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The CRISPR/Cas bacterial immune
system cleaves bacteriophage and
plasmid DNA
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Christophe Fremaux3, Philippe Horvath3, Alfonso H. Magadán1 & Sylvain Moineau1

Bacteria and Archaea have developed several defence strategies against foreign nucleic acids such as viral genomes and
plasmids. Among them, clustered regularly interspaced short palindromic repeats (CRISPR) loci together with cas
(CRISPR-associated) genes form the CRISPR/Cas immune system, which involves partially palindromic repeats
separated by short stretches of DNA called spacers, acquired from extrachromosomal elements. It was recently
demonstrated that these variable loci can incorporate spacers from infecting bacteriophages and then provide
immunity against subsequent bacteriophage infections in a sequence-specific manner. Here we show that the
Streptococcus thermophilus CRISPR1/Cas system can also naturally acquire spacers from a self-replicating plasmid
containing an antibiotic-resistance gene, leading to plasmid loss. Acquired spacers that match antibiotic-resistance
genes provide a novel means to naturally select bacteria that cannot uptake and disseminate such genes. We also provide
in vivo evidence that the CRISPR1/Cas system specifically cleaves plasmid and bacteriophage double-stranded DNA
within the proto-spacer, at specific sites. Our data show that the CRISPR/Cas immune system is remarkably adapted to
cleave invading DNA rapidly and has the potential for exploitation to generate safer microbial strains.

Clustered regularly interspaced short palindromic repeats (CRISPR)
loci were discovered in 1987 in Escherichia coli1. However, the interest
in these genetic elements increased in the early 2000s, as they were
identified, along with many CRISPR-associated (Cas) proteins, in
several prokaryotes2,3. Recently, it was shown that the short spacers
(21–72 base pairs (bp)) between these repeats originated from extra-
chromosomal DNA4–7. Most importantly, it was experimentally
demonstrated that those short spacers can provide resistance against
bacteriophage infection and plasmid transformation8–10.

The CRISPR/Cas immune systems act in at least two general steps:
(1) the adaptation stage, where new spacers derived from foreign DNA
(proto-spacers) are generally acquired at the leader end of the CRISPR
locus11,12; and (2) the interference stage, where the CRISPR/Cas system
targets either invading DNA10 or RNA13. The mechanistic details of
spacer acquisition are still unknown, but a clearer picture is emerging
for the interference stage, which starts with the transcription of the
CRISPR locus from a promoter located within the leader sequence14,15.
The full-length RNA is subsequently cleaved by a protein or protein
complex, generating short CRISPR RNAs (crRNAs)16–19. In Pyrococcus,
Cas proteins use the crRNAs to target foreign RNA by complemen-
tarity in a ruler-anchored manner13. However, the in vivo mechanism of
plasmid and viral interference has yet to be determined.

Wepreviouslyshowedthatwhenbacteriophage-sensitiveStreptococcus
thermophilus cells are infected by virulent bacteriophages, a subset of
cells (frequency of ,1026) naturally diversify into bacteriophage-
insensitive mutants through the acquisition of novel spacers derived
from the invading bacteriophage genome into CRISPR1 and/or
CRISPR3 (refs 9, 11, 20). Here we investigate the in vivo activity of
the CRISPR/Cas system in S. thermophilus against both bacteriophage
and plasmid DNA.

CRISPR/Cas affects plasmid stability
In silico analyses previously indicated that spacers may also be derived
from S. thermophilus plasmids11. Because the CRISPR/Cas system
was recently demonstrated to interfere with plasmid transfer in
Staphylococcus10, we put forward the hypothesis that the CRISPR/
Cas system is responsible for the scarcity of plasmids in wild-type
strains of S. thermophilus21,22. To test this hypothesis, we first intro-
duced by electroporation the vector pNT1 (ref. 23) into the plasmid-
free S. thermophilus strain DGCC7710. This vector, which is derived
from a native S. thermophilus plasmid, replicates via a rolling-circle
mode and carries an added chloramphenicol-resistance (cat) gene as a
selection marker. A representative transformant was grown in liquid
medium for about 60 generations in the absence of chloramphenicol
and aliquots were screened for antibiotic-sensitive colonies.

A total of 54 colonies (out of 900 tested) became sensitive to chloram-
phenicol and concomitantly lost pNT1. Thirty of these fifty-four
colonies acquired a new spacer-repeat unit in CRISPR1. No spacer
was integrated in the three other CRISPR loci of S. thermophilus
DGCC7710 (ref. 8). Sequence analysis of CRISPR1 in the aforemen-
tioned 30 colonies identified 14 different spacers (S43–S56), all of
which were homologous to pNT1 sequences (Table 1 and Fig. 1).
Plasmid stability assays were also performed using two isogenic
DGCC7710 strains in which cas5 (csn1-like) or cas7 genes associated
to CRISPR1 were inactivated before the introduction of pNT1.
Plasmid pNT1 was highly stable in the DGCC7710::pcas52 mutant
as no chloramphenicol-sensitive colonies could be isolated, out of
1,800 screened. Of 170 randomly selected chloramphenicol-resistant
colonies, none had acquired a new spacer in CRISPR1. On the other
hand, chloramphenicol-sensitive colonies were readily obtained with
the strain DGCC7710::pcas72, but none of the 200 colonies tested
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had acquired a new spacer in CRISPR1, indicating that plasmid loss
was probably the result of other mechanisms responsible for plasmid
instability24,25. These data are consistent with previous findings that
cas5 is involved in the interference stage9 and its inactivation favours
plasmid stability, whereas cas7 is linked to the spacer acquisition
stage9. Taken together, these observations indicate that the
CRISPR/Cas system causes plasmid loss in S. thermophilus.

CRISPR/Cas targets antibiotic-resistance genes
To assess whether the acquired spacers from pNT1 cause plasmid
interference in these plasmid-interfering mutants, we tested their pro-
pensity for pNT1 reintroduction. We were unable to obtain transfor-
mants of the plasmid-interfering mutant that carried a spacer perfectly
matching a proto-spacer associated with the consensus proto-spacer
adjacent motif NNAGAAW (Table 1). We previously showed that the
newly added spacer must be identical to the proto-spacer in the
bacteriophage genome to confer bacteriophage resistance, and that a
proto-spacer adjacent motif located downstream of the proto-spacer is
required for the resistance phenotype4,9,20,26. Here, approximately half
of the proto-spacer adjacent motif sequences contained one or two
nucleotide mismatches. This tolerance for proto-spacer adjacent motif
degeneracy could be due to the lower selective pressure for plasmids as
compared to bacteriophages.

Some plasmid-interfering mutants targeting proto-spacers asso-
ciated with non-consensus motifs (NNNAGAAG, NNATAAA, NNG
GAAT or NNAGAAG) were also refractory to pNT1 reintroduction.
Notably, a plasmid carrying the degenerate motif NNATAAA down-
stream of proto-spacer S52 could not be transformed into the corres-
ponding plasmid-interfering mutants, whereas bacteriophages
carrying the same proto-spacer adjacent motif could infect the match-
ing bacteriophage-insensitive mutants20 (Supplementary Table 1). It
is also worth mentioning that one plasmid-interfering mutant con-
tained a spacer (S47) that matched the last 29 nucleotides (out of 30)
of the corresponding proto-spacer in pNT1, indicating that sequence
identity at the 59 end of the spacer might be less important than in the
middle or at the 39 end.

Two plasmid-interfering mutants (DGCC7710pNT1
1S55 and

DGCC7710pNT1
1S56, also named PIM S55 and PIM S56 for simplicity)

carried a spacer targeting the cat gene (S55) or its downstream region
(S56) (Table 1 and Fig. 1). These spacers rendered the cells untrans-
formable with pNT1 and also with another plasmid (pTRK687)
carrying the same cat gene. Thus, we conclude that the CRISPR/Cas
system provides a simple and natural means to develop a bacterial
strain that is refractory to the acquisition of plasmids that carry
antibiotic-resistant genes.

Motif degeneracy influences plasmid interference
Two other plasmid-interfering mutants (PIM S45 and PIM S46)
carrying a spacer associated with a non-consensus proto-spacer adja-
cent motif could be re-transformed with pNT1 but at lower frequencies
(Table 1). Unexpectedly, the re-transformed PIM S46 visibly carried a
linear form of pNT1 (Fig. 2a). S. thermophilus strain PIM S46 also
contained the usual circular form of the vector, albeit at much lower
concentration than the linear form (Fig. 2b), and could still grow in a
medium containing chloramphenicol. However, 74–100% of the cells
lost pNT1 within 14 generations after growth in a non-selective
medium. Under the same conditions, 0–10% of the wild-type colonies
lost the plasmid. Therefore, although the NNAGTAG motif was ini-
tially permissive for pNT1, the CRISPR/Cas machinery still eliminated
the circular and linear plasmid forms within a few generations. The
reason for the relative stability of the linear form of the plasmid, under
selective pressure, is still unclear.

To assess whether the observed plasmid linearization was the result
of CRISPR/Cas activity, the cas5 and cas7 genes of PIM S46 were also
inactivated and the isogenic strains transformed with pNT1. Plasmid
content analysis revealed the presence of only the circular form in
PIM S46::pcas52, confirming the involvement of cas5 in plasmid

Table 1 | Plasmid-interfering mutants obtained during plasmid stability assay.
PIM Spacer acquired* (59 to 39) PAM{ Gene{ Position on

pNT1
Strand Transformation with pNT11

(CFU per mg DNA)
Number of times

isolatedI

DGCC7710pNT1
1S43 GATCAAATAACTAATAAATACCCAGTACTT TGCAGAAG - 29 2 - 1

DGCC7710pNT1
1S44 GACCCCCCTTTTAAGTGCCGAGTGCCAAAT TGAGAAA dso 63 1 - 1

DGCC7710pNT1
1S45 TATACTTGGGTTAATTATACCGTATGGCAA AAGAAA - 436 1 4.4 6 3.5 1

DGCC7710pNT1
1S46 TTTCCCAATCTTCTGGAATTGAATCGGGAT AGAGTAG rep 528 2 3.7 6 2.6 3 102 2

DGCC7710pNT1
1S47 CATGATCTGCAATAATATTGCAGACCTCGT CTAGAAT rep 917 2 - 1

DGCC7710pNT1
1S48 GATGATCTGCAATAATATTGCAGACCTCGT CTAGAAT rep 918 2 - 2

DGCC7710pNT1
1S49 CGATGATCTGCAATAATATTGCAGACCTCGT CTAGAAT rep 919 2 - 1

DGCC7710pNT1
1S50 AATTTAGTTCCGTCAGTAGATTATGAAACT GGAGAAG rep 1074 1 - 1

DGCC7710pNT1
1S51 AAAAGCAATGAGTTACATGGTTGCAAGAAT GCAGAAA mob 1488 1 - 4

DGCC7710pNT1
1S52 GCCCCAGCTTACTATCAAGGAGCTTTCACG GCATAAA sso 1999 2 - 1

DGCC7710pNT1
1S53 CGCCACAGGTTACTTGCTGTCAAGGAGACC ATGGAAT - 2066 1 - 6

DGCC7710pNT1
1S54 TCGTTTGTTGAACTAATGGGTGCTTTAGTT GAAGAAT - 2246 2 - 4

DGCC7710pNT1
1S55 AGAGTTTTATGATTTATACCTTTCTGATGT AGAGAAA cat 2717 1 - 3

DGCC7710pNT1
1S56 TTCTTCAACTAACGGGGCAGGTTAGTGACA TTAGAAA - 3114 2 - 2

DGCC7710 - 1.4 6 0.6 3 103

CFU, colony-forming units; PAM, proto-spacer adjacent motif; PIM, plasmid-interfering mutant.
*Nucleotide mismatch with pNT1 sequence is underlined.
{Nucleotide mismatches with the CRISPR1 proto-spacer adjacent motif (NNAGAAW) are underlined.
{The ‘-’ symbol indicates an intergenic region.
1 The ‘-’ symbol indicates that pNT1 could not be electroporated into the plasmid-interfering mutants (,1 CFU per mg DNA), n $ 2.
IThe number of times that each plasmid-interfering mutant was isolated in the assay.
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Figure 1 | pNT1 proto-spacers. The numbers outside and inside the map
correspond to proto-spacers from the positive and negative strand, respectively.
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interference. On the other hand, pNT1 was still linear in mutant PIM
S46::pcas72and in PIM S46 (Fig. 2a).

We next investigated the terminal ends of the pNT1 DNA mol-
ecules by directly sequencing the linear plasmid extracted from the
PIM S46 strain. We unambiguously determined that pNT1 had been
cut once (blunt), within the S46 proto-spacer, after the 27th nucleo-
tide, 3 bases upstream of the proto-spacer adjacent motif (Table 2 and
Fig. 2c). We conclude that double-stranded plasmid DNA is targeted
and cleaved within the proto-spacer by the CRISPR/Cas machinery.

CRISPR/Cas system cuts viral DNA in the proto-spacers
To test whether the CRISPR/Cas system cleaves other invading DNA
within the proto-spacer, we analysed the fate of bacteriophage DNA
during the infection of bacteriophage-insensitive mutants containing

bacteriophage-derived spacers (Fig. 3a). We used the virulent
streptococcal bacteriophage 2972 (ref. 27), its host DGCC7710, and
three previously described bacteriophage-insensitive mutants derived
from DGCC7710 following challenge with virulent bacteriophages
2972 and/or 858, namely DGCC7710W2972

1S4, DGCC7710W2972
1S7

and DGCC7710W2972
1S4

W858
1S32 (bacteriophage-insensitive mutant

(BIM) S4, BIM S7 and BIM S4/S32, respectively)20. These bacterial
strains were infected with bacteriophage 2972 and total DNA was
extracted from bacteriophage-infected cells sampled over time.
Southern hybridizations of the DNA throughout the time course of
infection of the bacteriophage-insensitive mutants with probes targeting
regions close to the proto-spacers revealed that the bacteriophage DNA
is rapidly cleaved by the CRISPR/Cas machinery (Fig. 3b, c). The
cleavage site in the bacteriophage genome seemed to be within or in
the vicinity of the proto-spacer during the infection of bacteriophage-
insensitive mutants, whereas no cleavage of bacteriophage DNA was
observed in the sensitive strain DGCC7710 (Fig. 3c). The cleavage pat-
terns were similar in the bacteriophage-infected BIMs, even though the
S4 and S7 spacers are derived from different DNA strands and tran-
scriptional modules of the bacteriophage genome28 (Fig. 3a). We also
conducted the same experiments with isogenic derivatives of S. thermo-
philus BIM S4, in which the cas5 and cas7 genes were independently
inactivated. The inactivation of cas5 restored bacteriophage sensitivity
(efficiency of plaquing of 1) and no bacteriophage DNA cleavage
occurred, confirming the involvement of cas5 in interference. In con-
trast, the inactivation of cas7 did not affect bacteriophage resistance
(efficiency of plaquing of 1026) and bacteriophage DNA was cleaved
(Fig. 3c).

We also investigated the fate of bacteriophage DNA during the
infection of S. thermophilus BIM S4/S32, which contains two new
spacers that target bacteriophage 2972. The bacteriophage genome
was cleaved within each proto-spacer in this infected bacteriophage-
insensitive mutant (Fig. 3c). The 5.2-kb and 5.8-kb bands corre-
sponded to a cleavage at the S4 or S32 proto-spacers, respectively,
whereas the 1.4-kb band resulted from cleavage at both sites. This is
consistent with the previous observation that resistance increases with
the number of spacers acquired20. Our results show that the in vivo
target of the S. thermophilus CRISPR1/Cas system is DNA for both
plasmid (Fig. 2) and bacteriophage (Fig. 3).

We then wanted to determine whether the bacteriophage DNA
cleavage site was identical to that of the plasmid. Contrary to the
method used for the determination of the cleavage site of plasmid
pNT1, the low amount of cleaved bacteriophage DNA in the infected
bacteriophage-insensitive mutants rendered direct sequencing of the
extremities impossible. An alternative sequencing method was used
(see Supplementary Methods and Supplementary Fig. 1), as the cleaved
1.4-kb fragment (from S. thermophilus BIM S4/S32) was subjected to
inverse PCR to obtain a product that joins the ends of the S4- and S32-
cleaved proto-spacers. Sequence analysis of the amplicon revealed that
the bacteriophage fragment had indeed been cleaved within S4 and
S32. For the other cleavage sites, the extracted bacteriophage DNA was
digested in vitro by restriction endonucleases producing blunt ends

c

ba

CAT T TCCCAA TC TTC TG GAA T T G AAT CG G

5′ end of proto-spacer S46

Cleavage site

C A T T T C C C A A T C T T C T G G A A T T G A A T C G G G A T A G A G T A G G A A A G T G A A G T A T C T

C A T T T C C C A A T C T T C T G G A A T T G A A T C G G  

530 473

pNT1

A TA GG AG TAG G A A G T G A AG T A T C TA

N G A T AG A G T A GG A A A G TG A A G TA T C T

3′ end of proto-spacer S46

(Nucleotide position in pNT1)

1 2

Linear form

3.7 kb 

Supercoiled form

PIM

S46

DGCC

7710
2

3

4

5

6
7

12

8

10

3

4

5

6

12

8

10

7

pNT1

cut

PIM 

S46

DGCC

7710

PIM 

S46

::pcas5–::pcas7–

PIM 

S46

1 2 3 4 5 6 7

Figure 2 | The CRISPR1/Cas system in S. thermophilus targets incoming
plasmid DNA. a, Plasmid pNT1 in S. thermophilus strains. Twenty nanograms
of plasmid DNA were loaded per lane. pNT1 plasmid was extracted from wild-
type strain DGCC7710 (lane 2), from plasmid-interfering mutant (PIM) strain
S46 (lane 3), PIM S46::pcas52 (lane 4) and PIM S46::pcas72 (lane 5). pNT1 from
lane 2 was linearized with EcoRV (lane 6). Lanes 1 and 7: supercoiled and 1-kb
DNA ladders (Invitrogen), respectively. b, Southern hybridization of plasmid
pNT1 in S. thermophilus strains. Lane 1: 1 ng of native pNT1 plasmid extracted
from wild-type strain DGCC7710. Lane 2: 10 ng of pNT1 extracted from PIM
S46. The DIG-labelled probe 6 (Supplementary Table 2) was used. c, Direct
sequencing electropherograms from primers NT17215_3 (upper part) and
NT17225_2 (lower part) (see Methods). The non-templated addition of adenine
(T in the reverse complement sequence shown here) at the extremity of the
primer NT17225_2 sequence is a sequencing artefact due to the polymerase35.

Table 2 | Cleavage sites within the proto-spacers in bacteriophage 2972 or plasmid pNT1
BIM or PIM Spacer

(size)
Homology
(position)

Strand Proto-spacer*
(59 to 39)

PAM{

DGCC7710W2972
1S4 S4 (30 nt) Bacteriophage 2972 (31582) 1 CTCAGTCGTT#ACTGGTGAACCAGTTTC#AAT TGAGAAA

DGCC7710W2972
1S4

W858
1S32 S4 (30 nt) Bacteriophage 2972 (31582) 1 CTCAGTCGTT#ACTGGTGAACCAGTTTC#AAT TGAGAAA

DGCC7710W2972
1S4

W858
1S32 S32 (30 nt) Bacteriophage 2972 (33044) 1 ATTGTCTATTA#CGACAACATGGAAGAT#GAT GTAGAAA

DGCC7710W2972
1S40 S40 (29 nt) Bacteriophage 2972 (31583) 1 TCAGTCGTT#ACTGGTGAACCAGTTTC#AAT TGAGAAA

DGCC7710W2972
1S7 S7 (30 nt) Bacteriophage 2972 (10299) 2 AAGCAAGTTGATATATTTCTCTTTCTT#TAT TAAGAAA

DGCC7710W2972
1S41 S41 (30 nt) Bacteriophage 2972 (31518) 2 TTCCCTTCGATAATGGCAAGACCGAAA#CGT TCAGAAA

DGCC7710W2972
1S42 S42 (30 nt) Bacteriophage 2972 (31084) 2 ATATTCATATTCCCTGCTCATGTTTGA#TAG CAAGAAT

DGCC7710pNT1
1S46 S46 (30 nt) Plasmid pNT1 (528) 2 TTTCCCAATCTTCTGGAATTGAATCGG#GAT AGAGTAG

BIM, bacteriophage-insensitive mutant; nt, nucleotide; PAM, proto-spacer adjacent motif; PIM, plasmid-interfering mutant.
* # Indicates the cleavage site
{The mismatches with the consensus proto-spacer adjacent motif (NNAGAAW) are underlined.
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and cutting upstream and downstream of each proto-spacer (see Sup-
plementary Figs 1 and 2). Fragments comprising the cleaved proto-
spacer at one extremity and a blunt site at the other were ligated and
inverse PCRs were performed as described previously. PCR products
were obtained for every fragment and sequenced.

Analysis of the amplicons revealed that all of the cleavage sites were
within the proto-spacers (S4, S7 and S32). In every cleaved proto-
spacer analysed, one cleavage site was located after the 27th nucleo-
tide, 3 bases upstream of the proto-spacer adjacent motif, as observed
for the linearized plasmid in PIM S46 (Table 2). Curiously, a second
cleavage site was detected within the proto-spacers but only for the
spacers targeting the positive strand of the bacteriophage genome (see
S32 and S4 in Table 2). This second site was located 19 or 20 nucleo-
tides upstream of the proto-spacer adjacent motif. Notably, the plas-
mid proto-spacer S46 described above was on the negative strand and
was cut only once (Table 2). To confirm these results, three additional
bacteriophage-infected BIMs that have acquired different spacers
(S40, S41, or S42) were analysed similarly. The single (negative strand)
and double (positive strand) cleavage sites within the proto-spacer
were confirmed in these three bacteriophage-insensitive mutants
(Table 2). Of note, the two cleavage sites within the S40 proto-spacer
(a natural 59-end truncated version of the S4 proto-spacer with 29
nucleotides instead of 30) were at the same position, indicating that
the CRISPR1/Cas system in S. thermophilus probably acts in a 39-end
ruler-anchored manner. Ligation and amplification of each cleaved
fragment could be obtained and no nucleotide was missing in the S7,
S41, S42 and S46 proto-spacer sequences, confirming the blunt-end
cleavage activity of S. thermophilus CRISPR1/Cas system.

Overall, we have established that the S. thermophilus CRISPR1/Cas
system cleaves both bacteriophage and plasmid DNA in vivo. This

endonuclease activity, which seems to require cas5, is proto-spacer spe-
cific and orientation dependent. In that regard, the S. thermophilus
CRISPR1/Cas interference mechanism differs from that recently
described in Pyrococcus furiosus, whereby RNA is the target13 but corro-
borates the previous work on Staphylococcus which identified DNA as the
target10. Furthermore, we show that the DNA cleavage activity is respons-
ible for both bacteriophage resistance in bacteriophage-insensitive
mutants and plasmid instability in plasmid-interfering mutants. The
antagonism between plasmid maintenance and CRISPR/Cas activity
probably explains the natural scarcity of plasmids in S. thermophilus.
The CRISPR/Cas immune system can be used to naturally generate safer
and more robust organisms with increased bacteriophage resistance and
that are able to interfere with the dissemination of plasmids that carry
antibiotic-resistance markers.

METHODS SUMMARY
Microbial conditions. S. thermophilus strains were grown at 37 uC or 42 uC in
LM17 medium (ref. 20). Strains were infected with CsCl-purified bacteriophage
2972 at a multiplicity of infection of 5 (ref. 29). cas5 and cas7 genes were inacti-
vated as described9. The identity of S. thermophilus strains was confirmed by
sequencing the CRISPR loci8 and by bacteriophage assays20.
Southern hybridization. DNA was extracted from bacterial cells as described30.
DNA probes for Southern blot hybridizations29 were prepared with the PCR DIG
labelling mix (Roche) (Supplementary Table 2). Hybridization and detection
(CDP-star) were performed as recommended by Roche.
Plasmid stability. S. thermophilus DGCC7710 (or its cas52 and cas72 deriva-
tives) transformed with pNT1 (ref. 23) was used to inoculate 10 ml of LM17. One-
hundred microlitres of the previous culture was inoculated into 10 ml of fresh
LM17 medium every morning (42 uC) and night (37 uC) for 5 days, for a total of 9
inoculations. For each culture, 100 colonies were screened for chloramphenicol
sensitivity. The CRISPR1 of the chloramphenicol-sensitive clones was analysed.
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Figure 3 | The CRISPR1/Cas system targets bacteriophage DNA.
a, Bacteriophage 2972 genome and position of proto-spacers. Light grey, dark
grey and black arrows indicate early, middle and late transcription module,
respectively28. Proto-spacers above and below the genome indicate positive and
negative strands, respectively. b, Restriction fragments detected by
hybridization and position of probes (1, 2 and 3). c, Southern blots of

bacteriophage-infected strains DGCC7710, BIM S4, BIM S7, BIM S4/S32, BIM
S4::pcas52 and BIM S4::pcas72 over 45 min (conducted at 2 min, 15 min,
30 min and 45 min). NI, non-infected strain. C1, positive control, 10 ng of
digested DNA from bacteriophage 2972. One microgram of total DNA from
DGCC7710 and 10mg of bacteriophage-insensitive mutant per lane.
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Plasmid-interfering mutants with new spacers were electroporated31 with
,600 ng of pNT1 or pTRK687 (ref. 32). PIM S55 and PIM S56 were also trans-
formed with pLS1 (ref. 33). Plasmid content of re-transformed PIM S45 and PIM
S46 was verified by extraction (Qiagen) and extremities of the linearized plasmid
from PIM S46 were sequenced.
Cleavage site of bacteriophage DNA. Total DNA from bacteriophage-infected
bacteriophage-insensitive mutants was extracted30 and digested using endonu-
cleases generating blunt ends (Supplementary Fig. 2). After migration, agarose
bands corresponding to both sides of the cleaved proto-spacers were recovered,
DNA eluted and used for overnight intramolecular ligation at 16 uC, with T4
DNA ligase (Invitrogen). Ligation product was used as a template for inverse
PCR34 (Supplementary Figs 1 and 2 and Supplementary Table 3) and amplicons
were sequenced (primers in Supplementary Table 3).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Bacterial, bacteriophage and culture conditions. Streptococcus thermophilus strain
DGCC7710 (ref. 9) and bacteriophage-insensitive mutants (BIMs) or plasmid-
interfering mutants (PIMs) were grown in M17 broth supplemented with 0.5%
lactose (LM17) at 37 uC or 42 uC. The identity of S. thermophilus strains was con-
firmed by sequencing the CRISPR loci8. Bacteriophage sensitivity of the isolated
bacteriophage-insensitive mutants was estimated as reported previously36.
Bacteriophages were propagated in LM17 supplemented with 10 mM CaCl2.
Purified bacteriophage preparations (1011–1012 PFU ml21) were obtained by ultra-
centrifugation using a discontinuous CsCl gradient29. cas5 and cas7 genes were
inactivated as described previously9 in three S. thermophilus strains: DGCC7710,
BIM S4 and PIM S46. All cas52 and cas72 derivatives were grown under erythro-
mycin selective pressure. Efficiency of plaquing was determined as reported20.
Bacteriophage infection. Bacterial strains were incubated at 42 uC in 100 ml of
LM17 to an optical density of 0.5 at 600 nm. Cultures were concentrated by
centrifugation and pellets were re-suspended in 10 ml of pre-incubated LM17
medium containing 10 mM CaCl2. After removing a 1-ml uninfected sample,
each bacterial culture was infected with purified bacteriophage 2972 at a mul-
tiplicity of infection (MOI) of 5, and incubated at 42 uC. Samples were taken after
2, 15, 30 and 45 min, centrifuged for 15 s at 16,000g and pellets were flash frozen,
and stored at 280 uC until DNA extraction. The latent period of bacteriophage
2972 was previously determined to be 34 min on S. thermophilus DGCC7710. The
maximum burst of bacteriophages is 40 min after the beginning of the infection28.
DNA extraction and Southern hybridization. Total DNA extractions were
performed as described elsewhere30, with these modifications: 25% (w/v) sucrose
and 60 mg ml21 lysozyme were used as well as only one phenol-chloroform
extraction. Dissolved DNA solutions were treated with 1mg of RNase, incubated
for 15 min at 37 uC, and their concentration determined using the Nanodrop 2000
spectrophotometer (Thermo Scientific).

Ten micrograms of bacteriophage-insensitive mutant DNA and 1mg of wild-
type DNA were digested with either HpaII or BclI (Roche). As controls, 10 mg of
bacterial DNA and 10 ng of bacteriophage DNA were digested and were used for
probe hybridizations. In addition, 500 ng of bacteriophage DNA was used as a
digestion and transfer control. DNA fragments were separated in a 0.8% agarose
gel in 13 TAE buffer, stained with EZ-Vision DNA dye (Amresco) and photo-
graphed under ultraviolet light. DNA was transferred onto positively charged
nylon membranes (Roche) by capillary blotting29. Membranes were stained for
45 s with methylene blue, rinsed with distilled water, and dried in ambient air.
DNA probes were prepared with PCR DIG labelling mix (Roche) (Supplementary
Table 2). Pre-hybridization, hybridization, washes and detection (CDP-star) were
performed as recommended by Roche.
Plasmid stability and plasmid-interfering mutant analysis. S. thermophilus
DGCC7710 (or the cas52 and cas72 isogenic derivatives) transformed with pNT1
plasmid23 (GenBank accession number HQ010044) was picked from a LM17 plate
containing 5mg ml21 of chloramphenicol. Plasmid and CRISPR contents of this
transformant were confirmed by sequencing and used to inoculate 10 ml of
LM17. One-hundred microlitres of the previous culture was inoculated into 10 ml
of fresh LM17 medium every morning and night for 5 days, for a total of 9 inocula-
tions. Cultures were grown at 37 uC for overnight incubations and at 42 uC for 8 h
during the day. Finally, these cultures were serially diluted and plated on LM17. For
each culture, 100 colonies were screened for the absence of the antibiotic resistance
phenotype. Plasmid stability of pNT1 was analysed by comparing the number of

colonies appearing on selective agar (5mg ml21 of chloramphenicol) versus the
number of colonies on LM17 agar. The CRISPR1 of chloramphenicol-sensitive
clones was verified: the 59 end of the CRISPR1 of the plasmid-interfering mutants
or bacteriophage-insensitive mutants was amplified by PCR with the primers yc70
(59-TGCTGAGACAACCTAGTCTCTC-39)4 and RDS7revBamHI (59-GGATCCG
GATCCGTTGAGGCCTTGTTC-39), and sequenced using the same primers.
Fourteen different plasmid-interfering mutants having acquired a new spacer from
pNT1 were electroporated as described elsewhere31 with ,600 ng of pNT1 or
pTRK687 (ref. 32) vectors. All plasmid-interfering mutants (except for PIM S55
and PIM S56) could be transformed with the control vector pTRK687, which is
carrying a chloramphenicol-resistance gene as selection marker. In the case of PIM
S55 and PIM S56, they could be transformed with pLS1, which is carrying an
erythromycin-resistance gene as a selection marker33.

The proto-spacer region of pNT1 isolated from the pNT1-transformed PIM
S45 was sequenced using the primers pNT1_104 (59-GTGCCTTGAACCTTAGA
GCCACAA-39) and NT17215_3 (59-GTTCAGAGTATGGACTGCCG-39).
Chloramphenicol-resistant clones were also checked for spacer acquisition. Their
CRISPR1 was amplified by PCR using the primers yc70 and RDS7revBamHI cited
above.
Plasmid extraction and plasmid cleavage site determination. The plasmid
content of S. thermophilus strains was isolated using QIAquick Spin Miniprep
columns (Qiagen). The QIAquick protocol was modified by treating the cells with
P1 buffer containing sucrose (25%) and lysozyme (60 mg ml21), and incubating
at 37 uC for 15 to 30 min. Extremities of the linearized plasmid were directly
sequenced with the primers NT17225_2 (59-TACGTACTTGTGTTACTA
TTG-39) and NT17215_3 (59-CGGCAGTCCATACTCTGAAC-39).
Bacteriophage cleavage-site determination. Each bacteriophage-insensitive
mutant was independently infected for 45 min with bacteriophage 2972 at a mul-
tiplicity of infection of 5. Total DNA from bacteriophage-infected bacteriophage-
insensitive mutant was extracted30 and digested using endonucleases cutting
upstream and downstream of each proto-spacer and generating blunt ends
(Roche and NEB) (Supplementary Fig. 2). DNA was migrated on a 0.8% agarose
gel. Bands corresponding to the left and right fragments of the cleaved proto-spacer
were extracted from the gel (band sizes estimated according to cleavage within the
proto-spacer). DNA was extracted using the QIAEX II Gel Extraction Kit (Qiagen).
Each fragment comprised the cleaved proto-spacer at one extremity and a blunt site
at the other. Total eluted product (50ml) of each fragment was used for overnight
intramolecular ligation at 16 uC, with T4 DNA ligase (Invitrogen). In the case of
BIM S4/S32, the fragment delimited by the cleaved proto-spacers S4 and S32 could
be directly used for intramolecular ligation. Five microlitres of the ligation product
were used as a template for PCR (100ml reaction volume), with Taq Polymerase
(Roche) (Supplementary Table 3). The cycling conditions were: 94 uC/45 s, 55 uC/
45 s, 72 uC/1 min for 35 cycles with a final extension of 72 uC/10 min34. PCR pro-
ducts were sequenced using primers listed in Supplementary Table 3.
Sequences. All sequencing reactions were performed by the ‘Plateforme de
Séquençage et de Génotypage des Génomes’ service from the CHUL-CHUQ
Research Center. The sequences from both strands were analysed using
BioEdit software (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) or Staden
package (http://staden.sourceforge.net/staden_home.html).

36. Moineau, S. et al. Characterization of lactococcal bacteriophages from Québec
cheese plants. Can. J. Microbiol. 38, 875–882 (1992).
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