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            Abstract
A fundamental feature of immune systems is the ability to distinguish pathogenic from self and commensal elements, and to attack the former but tolerate the latter1. Prokaryotic CRISPR-Cas immune systems defend against phage infection by using Cas nucleases and small RNA guides that specify one or more target sites for cleavage of the viral genome2,3. Temperate phages include viruses that can integrate into the bacterial chromosome, and they can carry genes that provide a fitness advantage to the lysogenic host4,5. However, CRISPR-Cas targeting that relies strictly on DNA sequence recognition provides indiscriminate immunity both to lytic and lysogenic infection by temperate phages6â€”compromising the genetic stability of these potentially beneficial elements altogether. Here we show that the Staphylococcus epidermidis CRISPR-Cas system can prevent lytic infection but tolerate lysogenization by temperate phages. Conditional tolerance is achieved through transcription-dependent DNA targeting, and ensures that targeting is resumed upon induction of the prophage lytic cycle. Our results provide evidence for the functional divergence of CRISPR-Cas systems and highlight the importance of targeting mechanism diversity. In addition, they extend the concept of â€˜tolerance to non-selfâ€™ to the prokaryotic branch of adaptive immunity.
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                    Figure 1: Type III-A CRISPR immunity can block lytic infection but tolerate lysogenization.[image: ]


Figure 2: Transcription of target sequences is required for type III-A CRISPR immunity.[image: ]


Figure 3: Conditional tolerance is achieved via transcription-dependent CRISPR-Cas targeting.[image: ]


Figure 4: Prophage induction is limited by type III-A CRISPR immunity in tolerant lysogens.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of spacer 32T isolates lysogenized with Î¦NM1-ErmR.
a, Î¦NM2 sensitivity assay. Eight randomly selected Î¦NM1-ErmR lysogen clones were re-streaked through the indicated Î¦NM2-seeded region from top to bottom (1â€“8); C, sensitive Î¦NM1-ErmR lysogen harbouring the pGG3 control plasmid. b, PCR amplification of the CRISPR array (upper panel) and spacer 32T target region (lower panel) for the strains tested in a. The pGG3 control lysogen (C) lacks a phage-targeting spacer in its CRISPR array. Size markers of 1 kb and 0.5 kb are indicated. All eight PCR products for the target region were sequenced by the Sanger method and no mutations were found (data not shown). c, Plaque-forming potential of filtered supernatants from spacer 32T lysogen overnight cultures inoculated in triplicate. Plaque-forming units were enumerated on soft agar lawns of RN4220 harbouring either the pGG3 control (C) or spacer 32T CRISPR plasmids. Dotted line represents the limit of detection for this assay. d, Î¦NM2 plaquing efficiency on soft agar lawns of an additional six randomly selected Î¦NM1-ErmR lysogen clones isolated during infection of RN4220/spacer 32T (9â€“14); a Î¦NM1-ErmR lysogen harbouring the pGG3 control plasmid was also tested (-C/L). Plaquing efficiency on the non-lysogenic indicator strain harbouring pGG3 is shown for comparison (-C). Error bars, mean Â± s.d. (n = 3). a, b, Single experiments performed for 8 of 32 isolates.


Extended Data Figure 2 Characterization of spacer 32T isolates lysogenized with Î¦NM4.
a, Visualization of TB4-derived strains grown on egg-yolk agar. Integration of Î¦NM4 within the geh locus of TB4 results in strongly reduced lipase secretion, enabling a screen for Î¦NM4 lysogenization with spacer 32T. Right-most lanes display two lipase-negative isolates from the lysogenization screen; picture is representative of five technical replicates for each isolate. b, Î¦NM2 sensitivity assay. Strains shown in a were re-streaked through the indicated Î¦NM2-seeded region from top to bottom. The pGG3 lysogen and spacer 32T non-lysogen in the two left-most lanes serve as sensitive and insensitive controls, respectively. Picture is representative of three technical replicates for each isolate. c, Î¦NM2 plaquing efficiency on soft agar lawns of the strains analysed in a and b. 32T(L1) and 32T(L2) refer to the two Î¦NM4 lysogens isolated during the spacer 32T egg-yolk screen. Error bars, mean Â± s.d. (n = 3).


Extended Data Figure 3 Visualization of Î¦NM1 transcription profiles 6, 15, 30 and 45 min after infection (MOI 20).
Rightward and leftward expression values are plotted as blue and fuchsia lines, respectively, in reads per million (RPM). Position of relevant spacer targets are indicated with vertical solid lines. The dotted line with arrowheads marks the position of the central promoter. To improve readability, all curves were smoothened by plotting the average reads per million values over a 500 bp sliding-window. To the left of the central promoter, rightward expression is comparable to leftward expression by 30 min after infection, consistent with the strand-independent targeting observed for this region.


Extended Data Figure 4 Type II CRISPR-Cas targeting in S. aureus prevents both lytic and lysogenic infection.
a, Plaquing efficiency of Î¦NM1 and Î¦NM1Î³6 on lawns of RN4220 harbouring type II-A CRISPR-Cas plasmids as indicated. The parental vector, pDB184, serves as a non-targeting control. b, Î¦NM1-ErmR lysogenization of RN4220 harbouring either the spacer 43B-tII, 4B-tII, or non-targeting type II-A CRISPR plasmids. c, Î¦NM2 sensitivity assay for seven randomly selected Î¦NM1-ErmR lysogen clones isolated during infection of RN4220/spacer 43B-tII (1â€“7). For comparison, a resistant non-lysogen harbouring the spacer 43B-tII plasmid and a sensitive lysogen harbouring the pDB184 plasmid were included as controls (respectively, C+ and Câˆ’). Picture represents a single experiment for 7 of 22 isolates. d, Î¦NM2 plaquing efficiency on soft agar lawns for an additional six randomly selected Î¦NM1-ErmR lysogen clones isolated during infection of RN4220/spacer 43B-tII (8â€“13); a Î¦NM1-ErmR lysogen harbouring the pDB184 plasmid is also tested (-C/L). For comparison, plaquing efficiency of Î¦NM2 on the non-lysogenic indicator strain harbouring pDB184 or the targeting spacer 43B-tII plasmid are also shown (âˆ’C and +C, respectively). e, Agarose gel electrophoresis of plasmid DNA purified from isolates 8â€“13 and the parental spacer 43B-tII strain (C). The symbols + or âˆ’ indicate the presence or absence of treatment with the BamHI restriction enzyme, which produces two bands for the wild-type spacer 43B-tII plasmid: 5367 bp and 3972 bp. Size markers correspond to 10 kb, 3 kb and 0.5 kb bands of the 1 kb DNA ladder from NEB. f, Colony PCR spanning the type II CRISPR array for isolates 8â€“13. Spacer 43B-tII plasmid DNA was used as a template for the control (C). Size markers of 3 kb and 0.5 kb are indicated. g, Colony PCR spanning the target region for isolates 8â€“13 and a Î¦NM1-ErmR lysogen harbouring the pDB184 control plasmid (C). Isolates 10 and 11 harbour identical deletions within the prophage that remove the target region (see below). Size markers of 3 kb and 0.5 kb are indicated. The presence of attL and attR prophage integration arms was also verified independently for each isolate using PCR (data not shown). h, Location of the 16,985 bp deletion identified within the prophage harboured by isolates 10 and 11 (shaded grey box). The location and orientation of the ermC insertion cassette is also shown (blue arrow). Deletion was mapped by primer walking. An âˆ¼9.1 kb product spanning the deletion was ultimately amplified using primers oGG6 and oGG241, and the deletion junction was sequenced by the Sanger method using oGG245. A perfect 14 bp direct repeat micro-homology flanks the deletion. i, Plaque-forming potential of overnight culture supernatants from isolates 8, 10 and 11. Supernatants were plated by the soft agar method with RN4220 cells harbouring the non-targeting pDB184 control plasmid as an indicator strain. Supernatants were also plated with spacer 43B-tII targeting lawns, yielding no detectable plaque-forming units. Isolate 8 appears to exhibit wild-type levels of spontaneous prophage induction (compare with pGG3 control in Fig. 4a). No plaque-forming units were detected from the supernatants of isolates 10 and 11 whatsoever, presumably resulting from their deletion of genes essential for prophage induction, including the ORF 43 major capsid protein. Dotted line represents the limit of detection for this assay. Error bars, mean Â± s.d. (n = 3). eâ€“g, Single experiments for 6 of 22 isolates.


Extended Data Figure 5 Visualization of transcription profiles for Î¦NM1Î³6 and the Î¦NM1 prophage.
Graphical presentation is the same as in Extended Data Figure 3. a, Î¦NM1Î³6 transcription profiles 6 and 15 min after infection (MOI 20). Comparison with Î¦NM1 samples at equivalent time points (Extended Data Fig. 3) reveals a marked decrease in leftward transcription to the left of the central promoter region. We calculated the fold-change in reads per million between Î¦NM1 and Î¦NM1Î³6 samples 15 min after infection. Leftward expression within the region bounded by the start of the genome and the central promoter was reduced 32-fold, while only a fourfold reduction in leftward expression was observed overall. Meanwhile, rightward expression was reduced fourfold both overall and in this region. This suggests an approximately eightfold net reduction in leftward transcription originating from the central promoter. b, Î¦NM1 prophage transcription profiles. Strong leftward transcription originates from the central promoter and a few upstream regions, which are presumed to be important for lysogenic maintenance. Rightward transcription was weaker than leftward transcription as expected, but not absent. Given the strength of rightward transcription observed during the lytic cycle (Extended Data Fig. 3), however, this transcription may originate from a subpopulation of cells undergoing prophage induction, rather than the stable lysogen majority.


Extended Data Figure 6 Detection of transcription across target insertions for the pNes(wt-d) and pNes(wt-i) plasmids.
For each target plasmid24, reverse transcription was performed in both directions with DNase-treated total RNA from RN4220 cells harbouring the indicated plasmids, using either forward or reverse primers for cDNA synthesis in two separate reactions. PCR was performed on cDNA products, or plasmid DNA templates for control (C) lanes. The symbols + or âˆ’ indicate the presence or absence of reverse transcriptase enzyme in the reverse transcription reaction mixture used for PCR. Size markers of 500 bp and 100 bp are indicated. Picture is representative of a single technical replicate.


Extended Data Figure 7 Reverse CRISPR-immunity assays using inverted chromosomal target insertions or type II CRISPR-Cas plasmids.
Values represent the average transformation efficiency of three transformations in colony-forming units per microgram of plasmid DNA transformed. ATc, anhydrotetracycline at 0.5 Âµg mlâˆ’1. Dotted lines represent the limit of detection for these assays. a, Reverse CRISPR-immunity assays using inverted target vector insertions and spacer 43T or 43B plasmid DNA. Inversion of the attP motif (â€˜Inv-attP-â€™) for forward and reverse insertion vectors causes integration in the opposite orientation relative to the chromosomal origin of replication. b, Reverse CRISPR-immunity assays using type II-A CRISPR plasmid DNA to transform strains from Fig. 3b. The pDB184 parent vector serves as a non-targeting control. Error bars, mean Â± s.d. (n = 3).


Extended Data Figure 8 Infection with Î¦NM1 in liquid culture.
Growth curves of RN4220 cells harbouring the indicated CRISPR plasmids were infected at time zero with Î¦NM1 at an MOI of 10 (a) or 100 (b). Growth of uninfected RN4220/pGG3 cultures is also shown (dotted red lines).


Extended Data Figure 9 Immunity to Î¦NM1Î³6 in liquid culture is unaffected by the presence of a tolerated chromosomal target.
Growth curves of the indicated chromosomal insertion strains from Fig. 3 harbouring either spacer 43T or pGG3 CRISPR plasmids, in the absence (dotted lines) or presence (solid lines) of Î¦NM1Î³6 addition at an MOI of 10. Black arrow denotes the time of phage addition; no ATc induction is used in this assay. The presence of a chromosomal target for spacer 43T has no discernable effect on culture growth during spacer 43T-mediated immunity to Î¦NM1Î³6 (compare solid green and blue lines).


Extended Data Figure 10 Inducible curing of a target plasmid.
a, Diagram of plasmids used in the plasmid-curing experiment. The pGG3 CRISPR plasmid harbours a single spacer (â€˜spc1â€™) targeting a sequence (â€˜prtspc1â€™) inserted downstream of the Pxyl/tet*-inducible promoter in pWJ153. b, Agarose gel electrophoresis of linearized plasmid DNA purified both from anhydrotetracycline-treated (+ATc) and untreated (âˆ’ATc) cultures at the indicated time points. Size markers of 10 kb, 5 kb and 4 kb are indicated. Picture is representative of a single technical replicate. c, Colony-forming units recovered from cultures analysed in b at each time point. Cells were plated with selection for either CmR colony-forming units (green) or CmR, ErmR colony-forming units (blue). Targeting of the pWJ153 plasmid via induction with ATc (filled circles) is accompanied by a severe drop in erythromycin-resistant colony-forming units relative to untreated cultures (open circles). Error bars, mean Â± s.d. (n = 3).
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        Editorial Summary
Target discrimination by bacterial immune systems
Temperate phages that integrate into the bacterial genome can carry genes that confer a fitness advantage. However, it has been unclear how this potential beneficial interaction is balanced against host defence by CRISPR-Cas immune systems, which defend bacteria against phage infection using Cas nucleases and small RNA guides that provide sequence specificity for cleavage of target sites in the phage genome. Here Luciano Marraffini and colleagues show that the Staphylococcus epidermidis CRISPR-Cas system can prevent lytic phage infection but tolerate lysogenization by temperate phage through a transcription-dependent DNA targeting mechanism. This work expands the repertoire of CRISPR-based immune functions to include a facility for conditional tolerance of foreign elements.
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