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            Abstract
The cyclic GMP–AMP synthase (cGAS)–STING pathway is a central component of the cell-autonomous innate immune system in animals1,2. The cGAS protein is a sensor of cytosolic viral DNA and, upon sensing DNA, it produces a cyclic GMP–AMP (cGAMP) signalling molecule that binds to the STING protein and activates the immune response3,4,5. The production of cGAMP has also been detected in bacteria6, and has been shown, in Vibrio cholerae, to activate a phospholipase that degrades the inner bacterial membrane7. However, the biological role of cGAMP signalling in bacteria remains unknown. Here we show that cGAMP signalling is part of an antiphage defence system that is common in bacteria. This system is composed of a four-gene operon that encodes the bacterial cGAS and the associated phospholipase, as well as two enzymes with the eukaryotic-like domains E1, E2 and JAB. We show that this operon confers resistance against a wide variety of phages. Phage infection triggers the production of cGAMP, which—in turn—activates the phospholipase, leading to a loss of membrane integrity and to cell death before completion of phage reproduction. Diverged versions of this system appear in more than 10% of prokaryotic genomes, and we show that variants with effectors other than phospholipase also protect against phage infection. Our results suggest that the eukaryotic cGAS–STING antiviral pathway has ancient evolutionary roots that stem from microbial defences against phages.
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                    Fig. 1: Systems containing bacterial cGAS protect against phage infection.[image: ]


Fig. 2: Phage infection triggers cGAMP accumulation and cell death.[image: ]


Fig. 3: Widespread occurrence of CBASSs in prokaryotic genomes.[image: ]
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              Data that support the findings of this study are available within the article and its Extended Data and Supplementary Tables. GenBank accessions, locus tags and nucleotide ranges of the CBASSs appear in the Methods. IMG gene and genome ID number, contig ID and system and effector classification appear in Supplementary Table 1. Primer sequences for the CBASSs are available in Supplementary Table 2. Any other relevant data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Fold antiphage defence conferred by four-gene defence systems against various phages.
The four-gene operon from either V. cholerae El Tor or E. coli TW11681 was cloned into E. coli MG1655 (Methods). Fold antiphage defence, as measured by plaque assays, is shown. The fold defence was calculated as the ratio between the efficiency of plating of the phage on the operon-lacking control strain and the efficiency of plating on the operon-containing strain (Fig. 2b, Methods). Bar graph represents average of three independent replicates, with individual data points overlaid. Points that fall below the x axis (for SECphi17, SECphi18 and SECphi27) denote values lower than 1.

                          Source data
                        


Extended Data Fig. 2 Transformation efficiency assays.
Transformation efficiency of plasmid pRSFDuet-1 into strains that contain the four-gene operon derived from E. coli TW11681 or from V. cholerae El Tor, presented as a fraction of the transformation efficiency to E. coli MG1655 carrying an empty vector instead of the four-gene operon. Bar graph represents average of three independent replicates, with individual data points overlaid.

                          Source data
                        


Extended Data Fig. 3 Efficiency of plating of coliphages on defence systems with whole-gene deletions or point mutations.
The efficiency of plating of phages infecting strains with the wild-type E.-coli-derived four-gene, deletion strains and strains with point mutations. Data represent plaque-forming units per millilitre; bar graphs represent average of three independent replicates, with individual data points overlaid. Empty vector represents a control E. coli MG1655 strain that lacks the system and has an empty vector instead. a, Infection with the phage T4. b, Infection with the phage T5. c, Infection with the phage T6. d, Infection with the phage λ-vir.

                          Source data
                        


Extended Data Fig. 4 Efficiency of plating of phage P1 on a double-deletion strain.
The efficiency of plating is shown of phage P1 infecting strains with the wild-type E.-coli-derived four-gene system, strains with individual genes deleted and a strain with two genes deleted. Data represent plaque-forming units per millilitre; bar graphs represent average of three independent replicates, with individual data points overlaid. Empty vector represents a control E. coli MG1655 strain that lacks the system and has an empty vector instead.

                          Source data
                        


Extended Data Fig. 5 The bacterial CBASS functions through abortive infection.
a, Growth curves in liquid culture for CBASS-containing and CBASS-lacking (empty vector) bacteria infected by phage SECphi18 at 25 °C. Bacteria were infected at time = 0 at an MOI of 0.02 or 2. Three independent replicates for each MOI are shown, and each curve shows an individual replicate. b, Growth curves in liquid culture for cells containing a minimal CBASS comprising phospholipase–cGAS (capV-dncV) only. Bacteria were infected at time = 0 at an MOI of 2 by phage P1. Three independent replicates for each MOI are shown, and each curve shows an individual replicate.

                          Source data
                        


Extended Data Fig. 6 Cell sorting of infected cells stained with propidium iodide.
Cells containing the CBASS derived from E. coli TW11681, and control cells containing an empty vector, were stained with propidium iodide, a fluorescent DNA-binding agent that penetrates cells that have impaired membrane integrity. Cells were infected by phage P1 (MOI of 2) and sorted on the basis of propidium-iodide fluorescence intensity (y axis); the x axis represents forward scatter. a, Uninfected cells that lack the CBASS. b, Uninfected cells that contain the CBASS. c, Cells that lack the CBASS, 40 min after infection. d, Cells that contain the CBASS, 40 min after infection. A large population of cells with high propidium-iodide fluorescence intensity is observed. Data from a representative replicate of two independent replicates are shown.


Extended Data Fig. 7 Microscopy of infected cells.
a–c, Phase contrast and overlay images are shown, of membrane stain (red) and DAPI (blue) images captured at 20 min (a), 40 min (b) and 60 min (c) after infection with phage P1 at an MOI of 2. The two columns on the left show E. coli MG1655 cells containing the CBASS derived from E. coli TW11681. The two columns on the right show E.coli MG1655 cells containing the CBASS derived from E. coli with a single point mutation that inactivates the CapV phospholipase (CapV(S60A)). Cell shape is deformed after 40 min in cells containing the CBASS, but not in cells in which the CBASS is mutated. After 60 min, phage-mediated cell lysis is observed in cells in which the CBASS is mutated. Representative images from a single replicate out of two independent replicates are shown.


Extended Data Fig. 8 A two-gene CBASS protects Bacillus against phage infection.
a, Domain organization of a two-gene operon found in the B. cereus VD146 genome. Locus tags of the depicted genes are indicated below each gene. b, The two-gene operon from B. cereus VD146 was cloned and genomically integrated into B. subtilis BEST7003, which naturally lacks this system. The efficiency of plating of phage SBSphiC infecting the CBASS-lacking and CBASS-containing strains, as well as strains in which one of the two genes was deleted, is shown. Bar graph represents average of three independent replicates, with individual data points overlaid. c, Growth curves in liquid culture for B. subtilis containing the B. cereus two-gene CBASS, or CBASS-lacking B. subtilis that contains an empty vector instead, infected by phage SBSphiC. Bacteria were infected at time = 0 at an MOI of 0.2 or 2. Three independent replicates for each MOI are shown, and each curve shows an individual replicate.

                          Source data
                        


Extended Data Fig. 9 Domain analysis and homology-based structure prediction of a bacterial TIR–STING protein.
a, Schematics of HHpred29 homology-based search results of the Prevotella corporis TIR–STING protein (Supplementary Table 1). b, Phyre235 secondary structure prediction of the TIR domain in the P. corporis TIR–STING protein, compared to the solved crystal structure of the human TIR domain protein MyD88 (PDB accession 2Z5V_A). c, Phyre235 secondary structure prediction of the STING domain in the P. corporis TIR–STING protein, compared to the solved crystal structure of the human STING protein (PDB accession 5BQX_A). Black, identical residues; grey, similar residues. Secondary structure prediction for the bacterial protein appears above the alignment; secondary structure of solved human domain appears below the alignment. d, Structural alignment of human TIR domain protein MYD88 and the modelled bacterial TIR domain. e, Structural alignment of human STING domain and the modelled bacterial STING domain. In d, e, blue and red represent the structure of the human protein and the model of the bacterial domain structure, respectively.
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