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            Abstract
Actinobacteria, which are one of the largest bacterial phyla and comprise between 13 and 30% of the soil microbiota, are the main source of antibiotic classes in clinical use1. During screens for antimicrobials, as many as 50% of actinomycete strains are discarded because they produce a known antibiotic (Supplementary Fig. 1) (ref. 2). Despite each strain likely having the capacity to produce many compounds, strains are abandoned because the already characterized antibiotic could interfere with screening for, or purification of, newly discovered compounds3. We applied CRISPR-Cas9 genome engineering to knockout genes encoding two of the most frequently rediscovered antibiotics, streptothricin or streptomycin, in 11 actinomycete strains. We report that this simple approach led to production of different antibiotics that were otherwise masked. We were able to rapidly discover rare and previously unknown variants of antibiotics including thiolactomycin, amicetin, phenanthroviridin and 5-chloro-3-formylindole. This strategy could be applied to existing strain collections to realize their biosynthetic potential.
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                    Fig. 1: Application of CRISPR-Cas9 to inactivate streptothricin and streptomycin production.[image: ]


Fig. 2: Inactivating antibiotic biosynthesis shifts the metabolic profile of producer bacteria.[image: ]


Fig. 3: New antibiotic compounds discovered from CRISPR-inactivated strains.[image: ]
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                Data availability

              
              Whole-genome sequences of actinomycete strains used in this study, including 19 wild-type streptomycin or streptothricin producers and six CRISPR-engineered derivatives (WAC5950 Î”orf15 pCRISPomyces, WAC6273 Î”orf15 pCRISPR-Cas9, WAC8241 Î”strI, WAC5374 Î”strF, WAC5374 Î”strH and WAC5374 Î”strI), are available in GenBank with the Bioproject accession number PRJNA504665 (Supplementary Table 1).

            

Code availability

              
              A custom Python script was used to identify conserved sgRNA target sites in a BGC of interest and is provided in Supplementary Note 1 together with instructions for use.
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Integrated supplementary information

Supplementary Figure 1 Rationale and workflow for CRISPR-Cas9 inactivation of common antibiotics.
(A) Pie chart showing the frequency of discovery of different antibiotics from 60 Gram negative active actinomycete extracts. Frequencies are calculated from Cox et al.2 (B) Nucleotide identity (%) is shown across targeted biosynthetic genes in the streptothricin gene cluster. Identity was calculated by alignment of 29 streptothricin BGCs. The locations of target sites are shown by red sgRNAs and regions of 100% sequence conservation are indicated with green vertical bars. (C) Plasmid map of the pCRISPomyces-2 system14. (D) Key steps for a streamlined and generalizable strategy to efficiently inactivate production of a commonly found antibiotic using the pCRISPR-Cas9 system. Once targeting plasmids are constructed, the process can be completed in 30 days with just six days of hands-on work.


Supplementary Figure 2 Overview of streptomycin (A) and streptothricin (B) biosynthetic pathways.
Enzymes targeted for inactivation are shown in red. StrF is an isomerase involved in CDP-N-methyl-L-glucosamine synthesis. StrH is a glycosyltransferase responsible for condensing streptidine 6-phosphate and dihydrostreptose. StrI is a dehydrogenase involved in streptidine 6-phosphate production. Orf15 is a transaminase responsible for the conversion of Î± to Î²-Lys and Orf17 is a carbamoyltransferase acting on the D-gulosamine sugar. The number of ÃŸ-lysines (n) present in streptothricin can vary from one to seven and correspond to streptothricin F through A and X, respectively13.


Supplementary Figure 3 Bioactivity and sequence verification of streptothricin and streptomycin inactivated strains.
Streptothricin (A) and streptomycin (B) CRISPR-mediated gene inactivations were verified by agar plug bioassays with susceptible and resistant E. coli. Representative data is shown for one clone of each species/gene pair that was successfully knocked out. Two independent fermentations and bioassays for each strain gave similar results. (C) Sanger sequencing of CRISPR-engineered strains. Sequence alignments highlight the sgRNA target site (blue) and PAM (green). HR results in the introduction of a stop codon (red) and in some cases a HindIII site (gray). NHEJ resulting in indels (yellow) was also detected. (D) Attempts to PCR amplify the targeted gene failed to yield an amplicon in some cases and was interpreted as an undefined deletion in the genome. Representative results are shown for several clones (Î”1, Î”2, etc.) of three streptothricin producers targeted for orf15. 16S PCR and Sanger sequencing was used to verify template DNA integrity and the strainâ€™s identity. Deletions shown in this figure were generated using the pCRISPR-Cas9 system except for WAC6128 Î”orf17 generated using pCRISPomyces.


Supplementary Figure 4 LC/MS verification of streptothricin and streptomycin inactivated strains.
(A-B) LCâ€“MS profiles of antibiotic standards and spent media confirm antibiotic production in wild-type strains. Nourseothricin is a mixture of streptothricin analogs (F and D). Compound fragments can also be detected, and fragmentation schemes are shown. (C) Extracted ion chromatograms (EIC) verified the absence of streptomycin or streptothricin for at least one clone of each species/gene pair. LCâ€“MS was performed on a Q-trap instrument in positive mode and extracted for streptothricin F (m/z: 502.723-505.924) or an abundant streptomycin fragment (m/z: 407.029-407.529). WAC6776 and WAC6273 were analyzed using a high-resolution Q-TOF LC/MS and extracted for m/z: 503.25. Two independent fermentations and analysis for each strain gave similar results.


Supplementary Figure 5 CRISPR-inactivated strains have an altered metabolic profile.
Global changes in metabolic flux of wild-type and knockout streptomycin or streptothricin producers were assessed globally by phenotypic analysis on solid media (A) and principle component analysis on high-resolution LC/MS profiles of n-butanolic extracts (B). Strains were analyzed as described in Fig. 2 of the main text. The streptomycin producers WAC5374 and WAC8241, and the streptothricin producer WAC8452 are shown here, while remaining strains are shown in Fig. 2. Replicates represent three independent fermentation analyzed in technical duplicate (n = 6). (C) High-resolution LC/MS analysis on the streptothricin producer WAC6273 reveal different metabolite profiles in CRISPR-inactivated strains compared to the wild-type strain. Extracted ion chromatograms for an unknown metabolite with m/z 650.333 are shown. Two independent fermentations and analysis gave similar results.


Supplementary Figure 6 Ferrioxamine family of metabolites is upregulated in WAC6273 engineered strains.
(A) Metabolic networking of WAC6273 n-butanolic extracts clustered a family of masses that were identified as ferrioxamines using the GNPS LCâ€“MS/MS based dereplication platform18. Gray edges are shaded from light to dark scaled to the degree of relatedness (cosine score) between nodes. Each node is represented as a pie chart showing the relative abundance of each mass in wild-type WAC6273 (red) or streptothricin knockout Î”orf15 pCRISPR-Cas9 (blue). Almost every member of the network is upregulated in the inactivated strain compared to wild-type, with numerous species being only detectable in the former. Pie charts are drawn based on one biological replicate but are representative of data collected from three biological replicates. (B) Structure of ferrioxamine family members. Numbering system for different analogs is based on Sidebottom et al19. Calculated and observed mass of [M+H]+ species are reported for high-resolution LC/MS data. (C) High-resolution LCâ€“MS/MS was used to confirm network members as ferrioxamines. Calculated masses based on previously reported fragmentation patterns19 match observed masses in WAC6273 extracts. Fragmentation of a representative member, ferrioxamine 13, is shown. Fragmentation results are representative of two independent analyses.


Supplementary Figure 7 Phylogenetic comparison of streptothricin producers and their biosynthetic potential.
(A) A phylogenetic tree was constructed using multilocus sequence analysis with 108 core conserved bacterial genes from 173 actinomycetes, including 42 streptothricin producers. This unrooted phylogeny is displayed as a circular cladogram with a midpoint root. Clade II, clade I and other Streptomyces lineages are highlighted and described by McDonald et al.20 The uncolored strains are other non-Streptomyces actinomycetes. Streptothricin producers are bolded and numbered in both cladogram and heatmap. An enlarged version of this tree is shown as Supplementary Fig. 8. (B) A heatmap of the similarity between biosynthetic genes/domains of 42 streptothricin producers. Streptothricin producers with similar BGCs are scored closer to 1.0 while strains that share few biosynthetic genes other than those for streptothricin biosynthesis are scored close to 0.


Supplementary Figure 8 Labeled and expanded cladogram of streptothricin producers and other actinomycetes shown in Supplementary Table 4.
Interior labels are SH-like support values. Clade II, clade I and other Streptomyces lineages are as described by McDonald et al.20 The uncolored strains are other non-Streptomyces actinomycetes. Streptothricin producers are typed in red and numbered as in Supplementary Fig. 7.


Supplementary Figure 9 Antimicrobial activty of spent media of inactivated strains.
(A) Streptothricin and (B) streptomycin inactivated producer strains were fermented in various media and n-butanolic extracts were tested against Escherichia coli BW25113 Î”tolC Î”bamB and Micrococcus luteus. Two independent bioassays gave similar results.


Supplementary Figure 10 Schematic of amicetin biosynthetic gene cluster in WAC6273.
This BGC has 99.9% nucleotide identity and conserved gene synteny to the amicetin BGC reported from Streptomyces vinaceusdrappus NRRL 236321.


Supplementary Figure 11 High-resolution LCâ€“MS and LCâ€“MS/MS analysis of WAC6273 Î”orf17 fermentation broths.
(A) High-resolution LCâ€“MS of WAC6273 Î”orf17 showing the bamicetin (top) and amicetin (bottom) m/z values. (B) MS/MS of b/amicetin family of compounds. Both families of compounds show fragments with an additional m/z of 56, suggesting that the fermentation broth contains b/amicetin type molecules with replacements of the Î±-methylserine at the ortho position of p-aminobenzoic acid for other amino acids in these novel derivatives, and pointing towards promiscuity in the biosynthetic enzymes responsible for Î±-methylserine incorporation21. LCâ€“MS/MS results are representative of two independent analyses. (C) Molecular network of ions in a WAC6273 Î”orf17 fermentation broth. Edges and nodes are colored as in Supplementary Fig. 6, with each node representing the relative abundance of each mass in wild-type WAC6273 (red) or streptothricin knockout Î”orf15 pCRISPR-Cas9 (blue). The network nodes show parent ions that are related as determined by similar fragmentation patterns present in the MS/MS spectra. The inset lists pairs of parent ions that have similar fragmentation patterns as b/amicetin. Asterisks indicate masses of the known compounds streptcytosine A, amicetin and bamicetin, suggesting that all other masses represent unknown amicetin derivatives. Pie charts are drawn based on one biological replicate but are representative of data collected from three biological replicates.


Supplementary Figure 12 Schematic of the thiolactomycin biosynthetic gene cluster in WAC5374.
This BGC is similar to the Salinispora pacifica CNS863 BGC with conserved gene synteny and identity for most genes.


Supplementary Figure 13 Schematic of the 5-chloro-3-formylindole biosynthetic gene cluster in WAC5374.
The NRPS encodes a tripeptide with at least one putative tryptophan when analyzed by AntiSMASH37. While deletion of the NRPS from WAC5374 Î”strH had no effect on the production of 5-chloro-3-formylindole, deletion of the tryptophan halogenase abolished production and confirmed its role in biosynthesis.


Supplementary Figure 14 Schematic of phenanthroviridin aglycone biosynthetic gene cluster in WAC8241.
This type II PKS cluster contains the four core genes involved in jadomycin biosynthesis but lacks the jadomycin sugar biosynthesis genes.
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