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Haloferax volcanii is, to our knowledge, the only prokaryote
known to tolerate CRISPR-Cas—mediated damage to its genome
in the WT background; the resulting cleavage of the genome is
repaired by homologous recombination restoring the WT ver-
sion. In mutant Haloferax strains with enhanced self-targeting,
cell fitness decreases and microhomology-mediated end joining
becomes active, generating deletions in the targeted gene. Here
we use self-targeting to investigate adaptation in H. volcanii
CRISPR-Cas type I-B. We show that self-targeting and genome
breakage events that are induced by self-targeting, such as those
catalyzed by active transposases, can generate DNA fragments
that are used by the CRISPR-Cas adaptation machinery for inte-
gration into the CRISPR loci. Low cellular concentrations of
self-targeting crRNAs resulted in acquisition of large numbers
of spacers originating from the entire genomic DNA. In con-
trast, high concentrations of self-targeting crRNAs resulted in
lower acquisition that was mostly centered on the targeting site.
Furthermore, we observed naive spacer acquisition at a low level
in WT Haloferax cells and with higher efficiency upon overex-
pression of the Cas proteins Casl, Cas2, and Cas4. Taken to-
gether, these findings indicate that naive adaptation is a
regulated process in H. volcanii that operates at low basal levels
and is induced by DNA breaks.

Bacteria and Archaea have developed CRISPR-Cas systems
as a means to fend off invading genetic elements in a sequence-
specific manner (1, 2). This specificity is provided by the spacer,
a portion of the foreign nucleic acid taken up into a CRISPR
locus during adaptation (1, 3). Upon transcription of the
CRISPR array and subsequent processing of the transcript, the
resulting mature CRISPR RNAs (crRNAs), together with one
or multiple Cas proteins, form an effector complex capable of
orchestrating a defense reaction termed interference (1, 4) and
degrade the invader s nucleic acid.

The mechanisms of processing and interference exhibit sig-
nificant variability within the increasing variety of CRISPR-Cas
systems described today. Currently, CRISPR-Cas systems are
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divided in two classes, six types and over 30 subtypes, each
exhibiting variabilities in their CRISPR-Cas immune response
mechanisms (5). The adaptation process, however, seems to be
more conserved, as it requires the proteins Casl and Cas2 in all
systems studied to date (6—11). (The term adaptation is used in
the CRISPR-Cas context for acquisition of new spacers and
their integration into the CRISPR locus.) Two types of adapta-
tion have been observed so far: Naive adaptation, which is trig-
gered upon first contact with a foreign nucleic acid and primed
adaptation. (The term naive adaptation is used in the CRISPR-
Cas context for the acquisition of spacers without the interfer-
ence reaction and without a crRNA that matches the prespacer
sequence fully or partially.) The latter occurs during infection
with an invader against which the cell is already immune, and
in type I systems requires involvement of the multiprotein
effector complex Cascade (CRISPR-associated complex for
antiviral defense) and Cas3 (12, 13). A number of studies have
elucidated this process in recent years, yielding a mechanistic
model in which degradation products generated by the nucle-
ase Cas3 can be utilized as prespacers by the adaptation ma-
chinery. This alliance of defense and acquisition stage results in
a positive feedback loop: New spacers boost the defense reac-
tion against the present invader, resulting in even more cleav-
age products suitable for further acquisition events, while pro-
moting interference (14—18). Accidental acquisition of spacers
from the cellular genome during adaptation has been reported
by several studies with different CRISPR-Cas systems and dif-
ferent organisms showing that this is not a rare phenomenon
(17, 19-21). However, the resulting interference reaction
against chromosomal DNA is usually highly toxic (22-25).

We have shown previously that self-targeting has no detri-
mental effects in an H. volcanii WT strain (26). The influence
on cell fitness and the target gene depended on the crRNA con-
centration. In a Haloferax mutant strain depleted of endoge-
nous crRNAs, expression of a crRNA from a high-copy plasmid
led to a very efficient self-targeting reaction; the transformation
efficiency with the crRNA-encoding plasmid was reduced, and
99% of growing colonies exhibited deletions in the target gene,
thereby abolishing further self-targeting. In contrast, expres-
sion of the crRNA from a low-copy plasmid only slightly
reduced transformation efficiency, and only a low number of
cells had the targeting site deleted (26). Here, we utilize self-tar-
geting to gain deeper insights into the adaptation mechanism
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Figure 1. CRISPR-cas genes encoded in Haloferax volcanii. H. volcanii encodes a CRISPR-Cas type |-B system. The Haloferax genome consists of one main
chromosome and three chromosomal plasmids (35). The cas gene cluster encoding the Cas1-Cas8b proteins is flanked by the two CRISPR loci P1 and P2 on
the chromosomal plasmid pHV4. The third CRISPR locus C is encoded on the main chromosome.

in H. volcanii. The CRISPR-Cas system of H. volcanii has been
studied in great detail (27). It is classified as subtype I-B and
comprises three CRISPR loci and one cas gene cassette (Fig. 1).
Although mature crRNAs from all loci as well as the Cascade
proteins Cas5-8b are constitutively expressed (28-30), pro-
teins from the adaptation machinery are not detectable under
standard growth conditions (30). This indicates that in contrast
to expression and interference, the adaptation process is regu-
lated and needs to be induced.

Here, we observe that targeting a chromosomal gene induces
acquisition of spacers from all genomic elements. Employing
high-throughput sequencing (HTS), we identify clear hotspots
for spacer acquisition located near transposase genes and, to a
lesser extent, at highly transcribed regions, indicating a bias for
sites with a higher occurrence of free DNA ends. Furthermore,
we report naive adaptation; both WT and Acas6b Haloferax
strains acquire spacers at similar levels also without self-target-
ing, confirming that the process is truly naive adaptation and
does not require interference activity. Overexpression of the
adaptation machinery increased naive adaptation, which was
independent of the cognate PAM sequence.

Results
Self-targeting triggers adaptation in H. volcanii

To analyze adaptation under self-targeting conditions, we
designed a crRNA to target the nonessential crz/ gene that is
located on the main chromosome and codes for phytoene de-
hydrogenase. Cells with a defect in this gene have a white col-
ony phenotype instead of the natural red color (Fig. 24), thus
mutants are easily visible. Because previous experiments have
shown that self-targeting in a WT background is not efficient, a
cas6b gene deletion strain (Acas6b) was used. In this strain, en-
dogenous crRNAs cannot be generated because the gene for
the crRNA processing enzyme Cas6b is deleted.

To express the targeting crRNA in the Acas6b strain, the gene
encoding the mature crRNA form was cloned between two
tRNA-like elements (t-elements) (Fig. S1). The t-element—crRNA
transcript is processed by the endogenous tRNA processing
enzymes RNase P and tRNase Z yielding the mature, functional
crRNA (Fig. 2B) (31, 32). The Acas6b strain was transformed
with 1) a plasmid encoding a crRNA (crtI#6) targeting the coding
strand or 2) a plasmid targeting the template strand (crtl#3) of
the crtl gene (Fig. 2C). Both crRNAs were expressed from a low-
copy plasmid (pTA352), resulting in low cellular crRNA concen-
trations (26). To monitor integration of new spacers into one of
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the three CRISPR RNA loci, PCR was performed on genomic
DNA isolated from the transformed cells using primers that bind
to the leader sequence and to one of the spacers of each locus
(Fig. S2). For loci P1 and P2, a larger product could be obtained
corresponding in size to one additional repeat-spacer unit (Fig.
3). No such product could be observed for the CRISPR gene on
the main chromosome, locus C, indicating that no new spacers
were acquired (Fig. 3). Thus, self-targeting results in adaptation
in the two CRISPR loci flanking the cas gene cluster, but not in
the locus on the main chromosome.

Spacers are derived throughout the entire chromosome

To determine the origin of the newly acquired spacers inte-
grated into locus P1 and P2, spacers were amplified using PCR
and HTS was carried out. Mapping of the spacer sequences to
the genome showed that they were derived from throughout
the entire chromosome (Fig. 4 for the main chromosome and
Fig. S3 for the small chromosomes), with similar hotspots of
spacer acquisition in all samples. The majority of these hotspots
were located at or near genes encoding transposases (Fig. 54
and Table S1), one hotspot was found near the orcI1 and orci4
genes (Fig. 5B) and a smaller hotspot was located at the highly
transcribed rRNA genes (Fig. 5C). Newly acquired spacers in
cells with crtl#3 targeting and crtl#6 targeting showed highly
similar patterns except for the targeting site. The consensus
PAM for spacers acquired from the main chromosome and
from all three chromosomal plasmids (pHV1, pHV3, and
pHV4) was in the majority (76% of all cases) TAC (Table S2).

Acquisition of spacers from the targeting site

Analysis of newly integrated spacers with regard to the target-
ing site in the crtl gene showed that new spacers also originate
from the vicinity of the targeting region (Figs. 6 and 7). Targeting
the template strand with crRNA crtl#3 shows a hotspot at this
site (Fig. 4) and leads to integration of a large number of spacers
acquired from the coding strand upstream of the targeting site
(Fig. 6), almost all spacers downstream of the targeting site were
acquired from the template strand (Fig. 6). Additionally, the num-
ber of acquired spacers decreases with increasing distance to the
targeting site. When targeting the coding strand with crRNA
crtl#6 a single hotspot was observed with ~150 reads close to the
initial cleavage site of Cas3, located only on the template strand
and only in locus P2 but not in P1 (Fig. 7). In contrast to loci P1
and P2, no new spacers were integrated into locus C. Locus C is
located on the main chromosome, whereas loci P1 and P2 are
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Figure 2. Targeting the chromosomal gene crtl. A, colonies without an active phytoene dehydrogenase are white. Colonies after transformation with a
high-copy plasmid encoding crtl#3. Although some colonies exhibit the natural red color, the majority of colonies are completely devoid of pigmentation. B,
production of crRNAs independent of Casé6b. The genes for the mature crRNA (containing a spacer, an 8-nt-long 5’ handle and a 22-nt-long 3’ handle) are
flanked by genes for t-elements; they are transcribed together into a precursor RNA. The t-elements within the transcript fold into tRNA-like structures that are
recognized and processed by the cellular tRNase Z and RNase P proteins, generating a mature crRNA. C, location of crRNA binding sites in crtl. The gene crtl is
shown with both strands, starting with the first nucleotide of the ORF (+1); crRNAs crtl#3 and crtl#6 are shown in orange.
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Figure 3. Integration of new spacers into CRISPR loci. Whereas new spacers are integrated in locus P1 and P2 (lanes P1 and P2), no spacers have been
inserted in locus C (lane C). PCR was performed to amplify the region between leader and spacer2 (for locus P1 and locus P2) or spacer1 (for locus C) on
genomic DNA from Acasé6b strains transformed with plasmid expressing either crRNA crtl#3 or crtl#6 from a low-copy plasmid (pTA352) (lanes crtl#3 and
crtl#6, respectively). Lanes A6: genomic DNA from strain Acas6b was used that was not transformed with any plasmids; lanes —: control reaction without addi-
tion of template DNA; lane m: DNA size marker, sizes are given in bp at the left. The 5" ends of the CRISPR loci are shown schematically at the sides. Primer bind-
ing is indicated by arrows; the newly added spacer is shown in orange.

encoded on the small chromosome pHV4 flanking the cas gene
cassette, thus the different adaptation activities might be because
of the location of the array. Alternatively, the difference in the
leader sequence of the loci might be the reason for this difference
in acquisition. The leaders of P1 and P2 share 95% sequence simi-
larity, whereas the leader of locus C is only 75% identical to those
of P1 and P2 (Fig. S4) (33).

Adaptation under strong self-targeting conditions

To investigate whether a strong targeting reaction can also
elicit adaptation, the Acas6b strains were transformed with a

13504 J Biol. Chem. (2020) 295(39) 13502-13515

high-copy plasmid encoding the self-targeting crRNA crtl#3
(pTA232-tele-crtl#3) resulting in expression of high concentra-
tions of cellular crRNA (26). Previous experiments have shown
that the majority of cells transformed with this plasmid rapidly
introduce deletions into the genome surrounding the targeting
site, indicating that this strong self-targeting reaction leads to
cleavage of all present genome copies (26). To investigate adap-
tation, PCR on loci P1 and P2 was performed with chromo-
somal DNA from this strain as a template. Larger products
indicating the acquisition of one, and in some cases, two new
spacers were obtained (Fig. 8). To elucidate the origin of the
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Figure 4. New spacers originate from throughout the main chromosome. HTS analysis revealed that spacers originated from regions throughout the
main chromosome. New spacers integrated into CRISPR loci P1 and P2 were sequenced and mapped to the main chromosome. Chromosome coordinates are
shown at the bottom in Mb; panels P1 (orange): new spacers integrated in locus P1; panel P2 (blue): new spacers integrated in locus P2; panels cr#3: targeting
with crRNA crtl#3; panels cr#6: targeting with crRNA crtl#6; number of spacer reads are shown at the left. The crRNA targeting site is indicated with a red box.

newly integrated spacers, HTS was performed. The number of
acquired spacers was lower than the number of spacers
obtained under low concentrations of self-targeting crRNAs
(Figs. 4 and 9A.) (approx. 11,000 reads at high crRNA concen-
trations versus approx. 50,000 reads at low crRNA concentra-
tions). Among the spacers acquired, the most distinct hotspot
was located at the self-targeting site (Fig. 9B). The majority of
the other peaks are located at hotspots previously found in the
experiment using a weak self-targeting reaction.

DNA fragments generated by endonucleases are not
preferred sources for acquisition

Next we wanted to investigate whether DNA fragments gen-
erated in vivo by endonucleases are used as spacer precursors.
For that purpose, we overexpressed the mrr gene (HVO_0682),
which encodes a type IV restriction endonuclease (34, 35) in a
Acas6b strain that was additionally transformed with a large
amount (approx. 80 ng) of the plasmid pTA409. This plasmid
has a methylation pattern (5'-G™°ATC-3’) that is recognized
by the restriction endonuclease Mrr, leading to DNA cleavage
and thus providing potential spacer substrates. The genomic
DNA of Haloferax is not methylated at these sequences
(GATC) and is therefore not a substrate for the Mrr endonucle-
ase. Successful expression of soluble Mrr endonuclease was
confirmed using a Western blot (Fig. S5A). Spacer integration
was investigated by PCR amplification of the 5’ end of locus P1.
No products corresponding to an expanded locus could be
obtained, which suggests that no spacer acquisition had taken
place.

An additional form of double strand break can be generated
in Haloferax by the homing endonuclease (HEN) encoded
within the po/B (HVO_0858) intein (36). Any DNA molecule
that contains the target site, such as a plasmid (37), is therefore
expected to be cut by the HEN. To test whether HEN activity is

SASBMB

likely to generate substantial spacer acquisition via naive adap-
tation we transformed Haloferax cells with plasmid pRL3, con-
taining the HEN target site (36). This was followed by subse-
quent amplification of the 5" ends of CRISPR locus P1 and P2
and sequencing of the obtained PCR fragments. Less than 1% of
spacers originated from pRL3, only one spacer was derived
from the HEN site itself, and 9 other spacers were acquired
from DNA that was between 121 to 214 bases from the HEN
target site (Fig. S5B). The overall low levels of spacer acquisition
and relatively small number of spacers that originated from
DNA proximal to the HEN target indicate that double strand
breaks generated by HENs do not generate strong hotspots for
spacer acquisition for the I-B CRISPR-Cas system of H.
volcanii.

The Acasé6b strain is active in naive adaptation

We observed during our tests for spacer integration that a
Acas6b strain that was grown in liquid culture for more than 3
months acquired new spacers spontaneously (Fig. 104); we
termed this strain Acas6blong. To elucidate the origin of these
spacers obtained by naive adaptation in the Acas6blong strain,
we analyzed the PCR products from the extended loci using
HTS. Spacers originating from the main chromosome clustered
at a few hotspots (Fig. 10B). These hotspots are partly similar to
the hotspots observed upon self-targeting with low concentra-
tions of crRNA described above; they were also located at trans-
posons or at highly transcribed genes (Fig. S6 and Table S3).
These results indicate that the adaptation machinery is active
to a low level in Haloferax in the absence of self-targeting,
revealing naive adaptation activity in this archaeon.

Naive adaptation induced in the WT strain

To investigate whether naive adaptation is more active upon
overexpression of the adaptation proteins Casl, Cas2, and
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Figure 6. Origin of new spacers from the targeting region. Targeting the template strand of the crt/ gene with crtl#3. Next-generation sequencing of new
spacers in locus P1 and P2 showed that upon targeting the template strand many spacers originate from the vicinity of the targeting site (red arrow). Interest-
ingly, more spacers originate upstream of the targeting site from the coding strand whereas fewer spacers are derived from the template strand. Number of
spacer reads are shown at the /eft.
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Figure 7. Origin of new spacers upon targeting the coding strand with crtl#6. Next generation sequencing of new spacers in locus P1 and P2 showed
that upon targeting the coding strand only one major acquisition site is found originating from the template strand in the vicinity of the targeting site (red
arrow). Number of spacer reads are shown at the left.

Cas4, WT strain H119 as well as the Acas6blong strain were
transformed with either the plasmid pTA927 (without insert)
or pTA927 expressing Casl, Cas2, and Cas4. PCR was per-
formed on locus P2 to test for adaptation, but larger PCR prod-
ucts corresponding to an expanded locus could not be
observed. Nevertheless, DNA from gel regions corresponding
to the expected size range was extracted, cloned, and HTS was
carried out. The number of new spacers acquired overall was
very low, but in both strains additional expression of cas1, cas2,
and cas4 resulted in 4- to 6-fold more spacers, as compared

with the control (with pTA927 without insert); spacers also ori-
ginated from the pTA927 plasmid (Fig. 11 and Table S4). How-
ever, no consensus PAM and no clear acquisition hotspots or
strand preference could be identified.

Discussion

In recent years, the mechanisms underlying adaptation have
been elucidated in a number of CRISPR-Cas systems. Until
now only a single study has reported spacer acquisition in .

Figure 5. Hotspots for spacer acquisition. A-C, major hotspots for spacer acquisition were detected at genes for transposases (panel A), orc11 and orc14
genes (panel B) and to a lesser extent, highly transcribed regions like rRNA genes (panel C). A, many spacers originate from transposase genes and both strands
are sources for new spacers. B, spacers also originate from regions flanking the genes orc11 and orc14. C, rRNA genes are highly transcribed (see reads from
panel RNA) and constitute also a source for new spacers. Panels P1: spacers integrated in locus P1 upon targeting with crRNA crtl#3 (cr#3) or crtl#6 (cr#6); pan-
els P2: spacers integrated in locus P2 upon targeting with crRNA (cr#3) or crtl#6 (cr#6); RNA: transcriptome data. Strand-specific spacer acquisition is shown in
all panels. Number of spacer reads are shown at the left.
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Figure 8. Adaptation upon strong self-targeting. PCR was used to amplify the 5’ end of loci P1 and P2. For P1, a longer product is visible upon induction of
a strong self-targeting reaction (lane strong). For P2, products corresponding to one as well as two new spacer-repeat arrays (indicated by orange and blue
spacers) are present (lane strong). Lanes —: control reaction without addition of template DNA; m: DNA size marker; sizes in bp are shown on the left. Schemes
for expansion of loci are shown at the sides.
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Figure 9. Self-targeting with high concentrations of crRNA. A, overview of acquisition from the main chromosome upon targeting with high concentra-
tions of crRNA (from plasmid pTA232). A major hotspot is located at the targeting site (cluster of signals at 2.4 MB). The crRNA targeting site is indicated with a
red box. B, acquisition from the vicinity of the targeting site. Panels CHR: annotation, chromosome coordinates are shown in the middle; panel P1 cr#3: spacers
integrated in locus P1 upon targeting with crRNA crtl#3; panel P2 cr#3: spacers integrated in locus P2 upon targeting with crRNA crtl#3. Number of spacer
reads are shown at the /eft.
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Figure 10. Naive adaptation in a Acasé6b strain. A, acquisition of new spacers into locus P1. PCR was performed to amplify the 5" end of locus P1 using
genomic DNA from one of the three strains: WT (lane H119), Acas6blong (lane A6lo) and Acas6b expressing crtl#6 from a high copy plasmid (lane crtl#6) as tem-
plate. A product corresponding to an expanded locus (indicated by a red spacer) was not visible in the WT strain but was visible in the Acas6blong strain that
was cultivated for a prolonged period. A Acas6b strain expressing crtl#6 from a high-copy plasmid (crtl#6) and therefore exhibiting targeting-induced adapta-
tion served as a positive control. Lane —: negative control without the addition of genomic DNA. B, spacer origin overview. Newly obtained spacer sequences
from locus P1 and P2 from Acas6blong were mapped to the genome. Panels CHR: annotation, chromosome coordinates are shown in the middle; panel P1:
spacers integrated in locus P1; panel P2: spacers integrated in locus P2. Number of spacer reads are shown at the left.
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Figure 11. Naive adaptation in a WT strain. In a WT Haloferax strain (H119xpTA927) naive adaptation is inefficient and only few spacers are acquired, none
of them from the plasmid pTA927. Upon overexpression of the adaptation proteins Cas1, Cas2, Cas4 in a WT strain (H119xpTA927-cas412) more acquisition
can be observed with some spacers originating from the plasmid. The Acasé6b strain acquires spacers from the chromosome but not from the plasmid
(Acas6xpTA927). However, upon overexpression of Cas1, Cas2, Cas4 more spacers are acquired in this strain including some from the plasmid (Acas6xpTA927-
cas412). Spacer integration into locus P2 is shown (see also Table S4). Dark green (total): spacers from all chromosome and the plasmid pTA927; light green
(pTA927) spacers only from pTA927.

volcanii, and in that case the process was seemingly activated
by mating with a different species (33). Mating in haloarch-
aea involves cytoplasmic bridges and allows one mating
partner to cleave the genome of the other via endonucleases
(37), and therefore could induce adaptation. In this study,
we triggered adaptation in H. volcanii by CRISPR-Cas self-
targeting, which causes DNA breaks, to investigate the resulting
spacer integration.

SASBMB

Self-targeting-induced adaptation occurs in the H. volcanii
type I-B system

Our previous experiments have indicated that an interfer-
ence reaction against genomic DNA is only moderately toxic in
H. volcanii and results in genomic deletions surrounding the
targeted locus (26). The DNA fragments generated during this
process are potential prespacer substrates for the adaptation
machinery as was recently shown for type I-E and I-F systems
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(39). For type I-F, I-E, and I-B systems, a model has been postu-
lated in which cleavage products generated by Cas3 are cap-
tured and utilized by the adaptation complex as spacer sub-
strates (13, 16—18, 39, 40). Indeed, we could demonstrate here
acquisition of new spacers into the CRISPR loci P1 and P2, but
not locus C, under limited self-targeting conditions. This is
in agreement with a previous study (33), however, the reason
for the inactivity in spacer acquisition of locus C remains
unknown. Because the leader sequences of loci P1 and P2 share
a sequence similarity of 95%, and the C leader is only 75% iden-
tical to P1/P2 (Fig. S4), it is reasonable to speculate that one or
several mutations in the leader prevent adaptation. A study in
Haloarcula hispanica indeed showed that the leader sequence
is important for adaptation (41).

Self-targeting-induced adaptation sources the genome for
spacer templates

All new spacers found in loci P1 and P2 upon self-targeting
originated from genomic DNA (main chromosome and chro-
mosomal plasmids), indicating that no mechanism exists in H.
volcanii to prevent the acquisition of self-targeting spacers.
This is in line with a previous study on mating of Haloferax spe-
cies, showing that for the Haloferax mediterranei type I-B sys-
tem a greater number of spacers was acquired from self-repli-
cons than from the mating partner’s genome (33). For the type
I-E system of Escherichia coli, a strong bias for acquisition plas-
mid over chromosomal DNA has been shown. This can be
ascribed to the high frequency of Chi sites in the E. coli genome,
serving as attenuation signals for the DNA resection complex
RecBCD, thus preventing excessive production of genomic
DNA fragments that could be used as spacer precursors (42).
The Haloferax genome does not contain Chi sites or (to the
best of our knowledge) any similar nuclease attenuation signals,
which might explain the efficient acquisition of chromosomal
spacers observed here. Studies with other CRISPR-Cas systems,
such as the type II systems of Streptococcus thermophilus and
some Bifidobacteria, as well as the type I-F system of Pectobac-
terium atrosepticum, have also shown the acquisition of
genomic spacers (17, 19, 21). This indicates that self-acquisition
is not inhibited in these organisms, but because of its usually cy-
totoxic effects (17, 23, 24) it is rarely observed. The strain used
in our experiments is deleted for cas6b; therefore the newly
acquired self-targeting spacers are not expressed as mature
crRNAs. Additionally, our previous studies have shown that a
self-targeting crRNA is in fact tolerated extremely well ina WT
strain that additionally contains 51 endogenous crRNAs (26).
Nevertheless, if such spacers accumulated, the deleterious
effects of self-targeting might be manifested more strongly.
Therefore, it has been suggested that the reason that expression
of the adaptation machinery is repressed under standard condi-
tions is to prevent random acquisition from the genome (33).

We observed TAC as a PAM sequence for adaptation for the
majority of the spacers indicating a much stricter PAM recog-
nition mechanism for adaptation than for interference, which
tolerates seven different motifs (29, 33). Utilizing self-targeting
to induce adaptation, we observed spacer acquisition from the
main chromosome as well as from the small chromosomes,
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with largely identical hotspots for spacers integrated into loci
P1 and P2 and irrespective of which targeting crRNA was
expressed. The vast majority of these hotspots are located at
transposase genes, whereas some span highly transcribed
genomic regions like the rRNA genes. This might indicate
that spacers are increasingly acquired from regions with a
higher occurrence of free DNA ends, namely sites with trans-
poson activity or frequent double-strand breaks caused by
stalling of DNA replication forks because of collision with
RNA polymerase.

We also found hotspots at the orc11 and orc14 genes that are
part of an integrated provirus region that is AT rich compared
with the standard GC rich sequence found in the Haloferax ge-
nome (35). Increased acquisition from the provirus implies that
this element probably occasionally excises from the genome
and potentially initiates replication, thus becoming a preferred
target for spacer acquisition. A similar phenomenon of a spacer
acquisition hotspot near a replicating proviral element was
shown for an H. mediterranei provirus (33).

A similar adaptation pattern was observed for Pyrococcus

furiosus, where hotspots localized at sites with an increased risk

of DNA nicking or double-strand breaks, such as transposons,
highly transcribed regions, or active CRISPR loci (43). In the
study of adaptation during Haloferax mating, the majority of
spacers in H. volcanii was also acquired from the vicinity of the
two CRISPR loci P1 and P2 (33). However, we did not detect
any spacer hotspots at these sites. This indicates that the mat-
ing process in which the plasmid encoding the actively growing
array can move between cells may result in a different pattern
of spacer acquisition than that following self-targeting.

HTS of CRISPR loci P1 and P2 upon strong self-targeting
revealed the acquisition of approx. 11,000 spacers, about 20% of
the number of spacers acquired under weak self-targeting con-
ditions, with only one distinct hotspot at the targeting site. This
is likely because the autoimmune reaction is abolished swiftly
by deletion of the targeting site, resulting in a smaller number
of cleavage products that could fuel spacer acquisition, and pos-
sibly arrest of adaptation. Similar to the weak targeting, we
found for the strong targeting-induced adaptation TAC as the
major PAM for adaptation.

A closer look at adaptation in the targeting region reveals
strand biases

Analysis of the targeting region in the crtl gene revealed that
targeting the coding strand with crRNA crtl#6 expressed from
a low-copy plasmid resulted in the acquisition of only a single
spacer from the template strand upstream of the initial cleavage
site. This might indicate an extremely weak self-targeting reac-
tion, which would result in a low degree of Cas3 cleavage and
consequently a small number of potential spacer precursors or
free DNA ends for the adaptation machinery to utilize. Previous
studies with crRNA targeting in the frame of a CRISPRi
approach revealed clear differences between different crRNAs
depending on their binding location (32, 44). Currently the pa-
rameters for an effective crRNA targeting are not known (32).

Upon targeting of the template strand with crRNA crtl#3, a
clear strand bias with respect to the target site was observed,
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Figure 12. Degradation of chromosomal DNA at the targeting site. Initial
cleavage of the genomic DNA is catalyzed by Cas3. The strand opposite to
the crRNA targeting site is degraded by Cas3 in 3'-5' direction, where Cas 3
unwinds and cleaves. However, the enzyme catalyzing cleavage of the
strand, to which the crRNA binds, has not been identified.
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with spacers upstream of the initial cleavage site being derived
from the coding strand and downstream spacers originating
from the template strand. Additionally, the number of acquired
spacers decreases with increasing distance to the targeting site.
The type I-E system of E. coli displays a bias during primed ad-
aptation for acquisition from the same strand as the priming
protospacer (12, 18); a similar adaptation pattern as the one
reported here for Haloferax has been observed in the I-B sys-
tem of Haloarcula hispanica and in type I-F systems (13, 15,
17). Furthermore, our data hint at the mechanism of action of
Cas3, because the strand bias suggests a model similar to what
has been proposed for other type I systems (13, 45-47): Cas3
initially cuts the strand displaced by Cascade and subsequently
unwinds and cleaves the strand in a 3'-5' direction, thereby
generating DNA fragments that the adaptation machinery can
utilize as spacer substrates (Fig. 12) (17, 40). Acquisition of
spacers upstream of the targeting site might be because of Cas3
flipping onto the other DNA strand and proceeding to unwind
and cleave it in a 3’5" direction, as has been suggested for H.
hispanica (13). However, it is also possible that DNases from
other DNA repair or recombination pathways are involved in
cleaving the DNA, because more and more reports show the
involvement of host enzymes in CRISPR-Cas reactions (48, 49);
this remains to be elucidated.

The H. volcanii WT strain is capable of low-level basal naive
adaptation

During our experiments, we have observed that a Acas6b
strain cultivated for an extended period of time (at least 3
months) (Acas6blong) exhibits naive adaptation and acquires
spacers from genomic DNA, similar to a Sulfolbus islandicus

SASBMB
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Acas6b strain displaying increased adaptation frequency (50).
Such strains do not suffer a fitness cost from CRISPR targeting
following adaptation, because due to the deletion of the cas6b
gene the pre-ctRNAs cannot be processed and thus no target-
ing can take place, leaving them free to accumulate spacers.
Using HTS, we could detect approx. 2600 new spacers in loci
P1 and P2 of the Acas6blong, a much smaller number than we
obtained for targeting-induced adaptation. Furthermore,
spacer hotspots were less pronounced and not located at trans-
posons or highly transcribed genes. These results indicate that
naive adaptation in the cas6b deletion strain is an inefficient
random process, which is in line with observations in E. coli or
P. atrosepticum, where primed adaptation is vastly prevalent, or
H. hispanica, where only primed adaptation has been observed
thus far (13, 18, 51). The fact that parts of the hotspots were
located at different sites scattered across the genome might
indicate that a differing mechanism underlies naive adaptation
compared with targeting-induced adaptation.

Overexpression of adaptation proteins increased naive adap-
tation in Acas6b as well as in the WT strain, with a slightly
higher number in total for the Acas6b strain. This suggests that
inefficient naive adaptation is also possible in a WT strain, and
its frequency can be increased with enhanced concentrations of
the adaptation machinery, in line with the fact that the adapta-
tion proteins are not expressed under standard growth condi-
tions (30). Thus, the regulation of Casl, Cas2, and Cas4 might
prevent random acquisition of spacers from the own genome.

In both strains, no adaptation hotspots or consensus PAM
could be identified, indicating a somewhat random and undir-
ected adaptation mechanism. This might be because of the
additional expression of the adaptation machinery, similar to
the decrease of spacers with a consensus PAM upon up-regula-
tion of casl, cas2, and cas4 in S. islandicus (52). A small per-
centage of spacers were also acquired from the plasmid
expressing the genes required for adaptation, showing that it
can be a source for naive adaptation as well. The Acas6b strain
was more active in integrating fragments of its own genome
than a WT strain, suggesting that although it is not lethal for a
WT strain to integrate fragments of the own genome, it might
nevertheless reduce cell fitness to some extent.

Adaptation in archaeal type I-B systems

Although type I-B systems are the most common CRISPR-
Cas systems and present in both bacteria and archaea, to date
adaptation in type I-B system has been studied in vivo in only
two other archaeal organisms: H. hispanica and P. furiosus. For
H. hispanica only primed adaptation has been reported (13)
whereas in P. furiosus, primed as well as naive adaptation have
been recently observed (43, 53). Curiously, in P. furiosus naive
adaptation partially depended on the interference machinery,
which is known as strict prerequisite for primed adaptation.
Although H. volcanii and H. hispanica are somewhat related
haloarchaea their I-B systems are highly divergent, e.g. their
PAM preferences differ (54) and the Casl proteins share only
56% identity. It is therefore unsurprising that we show here that
in contrast to H. hispanica naive adaptation is active in H.
volcanii.
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Different types of acquisition: Naive, targeted, and primed

During naive acquisition invaders that have previously not
been encountered are recognized and pieces of their DNA are
used as prespacers and integrated into the CRISPR loci. This
process requires only the adaptation proteins. In contrast,
primed adaptation is triggered by a mismatching crRNA or
nonfunctional PAM and requires the complete interference
machinery (for type I-B: Cascade with crRNA and Cas3) as well
as the adaptation proteins (Casl, Cas2, Cas4). Staals et al. (17)
have shown a third type of acquisition: Targeting acquisition.
Here, the standard defense reaction where a matching crRNA
binds perfectly to the invader triggers acquisition alongside the
degradation of the targeted DNA. This interference-coupled
priming process may actually be the dominant mode of primed
adaptation, but may sometimes be more difficult to detect, if
targets are too rapidly destroyed, as in the case of small plas-
mids. The self-targeting reaction described here represents a
form of targeting acquisition, because a perfectly matching
crRNA triggers efficient adaptation, and because the target is
the chromosome.

Conclusion

Taken together, we have shown that self-targeting leads to
the acquisition of spacers from genomic DNA. The autoim-
mune reaction in H. volcanii can therefore, similar to mating,
induce adaptation. Presumably, DNA damage is sensed and
expression of the adaptation proteins is induced, resulting in
capture of DNA fragments generated by the interference reac-
tion, as well as from sites with an excess of free DNA ends. Our
results indicate that the adaptation machinery acquires spacers
from sites with frequently exposed DNA ends, such as the tar-
geting site, transposases, and highly transcribed regions. The
acquisition of DNA fragments from transposable elements
could be a means to prevent hyperexpansion of these elements,
which could be detrimental for the cell.

Interestingly, the extent and pattern of adaptation resulting
from self-targeting strongly depends on the strength of self-im-
munity pressure imposed. As observed for other systems, adap-
tation at the targeted site exhibits a strand-specific biased pat-
tern that is probably dictated by the mechanism of action of
Cas3. Furthermore, naive basal adaptation is possible in H. vol-
canii but is exceedingly inefficient. Overexpression of the adap-
tation genes results in PAM-independent acquisition.

Experimental Procedures

Strains, plasmids, and oligonucleotides used are listed in
Tables S5-S7.

Strains and culture conditions

H. volcanii strains H119, Acas6b (HV30), HV32, and HV35
were grown aerobically at 45°C in Hv-YPC medium (56, 57).
Strains with plasmids were grown in Hv-Ca or Hv-min medium
with the appropriate supplements. E. coli strains DH5a and
GM121 were grown aerobically at 37°C in 2YT medium.
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Construction of plasmids

The construct containing a crRNA targeting the coding
strand of crtl was generated by inverse PCR with pMA-RQ-tel-
ecrRNA as template using the primers crtl#6iPCRup and
crtl#6iPCRdo. Primers omit the original spacer and contain the
new spacer sequence. The resulting plasmid contains a syn-
thetic Haloferax promoter, the crRNA flanked by t-elements,
and a synthetic Haloferax terminator.® The insert was excised
from the plasmid with BamHI and Kpnl and ligated into the
shuttle vector pTA232, resulting in the plasmid pTA232-
crtl#6.

For generation of plasmid pTA927-p.tnaA-cas4-1-2, the
cas4, casl, and cas2 genes were amplified using the primers
Hindcas4Start and cas2StoppBamHI. The PCR product was
purified, digested with HindIIl and BamHI, and subsequently
ligated with a pTA927-p.tnaA vector digested with the same
enzymes, resulting in the plasmid pTA927-p.tnaA-cas4-2-1.

Plasmid pTA232-p.fdx-mrr and pTA231-p.fdx-mrr were
generated as follows. The gene for the endonuclease Mrr
(HVO_0682) was amplified from H. volcanii genomic DNA
using primers 5'-mrr-Ndel and 3'-mrr-Xbal, the resulting frag-
ment was ligated with the linearized pBluescript vector
(digested with EcoRV), resulting in pBlue-5"mrr-Ndel. The mrr
gene was isolated from this plasmid by digestion with Ndel and
Xbal and ligated into pTA232-p.fdx and pTA231-p.fdx (both
digested with Ndel and Xbal), resulting in pTA232-p.fdx-mrr
and pTA231-pfdx-mrr. To generate pTA231-p.fdx-mrr-
NFLAG the gene for the endonuclease Mrr was amplified from
H. volcanii genomic DNA using primers 5'-mrr-SnaBI and 3'-
mrr-Xbal. The resulting fragment was ligated with the linear-
ized pBluescript vector (digested with EcoRV), resulting in
pBlue-5'mrr-SnaBl. The mrr gene was isolated from this plas-
mid by digestion with SnaBl and Xbal and ligated into
pTA231-p.fdx-NFLAG (digested with SnaBI and Xbal), result-
ing in pTA231-p.fdx-mrr-NFLAG.

Preparation of samples for next generation sequencing

For sequencing of amplicons to identify acquired spacers, H.
volcanii cells were transformed with the respective plasmids
using the previously described PEG method (34). All used plas-
mids were passaged through E. coli strain GM121 to avoid
methylation. The Acas6b strain was transformed with a plas-
mid encoding a crRNA targeting either the coding strand or
the template strand of the crtl gene, and cultures were inocu-
lated directly after transformation. A culture with an ODgsq of
approx. 0.2 was harvested and genomic DNA was isolated. The
guide DNA served as template for a PCR amplifying the 5’end
of each CRISPR locus, spanning part of the leader and the 5’
end of the first, second, or third spacer of each locus (primers
see Table S7). PCR products corresponding to a locus expanded
by one new repeat spacer unit were isolated from an agarose gel
and served as templates for a PCR adding adapter sequences to
the amplicons. Used forward primers (P1-fw for locus P1, P2-
fw for locus P2) could bind to the 3’ end of each leader and con-
tained the forward adapter sequence, whereas reverse primers

5 A. Sabag-Daigle and C. J. Daniels, in preparation.
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(P1.1-rev for locus P1, P2.1-rev for locus P2) could bind to the
5’ end of the first spacer of each locus and contained the reverse
adapter sequence. To add diversity to the amplicons, used pri-
mers contained 0-3 random bases between the adapter
sequence and the locus-specific sequence. After isolation of the
PCR products from an agarose gel the products were used as
template for a PCR adding index sequences, using primers
from the Nextera Index Kit (Illumina). The size of obtained
products was checked with a QIAxcel Advanced Instrument
electrophoresis device (Qiagen), and they were purified using
Agencourt AMPure XP magnetic beads (Beckman Coulter).
After quantification of the purified products using a Qubit fluo-
rometer and the Qubit dsDNA BR Assay Kit (Invitrogen), all
samples were diluted to a concentration of 4 nm. Dilutions were
pooled and used for the sequencing reaction, which was carried
out on a MiSeq sequencing device (Illumina) using the MiSeq®
Reagent Nano Kit v2 (Illumina) according to the manufac-
turer’s instructions.

Acquisition upon mrr endonuclease overexpression and
Western blot analysis

Haloferax cells (HV50) were transformed with pTA232-p.
fdx-mrr. Guide DNA was isolated and all three CRISPR loci
were investigated for newly integrated spacers as described
above. To confirm the soluble expression of the Mrr endonu-
clease, Haloferax cells (HV50) were transformed with pTA232-
p.fdx-mrr-NFLAG and grown to stationary phase. A soluble
protein extract was isolated and proteins were separated on a
10% SDS-PAGE and subsequently transferred to a membrane.
The membrane was incubated with antibodies against the
FLAG tag.

Acquisition following cutting by the endogenous HEN
endonuclease

H. volcanii cells (WR536) were transformed with pRL3 (36).
This plasmid contains the site cleaved by the HEN endonucle-
ase with short (250 bases on each side) flanking regions of the
polB intein. Colonies were screened by PCR using primers IS-
124 and IS-125 followed by agarose gel electrophoresis of the
products. About 45% of the colonies had an amplification prod-
uct that was unchanged, whereas 55% were shortened in the
region of interest, indicating that the HEN had cut the plasmid,
but that invasion had not been completed, and it was repaired
via a pathway other than homologous recombination. The
transformation protocol was repeated twice, 200 colonies per
biological replicate were scraped off, and DNA was extracted
and amplified as described (33). The amplicons underwent size
selection and Illumina sequencing and were analyzed for spacer
match location as described previously (33).

Bioinformatics of analysis of HTS data and identification PAM

Sequenced reads in the FASTQ files were inspected using the
FastQC tool (58), then the TrimGalore tool (RRID:SCR_
011847) was used to remove adapters and perform read quality
trimming. The reads were then aligned to the main chromo-
some and the five plasmids via Bowtie2 (55). After that, an in-
house python script was used to investigate if new spacers were
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integrated into the CRISPR array. Once new spacers were
determined, we used Bowtie2 to map those to the reference
genomes, which are now called protospacer sequences. For
each protospacer, we extracted length, position, and strand.
Finally, the PAM motif in the DNA upstream of the proto-
spacer positions were obtained for protospacers with at least 10
reads via the WebLogo tool (38).

Data availability

The sequences obtained have been deposited in the Euro-
pean Nucleotide Archive (ENA) with the primary accession
number PRJEB39506. All remaining data are contained within
the article.

Acknowledgments—We thank Verena Vogel for help with the prep-
aration of the HTS libraries.

Author contributions—A.-E. S.,]. W, O.S. A, L. T.-G,R. S,, U. G,
and A. M. investigation; A.-E. S., J. W.,, L. T.-G., U. G., and A. M.
methodology; A.-E. S, R. B,, U. G., and A. M. writing-original draft;
J. W.,0.S. A, U. G, and A. M. data curation; J. W., R. B,, U. G., and
A. M. visualization; O. S. A., T. A, and R. B. software; O. S. A,
T. A, R. B, U. G, and A. M. writing-review and editing; T. A,,R. B,,
U. G., and A. M. supervision; T. A, R. B,, U. G., and A. M. funding
acquisition; R. B., U. G., and A. M. conceptualization; U. G. and
A. M. resources; U. G. and A. M. formal analysis; U. G. and A. M.
project administration.

Funding and additional information—This work was supported by
Deutsche Forschungsgemeinschaft (DFG) Grant Mal538/27-1 (to
A.M).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: Cas, CRISPR-associ-
ated; Cascade, CRISPR-associated complex for antiviral defense;
crRNA, CRISPR RNA; HTS, high-throughput sequencing; PAM,
protospacer adjacent motif; t-elements, tRNA-like elements; HEN,
homing endonuclease.

References

1. Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moi-
neau, S., Romero, D. A., and Horvath, P. (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science 315, 1709—
1712 CrossRef Medline

2. Marraffini, L. A., and Sontheimer, E. J. (2008) CRISPR interference limits
horizontal gene transfer in staphylococci by targeting DNA. Science 322,
1843-1845 CrossRef Medline

3. Deveau, H., Barrangou, R., Garneau, J. E., Labonté, J., Fremaux, C., Boyaval,
P., Romero, D. A., Horvath, P., and Moineau, S. (2008) Phage response to
CRISPR-encoded resistance in Streptococcus thermophilus. ]. Bacteriol.
190, 1390-1400 CrossRef Medline

4. Brouns, S.].J., Jore, M. M., Lundgren, M., Westra, E. R,, Slijkhuis, R. J. H.,
Snijders, A. P. L., Dickman, M. J., Makarova, K. S., Koonin, E. V., and van
der Oost, J. (2008) Small CRISPR RNAs guide antiviral defense in prokar-
yotes. Science 321, 960964 CrossRef Medline

J. Biol. Chem. (2020) 295(39) 13502-13515 13513

120z ‘€T Atenuer U0 9YNGITYH LY LISHAAINN 2 /61020 [ mmmy/:diy woly pepeojumoq


https://scicrunch.org/resolver/RRID:SCR_011847
https://scicrunch.org/resolver/RRID:SCR_011847
https://www.ebi.ac.uk/ena/browser/view/PRJEB39506
http://dx.doi.org/10.1126/science.1138140
http://www.ncbi.nlm.nih.gov/pubmed/17379808
http://dx.doi.org/10.1126/science.1165771
http://www.ncbi.nlm.nih.gov/pubmed/19095942
http://dx.doi.org/10.1128/JB.01412-07
http://www.ncbi.nlm.nih.gov/pubmed/18065545
http://dx.doi.org/10.1126/science.1159689
http://www.ncbi.nlm.nih.gov/pubmed/18703739
http://www.jbc.org/

Self-targeting induced adaptation

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Koonin, E. V., Makarova, K. S., and Zhang, F. (2017) Diversity, classifica-
tion and evolution of CRISPR-Cas systems. Curr. Opin. Microbiol. 37, 67—
78 CrossRef Medline

. McGinn, J., and Marraffini, L. A. (2019) Molecular mechanisms of

CRISPR-Cas spacer acquisition. Nat. Rev. Microbiol. 17, 7-12 CrossRef
Medline

. Nuifiez, J. K., Harrington, L. B., Kranzusch, P. J., Engelman, A. N., and

Doudna, J. A. (2015) Foreign DNA capture during CRISPR-Cas adaptive
immunity. Nature 527, 535—-538 CrossRef Medline

. Nuiiez, J. K, Kranzusch, P. J., Noeske, ]., Wright, A. V., Davies, C. W., and

Doudna, J. A. (2014) Casl-Cas2 complex formation mediates spacer ac-
quisition during CRISPR-Cas adaptive immunity. Nat. Struct. Mol. Biol.
21, 528—-534 CrossRef Medline

. Nuitez, J. K, Lee, A. S. Y., Engelman, A, and Doudna, J. A. (2015) Inte-

grase-mediated spacer acquisition during CRISPR-Cas adaptive immunity.
Nature 519, 193—198 CrossRef Medline

Wang, J., Li, ., Zhao, H., Sheng, G., Wang, M., Yin, M., and Wang, Y.
(2015) Structural and mechanistic basis of PAM-dependent spacer acqui-
sition in CRISPR-Cas systems. Cell 163, 840—853 CrossRef Medline

Xiao, Y., Ng, S., Nam, K. H., and Ke, A. (2017) How type II CRISPR-Cas es-
tablish immunity through Cas1-Cas2-mediated spacer integration. Nature
550, 137-141 CrossRef Medline

Datsenko, K. A., Pougach, K., Tikhonov, A., Wanner, B. L., Severinov, K.,
and Semenova, E. (2012) Molecular memory of prior infections activates
the CRISPR/Cas adaptive bacterial immunity system. Nat. Commun. 3,
945 CrossRef Medline

Li, M., Wang, R., Zhao, D., and Xiang, H. (2014) Adaptation of the Haloar-
cula hispanica CRISPR-Cas system to a purified virus strictly requires a
priming process. Nucleic Acids Res. 42, 2483-2492 CrossRef Medline
Fineran, P. C., Gerritzen, M. J. H., Suarez-Diez, M., Kunne, T., Boekhorst,
J., van Hijum, S. A. F. T, Staals, R. H. ]., and Brouns, S. J. J. (2014) Degener-
ate target sites mediate rapid primed CRISPR adaptation. Proc. Natl. Acad.
Sci. U.S.A. 111, E1629-E1638

Richter, C,, Dy, R. L., McKenzie, R. E., Watson, B. N. ], Taylor, C., Chang,
J. T., McNeil, M. B,, Staals, R. H. J., and Fineran, P. C. (2014) Priming in the
type I-F CRISPR-Cas system triggers strand-independent spacer acquisi-
tion, bi-directionally from the primed protospacer. Nucleic Acids Res. 42,
8516—8526 CrossRef Medline

Semenova, E., Savitskaya, E., Musharova, O., Strotskaya, A., Vorontsova,
D., Datsenko, K. A., Logacheva, M. D., and Severinov, K. (2016) Highly effi-
cient primed spacer acquisition from targets destroyed by the Escherichia
coli type I-E CRISPR-Cas interfering complex. Proc. Natl. Acad. Sci. U.S.A.
113, 7626-7631 CrossRef Medline

Staals, R. H. J., Jackson, S. A., Biswas, A., Brouns, S.J. J., Brown, C. M., and
Fineran, P. C. (2016) Interference-driven spacer acquisition is dominant
over naive and primed adaptation in a native CRISPR-Cas system. Nat.
Commun. 7,12853 CrossRef Medline

Swarts, D. C., Mosterd, C., van Passel, M. W. J., and Brouns, S. J. . (2012)
CRISPR interference directs strand specific spacer acquisition. PLoS One
7, €35888 CrossRef Medline

Briner, A. E,, Lugli, G. A., Milani, C., Duranti, S., Turroni, F., Gueimonde,
M., Margolles, A., van Sinderen, D., Ventura, M., and Barrangou, R. (2015)
Occurrence and diversity of CRISPR-Cas systems in the genus Bifidobac-
terium. PLoS One 10, e0133661 CrossRef Medline

Brodt, A., Lurie-Weinberger, M. N., and Gophna, U. (2011) CRISPR loci
reveal networks of gene exchange in archaea. Biol. Direct 6, 65 CrossRef
Medline

Wei, Y., Terns, R. M., and Terns, M. P. (2015) Cas9 function and host ge-
nome sampling in Type II-A CRISPR-Cas adaptation. Genes Dev. 29, 356—
361 CrossRef Medline

Jiang, W, Bikard, D., Cox, D., Zhang, F., and Marraffini, L. A. (2013) RNA-
guided editing of bacterial genomes using CRISPR-Cas systems. Nat. Bio-
technol. 31, 233-239 CrossRef Medline

Selle, K., Klaenhammer, T. R., and Barrangou, R. (2015) CRISPR-based
screening of genomic island excision events in bacteria. Proc. Natl. Acad.
Sci. U.S.A. 112, 8076-8081 CrossRef Medline

Vercoe, R. B, Chang, J. T., Dy, R. L., Taylor, C., Gristwood, T., Clulow, J. S.,
Richter, C., Przybilski, R., Pitman, A. R., and Fineran, P. C. (2013) Cyto-

13514 J Biol. Chem. (2020) 295(39) 13502-13515

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

toxic chromosomal targeting by CRISPR/Cas systems can reshape bacte-
rial genomes and expel or remodel pathogenicity islands. PLoS Genet. 9,
€1003454 CrossRef Medline

Wimmer, F., and Beisel, C. L. (2019) CRISPR-Cas Systems and the paradox
of self-targeting spacers. Front. Microbiol. 10, 3078 CrossRef Medline
Stachler, A.-E., Turgeman-Grott, L., Shtifman-Segal, E., Allers, T., March-
felder, A., and Gophna, U. (2017) High tolerance to self-targeting of the ge-
nome by the endogenous CRISPR-Cas system in an archaeon. Nucleic
Acids Res. 45,5208—5216 CrossRef Medline

Maier, L.-K,, Stachler, A.-E., Brendel, J., Stoll, B., Fischer, S., Haas, K. A.,
Schwarz, T. S., Alkhnbashi, O. S., Sharma, K., Urlaub, H., Backofen, R.,
Gophna, U., and Marchfelder, A. (2019) The nuts and bolts of the Halo-
ferax CRISPR-Cas system I-B. RNA Biol. 16, 469—412 CrossRef Medline
Brendel, J., Stoll, B., Lange, S. J., Sharma, K., Lenz, C., Stachler, A.-E.,
Maier, L.-K,, Richter, H., Nickel, L., Schmitz, R. A., Randau, L., Allers, T.,
Urlaub, H., Backofen, R, and Marchfelder, A. (2014) A complex of Cas
proteins 5, 6, and 7 is required for the biogenesis and stability of clustered
regularly interspaced short palindromic repeats (crispr)-derived rnas
(crrnas) in Haloferax volcanii. J. Biol. Chem. 289, 7164—7177 CrossRef
Medline

Fischer, S., Maier, L.-K,, Stoll, B., Brendel, J., Fischer, E., Pfeiffer, F., Dyall-
Smith, M., and Marchfelder, A. (2012) An archaeal immune system can
detect multiple protospacer adjacent motifs (PAMs) to target invader
DNA. J. Biol. Chem. 287, 33351-33363 CrossRef Medline

Jevti¢, Z., Stoll, B., Pfeiffer, F., Sharma, K., Urlaub, H., Marchfelder, A., and
Lenz, C. (2019) The response of Haloferax volcanii to salt and temperature
stress: A proteome study by label-free mass spectrometry. Proteomics 19,
€1800491 CrossRef Medline

Hartmann, R. K., Géssringer, M., Spath, B., Fischer, S., and Marchfelder,
A. (2009) The making of tRNAs and more—RNase P and tRNase Z. Prog.
Mol. Biol. Transl. Sci. 85,319-368 CrossRef Medline

Stachler, A. E., Schwarz, T. S., Schreiber, S., and Marchfelder, A. (2020)
CRISPRIi as an efficient tool for gene repression in archaea. Methods 172,
76-85 CrossRef Medline

Turgeman-Grott, L, Joseph, S., Marton, S., Eizenshtein, K., Naor, A.,
Soucy, S. M., Stachler, A.-E., Shalev, Y., Zarkor, M., Reshef, L., Altman-
Price, N., Marchfelder, A., and Gophna, U. (2019) Pervasive acquisition of
CRISPR memory driven by inter-species mating of archaea can limit gene
transfer and influence speciation. Nat. Microbiol. 4, 177-186 CrossRef
Medline

Allers, T., Barak, S., Liddell, S., Wardell, K., and Mevarech, M. (2010)
Improved strains and plasmid vectors for conditional overexpression of
His-tagged proteins in Haloferax volcanii. Appl. Environ. Microbiol. 76,
1759-1769 CrossRef Medline

Hartman, A. L., Norais, C., Badger, ]. H., Delmas, S., Haldenby, S,
Madupuy, R., Robinson, J., Khouri, H., Ren, Q., Lowe, T. M., Maupin-Fur-
low, J., Pohlschroder, M., Daniels, C., Pfeiffer, F., Allers, T., et al. (2010)
The complete genome sequence of Haloferax volcanii DS2, a model
archaeon. PLoS One 5, €9605 CrossRef Medline

Naor, A, Lazary, R., Barzel, A., Papke, R. T., and Gophna, U. (2011) In vivo
characterization of the homing endonuclease within the polB gene in the
halophilic archaeon Haloferax volcanii. PLoS One 6, e15833 CrossRef
Medline

Naor, A., Altman-Price, N., Soucy, S. M., Green, A. G., Mitiagin, Y., Turge-
man-Grott, I, Davidovich, N., Gogarten, J. P., and Gophna, U. (2016)
Impact of a homing intein on recombination frequency and organismal fit-
ness. Proc. Natl. Acad. Sci. U.S.A. 113, E4654—E4661 CrossRef Medline
Schneider, T. D., and Stephens, R. M. (1990) Sequence logos: A new way
to display consensus sequences. Nucleic Acids Res. 18, 6097—6100
CrossRef Medline

Shiriaeva, A. A., Savitskaya, E., Datsenko, K. A., Vvedenskaya, I. O., Fedor-
ova, I, Morozova, N., Metlitskaya, A., Sabantsev, A., Nickels, B. E., Severi-
nov, K., and Semenova, E. (2019) Detection of spacer precursors formed in
vivo during primed CRISPR adaptation. Nat. Commun. 10, 4603 CrossRef
Medline

Kiinne, T., Kieper, S. N, Bannenberg, ]. W., Vogel, A. I. M., Miellet, W. R,,
Klein, M., Depken, M., Suarez-Diez, M., and Brouns, S. J. J. (2016) Cas3-

SASBMB

120z ‘€T Atenuer U0 9INGITYH LYLISHAAINN ' /Bi02g [ mmmy/:diy woly pepeojumoq


http://dx.doi.org/10.1016/j.mib.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28605718
http://dx.doi.org/10.1038/s41579-018-0071-7
http://www.ncbi.nlm.nih.gov/pubmed/30171202
http://dx.doi.org/10.1038/nature15760
http://www.ncbi.nlm.nih.gov/pubmed/26503043
http://dx.doi.org/10.1038/nsmb.2820
http://www.ncbi.nlm.nih.gov/pubmed/24793649
http://dx.doi.org/10.1038/nature14237
http://www.ncbi.nlm.nih.gov/pubmed/25707795
http://dx.doi.org/10.1016/j.cell.2015.10.008
http://www.ncbi.nlm.nih.gov/pubmed/26478180
http://dx.doi.org/10.1038/nature24020
http://www.ncbi.nlm.nih.gov/pubmed/28869593
http://dx.doi.org/10.1038/ncomms1937
http://www.ncbi.nlm.nih.gov/pubmed/22781758
http://dx.doi.org/10.1093/nar/gkt1154
http://www.ncbi.nlm.nih.gov/pubmed/24265226
http://dx.doi.org/10.1093/nar/gku527
http://www.ncbi.nlm.nih.gov/pubmed/24990370
http://dx.doi.org/10.1073/pnas.1602639113
http://www.ncbi.nlm.nih.gov/pubmed/27325762
http://dx.doi.org/10.1038/ncomms12853
http://www.ncbi.nlm.nih.gov/pubmed/27694798
http://dx.doi.org/10.1371/journal.pone.0035888
http://www.ncbi.nlm.nih.gov/pubmed/22558257
http://dx.doi.org/10.1371/journal.pone.0133661
http://www.ncbi.nlm.nih.gov/pubmed/26230606
http://dx.doi.org/10.1186/1745-6150-6-65
http://www.ncbi.nlm.nih.gov/pubmed/22188759
http://dx.doi.org/10.1101/gad.257550.114
http://www.ncbi.nlm.nih.gov/pubmed/25691466
http://dx.doi.org/10.1038/nbt.2508
http://www.ncbi.nlm.nih.gov/pubmed/23360965
http://dx.doi.org/10.1073/pnas.1508525112
http://www.ncbi.nlm.nih.gov/pubmed/26080436
http://dx.doi.org/10.1371/journal.pgen.1003454
http://www.ncbi.nlm.nih.gov/pubmed/23637624
http://dx.doi.org/10.3389/fmicb.2019.03078
http://www.ncbi.nlm.nih.gov/pubmed/32038537
http://dx.doi.org/10.1093/nar/gkx150
http://www.ncbi.nlm.nih.gov/pubmed/28334774
http://dx.doi.org/10.1080/15476286.2018.1460994
http://www.ncbi.nlm.nih.gov/pubmed/29649958
http://dx.doi.org/10.1074/jbc.M113.508184
http://www.ncbi.nlm.nih.gov/pubmed/24459147
http://dx.doi.org/10.1074/jbc.M112.377002
http://www.ncbi.nlm.nih.gov/pubmed/22767603
http://dx.doi.org/10.1002/pmic.201800491
http://www.ncbi.nlm.nih.gov/pubmed/31502396
http://dx.doi.org/10.1016/S0079-6603(08)00808-8
http://www.ncbi.nlm.nih.gov/pubmed/19215776
http://dx.doi.org/10.1016/j.ymeth.2019.05.023
http://www.ncbi.nlm.nih.gov/pubmed/31150759
http://dx.doi.org/10.1038/s41564-018-0302-8
http://www.ncbi.nlm.nih.gov/pubmed/30478289
http://dx.doi.org/10.1128/AEM.02670-09
http://www.ncbi.nlm.nih.gov/pubmed/20097827
http://dx.doi.org/10.1371/journal.pone.0009605
http://www.ncbi.nlm.nih.gov/pubmed/20333302
http://dx.doi.org/10.1371/journal.pone.0015833
http://www.ncbi.nlm.nih.gov/pubmed/21283796
http://dx.doi.org/10.1073/pnas.1606416113
http://www.ncbi.nlm.nih.gov/pubmed/27462108
http://dx.doi.org/10.1093/nar/18.20.6097
http://www.ncbi.nlm.nih.gov/pubmed/2172928
http://dx.doi.org/10.1038/s41467-019-12417-w
http://www.ncbi.nlm.nih.gov/pubmed/31601800
http://www.jbc.org/

41.

42.

43.

44,

45.

46.

47.

48.

49.

derived target DNA degradation fragments fuel primed CRISPR adapta-
tion. Mol. Cell 63, 852—864 CrossRef Medline

Wang, R, Li, M., Gong, L., Huy, S., and Xiang, H. (2016) DNA motifs deter-
mining the accuracy of repeat duplication during CRISPR adaptation in
Haloarcula hispanica. Nucleic Acids Res. 44, 4266—4277 CrossRef
Medline

Levy, A., Goren, M. G., Yosef, I, Auster, O., Manor, M., Amitai, G., Edgar,
R., Qimron, U., and Sorek, R. (2015) CRISPR adaptation biases explain
preference for acquisition of foreign DNA. Nature 520, 505-510 CrossRef
Medline

Shiimori, M., Garrett, S. C., Chambers, D. P., Glover, C. V. C., Graveley,
B. R, and Terns, M. P. (2017) Role of free DNA ends and protospacer adja-
cent motifs for CRISPR DNA uptake in Pyrococcus furiosus. Nucleic Acids
Res. 45,11281-11294 CrossRef Medline

Stachler, A.-E., and Marchfelder, A. (2016) Gene repression in Haloarch-
aea using the CRISPR (clustered regularly interspaced short palindromic
repeats)-Cas I-B system. J. Biol. Chem. 291, 15226-15242 CrossRef
Medline

Gong, B., Shin, M., Sun, J,, Jung, C.-H., Bolt, E. L., van der Oost, J., and
Kim, J.-S. (2014) Molecular insights into DNA interference by CRISPR-
associated nuclease-helicase Cas3. Proc. Natl. Acad. Sci. U.S.A. 111,
16359-16364 CrossRef Medline

Hochstrasser, M. L., Taylor, D. W., Bhat, P., Guegler, C. K., Sternberg,
S. H., Nogales, E., and Doudna, J. A. (2014) CasA mediates Cas3-catalyzed
target degradation during CRISPR RNA-guided interference. Proc. Natl.
Acad. Sci. U.S.A. 111, 6618-6623 CrossRef Medline

Redding, S., Sternberg, S. H., Marshall, M., Gibb, B, Bhat, P., Guegler,
C. K., Wiedenheft, B., Doudna, J. A, and Greene, E. C. (2015) Surveillance
and processing of foreign DNA by the Escherichia coli CRISPR-Cas sys-
tem. Cell 163, 854—865 CrossRef Medline

Behler, J., Sharma, K., Reimann, V., Wilde, A., Urlaub, H., and Hess, W. R.
(2018) The host-encoded RNase E endonuclease as the crRNA maturation
enzyme in a CRISPR-Cas subtype III-Bv system. Nat. Microbiol. 3, 367—
377 CrossRef Medline

Ramachandran, A., Summerville, L., Learn, B. A, DeBell, L., and Bailey, S.
(2020) Processing and integration of functionally oriented prespacers in
the Escherichia coli CRISPR system depends on bacterial host exonu-
cleases. J. Biol. Chem. 295, 3403—3414 CrossRef Medline

SASBMB

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Self-targeting induced adaptation

Liu, T., Liu, Z,, Ye, Q., Pan, S., Wang, X, Li, Y., Peng, W, Liang, Y., She, Q.,
and Peng, N. (2017) Coupling transcriptional activation of CRISPR-Cas
system and DNA repair genes by Csa3a in Sulfolobus islandicus. Nucleic
Acids Res. 45, 8978—8992 CrossRef Medline

Savitskaya, E., Semenova, E., Dedkov, V., Metlitskaya, A., and Severinov, K.
(2013) High-throughput analysis of type I-E CRISPR/Cas spacer acquisi-
tion in E. coli. RNA Biol. 10, 716725 CrossRef Medline

Liu, T, Li, Y., Wang, X, Ye, Q., Li, H., Liang, Y., She, Q., and Peng, N.
(2015) Transcriptional regulator-mediated activation of adaptation genes
triggers CRISPR de novo spacer acquisition. Nucleic Acids Res. 43, 1044—
1055 CrossRef Medline

Garrett, S., Shiimori, M., Watts, E. A, Clark, L., Graveley, B. R., and Terns,
M. P. (2020) Primed CRISPR DNA uptake in Pyrococcus furiosus. Nucleic
Acids Res. 48, 6120-6135 CrossRef Medline

Maier, L. K., Alkhnbashi, O., Backofen, R., and Marchfelder, A. (2017)
CRISPR AND SALTY —CRISPR-Cas systems in Haloarchaea. in RNA
Metabolism and Gene Expression in Archaea (Clouet-d’Orval, B. ed.), pp.
243-269, New York, NY, Springer

Langmead, B. (2010) Aligning short sequencing reads with Bowtie. Curr.
Protoc. Bioinformatics Chapter11, Unit 11.17 CrossRef Medline

Allers, T., Ngo, H.-P., Mevarech, M., and Lloyd, R. G. (2004) Development
of additional selectable markers for the halophilic archaeon Haloferax vol-
caniibased on the leuB and trpA genes. Appl. Environ. Microbiol. 70, 943—
953 CrossRef Medline

Dyall-Smith, M. L. (2008) The Halohandbook: Protocols for Haloarchaeal
Genetics. Melbourne, Australia, Haloarchaeal Genetics Laboratory
Andrews, S. (2010) FastQC: a quality control tool for high throughput
sequence data

Abu-Qarn, M., Eichler, J., and Sharon, N. (2008) Not just for Eukarya any-
more: Protein glycosylation in bacteria and archaea. Curr. Opin. Struct.
Biol. 18, 544—550 CrossRef Medline

Allers, T., and Mevarech, M. (2005) Archaeal genetics—the third way.
Nat. Rev. Genet. 6, 58—73 CrossRef Medline

Maier, L.-K,, Stachler, A.-E., Saunders, S. J., Backofen, R., and Marchfelder,
A. (2015) An active immune defense with a minimal CRISPR (clustered
regularly interspaced short palindromic repeats) RNA and without the
Casb6 protein. /. Biol. Chem. 290, 4192—4201 CrossRef Medline

J. Biol. Chem. (2020) 295(39) 13502-13515 13515

120z ‘€T Atenuer U0 9INGITYH LYLISHAAINN ' /Bi02g [ mmmy/:diy woly pepeojumoq


http://dx.doi.org/10.1016/j.molcel.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27546790
http://dx.doi.org/10.1093/nar/gkw260
http://www.ncbi.nlm.nih.gov/pubmed/27085805
http://dx.doi.org/10.1038/nature14302
http://www.ncbi.nlm.nih.gov/pubmed/25874675
http://dx.doi.org/10.1093/nar/gkx839
http://www.ncbi.nlm.nih.gov/pubmed/29036456
http://dx.doi.org/10.1074/jbc.M116.724062
http://www.ncbi.nlm.nih.gov/pubmed/27226589
http://dx.doi.org/10.1073/pnas.1410806111
http://www.ncbi.nlm.nih.gov/pubmed/25368186
http://dx.doi.org/10.1073/pnas.1405079111
http://www.ncbi.nlm.nih.gov/pubmed/24748111
http://dx.doi.org/10.1016/j.cell.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26522594
http://dx.doi.org/10.1038/s41564-017-0103-5
http://www.ncbi.nlm.nih.gov/pubmed/29403013
http://dx.doi.org/10.1074/jbc.RA119.012196
http://www.ncbi.nlm.nih.gov/pubmed/31914418
http://dx.doi.org/10.1093/nar/gkx612
http://www.ncbi.nlm.nih.gov/pubmed/28911114
http://dx.doi.org/10.4161/rna.24325
http://www.ncbi.nlm.nih.gov/pubmed/23619643
http://dx.doi.org/10.1093/nar/gku1383
http://www.ncbi.nlm.nih.gov/pubmed/25567986
http://dx.doi.org/10.1093/nar/gkaa381
http://www.ncbi.nlm.nih.gov/pubmed/32421777
http://dx.doi.org/10.1002/0471250953.bi1107s32
http://www.ncbi.nlm.nih.gov/pubmed/21154709
http://dx.doi.org/10.1128/aem.70.2.943-953.2004
http://www.ncbi.nlm.nih.gov/pubmed/14766575
http://dx.doi.org/10.1016/j.sbi.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18694827
http://dx.doi.org/10.1038/nrg1504
http://www.ncbi.nlm.nih.gov/pubmed/15630422
http://dx.doi.org/10.1074/jbc.M114.617506
http://www.ncbi.nlm.nih.gov/pubmed/25512373
http://www.jbc.org/

Adaptation induced by self-targetingin atypel-B CRISPR-Cas system
Aris-Edda Stachler, Julia Wortz, Omer S. Alkhnbashi, Israela Turgeman-Grott, Rachel
Smith, Thorsten Allers, Rolf Backofen, Uri Gophna and Anita Marchfelder

J. Biol. Chem. 2020, 295:13502-13515.
doi: 10.1074/jbc.RA120.014030 originally published online July 28, 2020

Access the most updated version of this article at doi: 10.1074/jbc.RA120.014030

Alerts:
* When this article is cited
« When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 58 references, 18 of which can be accessed free at
http://www.jbc.org/content/295/39/13502.full.html#ref-list-1

T20z ‘€T Arenuer Uo ©YNGIFHH LY LISHIAINN 1 /B100g [ mmmy/:dny wols pspeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.RA120.014030
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;295/39/13502&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/295/39/13502
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=295/39/13502&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/295/39/13502
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/295/39/13502.full.html#ref-list-1
http://www.jbc.org/

	Adaptation induced by self-targeting in a type I-B CRISPR-Cas system
	Results
	Self-targeting triggers adaptation in H. volcanii
	Spacers are derived throughout the entire chromosome
	Acquisition of spacers from the targeting site
	Adaptation under strong self-targeting conditions
	DNA fragments generated by endonucleases are not preferred sources for acquisition
	The Δcas6b strain is active in naïve adaptation
	Naïve adaptation induced in the WT strain

	Discussion
	Self-targeting–induced adaptation occurs in the H. volcanii type I-B system
	Self-targeting–induced adaptation sources the genome for spacer templates
	A closer look at adaptation in the targeting region reveals strand biases
	The H. volcanii WT strain is capable of low-level basal naïve adaptation
	Adaptation in archaeal type I-B systems
	Different types of acquisition: Naïve, targeted, and primed

	Conclusion
	Experimental Procedures
	Strains and culture conditions
	Construction of plasmids
	Preparation of samples for next generation sequencing
	Acquisition upon mrr endonuclease overexpression and Western blot analysis
	Acquisition following cutting by the endogenous HEN endonuclease
	Bioinformatics of analysis of HTS data and identification PAM

	Data availability

	References

