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ABSTRACT The CRISPR-Cas (clustered regularly interspaced short palindromic repeat–
CRISPR-associated protein) system is unique to prokaryotes and provides the majority
of bacteria and archaea with immunity against nucleic acids of foreign origin. CRISPR
RNAs (crRNAs) are the key element of this system, since they are responsible for its
selectivity and effectiveness. Typical crRNAs consist of a spacer sequence flanked
with 5= and 3= handles originating from repeat sequences that are important for rec-
ognition of these small RNAs by the Cas machinery. In this investigation, we studied
the type I-C CRISPR-Cas system in Porphyromonas gingivalis, a human pathogen as-
sociated with periodontitis, rheumatoid arthritis, cardiovascular disease, and aspira-
tion pneumonia. We demonstrated the importance of the 5= handle for crRNA rec-
ognition by the effector complex and consequently activity, as well as secondary
trimming of the 3= handle, which was not affected by modifications of the repeat
sequence.

IMPORTANCE Porphyromonas gingivalis, a clinically relevant Gram-negative, anaero-
bic bacterium, is one of the major etiologic agents of periodontitis and has been
linked with the development of other clinical conditions, including rheumatoid ar-
thritis, cardiovascular disease, and aspiration pneumonia. The presented results on
the biogenesis and functions of crRNAs expand our understanding of CRISPR-Cas
cellular defenses in P. gingivalis and of horizontal gene transfer in bacteria.
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The CRISPR-Cas (clustered regularly interspaced short palindromic repeat–CRISPR-
associated protein) system defends prokaryotes against potentially deleterious

nucleic acids. In contrast to other prokaryotic defense mechanisms, e.g., restriction-
modification or phage receptor downregulation, it provides adaptive and hereditary
immunity (1), and it may be considered an example of Lamarckian inheritance. The
CRISPR-Cas system is widely distributed among bacteria and archaea (2) and is com-
posed of genomic and proteomic elements. Genomic components include a number of
short fragments homologous to the targeted sequences (spacers) with short repeated
sequences interspaced between them (repeats). A leader sequence is located upstream
of the array of repeat-spacer units. This plays an important role during acquisition of
new spacers as well as in transcription of the whole CRISPR array (3). The CRISPR array
is often accompanied by an operon encoding Cas proteins, which functionalize the
nucleic acid stretches. The diversity of CRISPR-Cas systems is considerable, as there are
two main classes and six types distinguished (4–6).

Although each CRISPR-Cas type has its own characteristics, there is a common mode
of action (adaptation-processing-nucleic acid degradation). During the first stage,
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nucleic acids are cleaved into fragments and incorporated into the CRISPR array as new
spacers proximal to the leader element (7), being inserted between repeat sequences
duplicated from a single unit (8, 9). In the second stage, the CRISPR array is transcribed
and the resulting RNA matures into functional CRISPR RNAs (crRNAs). Most commonly,
the whole array is transcribed, with the leader sequence acting as a promoter, and the
long transcript (pre-crRNA) is cleaved and truncated by Cas6 protein homologs (10–12).
In some CRISPR-Cas types, the crRNA is further truncated at its 3= end inside an effector
complex (CRISPR ribonucleoprotein [crRNP]) (13). Alternatively, in some prokaryotes,
crRNAs are generated by direct transcription from a promoter embedded within the
repeat sequence (14). In the final stage, crRNA is incorporated into the system’s crRNP.
The crRNP composition, specificity, and mechanism of action depend on the CRISPR
type, yet in every case crRNPs scan nucleic acids for a sequence complementary to the
spacer element contained within the scanning crRNA (protospacer). Once the region is
found, the crRNA anneals to the nucleic acid (15). The resulting structure, called an
R-loop, triggers conformational change in the crRNP and leads to cleavage of the
nucleic acid (16).

To protect the prokaryote’s own nucleic acids from degradation, type I, II, V, and VI
CRISPR-Cas systems use mechanisms based on protospacer adjacent motifs (PAMs). A
PAM is a short nucleotide stretch flanking the protospacer required for successful
recognition of the site (17, 18). Elements interspaced between the repeat regions within
the CRISPR array lack a PAM and thus do not constitute a target for the system. Type
III systems use a PAM-independent safety mechanism. Instead, interaction between the
5= handle of the crRNA and the repeat sequence in the CRISPR array protects self-DNA
from cleavage (19). For type IV, no experimental data on such a safety mechanism have
been provided so far.

The crRNAs are the key elements of each CRISPR-Cas system, as they carry spacer-
based information required for specific DNA recognition and consequent cleavage.
Aside from the spacer sequence, the crRNAs also contain fragments of repeats from
both sides, which are critical for incorporation of the crRNA into the crRNP. The 5=
handles in most of the systems are 8 nucleotides (nt) long, but in types I-C and I-D they
are 11 and 13 nt long, respectively (20, 21). The 3= handle often contains a stem-loop
structure, and its length may vary depending on the system. Primary pre-crRNA
processing in the majority of types I and III is performed by Cas6, with the exception of
type I-C, in which Cas5d carries out the processing (10).

Porphyromonas gingivalis is a Gram-negative, rod-shaped, anaerobic bacterium that
belongs to the phylum Bacteroidetes. It is one of the major etiologic agents of
periodontitis (22), which affects up to 30% of adults (23). Besides periodontitis, P.
gingivalis has also been associated with other clinical conditions, including rheumatoid
arthritis, cardiovascular disease, and aspiration pneumonia (24–27).

The P. gingivalis genome contains CRISPR arrays, which for strain W83 have been
assigned the numbers 30, 36.1, 36.2, and 37 (28, 29). CRISPR30 contains 23 spacers,
whereas the others contain 7 spacers each. All four CRISPR arrays are transcriptionally
active (29, 30). Two Cas operons are present, one of type I-C and one of type III-B,
neighboring CRISPR30 and CRISPR37, respectively. The type I-C system is active in vivo
and uses a canonical NGG PAM at the 3= end of the protospacer (29). We were not able
to show the activity of the type III-B operon, consistent with the fact that it lacks the
cmr1 gene, which is essential for the activity (29, 31).

In this investigation, we studied crRNA biogenesis, the role of repeat regions in
formation of crRNA, and structural requirements for crRNA activity in vivo for the P.
gingivalis type I-C CRISPR30. We showed that the 5= handle of the crRNA is required for
its activity (and presumably interaction with the effector Cas protein complex), while
the 3= handle is less important. We also showed that in the case of partial disruption of
crRNA processing, the system is still able, to some extent, to compensate for the lack
of mature crRNAs and to maintain activity.
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RESULTS
In silico analysis. Four CRISPR arrays were identified in the P. gingivalis genome (2,

28, 32), of which CRISPR30 and CRISPR37 are located in close proximity to the cas
operons of types I-C and III-B, respectively. It was shown that CRISPR-Cas type I-C is
functional, whereas type III-B activity was not observed (29). The activity of the
CRISPR-Cas system is inseparably linked with crRNA biogenesis. Maturation of crRNAs is
dependent on the sequence and often the secondary structure of the repeat (33). The
role of the type I-C repeat structure has been determined in Bacillus halodurans,
Thermus thermophilus, Streptococcus pyogenes, and Xanthomonas oryzae (20, 34, 35).
The common element in these systems is a single G/C-rich hairpin with a tetra- or
pentaloop structure on top and a single-stranded 5=-AUUGAAAC/U-3= sequence at the
3= end. To determine the CRISPR30 repeat structure in P. gingivalis, we employed the
Mfold online RNA folding tool (36). The predicted structure formed by the repeat
includes two hairpins in the form of a short G/C-rich hairpin located on top of a second,
longer A/U-rich hairpin.

CRISPR30 pre-crRNA cleavage site. To determine the cleavage site within the
CRISPR30 repeat sequence, we explored a data set containing small RNA sequences
from P. gingivalis W83 (30) and extracted all reads referring to CRISPR30 (positions
2102526 to 2104069). These reads were aligned with the CRISPR30 reference
sequence using ClustalX, and the alignment was verified by eye. This enabled us to
sort sequences into subgroups containing repeat sequences or specific spacers.
Sequences within each subgroup were realigned and analyzed to identify possible
gaps in the sequence coverage that could indicate crRNA processing sites within
the repeat sequence (see the supplemental material). The last nucleotide covered
by reads closest to the 3= end of the repeat sequence (2102531, 2103980, 2103850,
and 2103124a; repeat alignment) was A23. The first nucleotide covered by reads
closest to the 5= end of spacer sequences was U24. This included reads marked
2103893 (spacer 3 alignment), 2103827 (spacer 4 alignment), 2103233 (spacer 10
alignment), 2103101 (spacer 15 alignment), 2102971 (spacer 17 alignment), and
2102904 (spacer 18 alignment). No reads overlapping A23 and U24 were detected.

Role of the repeat in CRISPR-Cas activity. As mentioned above, repeat elements
are important for CRISPR-Cas activity, because they are responsible for crRNA biogen-
esis and incorporation into crRNPs. To identify sequences and/or structural motifs
required for processing and interference, we prepared a series of P. gingivalis mutants
with altered repeat elements by replacing a complete CRISPR30 array as shown in Fig.
1A. Briefly, each mutant carried a different modified single repeat sequence, and their
type I-C CRISPR-Cas activity was verified using previously developed functional assay
(29). Biogenesis of crRNAs from the artificial CRISPR30 array was analyzed using
Northern blotting.

Preparation of P. gingivalis mutants. Studying the role of the repeat element in
type I-C CRISPR-Cas interference in vivo required preparation of a series of P. gingivalis
mutants, each of which contained a mutation in a single repeat sequence. To facilitate
this process, we designed suicide plasmid-based genetic constructs containing an
easily modifiable artificial CRISPR30 array by the introduction of additional unique
restriction sites (Fig. 1A). This also allowed replacement of the native CRISPR30 with the
modified form by means of homologous recombination. Spacers of artificial origin were
included in the novel CRISPR array to avoid interference with natural spacers. Native
spacer 4 remained unmodified to serve as a reference and enable comparison between
native and artificial CRISPR30 arrays. The single repeat sequence located between
artificial spacers 5 and 6 was chosen for modification. Based on the predicted secondary
structure of the CRISPR30 repeat sequence (Fig. 2A), we designed several alternative
repeats (detailed in Fig. 2B). The general idea behind the selection of alternative repeat
variants was either to disturb secondary RNA structures (mutants 1, 3, 4, and 6) or to
retain them but alter the sequence (mutants 2 and 5). Three elements were chosen for
examination: the long stem (mutants 1, 2, and 3), the short stem (mutants 4 and 5), and
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the top loop (mutant 6). Furthermore, a construct for preparation of a mutant with the
type I-C operon deleted was also prepared (Fig. 1B). The main purpose of this mutant
was to serve as an additional control in the functional assay. P. gingivalis mutants
resulting from transformation with the suicide vectors were selected against erythro-
mycin and verified by CRISPR30 array sequencing.

Functional analysis. To investigate the effect of modifying the repeat on crRNA
activity, wild-type and mutant bacteria were analyzed using the in vivo CRISPR-Cas
activity assay. The assay is based on the conjugal transfer of plasmids containing the
tetracycline resistance gene (tetQ) and different protospacer variants. Following con-
jugation, bacteria were selected using tetracycline. If the plasmid carrying tetQ is
degraded due to CRISPR-Cas interference, cells are unable to survive in the presence of
the antibiotic. Conversely, if the CRISPR-Cas system is not able to recognize a particular
protospacer, the plasmid remains intact and bacteria can survive in the presence of the
antibiotic. Interference was investigated with plasmids containing protospacers recog-
nized by both natural and artificial spacers. Additionally, a plasmid lacking a proto-
spacer sequence was used as a control. The results (Fig. 3) showed that for wild-type
bacteria, interference was observed for native protospacers 4, 5, and 6. Meanwhile, the
mutant with an artificial CRISPR cassette with an unmodified repeat sequence (artificial
CRISPR backbone [ACbb]) recognized native protospacer 4 as well as artificial proto-
spacers 5 and 6. ACbb was constructed to study the role of CRISPR arrays by introduc-
tion of restriction sites allowing for simple mutagenesis. All mutants with a modified
repeat sequence recognized native protospacers 4 and artificial protospacer 5 but not

FIG 1 CRISPR-Cas cassette in wild-type P. gingivalis and its mutants. (A) Modification of the CRISPR array.
The native CRISPR30 array (top) with 23 spacers (sp1N to sp23N) was replaced with an artificial construct
(bottom) containing 5 spacers: 1 native (sp4N) and 4 artificial (sp3A, sp5A, sp6A, and sp7A). Arrows indicate
introduced restriction sites, which allowed for further modification of the repeat region (R). (B) Modifi-
cation of the cas operon. The knockout mutant with a deletion of the cas operon (ΔCas) was prepared.
The region encoding CRISPR30 Cas proteins in P. ginigvalis was replaced with an erythromycin resistance
gene (ermF).
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artificial protospacer 6. No interference was observed for the mutant lacking the cas
operon with any of the protospacer variants.

Biogenesis of crRNAs. To acquire insight into the biogenesis of crRNAs with altered
repeat sequences in bacteria, we performed Northern blot analysis using the biotinyl-
ated oligonucleotide probes complementary to the repeat sequence, and spacer
sequences neighboring modified repeats (sp5A and sp6A) (Fig. 4). Probe detection of
the repeat sequence revealed a characteristic pattern. Visible bands corresponded in
size to single (�65 nt), double (�130 nt), and triple (�195 nt) repeat-spacer units. For
the majority of the mutants (2, 4, 5, and 6,) a quadruple (�260 nt) repeat-spacer unit
was also observed. In addition, variant 1 also displayed a single discrete band just
below the double repeat-spacer unit due to deletion within the repeat region. The
probe detecting native spacer 4, which is common to wild-type bacteria and all artificial
CRISPR mutants, revealed the same band pattern for all variants except the ΔCas
mutant. This pattern included three distinct bands representing single and double
repeat-spacer units, as well as a single band of �50 nt. Northern blots carried out with
a probe complementary to artificial spacer 5 detected two distinct RNA fragments
of �50 nt, with less dense bands corresponding in size to the double repeat-spacer. In
contrast, the probe complementary to artificial spacer 6 did not reveal the presence of
RNA species smaller than 50 nt for variants in which the repeat sequence was altered.
With the ΔCas mutant, no bands were detected by any probe, confirming that the
presence of crRNAs is entirely dependent on the I-C CRISPR-Cas system.

DISCUSSION

Biogenesis of crRNAs is essential for CRISPR-Cas activity and differs considerably
between CRISPR-Cas types. Cleavage of the long pre-crRNA precursor into single
repeat-spacer units is guided by interaction of the repeat sequence with a nuclease,
often dependent on the secondary RNA structure (37). In contrast to most type I
CRISPR-Cas systems, type I-C was shown to utilize Cas5d as a nuclease performing

FIG 2 Secondary RNA structures of CRISPR30 P. gingivalis repeat predicted using Mfold software. (A) Wild-type structure with major elements marked. The arrow
indicates the putative primary crRNA processing site. (B) Modified structures (1 to 6). Modified nucleotides are indicated with uppercase letters and additional
lines.
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primary processing (20), recognizing the structural motif formed within the repeat
element. The secondary RNA structures of type I-C repeats described so far contain a
G/C-rich hairpin with a stem of 7 to 9 bp, a top loop, and a single-stranded sequence
at the 3= end containing the conserved 5=-AUUGAAAC/U-3= motif (20, 34, 35). A
consistent model for CRISPR30 of P. gingivalis was obtained using in silico modeling, yet
some differences are evident (Fig. 2). The repeat region seems to form a long A/T-rich
stem, with a shorter G/C-rich hairpin on the top loop. The predicted hairpin structure
encompasses the complete repeat region, which lacks the single-stranded sequence at
the 3= end. Nevertheless, the conserved motif at the top loop is retained. In previously
described type I-C repeat structures, Cas5d cleaves pre-crRNA at the 3= base of the
hairpin (20, 34, 35), but our analysis of deep-sequencing data for small RNA-enriched P.
gingivalis W83 transcripts suggests a probable location of primary processing cleavage
between A23 and U24 in the stem region (Fig. 5). One may, however, assume that due
to high A/U content, the hairpin structure is metastable and the single-stranded region
is at least partially exposed.

The previous studies on crRNA biogenesis in type I-C systems focused on processing
of different repeat variants in vitro. These showed that the 3= end of the repeat is
essential for pre-crRNA digestion (20, 38). The predicted secondary structure of the
repeat region of P. gingivalis CRISPR30 shows differences from previously described
repeat structures. Thus, to understand the role of each region of the hairpin, we
developed an in vivo model that utilized a set of P. gingivalis mutants with altered
repeat sequence between artificial spacers 5 and 6 (Fig. 2). The activity of CRISPR30 was
evaluated in P. gingivalis mutants using functional analysis and compared to that of the
wild-type strain. Native spacer 4 remained intact and was used as an internal control.
No difference in nucleic acid degradation between the wild-type bacteria and mutated
variants was observed for this spacer, confirming the validity of the developed model.

FIG 3 In vivo assessment of CRISPR-Cas system activity. Plasmids containing different protospacer sequences were conjugated into P. gingivalis W83 wild-type
bacteria or mutants with modified CRISPR-Cas cassettes. Subsequent tetracycline selection revealed which bacteria lost their resistance to antibiotics due to
the CRISPR-Cas interference. Consequently, the number of bacteria able to form colonies (CFU) in the presence of tetracycline was reversely correlated to the
activity of CRISPR-Cas interference. Values on the y axis represent the numbers of bacterial colonies. Each experiment was repeated at least three times. Error
bars represent standard deviations. PS, protospacer; N, native; A, artificial.
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Activity of the artificial spacer 5, located upstream of the repeat, was not affected,
regardless of the change implemented in the repeat region (including complete
disruption). On the other hand, every modification of the repeat region disabled activity
of artificial spacer 6, located downstream of the repeat. To fully study this phenomenon,
we analyzed the crRNA biogenesis in different mutants using Northern blotting.
Consistently with the results of the functional assay, we did not observe any differences
in the pattern of pre-crRNA and crRNA fragments for the native spacer 4 region,
whereas for the ΔCas no crRNA at any stage of maturation was visible, further
confirming the importance of Cas proteins in biogenesis of crRNA. The lack of any

FIG 4 Northern blot analysis of crRNAs in wild-type P. gingivalis and its modified variants. Certain crRNAs were detected with biotinylated probes
complementary to the repeat and spacers sp4N, sp5A, and sp6A. WT, wild type; ACbb, artificial CRISPR backbone; ΔCas, mutant with deleted cas operon; 1 to
6, mutants with modified repeat. On the right side of each blot, schematic structures of possible crRNA maturation intermediates are included.

FIG 5 Predicted structure of P. gingivalis CRISPR30 crRNA. The spacer sequence is flanked with 5= and 3= handles
derived from the repeat regions. While the 5= handle seems to be important for incorporation of the crRNA into
the effector complex, the 3= handle is essential for pre-crRNA maturation. Further, the region potentially trimmed
during effector complex formation is marked.
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crRNA transcripts can be caused by their low stability in the absence of Cas proteins,
but it cannot be excluded that Cas proteins may act as transcription factors (35).
Interestingly, despite the artificial spacer 5 activity remaining unchanged for modified
repeat variants, Northern blot analysis revealed a lack of mature crRNA. This suggests
that the cleavage between artificial spacers 5 and 6 might have been hampered due to
alteration of the repeat sequence or structure. In turn, smaller fragments corresponding
roughly in size to the spacer without the repeat are present, suggesting downstream
processing of the crRNA. For biologically inactive artificial spacer 6, the noncleaved,
duplicated repeat-spacer unit was observable, while shorter fragments were not de-
tected. Figure 6 presents the proposed mechanism of crRNA biogenesis in artificial
CRISPR mutants with and without modified repeat sequence. It must also be noted that
in addition to Cas5d the P. gingivalis type I-C operon also encodes Cas6, which is a
pre-crRNA nuclease in most of type I systems, as previously reported (39, 40). One may
assume that both of these proteins could be involved in crRNA processing in P.
gingivalis.

Together, the results from the functional assay and Northern blot analysis confirm
that the 5= terminus, but not the 3= terminus, of crRNA is essential for its activity. This
is supported by structural data available for type I interference complexes (CASCADE),
where the 5= end of the crRNA is embedded in close proximity to a Cas8 protein, which
is referred to as the large subunit of CASCADE, involved in PAM recognition (15, 41).

Furthermore, the presence of short (�50-nt) fragments for sp5A crRNA (active),
which were lacking for the artificial spacer 6 crRNA (inactive), suggests two options.
Presumably, crRNAs may be further trimmed in a mechanism independent from the
repeat hairpin. Trimming of the 3= end of crRNA is common in type III as well as in many
type I systems (including types I-A, I-B, and I-D) (11, 21, 42, 43). It can therefore be
assumed that spacer 5-repeat-spacer 6-repeat molecules are incorporated into the
CASCADE complex via the 5= terminus of the sp5A region, whereas the sp6A crRNA
region lacks the 5= handle and is biologically inactive. Further, the artificial spacer 5
crRNAs are trimmed to yield the spacer region deprived of the repeat sequence.
Whether the spacer region by itself can serve as the active crRNA remains to be shown,
yet one may assume such a scenario, as even the complete removal of the repeat
structures located at the 3= end did not affect sp5A crRNA activity.

FIG 6 Proposed mechanism of crRNA biogenesis in artificial CRISPR mutants. Arrows indicate primary
processing cleavage sites. (A) In the case of unmodified repeat sequence between artificial spacers 5 and
6, primary processing of pre-crRNA results in series of single repeat-spacer units, which are further
trimmed at their 3= ends during secondary processing. (B) Any modification into repeat sequence
between artificial spacers 5 and 6 abolished cleavage within modified repeat sequence. This is evident
by the lack of observable single repeat-spacer units for probes complementary to those spacers.
Secondary processing, which is probably independent from the primary cleavage, separates spacer 5
crRNA from the spacer 6 fragment, which is degraded during the process. As a result, functional spacer
5 crRNA molecule is generated.

Burmistrz et al. Journal of Bacteriology

December 2017 Volume 199 Issue 23 e00275-17 jb.asm.org 8

http://jb.asm.org


To summarize, we showed the role of the repeat element in the CRISPR cassette of
the P. gingivalis CRISPR30 in biogenesis and biological activity of corresponding crRNAs.
Our results indicate that a 5= handle of crRNA is essential for the activity. On the other
hand, the repeat element localizing to the 3= handle seems less important. It also
appears that each tested modification of the structure or the sequence of the repeat
element hampers its activity, most likely by impeding the ability to interact with the
primary processing nuclease. These results are important for understanding the biology
of P. gingivalis and the CRISPR-Cas system.

MATERIALS AND METHODS
In silico analysis. Secondary structures of the CRISPR30 repeat sequence and its derivatives were

predicted using the Mfold web server (version 2.3) (36). Alignment of sequences from transcriptome
sequencing was performed using ClustalX (version 2.1) (44).

Purification of nucleic acids. Plasmids from E. coli were purified using a GeneJET plasmid miniprep
kit (Thermo Fisher Scientific) in accordance with the manufacturer’s instructions. Genomic DNA from P.
gingivalis was isolated using a genomic minikit (A&A Biotechnology, Poland) in accordance with the
manufacturer’s instructions. Total RNA from P. gingivalis was isolated using Fenozol (A&A Biotechnology)
according to the manufacturer’s protocol, with slight modifications. Briefly, 10 ml of an overnight P.
gingivalis culture was centrifuged at 5,000 � g and 4°C for 10 min. The pellet was resuspended in 1 ml
of Fenozol and centrifuged (12,000 � g and 4°C for 10 min). The aqueous phase was transferred to a new
tube and 200 �l of chloroform was added. The sample was vortexed and centrifuged (12,000 � g and
4°C for 15 min), and the aqueous phase was transferred to a new tube, mixed with 500 �l of propan-2-ol,
and incubated for 16 h at �20°C. After centrifugation (12,000 � g and 4°C for 10 min) and a washing with
1 ml of 75% ethanol, RNA was dissolved in 50 �l of ultrapure diethyl pyrocarbonate (DEPC)-treated water
(Life Technologies, USA) and treated with Turbo DNase (Life Technologies, USA) according to the
manufacturer’s instructions. The RNA concentration was determined with a NanoDrop spectrophotom-
eter (Thermo Fisher Scientific). Samples were stored at �80°C.

Preparation of plasmids containing protospacers. Different protospacer sequences were inserted
into the shuttle vector pT-COW as described previously (29). Briefly, synthetic oligonucleotides (listed in
Table 1) encoding protospacer sequences were annealed to form double-stranded DNA with single-
stranded overhangs. These overhangs enabled sticky-end ligation with pT-COW plasmid previously
digested with HindIII and SalI restriction enzymes (Thermo Fisher Scientific). The resulting plasmids were
used to transform chemically competent E. coli TOP10 bacteria (Thermo Fisher Scientific). Transformants
were selected against ampicillin and the constructs were verified by DNA sequencing.

Bacterial culture. E. coli was grown under aerobic conditions (shaking at 200 rpm) in LB medium
(Bioshop, Canada). LB plates were supplemented with 2% agar (Bioshop, Canada). Bacterial stocks were
stored at �80°C in medium supplemented with glycerol. When needed, ampicillin (100 �g/ml) was
added.

P. gingivalis was cultured under anaerobic conditions (80% N2, 10% CO2, and 10% H2) using an A85
anaerobic workstation (Whitley Scientific, UK). For liquid cultures, tryptic soy broth (TSB; Fluka, Switzer-
land) supplemented with 0.5% yeast extract (Bioshop, Canada), L-cysteine (0.5 mg/ml; Bioshop, Canada),
menadione (0.5 �g/ml; ICN Biomedicals, USA), and hemin (5 �g/ml; ICN Biomedicals) was used. TSB
plates were additionally supplemented with 5% sheep blood and 2% agar. To prepare bacterial stocks,
cells from culture plates were transferred to sterile 10% skimmed milk (Bioshop) in water and stored at
�80°C. When needed, tetracycline (1.0 �g/ml), erythromycin (5.0 �g/ml), and/or gentamicin (150 �g/ml)
was added. Electrocompetent P. gingivalis cells were prepared according to the protocol described by
Bélanger et al. (45).

Preparation of P. gingivalis mutants. Inserts for the preparation of P. gingivalis mutants with a
modified CRISPR array or with the cas operon removed (ΔCas) were synthesized by GeneArt (Thermo
Fisher Scientific) and incorporated into the pMK-RQ plasmid (Fig. 1). The repeat sequence within the
plasmids was modified by cloning. Briefly, the purchased backbone plasmid containing the unmodified
repeat sequence was digested with BamHI and NotI restriction enzymes (New England BioLabs) and gel

TABLE 1 Oligonucleotides used for construction of inserts containing protospacer sequences

Spacer name Sequences (5=¡3=)
Native spacer 4 AGC TAA ATT TCA GCA TTG TAT TGA ACT GAA CAT ATA GAG AAT CAG G; TCG ACC TGA TTC TCT ATA TGT TCA GTT CAA

TAC AAT GCT GAA ATT T; TCG ATT TGA TTC TCT ATA TGT TCA GTT CAA TAC AAT GCT GAA ATT T
Native spacer 5 AGC TAA AAA AGT TTT AAG ATT AGC AAA CAT TTT ACC ATC TTG TAG G; TCG ACC TAC AAG ATG GTA AAA TGT TTG

CTA ATC TTA AAA CTT TTT T; TCG ATT TAC AAG ATG GTA AAA TGT TTG CTA ATC TTA AAA CTT TTT T
Native spacer 6 AGC TCC TTT TAC TAC ATT GAA AAA ATC GTC TTC GTC TGC TAA AAA; TCG ATT TTT AGC AGA CGA AGA CGA TTT TTT

CAA TGT AGT AAA AGG; TCG ATT TTT AGC AGA CGA AGA CGA TTT TTT CAA TGT AGT AAA TTT
Artificial spacer 5 AGC TCC TTT TAT CGT AAA AAT TCG GAT CCA TTC TAT TTA AGA AAA A; TCG ATT TTT CTT AAA TAG AAT GGA TCC GAA

TTT TTA CGA TAA AAG G; TCG ATT TTT CTT AAA TAG AAT GGA TCC GAA TTT TTA CGA TAA ATT T
Artificial spacer 6 AGC TCC TTA ATC ATT CAA AAT GCG GCC GCC TTA TTA TTT AAT AAA; TCG ATT TAT TAA ATA ATA AGG CGG CCG CAT

TTT GAA TGA TTA AGG; TCG ATT TAT TAA ATA ATA AGG CGG CCG CAT TTT GAA TGA TTA TTT
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purified. Inserts were prepared by hybridization of synthetic nucleotides (Table 2) (Genomed, Poland) as
described previously (29) and ligated using T4 DNA ligase (Thermo Fisher Scientific), and the resulting
plasmids were used to transform E. coli TOP10 bacteria (Thermo Fisher Scientific). Positive transformants
were selected using ampicillin, plasmids were isolated, and their identity was confirmed by DNA
sequencing.

Mutants were prepared by homologous recombination. Briefly, 1 �g of vector containing the artificial
CRISPR cassette with the desired modifications was linearized by digestion with KpnI restriction enzyme
(New England BioLabs) according to the manufacturer’s instructions in a 10-�l reaction mixture. The
digested vector was cooled on ice, mixed with 100 �l of electrocompetent P. gingivalis W83 cells, and
transferred to a cuvette, and transformation was carried out with a Micropulser device (Bio-Rad) using a
2.5-kV pulse for 4 ms. Immediately after pulsing, 1 ml of prewarmed TSB medium was added and bacteria
were cultured at 37°C under anaerobic conditions for 24 h. Subsequently, bacteria were plated on TSB
plates with erythromycin and cultured at 37°C in anaerobic conditions for 7 to 14 days. Single colonies
were collected and verified by DNA sequencing.

Assessment of CRISPR-Cas activity. The CRISPR-Cas activity of each mutant was evaluated based on
the outcome of the conjugal transfer of plasmids carrying particular protospacers, which determined
antibiotic resistance. Briefly, CRISPR-Cas-mediated degradation of plasmids resulted in the loss of
antibiotic resistance and consequently a lack of growth. For conjugation, the E. coli S 17-1 donor strain
was transformed with pT-COW plasmids containing different protospacer sequences and selection was
performed with ampicillin. Multiple colonies for each protospacer variant were mixed to prepare
conjugation stocks that were stored at �80°C. Each of the E. coli S 17-1 samples was separately cultured
on an LB plate containing ampicillin. P. gingivalis mutants were cultured on TSB plates with erythromycin.
Wild-type P. gingivalis cells were cultured on plates without antibiotics. Bacteria were harvested from
plates, mixed together in equal quantities, seeded on a fresh TSB plate without antibiotics, and incubated
anaerobically overnight at 37°C. Subsequently, cultures were reseeded on TSB plates containing genta-
micin and tetracycline. After 7 to 11 days of incubation under anaerobic conditions at 37°C, plates were
imaged using a DSC-HX400V camera (Sony) with a white backlight. Colonies were counted using
OpenCFU software (46), and the results were verified by eye.

Northern blotting. Bacterial RNA from P. gingivalis (4 �g) was separated on a 15% polyacrylamide
gel (19:1 acrylamide-bisacrylamide) in the presence of 8 M urea. The gel was prerun at 200 V for 1 h and
samples were denatured at 65°C and separated at 180 V. After separation, RNA was transferred to an
Immobilon-Ny� membrane (Merck Millipore) using the wet transfer method with a Mini Trans-Blot cell
(Bio-Rad). Membranes were then fixed by cross-linking using a Hoefer UVC 500 UV cross-linker (Hoefer,
USA) system at 70,000 �J/cm2. Hybridization was performed in a Shake ‘n’ Stack hybridization oven
(Thermo Fisher Scientific) with 5 ml of hybridization buffer (7% SDS, 200 mM phosphate buffer [pH 7.2]).
Incubation was carried out at 46°C for 30 min. Hybridization buffer was then supplemented with a 500
�M concentration of the specific biotinylated probe (Table 3) and incubated overnight. Subsequently,
membranes were washed twice with 15 ml of wash buffer (2� SSC [1� SSC is 0.15 M NaCl plus 0.015
M sodium citrate], pH 7.0, and 1% SDS) for 15 min each time. Membranes were then incubated for 2 h
with 5 ml of wash buffer (2� SSC, 0.1% SDS) supplemented with streptavidin-conjugated horseradish

TABLE 2 Oligonucleotides used for construction of P. gingivalis mutants with altered repeat sequences

Mutant Sequences (5=¡3=)a

1 ggc cgc att ttg aat gat tag ttt cct gta tgg tgc aaa ttt ctt aaa tag aat g; gat cca ttc tat tta aga aat ttg cac cat aca gga aac taa tca ttc
aaa atg c

2 ggc cgc att ttg aat gat tag AAA tTT AAc ctg tat ggt gcT TAA gTT TAt tct taa ata gaa tg; gat cca ttc tat tta aga aTA AAc TTA Agc
acc ata cag gTT AAa TTT cta atc att caa aat gc

3 ggc cgc att ttg aat gat tag AAA GTT AAc ctg tat ggt gca att gaa att tct taa ata gaa tg; gat cca ttc tat tta aga aat ttc aat tgc acc
ata cag gTT AAC TTT cta atc att caa aat gc

4 ggc cgc att ttg aat gat tag ttt taa ttc ctg tat CCt gca att gaa att tct taa ata gaa tg; gat cca ttc tat tta aga aat ttc aat tgc aGG ata
cag gaa tta aaa cta atc att caa aat gc

5 ggc cgc att ttg aat gat tag ttt taa ttG Gtg tat CCt gca att gaa att tct taa ata gaa tg; gat cca ttc tat tta aga aat ttc aat tgc aGG ata
caC Caa tta aaa cta atc att caa aat gc

6 ggc cgc att ttg aat gat tag ttt taa ttc gtg caa ttg aaa ttt ctt aaa tag aat g; gat cca ttc tat tta aga aat ttc aat tgc acg aat taa aac taa
tca ttc aaa atg c

aThe repeat region is marked with bold letters; uppercase letters represent regions altered compared to the original sequence.

TABLE 3 Probes used for Northern blot analysis

Recognized sequence Sequence (5=¡3=)
Native spacer 4 GAT TCT CTA TAT GTT CAG TTC AAT ACA ATG CTG AAA-biotin
Native spacer 5 ACA AGA TGG TAA AAT GTT TGC TAA TCT TAA AAC TTT-biotin
Native spacer 6 TTA GCA GAC GAA GAC GAT TTT TTC AAT GTA GTA AA-biotin
Artificial spacer 5 TTC TTA AAT AGA ATG GAT CCG AAT TTT TAC GAT AAA-biotin
Artificial spacer 6 ATT AAA TAA TAA GGC GGC CGC ATT TTG AAT GAT TA-biotin
Repeat GTT TTA ATT CCT GTA TGG TGC AAT TGA AAT-biotin
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peroxidase (HRP; diluted 1:25,000; GE Healthcare). The signal was visualized with 1 ml of Immobilon
Western chemiluminescent HRP (Millipore) and recorded using a ChemiDoc imager (Bio-Rad).
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