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            Abstract
The arms race between bacteria and the phages that infect them drives the continual evolution of diverse anti-phage defences. Previously described anti-phage systems have highly varied defence mechanisms1,2,3,4,5,6,7,8,9,10,11; however, all mechanisms rely on protein components to mediate defence. Here we report a chemical anti-phage defence system that is widespread in Streptomyces. We show that three naturally produced molecules that insert into DNA are able to block phage replication, whereas molecules that target DNA by other mechanisms do not. Because double-stranded DNA phages are the most numerous group in the biosphere and the production of secondary metabolites by bacteria is ubiquitous12, this mechanism of anti-phage defence probably has a major evolutionary role in shaping bacterial communities.
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                    Fig. 1: Small molecules inhibit phage replication.


Fig. 2: Secondary metabolites generated by Streptomyces inhibit phage replication.


Fig. 3: Daunorubicin acts at an early stage of phage Î» infection.
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Extended data figures and tables

Extended Data Fig. 1 Characterization of Streptomyces phages used in this study.
a, Host range profiles of the Streptomyces phages. Streptomyces phages were isolated from dirt samples from a number of different geographical locations as noted on the right. The host range of these phages was determined by plating on the panel of ten Streptomyces strains listed at the top (nÂ =Â 3 biological replicates). Green boxes denote strains in which each phage was able to form plaques. Phages Ï†Scoe2 and Ï†Scoe25 were used in the initial screen of the 48 WAC extracts for anti-phage activity. b, Negatively stained phages were examined using TEM on a Talos L120C. Scale bars are indicatd at the bottom of each image. Each of the phages belongs to the Siphoviridae family, members ofÂ which have long non-contractile tails and an icosahedral head that contains a dsDNA genome. TEM grids were prepared once for each phage and two images were taken for each.


Extended Data Fig. 2 Effect of daunorubicin, doxorubicin and spent medium from S. peucetius on phage propagation and S. coelicolor growth.
a, Determination of the minimum inhibitory concentration of doxorubicin on phages Ï†Scoe2 (black bars) and Ï†Scoe25 (grey bars) propagated in S. coelicolor. Phage titres were determined following propagation in S. coelicolor in the presence of doxorubicin at a range of concentrations that varied from 2.5Â Î¼M to 40Â Î¼M. Because 10Â Î¼M was the lowest concentration at which full inhibition of phage Ï†Scoe25 was observed, this was the baseline concentration selected for further experiments. Data are meanÂ Â±s.d.; nÂ =Â 3 independent biological replicates. b, Determination of the minimum inhibitory concentration of daunorubicin on phages Ï†Scoe2 (black bars) and Ï†Scoe25 (grey bars) propagated in S. coelicolor. Phage titres were determined in S. coelicolor in the presence of daunorubicin at a range of concentrations that varied from 2.5Â Î¼M to 40Â Î¼M as in a. Data are meanÂ Â±s.d.; nÂ =Â 3 independent biological replicates. c, Determination of the effects of 10Â Î¼M daunorubicin, 10Â Î¼M doxorubicin and spent medium from S. peucetius that contained doxorubicin and daunorubicin on the growth of S. coelicolor. The number of colony-forming units that are present after overnight growth of S. coelicolor in the presence of each of these compounds shows that they do not significantly decrease the growth of S. coelicolor. Data are meanÂ Â±s.d.; nÂ =Â 3 independent biological replicates. d, Quantification of doxorubicin produced by S. peucetius. A standard curve was generated with commercially available doxorubicin by quantifying the ions that represent the proton adduct of the species (nÂ =Â 3 independent experiments). Curves were then used to extrapolate the concentration of doxorubicin in S. peucetius culture supernatants after three and four days of growth. e, Quantification of daunorubicin produced by S. peucetius. A standard curve was generated with commercially available daunorubicin by quantifying the ions that represent the proton adduct of the species (nÂ =Â 3 independent experiments). Curves were used to extrapolate the concentration of daunorubicin in S. peucetius culture supernatants after three and four days of growth. f, Effect of spent mannitolâ€“soy and DNB media from S. peucetius on the propagation of phage Ï†Scoe2 after 1â€“4 days of S. peucetius growth. This graph reflects replicates of the phage spotting assay shown in Fig.Â 2b. Data are meanÂ Â±s.d.; nÂ =Â 3 independent biological replicates. g, The effects of natural and synthetic compounds on the propagation of phages Ï†Scoe2 and Ï†Scoe25 were determined by overnight propagation of each phage in S. coelicolor in the presence of each compound at its specified concentration. This graph reflects replicates of the phage spotting assay shown in Fig.Â 2a. Data are meanÂ Â±s.d.; nÂ =Â 3 independent biological replicates.


Extended Data Fig. 3 Detection of doxorubicin and daunorubicin in spent medium from S. peucetius.
a, Doxorubicin production in mannitolâ€“soy broth was confirmed by ultra-performance liquid chromatographyâ€“tandem mass spectrometry with comparison to a doxorubicin standard. The observed fragmentation from a sample grown in doxorubicin-producing permissive medium adhered to the doxorubicin structure with minimal mass errors. Complementary fragments (1 and 6) with their losses highlighted in red further support the doxorubicin structure. In addition, the fragmentation observed from extracts matches a doxorubicin commercial standard (nÂ =Â 1 experiment). b, Daunorubicin production in mannitolâ€“soy broth was confirmed by ultra-performance liquid chromatographyâ€“tandem mass spectrometry with comparison to a daunorubicin standard. The observed fragmentation from a sample grown in daunorubicin-producing permissive medium adhered to the daunorubicin structure with minimal mass errors. Complementary fragments (1 and 6) with their losses highlighted in red further support the daunorubicin structure. In addition, the fragmentation observed from extracts matches a daunorubicin commercial standard (nÂ =Â 1 experiment).


Extended Data Fig. 4 Effect of active WAC extracts on the growth of S. coelicolor and diversity of secondary metabolites produced.
a, S. coelicolor was incubated overnight in the presence of each of the fourteen WAC extracts that showed anti-phage activity. The majority of extracts had no effect on bacterial cell growth. Two extracts, WAC170 and WAC178, inhibited growth of S. coelicolor approximately tenfold. Data are meanÂ Â±s.d.; nÂ =Â 3 independent biological replicates. Statistically different samples compared to the untreated sample by ANOVA are indicated (from left to right, *PÂ =Â 0.0117, *PÂ =Â 0.0188, **PÂ =Â 0.0022, ****PÂ <Â 0.0001, **PÂ =Â 0.0029). b, Growth of the 14 WAC strains for which anti-phage activity was detected on MYM solid medium reveals the diversity of secondary metabolite pigment production (nÂ =Â 3 biologically independent replicates).


Extended Data Fig. 5 Elucidation of active secondary metabolites in WAC288.
Cosmomycin D was determined to be the active metabolite within the WAC288 extract following a bioactivity-guided fractionation strategy (nÂ =Â 3 biological replicates). The chromatogram (A494Â nm) of the HPLC purification indicates the cosmomycin D fraction collected for bioactivity assays and structure elucidation. The cosmomycin D structure was confirmed by high-resolution tandem mass spectrometry of its associated proton adduct (1,189.5869 m/z). The observed fragmentation supports the cosmomycin D structure with minimal mass errors for each fragment (nÂ =Â 1 experiment). Key fragment losses are annotated with their associated peak, and their losses are highlighted in red.


Extended Data Fig. 6 Elucidation of active secondary metabolites in WAC240.
The active molecule in the WAC240 extract was determined by a bioactivity-guided fractionation approach (nÂ =Â 3 biological replicates). The chromatogram (A444Â nm) of the final HPLC purification step highlights the actinomycin D fraction collected. Structure elucidation was accomplished via high-resolution tandem mass spectrometry of the actinomycin D proton adduct (1255.6329 m/z) following HPLC purification (nÂ =Â 1 experiment). All of the fragments support the actinomycin D structure with minimal mass errors, and the key fragment losses are highlighted in the structures in red. Many of the annotated fragments are complementary (for example, 1 and 11), further supporting that the parent ion is actinomycin D.


Extended Data Fig. 7 Effect of daunorubicin on the life cycle of the E. coli phage Î».
a, Determination of the working concentration of daunorubicin for E. coli phage Î». Phage Î» was propagated in the presence of daunorubicin at concentrations that varied from 2.5Â Î¼M to 40Â Î¼M and the resulting phage titres were determined by spotting serial dilutions of the lysate onto a lawn of E. coli BW25113. Because daunorubicin at 15Â Î¼M provided a 105-fold decrease in phage titre and was similar in concentration to the 10-Î¼M concentration used in the Streptomyces phage assays, it was chosen as the working concentration for phage Î». Data are meanÂ Â±s.d.; nÂ =Â 3 independent biological replicates. b, Phage Î» was propagated in E. coli BW25113 for 6Â h in the absence and presence of 15Â Î¼M daunorubicin and the resulting phages were enumerated by plating serial dilutions of the supernatant on BW25113. When the phage was pre-incubated with daunorubicin, there was no significant decrease in phage titre. Induction of a temperature-sensitive Î» lysogen in the presence of daunorubicin also did not decrease the phage titre. This graph reflects replicates of the phage spotting assay shown in Fig.Â 3c. Data are meanÂ Â±s.d.; nÂ =Â 3 biological replicates. The statistically different sample compared to the untreated sample by ANOVA is indicated (****PÂ <Â 0.0001).


Extended Data Table 1 Compounds that are shown to inhibit propagation of E. coli phage Î»Full size table


Extended Data Table 2 Analytical profile index 20E biochemical characterization of WAC strainsFull size table
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