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            Abstract
The human gastrointestinal tract consists of a dense and diverse microbial community, the composition of which is intimately linked to health. Extrinsic factors such as diet and host immunity are insufficient to explain the constituents of this community, and direct interactions between co-resident microorganisms have been implicated as important drivers of microbiome composition. The genomes of bacteria derived from the gut microbiome contain several pathways that mediate contact-dependent interbacterial antagonism1,2,3. Many members of the Gram-negative order Bacteroidales encode the type VI secretion system (T6SS), which facilitates the delivery of toxic effector proteins into adjacent cells4,5. Here we report the occurrence of acquired interbacterial defence (AID) gene clusters in Bacteroidales species that reside within the human gut microbiome. These clusters encode arrays of immunity genes that protect against T6SS-mediated intra- and inter-species bacterial antagonism. Moreover, the clusters reside on mobile elements, and we show that their transfer is sufficient to confer resistance to toxins in vitro and in gnotobiotic mice. Finally, we identify and validate the protective capability of a recombinase-associated AID subtype (rAID-1) that is present broadly in Bacteroidales genomes. These rAID-1 gene clusters have a structure suggestive of active gene acquisition and include predicted immunity factors of toxins derived from diverse organisms. Our data suggest that neutralization of contact-dependent interbacterial antagonism by AID systems helps to shape human gut microbiome ecology.
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                    Fig. 1: T6SS orphan immunity genes are found in human gut microbiomes.[image: ]


Fig. 2: T6SS orphan immunity gene clusters are encoded by several species in the human gut microbiome.[image: ]


Fig. 3: Orphan immunity genes are mobile and protect against T6S-delivered toxins.[image: ]


Fig. 4: rAID systems encode toxin-neutralizing immunity genes and are prevalent in human gut microbiomes.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Prevalence of B. fragilis-specific orphan immunity genes in adult and infant microbiomes.
a, Number of adult human gut microbiome samples in which the indicated immunity genes (1â€“14, GA3_i1â€“14 from ref. 8) can be detected at an 80% nucleotide identity threshold and an abundance more than tenfold that of B. fragilis marker genes. Bars coloured as in Fig. 1a, and asterisks indicate immunity genes without orphan representation. b, Comparison of abundance of B. fragilis-specific T6SS immunity genes with B. fragilis species-specific marker genes in infant microbiome samples16 (Supplementary Table 4). Abundances are calculated as in Fig. 1a. Samples in which immunity gene abundance exceeds that of Bacteroides by over tenfold (blue) are highlighted.


Extended Data Fig. 2 Diversity and genomic context of orphan immunity genes in human gut microbiomes and diverse Bacteroides species.
a, Representative AID-1 gene clusters containing homologues of the indicated B. fragilis T6S immunity genes from the indicated reference genomes. b, Data points indicate the amino acid identity of unique genes homologous to indicated B. fragilis-specific T6SS cognate immunity genes identified through BLAST analysis of the IGC29 (nÂ =Â 88 genes, maximum EÂ = 1Â Ã—Â 10âˆ’40; minimum percentage identity, 60%).


Extended Data Fig. 3 Orphan immunity genes specifically enhance the fitness of Bacteroides strains in vitro and in vivo.
a, b, T6SS-dependent competitiveness of parental strains of B. ovatus 3725 and the indicated mutant and complemented derivatives during in vitro growth competition experiments with B. fragilis 9343. Relative recipient fitness was determined by calculating the ratio of final to initial c.f.u. and normalizing to the corresponding experiment with B. fragilis 9343 lacking tssC (T6S-inactive). Data are meanÂ Â±Â s.d. of three independent biological replicates. *PÂ <Â 0.01, unpaired two-tailed t-test. c, T6SS-dependent competitiveness of a parental strain of B. ovatus 3725 or a strain bearing in-frame deletions of indicated orphan immunity genes, during in vitro growth competition experiments with an orthogonal effector-bearing B. fragilis 638R parental strain or a derivative strain lacking tssC (T6S-inactive). Relative recipient fitness and statistics were calculated as in a and b. nÂ =Â 3 independent biological replicates. d, e, Recovery of B. fragilis 9343 (d) or 638R (e) and the indicated orphan immunity mutant derivative from pairwise competitions of the strains in germ-free mice. Lines indicate the mean at each time point (nÂ =Â 8 mice per group for each of two independent experiments). Alternating time points of these data are included in ratio form in Fig. 3c. f, Schematic depicting genomic loci for the B. fragilis ATCC 43859 parental strain, the B. fragilis 638R AID-1 donor strain, the AID-1 system, and the ATCC 43859 AID-1 recipient. Grey shading indicates homology; red arrows indicate the position of PCR primers used to infer insertion of the AID-1 element at the tRNALys insertion site. g, Abundance of B. ovatus in samples lacking detected orphan immunity genes (âˆ’) and samples in which the indicated orphan immunity genes were assigned to B. ovatus (+). Abundances are calculated as in Fig. 1a. *PÂ <Â 0.001, Wilcoxon rank-sum test. nÂ =Â 128 non-orphan samples, nÂ =Â 24 samples containing orphan immunity. For box plots, the middle line denotes the median; the box denotes the interquartile range (IQR); and the whiskers denote 1.5Ã— the IQR.

Source data



Extended Data Fig. 4 The GA2 system of Bacteroidales mediates interbacterial antagonism.
Recovery of Bacteroides dorei DSM 17855 cells lacking GA2_e14-i14 (BACDOR_RS22955-17020) from two-strain in vitro growth competition experiments with the indicated donor strains. nÂ =Â 3 technical replicates representative of three biological replicates. **PÂ <Â 0.01, unpaired two-tailed t-test.

Source data



Extended Data Fig. 5 rAID-1 systems include conserved and repetitive intergenic sequences and bear hallmarks of horizontal gene transfer.
a, Left, motif enrichment analysis from the intergenic sequences immediately 3â€² of the recombinase stop codon to the start codon of the first downstream open reading frame within 16 randomly selected rAID-1 gene clusters. This region is highlighted in blue in three representative rAID-1 systems shown above. Right, motif enrichment analysis from all 86 intergenic sequences between the ORFs of six rAID-1 clusters (B. fragilis NCTC 9343, B. cellulosilyticus WH2, B. ovatus 3725, Paraprevotella clara YIT 11840, Parabacteroides goldsteinii dnLKV18, and Parabacteroides gordonii MS-1)44. This region is highlighted in red in three representative rAID-1 systems shown above. b, Average GÂ +Â C nucleotide content of rAID-1-associated recombinase versus rAID-1 predicted ORFs (nÂ =Â 226). ***PÂ <Â 0.0001, unpaired two-tailed t-test. c, Schematic depicting the GÂ +Â C and AÂ +Â T nucleotide content across a representative rAID-1 system from B. fragilis 9343. d, Frequency distribution of gene number in rAID-1 clusters (nÂ =Â 1,247 genes in 226 clusters). Bin width is five genes. e, Composition of genes in rAID-1 clusters (nÂ =Â 226 clusters) as determined by profile HMM scans and BLAST analysis against a curated database of Bacteroidales T6SS immunity genes2,8. f, Comparison of the total abundances of rAID-1-associated predicted recombinases and the Bacteroides genus in adult microbiome samples derived from the HMP and MetaHIT studies (Supplementary Table 8). Abundance values are calculated as in Fig. 1; genus abundance corresponds to the sum of all Bacteroides spp. (calculated individually as the average of species-specific marker gene abundances). g, Results of qRTâ€“PCR analyses for the indicated B. ovatus 3725 genes belonging to AID-1 (i6, M088_1971) or AID-1 clusters (Rec, recombinase, M088_1401; orf1, M088_1400) under conditions of growth in mono- or co-culture with B. fragilis 9343 for 2Â h. Data are meanÂ Â±Â s.d. of three independent biological replicates. *PÂ <Â 0.05, **PÂ <Â 0.01, Wilcoxon two-tailed sign-rank test.
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