does not exhibit a
six nucleotide increment as seen in the spacer-protospacer interactions in E. coli (Maier et al.

2013a)
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exact mechanism for the read-out of PAM sequences is still under investigation.

Although Har. hispanica shares the same subtype and a near-identical repeat

sequence with Hfx. volcanii, the Har. hispanica CRISPR-Cas system responds to

only four PAM sequences, namely TTT, TTC, TTG, and CCC, and besides TTC, no

other PAM is shared between both organisms (Fig. 11.6) (Li et al. 2014a). The

Cas8b proteins found in both species only share 22.6% sequence identity, and given

the likely role of Cas8b as the PAM-sensing Cascade subunit, this low similarity

might account for the low conservation of PAM sequences (Li et al. 2014a).

Moreover, findings from a bioinformatics analysis of the spacer content of Hqr4.
walsbyi provide support that a certain degree of PAM sequence conservation is

present (Fischer et al. 2012; Garcia-Heredia et al. 2012). Several matches to viral

contigs from the metavirome data of the isolation sites reveal protospacers preceded

by the PAM TTC. A recent bioinformatics analysis of PAM sequences in Hfx.
volcanii could match eight of the Hfx. volcanii spacers to sequences in the database
(Maier et al. 2015a). These target sequences are flanked by seven different PAM

sequences: TAT, CAC, CTC, TTC, TAC, ATC and AAC at the protospacer 50-end.
Three of them are identical to the experimentally determined PAMs: CAC, TTC

and TAT. However, the motifs inferred from in silico analysis were obtained by

comparing sequences that were not necessarily derived from the same biological

context.

Together with the adaptation analysis in Har. hispanica (see paragraph above),

this evidence illustrates that the requirements for PAM sequences during the

adaptation and interference stages are not identical but can overlap. As this trend

is also seen in other systems, PAMs have been subdivided into motifs important for

adaptation, termed spacer acquisition motif (SAMs) and motifs essential for inter-

ference (target interference motif: TIMs) (Shah et al. 2013). These processes rely on

different protein machineries: the Cas1/Cas2 complex is interacting with the SAM

during naı̈ve adaptation, while the Cascade complex is interacting with TIM during

interference. Different binding partners or different conformations of the binding

subunit within the complex might result in different PAM demands (Shah et al.

2013).

An analysis of the Hfx. volcanii interference reaction revealed an interesting

detail that influenced the success of the defence reaction. Whether a plasmid

invader effectively triggers an interference reaction depends on the origin of the

replication (Maier et al. 2013a). Only the plasmid with a pHV1 origin, replicated by

a mechanism depending on an origin recognition complex (ORC), was successfully

eliminated (Delmas et al. 2009; Maier et al. 2013a; Norais et al. 2007). By contrast,

the type I-B system did not overcome a plasmid based on a pHV2 origin whose

replication presumably depended on the Rep protein (Charlebois et al. 1987; Maier

et al. 2013a; Woods and Dyall-Smith 1997). The experimental design of the studied

plasmids places the targeted protospacer next to the origin of replication. Whether

these differences are solely due to steric constraints or reflect a functional interac-

tion requires further analysis.

4Haloquadratum.
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11.7 Using CRISPR-Cas as Tool to Regulate Gene

Expression in Hfx. volcanii

CRISPR-Cas systems have been developed into a plethora of different tools and

have been exploited for numerous scientific analyses outside their natural function

in both prokaryotes and eukaryotes (Cong et al. 2013; Fineran and Dy 2014;

Sampson and Weiss 2014; Sternberg and Doudna 2015). Given the presence of a

cognate PAM sequence, any region of interest can be targeted. The CRISPR-Cas

system that is most extensively used in genetic studies is the type II system, which

only requires a single effector protein: Cas9. One of the applications is targeted

gene regulation, which is performed via a mechanism called CRISPRi (CRISPR

interference) (Qi et al. 2013). Here, the expression of a gene specified by the

targeting guide RNA is repressed through the binding of a catalytically inactive

Cas9 (dCas9) (Qi et al. 2013). The protein is engineered to locate and bind the target

sequence as defined by the incorporated crRNA but not to cleave it, thereby

preventing or severely hampering transcription initiation or elongation. Streptococ-
cus pyogenes dCas9 has successfully been used in eukaryotes as well as in bacteria

(Bikard et al. 2013; Qi et al. 2013). The endogenous type I system was likewise

repurposed as tool for CRISPRi in E. coli by deleting the cas3 gene (Luo et al. 2015;
Rath et al. 2015). Upon the loss of the targeting endonuclease, Cascade still binds

the target region specified by the crRNA but does not cleave it (Luo et al. 2015;

Rath et al. 2015).

Molecular biology studies in Archaea become more and more widespread, but

tools for transcriptional repression are not available. Due to their extremophilic

nature, most archaea pose a challenge to the heterologous expression of proteins,

such as Cas9, which is predominantly found in mesophilic bacteria. Therefore, the

most straightforward approach is to repurpose the endogenous CRISPR-Cas sys-

tems, circumventing the need for the heterologous expression of the Cas9 protein.

Similar to the approach used in E. coli, the type I-B system in Hfx. volcanii has
successfully been modified and converted into the first tool for transcriptional

repression in archaea (Stachler and Marchfelder 2016). To eliminate the DNA

cleavage activity, the cas3 gene is deleted and to achieve the efficient

downregulation of the targeted gene, the endogenous crRNA population has to be

depleted (Stachler and Marchfelder 2016). The latter can be achieved via the

deletion of cas6b or the deletion of the endogenous CRISPR loci. If Cas6b was

no longer present, crRNAs have been provided by the aforementioned icrRNA

system (see above) (Maier et al. 2015b; Stachler and Marchfelder 2016). Using this

system a plasmid-borne reporter gene, a chromosomal gene, a gene cluster as well

as an essential gene were successfully knocked down. The strongest repression

effect observed was a down regulation to 8% of the transcript level, highlighting the

potential of CRISPRi for archaeal systems (Stachler and Marchfelder 2016).

Various possible targeting regions within the promoter and coding regions of the

genes of interest were explored. In general, the crRNAs targeting the promoter

region and, more precisely, its template strand are the most efficient, whereas those
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directed towards the coding strand or the open reading frame had little or no effect

on gene expression (Stachler and Marchfelder 2016). Currently, a clear connection

between successful targeting and the characteristics of the crRNA could not be

inferred, more experimental data on this topic are required, which might then allow

to implement a tool for designing efficient crRNAs.

11.8 Conclusions

Haloarchaea form a coherent group with respect to their CRISPR-Cas content, they

all encode type I systems, with the subtype I-B being the most dominant. General

characteristics of the archaeal type I-B systems can be drawn on the basis of

detailed studies of three haloarchaeal species.

The Cascade-like effector complex analysed in Hfx. volcanii closely resembles

other type I complexes in terms of its Cas protein composition. The same cas genes
are consistently indispensable for the Hfx. mediterranei CRISPR-Cas activity. Hfx.
volcanii is the only species that generates two types of crRNAs that differ in the

lengths of their 30 ends. This second processing event has also been described in

other subtype I-B systems (Richter et al. 2012) but has not been found in the other

haloarchaeal type I-B systems. The shortened crRNA variant of Hfx. volcanii lacks
part of the 30-handle responsible for Cas6b binding, probably resulting in a

Cascade-like complex lacking this subunit. The minimal requirements for a suc-

cessful defence reaction in Hfx. volcanii support this interpretation because the

Cas6b protein has been shown to be dispensable during interference.

The adaptation step was hitherto only investigated in two haloarchaea, namely

Hfx. mediterranei and Har. hispanica. Here, interestingly, only the primed adapta-

tion triggered by the presence of a pre-existing spacer could be shown. The PAM

sequences for the adaptation reaction have been determined for Har. hispanica
revealing 23 PAM sequences that allow primed adaptation. They only partially

overlap with PAM sequences, that trigger a defence reaction.

The PAM motifs required for effective interference reactions were systemati-

cally analysed in Hfx. volcanii revealing that Hfx. volcanii responds to six PAM

sequences. TheHar. hispanica andHfx. volcanii PAM requirements overlap in only

one motif, illustrating that even closely related haloarchaea differ in their defence

requirements. PAM sequences in haloarchaea are situated 50 to the protospacer

sequence on the invading DNA, and similar to other type I systems, interference

relies on the presence of a seed sequence as shown in Hfx. volcanii.
The information summarized here, along with that of other known type I systems,

highlights the subtype-specific and inter-subtype strain-specific peculiarities and

differences of type I systems. Further exploration will complete our knowledge on

CRISPR-Cas immunity, and subsequently allow the application of CRISPR-Cas

systems and their components. The details gathered on CRISPR-Cas immunity in

Hfx. volcanii enabled the first application of an endogenous archaeal CRISPR-Cas

system for targeted gene regulation, meeting a long-standing need for gene regulatory

tools in archaea that will further promote archaeal research in many fields.
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