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Abstract
To survive the constant invasions by foreign genetic elements, prokaryotes have evolved various defensive
systems. Almost all sequenced archaea, and half of the analysed bacteria use the CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas (CRISPR-associated) system, a recently identiﬁed prokaryotic
immune system that can fend off invading elements in a sequence-speciﬁc manner. Few archaeal CRISPR/Cas
systems have been analysed so far, and the molecular details of many of the steps involved in adaptation and
defence are yet to be understood. In the present paper, we summarize our current knowledge about the CRISPR/Cas system in Haloferax volcanii, an extremely halophilic archaeon that was isolated from the Dead Sea.
H. volcanii encodes a type I-B CRISPR/Cas system, and carries three CRISPR loci and eight Cas proteins.
Although in laboratory culture for more than three decades, this defence system was shown to be still active.
All three CRISPR loci are transcribed and processed into mature crRNAs (CRISPR RNAs). Cells challenged with
engineered plasmids can recognize and eliminate these invading elements if they contain the correct PAM
(protospacer adjacent motif) and a sequence that can be recognized by one of the CRISPR spacers.

Prokaryotic defence systems
To defend themselves against foreign genetic elements such as
viruses and plasmids, prokaryotes have developed a plethora
of strategies [1]. A recently discovered way to fend off
invaders is the CRISPR (clustered regularly interspaced
short palindromic repeats)/Cas (CRISPR-associated) system
(for reviews, see [2–7]). This system provides a ring of
confidence that allows prokaryotes to protect themselves
against invading genetic elements. Essential for the function
of this system are the Cas proteins and the crRNAs (CRISPR
RNAs). The latter are transcribed from the CRISPR locus and
consist of short sequence repeats in between which spacer
sequences are located (Figure 1). The spacer sequences are
derived from previous invaders, which have been successfully
destroyed. Their DNA has been degraded and a piece
of it has been selected to be integrated as a new spacer
into the CRISPR locus (Figure 1). Thus the CRISPR
locus is a memory of previous attacks which the cell has
survived. Since the information about the invader is stored
in the genome, the whole system is hereditary. Besides the
crRNA, the other key players are the Cas proteins. To date,
approximately 65 sets of orthologous Cas proteins have
been identified by bioinformatics analyses [8–10]. The Cas
proteins have recently been classified into three different
major CRISPR/Cas types (I–III), and at least ten subtypes
[10]. All CRISPR/Cas systems fend off invader DNA with
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the exception of type III-B, which degrades invader RNA.
Whereas Cas proteins of systems I and III are sufficient to
process the CRISPR loci into crRNAs, system II requires
a host RNase and a short RNA [tracrRNA (transactivating
crDNA)] in addition to the Cas9 protein, in order to generate
crRNAs [10]. Systems I and II require a short sequence motif
that is encoded in the invader, and lies just next to the sequence
which is selected as a new spacer sequence (Figure 1). This
motif is termed the PAM (protospacer adjacent motif) [11]
and is also required for the recognition of invading elements
carrying the same spacer sequence.

The CRISPR/Cas system of H. volcanii
The CRISPR/Cas system of Haloferax consists of eight Cas
proteins and three CRISPR loci (Figure 2A). The cas gene
cluster encodes the Cas1–Cas8b proteins and is located on
minichromosome pHV4, where it is flanked by two of the
CRISPR loci (P1 and P2). The third CRISPR locus (locus
C) is encoded on the main chromosome. The Cas8b protein
is a signature protein for the CRISPR/Cas subtype I-B,
classifying the Haloferax system as such [12].
All three crRNAs have a repeat sequence of 30 nt in
length that is identical except for one residue (Figure 2B).
All three RNAs are constitutively expressed and processed,
even when cultural conditions such as salt concentration and
temperature are varied [12]. This differs from Escherichia coli,
where crRNA expression is repressed by the histone-like
protein H-NS (histone-like nucleoid-structuring protein)
[13]. The two crRNAs encoded adjacent to the cas gene
cluster are as efficiently processed as the crRNA encoded
in trans on the main chromosome. To identify the invaders
Biochem. Soc. Trans. (2013) 41, 374–378; doi:10.1042/BST20120263

Molecular Biology of Archaea 3

Figure 1 Selection and integration of a new spacer
Upon entering the cell, the invader DNA is recognized and degraded. A piece of the invader DNA (shown in red) which is
adjacent to a PAM sequence (shown in light blue) is selected and integrated into the CRISPR locus as a new spacer. The
CRISPR locus consists of the leader sequence (L), which contains the promoter (black arrow), short repeat sequences (shown
in black) and spacer sequences (shown in light grey). The new spacer (shown in red) is integrated at the 5 -end of the
CRISPR locus.

Figure 2 The CRISPR/Cas system in H. volcanii H119
(A) The cas gene cluster is located on the mini-chromosome pHV4 and codes for the proteins Cas1, Cas2, Cas3, Cas4, Cas5,
Cas6, Cas7 and Cas8b, with the last-named being the signature protein for subtype I-B. The cluster is ﬂanked by two CRISPR
loci (P1 and P2). CRISPR locus P1 contains 17 repeats and 16 spacers (shown in dark grey and light grey respectively), and
locus P2 contains 12 repeats and 11 spacers. The third CRISPR locus is encoded on the main chromosome and contains 25
repeats and 24 spacers. The leader region (L) at the 5 -end of the CRISPR locus contains the promoter (black arrow). (B) The
repeat sequences of the three different crRNAs differ by one residue. The sequence of the CRISPR locus C repeat is shown.
Positions that are identical in locus P1 and P2 repeats are displayed with a dot.

from which the spacers in the Haloferax CRISPR loci
were derived, all spacer sequences were compared with
sequences deposited in public sequence databases. Only two
significant matches were found: one against the Haloferax
genome itself, with an overall similarity of 76%, and another
one against an environmental sequence from a sample
isolated from an Australian salt lake (Lake Tyrrell), with an
overall similarity of 88% [12]. The low number of spacers
matches found may be attributed to the fact that the strain
was isolated more than 30 years ago, and the virus and
plasmid populations may have evolved considerably since
then.

To determine the characteristics of the Haloferax
CRISPR/Cas system, we initiated the analysis of the defence
reaction. For this, the crRNA is essential since it recognizes
the invader by its sequence. The majority of the Haloferax
crRNAs were found to consist of spacers that were preceded
by 8 nt of the upstream repeat (termed the 5 handle) and
a 3 trailer consisting of parts of the downstream repeat
sequence (L.-K. Maier, B. Stoll, S.J. Lange, J. Brendel, R.
Backofen and A. Marchfelder, unpublished work). Similar
crRNA structures have been reported in other type I systems
[14]. According to frequency analyses, the crRNAs are not
present in equal amounts (L.-K. Maier, B. Stoll, S.J. Lange,
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Figure 3 (A) The invader plasmid and (B) mutations that impair the CRISPR/Cas defence
(A) To challenge the defence system of Haloferax, invader plasmids were constructed which carry the ﬁrst spacer of the
CRISPR locus P1 and trinucleotide sequences adjacent to the spacer as potential PAM sequences. Initially, trinucleotide
sequences were cloned on both sides of the spacer until our results showed that the PAM sequence is located upstream.
PyrE2-deﬁcient Haloferax cells were transformed with the 62 different invader plasmids and plated on selection medium.
Only cells that retain the plasmid can able to grow on the selection medium. A valid PAM triggers the defence reaction,
which then results in degradation of the plasmid and a drastically reduced transformation efﬁciency (at least 100-fold).
(B) H. volcanii colonies that grew up on selection medium in spite of being transformed with an invader plasmid having
a functional PAM were analysed for mutations in the CRISPR/Cas genes. For each clone, the cas gene cluster and spacer
sequences in the CRISPR locus as well as on the invader plasmid were all sequenced. Most of the 30 clones analysed had
deletions in the cas genes (57%), and mutations in the cas genes were also observed (20%). A few had the spacer sequence
in the CRISPR locus P1 deleted (10%), and some had lost the spacer sequence on the invader plasmid (7%). One had the
functional PAM sequence mutated (3%) rendering it non-functional, and for one mutant (3%) we did not ﬁnd any changes,
either in the cas gene cluster, or in the spacer sequences in the CRISPR locus, or on the invader plasmid.
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J. Brendel, R. Backofen and A. Marchfelder, unpublished
work).
To investigate which protein(s) are responsible for
processing the crRNAs, we generated deletion mutants for
each of the eight cas genes. Only the deletion of the cas6 gene
resulted in a complete loss of crRNA production (J. Brendel,
B. Stoll, L.-K. Maier and A. Marchfelder, unpublished
work). Site-directed mutagenesis has been initiated to identify
the amino acids important for the Cas6 protein function.
Among 21 mutants tested, one resulted in a complete loss of
function (J. Brendel, B. Stoll, L.-K. Maier and A. Marchfelder,
unpublished work).

The Haloferax defence recognizes several
PAM sequences
To investigate the prerequisites for the defence reaction, we
generated a plasmid-based artificial invader, an experimental
approach that has previously been shown to work in
Sulfolobus [15,16]. For a successful defence reaction, an
invader sequence must match a crRNA copy of a spacer
sequence, and possess a motif of 2–5 nt that is located
adjacent to that sequence in the invader genome (Figure 1).
This motif is termed a PAM, and is important for both
selection of a protospacer as well as the defence reaction
[10,11]. As an artificial invader sequence, we selected the
first spacer of CRISPR locus P1. Since the PAM sequences
for the Haloferax system were not known, we tested all
possible trinucleotide combinations for their ability to act
as a PAM sequence in this system. It was also not known
whether the PAM sequence needed to be located up- or
down-stream of the protospacer sequence, so we initially
cloned the trinucleotide sequence combinations on both
sides of the invader sequence (Figure 3A). A pyrE2-deficient
Haloferax strain was transformed with the invader plasmids,
which carried a pyrE2 gene for selection, allowing growth
on uracil-free medium only if cells contained the plasmid.
Transformation of 62 different plasmid–invader constructs,
each with a distinct potential PAM sequence, showed that
six plasmids displayed a greatly reduced (at least 100fold) transformation rate. These plasmids were specifically
recognized and degraded by the defence system based on
their match to a CRISPR spacer in combination with the
associated functional PAM sequences. The six functional
PAM sequences identified are TAA, TAT, TAG, CAC, ACT
and TTC. In addition, we could show that the PAM sequence
has to be located upstream of the invader sequence. Upon
introduction of a functional invader plasmid, not all cells
managed to degrade and eliminate the invader, resulting in
a small fraction of transformants that were able to grow on
the selective medium. These were analysed further and it was
found that, in most cases, these cells had suffered deletions
or mutations, either in their cas genes or in the matching
spacer of the CRISPR locus (Figure 3B). Some also carried
invader plasmids that had deleted the spacer sequence or had
mutations in the PAM. One mutant did not carry mutations
or deletions in any of the sequences analysed and is presumed

to carry a mutation in some other gene that is required for
the defence reaction. Together, these results suggest that the
deletion of the cas gene cluster is a comparatively frequent
event, which raises the question of why the Haloferax
laboratory strains used in our study (H119 and H26), which
do not really need an immune system, have not lost one or
more of these genes over the many years of subculture.

PAM interactions
A more detailed analysis of the prerequisites for the defence
reaction showed that the crRNA must base pair perfectly at
the 5 -end with at least 5 nt (L.-K. Maier, B. Stoll, S.J. Lange,
J. Brendel, R. Backofen and A. Marchfelder, unpublished
work). A similar kind of seed region has previously been
shown to be essential for protospacer recognition by the
E. coli CRISPR/Cas system, where a contiguous 5 nt seed
sequence is also required [17]. In addition, it seems that
different spacers have different efficiencies in the defence
reaction (L.-K. Maier, B. Stoll, S.J. Lange, J. Brendel, R.
Backofen and A. Marchfelder, unpublished work).

Conclusion
We could mimic the invasion of Haloferax cells by foreign
DNA using a plasmid-based invader carrying a spacer
sequence from a Haloferax CRISPR locus [12]. Introducing
plasmid–invader constructs containing functional PAM
sequences resulted in drastically reduced transformation
efficiencies, probably due to the complete degradation
of the plasmid DNA. This not only confirmed that the
defence system of Haloferax is active, but also allowed
the arrangement and number of functional PAM sequences to
be identified in this species. H. volcanii was found to have the
highest number of such motifs identified so far for a CRISPR
repeat group, providing a flexible response that recognizes
the original invader as well as sequence variants, and thus
increasing the effectiveness of this defence.
In the rare cases of successful invasion, the survivors
usually had deletions or mutations of their cas genes, so
inactivating their entire CRISPR/Cas defence system. This
may simply reflect the experimental design, where the
invading plasmid allows cell growth but does not carry
genes that kill the cell, and neither does it integrate into the
chromosome. Even so, one interpretation of this apparently
extreme survival mechanism is that it relates to balancing
survival of the cell with the risks posed by invading elements.
Given that many plasmids and viruses are likely to integrate
into the chromosome, a continuing (autoimmune) attack
would cause double-strand breaks and probably be lethal.
Thus a mechanism to switch off this constitutively expressed
defence system would be an advantage.
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