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            Abstract
Differences in the presence of even a few genes between otherwise identical bacterial strains may result in critical phenotypic differences. Here we systematically identify microbial genomic structural variants (SVs) and find them to be prevalent in the human gut microbiome across phyla and to replicate in different cohorts. SVs are enriched for CRISPR-associated and antibiotic-producing functions and depleted from housekeeping genes, suggesting that they have a role in microbial adaptation. We find multiple associations between SVs and host disease risk factors, many of which replicate in an independent cohort. Exploring genes that areÂ clustered in the same SV, we uncover several possible mechanistic links between the microbiome and its host, including a region in Anaerostipes hadrus that encodes a composite inositol catabolism-butyrate biosynthesis pathway, the presence of which is associated with lower host metabolic disease risk. Overall, our results uncover a nascent layer of variability in the microbiomeÂ that is associated with microbial adaptation and host health.
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                    Fig. 1: SVs replicate across cohorts and are stable within individuals over time.[image: ]


Fig. 2: SVs associate with microbial growth rates and specific functions.[image: ]


Fig. 3: SVs associate with disease risk, replicated in another cohort.[image: ]


Fig. 4: Risk-associated SVs harbour functionally diverse genes[image: ]
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                Data availability

              
              The 7 strains samples used in Fig.Â 1c are available through ENA (https://www.ebi.ac.uk/ena), accession ENA: PRJEB25194. The 887 samples are publicly available through ENA, accession numbers ENA: PRJEB11532, ENA: PRJEB17643. The raw metagenomic sequencing data for the Lifelines DEEP cohort, and age and sex information per sample are available from the European genome-phenome archive (https://www.ebi.ac.uk/ega/) at accession number EGAS00001001704. Other phenotypic data can be requested from the Lifelines cohort study (https://lifelines.nl/lifelines-research/access-to-lifelines) following the standard protocol for data access.
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Extended data figures and tables

Extended Data Fig. 1 Superior assignment of metagenomic reads using the Iterative Coverage-based Read-Assignment (ICRA) algorithm.
a, Boxplot (centre, median; box, IQR; whiskers, 10th and 90th percentiles) of ambiguous read assignment ratios of 887 samples11,20 mapped to a reference database of 3,953 representative microbial genomes (Methods) before (blue) and after (yellow) ICRA correction. b, Illustration of our computational pipeline. câ€“e, Swarm-plots of the ratio of correct read assignment per taxonomy level with no assignment correction (blue) or following assignment correction with ICRA (yellow), Kraken41 (red) or MetaPhyler48 (green) for CAMI47 high complexity (c; nÂ =Â 5), medium complexity (d; nÂ =Â 2) and low complexity (e; nÂ =Â 1) datasets. Note that MetaPhyler did not provide sub-species level read assignments. *PÂ <Â 0.05, **PÂ <Â 0.01, two-sided Mannâ€“Whitney U-test.


Extended Data Fig. 2 ICRA estimates relative abundances with accuracy comparable to other tools.
a, Dot-plot of the calculated relative abundances of 7 bacterial species in 100 samples, using either ICRA (yellow), MetaPhlAn240 (blue) or Bracken42 (red), as compared to the true relative abundances. Inset shows a violin plot (white dot, median; black rectangle, IQR, whiskers, 1.5Â Ã—Â IQR) of Brayâ€“Curtis dissimilarities between the estimates (nÂ =Â 100) of each method and the true abundances. **, two-sided Wilcoxon signed-rank PÂ =Â 1.3Â Ã—Â 10âˆ’4; ****PÂ =Â 3.0Â Ã—Â 10âˆ’18. bâ€“h, Dot-plot of the calculated relative abundances (y axis) of A. finegoldii (b), B. faecium (c), C. flavigena (d), E. faecalis (e), L. gasseri (f), S. cristatus (g) and A. muciniphila (h) in 100 samples, using either ICRA (yellow), MetaPhlAn2 (blue) or Bracken (red), as compared to the true relative abundances (x axis). R2 was calculated using Pearson correlation.


Extended Data Fig. 3 SV Explorer enables investigation of co-varying genes.
a, b, Illustration of the online SV explorer available at https://genie.weizmann.ac.il/SV/, spanning the entire R. torques genome (a) and spanning a 26-kbp region of this genome (b).


Extended Data Fig. 4 SVs are prevalent in the human microbiome across two cohorts.
a, Heatmap showing the number of subjects with SVs (yellow colour scale), the number of SVs (green colour scale), the mean SV size (blue colour scale) and the fraction of the genome that is variable (red colour scale), for each microbe analysed, along with their phylogenetic tree. b, Heatmap showing the genomic length percentage of variable and deletion SVs replicated in the Lifelines cohort for each microbe analysed.


Extended Data Fig. 5 Growth rates-associated SVs harbour specific functions.
Fold difference (x axis) and statistical significance (Methods; y axis) of the enrichment of functional KEGG modules in SVs present in regions significantly associated with microbial growth dynamics. A total of 56,088 genes were considered, 3,805 of them in growth rates-associated SVs.


Extended Data Fig. 6 SVs are associated with microbial growth rates.
a, Boxplot (centre, median; box, IQR; whiskers, IQRÂ Ã—Â 1.5) of microbial growth rates calculated using PTR26 in individuals harbouring a 7-segment deletion in the E. eligens genome (blue, nÂ =Â 281) and individuals with no deletion (maroon, nÂ =Â 166). b, Genomic map of E. eligens with the 7 segments marked in yellow. c, As in a for a 9-segment deletion SV in the E. eligens genome (blue, nÂ =Â 57) and individuals with no deletion (maroon, nÂ =Â 390). d, As in b with the 9 segments marked in orange. P value determined by two-sided Mannâ€“Whitney U-test.


Extended Data Fig. 7 SVs are associated with disease risk, replicated in a second cohort.
Full heatmap of statistically significant correlations (Methods) between disease risk factors and variable SVs, depicting associations replicated (yellow star), replicated using a different variable (orange star) or reversed (grey star) in the Lifelines cohort.


Extended Data Fig. 8 Gene content of SVs associated with host risk factors.
a, Boxplot (centre, median; box, IQR; whiskers, IQRÂ Ã—Â 1.5) of glycated haemoglobin in individuals harbouring an 11-kbp deletion in the E. rectale genome (blue, nÂ =Â 253) and individuals with no deletion (maroon, nÂ =Â 377); P - two-sided Mannâ€“Whitney U-test. b, Same as Fig.Â 4d for this 11-kbp genomic region of E. rectale. c, Boxplot of BMI in individuals harbouring a 4-kbp deletion in the A. hadrus genome (blue, nÂ =Â 276) and individuals with no deletion (maroon, nÂ =Â 403). d, Same as Fig.Â 4d for this 4-kbp genomic region of A. hadrus. e, Depiction of the genes encoded in the region, which encode key enzymes in the folate biosynthesis pathway. Note correspondence of enzyme commission (EC) numbers with d. f, Boxplot of total cholesterol in individuals harbouring an 18-kbp deletion in the R. intestinalis genome (blue, nÂ =Â 194) and individuals with no deletion (maroon, nÂ =Â 68). g, same as Fig.Â 4d for a 10-kbp stretch of the 18-kbp region in R. intestinalis. h, Boxplot of BMI in individuals harbouring an 8-kbp deletion in the C. comes genome (blue, nÂ =Â 158) and individuals with no deletion (maroon, nÂ =Â 294). i, Same as Fig.Â 4d for this 8-kbp genomic region of C. comes. P - two-sided Mannâ€“Whitney U-test. Boxplots - centre, median; box, IQR; whiskers, IQRÂ Ã—Â 1.5.


Extended Data Fig. 9 Detailed examples of SV replication.
Replication of deletion and variable regions depicted in Fig.Â 4 and Extended Data Fig.Â 8 between the Israeli (yellow) and Dutch Lifelines DEEP (blue) cohorts.


Extended Data Fig. 10 SV of A. hadrus associated with host risk factors.
aâ€“c, Boxplot of waist circumference (a), BMI (b) and HDL cholesterol (c) in individuals of the Israeli cohort harbouring the 31-kbp deletion in the A. hadrus genome depicted in Fig.Â 4 (blue, nÂ =Â 213) and individuals with no deletion (maroon, nÂ =Â 468). d, Boxplot of BMI in individuals of the Dutch Lifelines DEEP cohort harbouring the same 31-kbp deletion in the A. hadrus genome (blue, nÂ =Â 249) and individuals with no deletion (maroon, nÂ =Â 547). P value determined by two-sided Mannâ€“Whitney U-test. Boxplots: centre, median; box, IQR; whiskers, IQRÂ Ã—Â 1.5.





Supplementary information
Supplementary Information
This file contains Supplementary Note 1 (Validation of the Iterative Coverage-based Read Assignment (ICRA) Algorithm) and Supplementary Note 2 (Community metabolic potential (CMP) of a 31-kbp deletion-SV in A. hadrus).


Reporting Summary

Supplementary Table 1
Modules enriched and depleted in SVs KEGG23 modules enriched (p<0.05) in variable-SVs (columns A-E), deletion-SVs (columns G-K) and conserved regions (columns M-Q). Each table records the KEGG module ID (â€˜KEGG IDâ€™), module name (â€˜Nameâ€™), number of genes belonging to the module that were in each region type (â€˜Module genes in regionâ€™), number of genes in the module (â€˜Module genes countâ€™), fold change as compared to non-SV regions of the genome (â€˜Fold changeâ€™), whether the module is enriched or depleted in SVs (â€˜isEnrichedâ€™; TRUE if enriched, FALSE if depleted) and two-sided permutation test p-value (â€˜pâ€™; Methods). 167,389 genes were analyzed in total, of which 14,147, 34,372 and 112,343 and were in variable-SVs, deletion-SVs and conserved regions, respectively.


Supplementary Table 2
Deletion-SVs associated with growth rates of the harboring bacteria Columns record harboring microbe (â€˜Microbeâ€™; formatted as <NCBI taxonomy ID>.<NCBI bioproject accession>), SV (â€˜Regionâ€™), the difference in median PTR between microbes harboring the SV and those that do not (â€˜EffectSizeâ€™), n of samples where the given region was deleted (â€˜Samples with deletionâ€™), and n of samples where it was retained (â€˜Samples with retentionâ€™), two-sided Mann-Whitney U p-value (â€˜pâ€™). Only associations with p<3*10-5 (FWER) are shown.


Supplementary Table 3
Genes on two E. eligens growth rate-associated SVs Genes on E. eligens SVs negatively (columns A-F) and positively (columns H-M) associated with growth of E. eligens.


Supplementary Table 4
Genes on a 31-kbp deletion-SV in A. hadrus significantly associated with lower body weight, waist circumference, BMI, and higher HDL cholesterol.


Supplementary Table 5
NCBI taxonomy ID and bioproject accession for all microbial genomes in our reference database.


Supplementary Table 6
Growth specifications of microbial strains used for validation of ICRA.


Supplementary Table 7
Difference in the community metabolic potential (CMP) of compounds in subjects with a 31-kbp deletion-SV in A. hadrus (n=213) as compared to subjects with no deletion (n=468) p - two-sided Mann-Whitney U test; q - FDR corrected p-value.
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