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            Abstract
Understanding microbial gene functions relies on the application of experimental genetics in cultured microorganisms. However, the vast majority of bacteria and archaea remain uncultured, precluding the application of traditional genetic methods to these organisms and their interactions. Here, we characterize and validate a generalizable strategy for editing the genomes of specific organisms in microbial communities. We apply environmental transformation sequencing (ET-seq), in which nontargeted transposon insertions are mapped and quantified following delivery to a microbial community, to identify genetically tractable constituents. Next, DNA-editing all-in-one RNA-guided CRISPRâ€“Cas transposase (DART) systems for targeted DNA insertion into organisms identified as tractable by ET-seq are used to enable organism- and locus-specific genetic manipulation in a community context. Using a combination of ET-seq and DART in soil and infant gut microbiota, we conduct species- and site-specific edits in several bacteria, measure gene fitness in a nonmodel bacterium and enrich targeted species. These tools enable editing of microbial communities for understanding and control.
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                    Fig. 1: ET-seq for quantitative measurement of insertion efficiency in a microbial community.[image: ]


Fig. 2: Benchmarking all-in-one conjugative targeted editing vectors.[image: ]


Fig. 3: Selection-free targeted editing and mutant tracking in the synthetic soil consortium.[image: ]


Fig. 4: Enrichment of targeted strains in microbial communities.[image: ]


Fig. 5: Strain-resolved targeted editing in the infant gut microbiota.[image: ]
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                Data availability

              
              Source data are provided with this paper. Summary data for genomes, plasmids and oligonucleotides used in this study can be found in Table 1 and Supplementary Tables 1 and 3â€“5. Sequence data for all genomes assembled as part of this study are available at NCBI under bioproject ID PRJNA774280. For accession numbers associated with genomes assembled in previous studies, please see Supplementary Table 1. Genomes and sequences used in the project will also be made available on ggKbase (https://ggkbase.berkeley.edu/). Full plasmid sequences are available in Supplementary Table 3. Raw count data for all experiments, including both metagenome and ET-seq information, are available at https://github.com/SDmetagenomics/ETsuite/tree/master/manuscript_data. VcDART and ShDART plasmids will be made available through Addgene. Plasmids, oligonucleotides and microbial isolates used in this manuscript will also be made available from the authors upon request.
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              Custom R scripts for ET-seq analysis and code used in the construction of figures are available at https://github.com/SDmetagenomics/ETsuite (https://doi.org/10.5281/zenodo.5597397).
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Extended data

Extended Data Fig. 1 Library preparation and data normalization for ET-Seq.
a, ET-Seq requires low-coverage metagenomic sequencing and customized insertion sequencing. Insertion sequencing relies on custom splinkerette adaptors, which minimize non-specific amplification, a digestion step for degradation of delivery vector containing fragments, and nested PCR to enrich for fragments containing insertions with high specificity. The second round of nested PCR adds unique dual index adaptors for Illumina sequencing. b, This insertion sequencing data is first normalized by the reads to internal standard DNA which is added equally to all samples and serves to correct for variation in reads produced per sample. Secondly, it is normalized by the relative metagenomic abundances of the community members.


Extended Data Fig. 2 Measurement and correction of chimeric reads.
a, The response of chimeric reads, measured as total normalized read counts to insertions into wildtype S. meliloti DNA spiked-in before library preparation, to increasing quantities of donor vector. Plot is log10 scaled on the x and y-axis for readability. Dashed lines indicate log-log linear fit to data (R2No Correctionâ€‰=â€‰0.86, nâ€‰=â€‰7 biological replicates; R2Correctionâ€‰=â€‰0.92, nâ€‰=â€‰7 biological replicates) b, Frequency of read properties (imperfect insert sequence = single difference in last 5â€‰bp of transposon right end from expected sequence; imperfect host sequence = mismatch in first 3â€‰bp of genomic sequence at transposon genome junction when aligned to host genome) identified as strongly associated with S. meliloti insertions, in which all reads are expected to be chimeric, used as markers for filtering chimeric reads. Box plots indicate median and bound 1st and 3rd quartile, whiskers indicate max/min values (nâ€‰=â€‰7 biological replicates). Plot is log10 scaled on the y-axis for readability. c, Fraction of insertion mapping reads filtered out of each dataset, for each organism/vector (nâ€‰=â€‰7 biological replicates) following chimera filtering. Box plots indicate median and bound 1st and 3rd quartile, whiskers indicate max/min values. Plot is log10 scaled on the y-axis for readability.
Source data


Extended Data Fig. 3 ET-Seq determined insertion efficiencies for all nine consortium members as a fraction of the entire community.
ET-Seq determined insertion efficiencies for conjugation, electroporation, and natural transformation on the synthetic soil community (nâ€‰=â€‰3 biological replicates). The values shown are the estimated fraction a constituent speciesâ€™s transformed cells make of the total community population. Control samples received no exogenous DNA. Average relative abundance across all samples is indicated in parentheses (nâ€‰=â€‰18 independent samples).
Source data


Extended Data Fig. 4 Benchmarking DART vectors.
a, E. coli WM3064 to E. coli BL21(DE3) conjugation, transposition, and selection schematic (top) and guide RNAs targeting the lacZ Î±-fragment of recipient BL21(DE3), which is absent from donor WM3064 (bottom). b,d,f, Percent selectable transposed colonies is calculated as the number of colonies obtained with gentamicin selection divided by total viable colonies in absence of selection. b, Insertion-receiving colonies divided into on- and off-targeted. This was calculated by multiplying % selectable colonies for representative guides in d and f (highlighted by grey bars) by the on- or off-target rates (shown in Fig. 2b). c, Transposition with VcDART was tested using three promoters. The variant using the Plac promoter, harvested from pHelper_ShCAST_sgRNA16, was also used for Figs. 2â€“5 and Extended Data Figs. 4b, 5, 6, and 8. d, Efficiencies of VcDART using various promoters. e, Transposition with ShDART was tested with three transcriptional configurations, all using Plac16. The configuration used for characterization of ShCasTn originally16 was also used for Fig. 2 and Extended Data Fig. 4b. f, Efficiencies of ShDART using various promoters. b, d, f, Crossbar indicates mean and error bars indicate one standard deviation from the mean (nâ€‰=â€‰3 biological replicates). Guide RNAs ending in â€˜NTâ€™ are non-targeting negative control samples.
Source data


Extended Data Fig. 5 Sanger sequencing of VcDART mutants from the synthetic soil microbial community.
a, Representative Sanger sequencing chromatogram of PCR product spanning transposon insertion site at targeted pyrF locus in K. michiganensis and b, in P. simiae mutant colonies following VcDART-mediated transposon integration and selection. Target-site duplications (TSD) are indicated with dashed boxes.


Extended Data Fig. 6 Insertion counts in Ralstonia sp. after metabolic enrichment for P. simiae.
a, Raw number of paired end reads in shotgun sequencing analysis detected as spanning a transposon-genome junction for the P. simiae and Ralstonia sp. genomes in each of three replicate enrichment samples. b, Number of paired end reads detected normalized to the coverage of each genome within each respective sample. The mean number of inserts normalized to coverage were compared between P. simiae and Ralstonia sp. (MeanPsim = 0.1250; MeanRalâ€‰=â€‰0.0042) and were significantly different (P-value = 0.00058; two-sample t-test).
Source data


Extended Data Fig. 7 Relative abundance of stool sample inoculum and infant gut community used for VcDART editing.
The gut microbiome compositions were obtained by read mapping to 1005 reference genomes from Lou et al. 2021. Bar height represents normalized subspecies relative abundance, and bars are colored by strain.
Source data


Extended Data Fig. 8 ET-Seq determined insertion efficiency for the infant gut community.
Insertion efficiency as quantified by ET-Seq for nine microbial species determined to be present by metagenomic sequencing. Experimental samples were conjugated with a donor containing the unguided mariner transposon (pHLL250; nâ€‰=â€‰3 biological replicates). Control samples did not receive the donor (nâ€‰=â€‰3 biological replicates). Percentages next to species names indicate their mean relative fraction in the infant gut community, averaged across the 6 biological replicate experiments performed.
Source data


Extended Data Fig. 9 Target site locus and strain comparisons for selective enrichment from the infant gut community.
a, Clinically relevant gene clusters targeted by VcDART for selective enrichment included a locus associated with fimbriae biosynthesis (top) and a propanediol utilization gene cluster (bottom). Insets show mapped reads to these loci in E. coli subsp. 2 and subsp. 3, which were assembled from enrichment culture shotgun sequencing data. The right end of the VcDART transposon cargo was assembled (green), is bridged to the genome, and is supported by paired end read mapping. VcDART target sites (protospacer) are indicated in dark red. b, Dendrogram displaying average nucleotide identity differences between all E. coli genomes analyzed as part of the infant gut community. Strains in black were genomes originally recovered from metagenomic assembly in Lou, et al. 2021. Strains in red were assembled out of enrichment cultures in this study.


Extended Data Fig. 10 Location of VcDART transposon insertions in isolated E. coli mutant colonies following infant gut community editing.
a, Insertion orientations and locations relative to target site were determined by locus-specific PCR and Sanger sequencing on colonies picked from selective solid medium after editing the infant gut community with VcDART guided by the fimbriae associated locus-targeting guide RNA and b, the propanediol metabolism locus-targeting guide RNA (nâ€‰=â€‰3 biological replicates).
Source data
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