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            Abstract
Identifying microbial strains and characterizing their functional potential is essential for pathogen discovery, epidemiology and population genomics. We present pangenome-based phylogenomic analysis (PanPhlAn; http://segatalab.cibio.unitn.it/tools/panphlan), a tool that uses metagenomic data to achieve strain-level microbial profiling resolution. PanPhlAn recognized outbreak strains, produced the largest strain-level population genomic study of human-associated bacteria and, in combination with metatranscriptomics, profiled the transcriptional activity of strains in complex communities.
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                    Figure 1: PanPhlAn validation and comparison with assembly.


Figure 2: PanPhlAn profiling of E. coli from metagenomics samples.


Figure 3: Large-scale population genomics study of E. rectale and A. muciniphila.
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Integrated supplementary information

Supplementary Figure 1 Flowchart of the PanPhlAn method
Illustration of the PanPhlAn gene-family profiling. (i) Metagenomic and metatranscriptomic samples are mapped against reference genomes. (ii) Single gene coverage is merged into gene-family coverage. (iii) Based on a uniform DNA coverage level, PanPhlAn detects the unique gene set of a particular strain in a sample. For metatranscriptomics, the set of gene-families that are uniquely associated to the strain present in a sample are considered for recruiting reads from the metatranscriptome. The obtained RNA coverage levels are then converted into logarithm of the median normalized RNA/DNA ratios.


Supplementary Figure 2 True positive rates of PanPhlAn validation
True positive rates of PanPhlAn for its validation on semi-synthetic data by considering different strains of E. coli (a)-(c), S. aureus (d), and S. epidermidis (e). PanPhlAn accurately detected strain specific gene-families. Specifically, at high target strain genome coverage (>10Ã—), we correctly detected >98% of the gene-families. For coverages as low as 2Ã—, we obtained a true positive rate >92%. At 1Ã—, the majority (avg. 86.95% s.d. 1.95) of the strain-specific genes could still be successfully retrieved.


Supplementary Figure 3 Comparison PanPhlAn versus MetaPhlAn
(a,b) Strain signature comparison of MetaPhlAn2 versus PanPhlAn based on 12 synthetic metagenomes generated from six reference genomes, three of which were not included in the database of both tools. (a) Strain identification by MetaPhlAn2 (based on a set of 621 marker genes) exhibited some limitation in resolving closely related strains (e.g., for the two strains of Bacteroides vulgatus G000699705 and G000699845). On the other hand, (b) PanPhlAn distinguished these two strains due to a much larger number of pangenome gene-families (i.e., 6646 for Bacteroides vulgatus). (c,d) Comparison between MetaPhlAn and PanPhlAn in terms of ROC curves for two species (c) Bacteroides vulgatus and (d) Bacteroides fragilis. ROC curves were constructed using distance as classification thresholds between all sample-pairs. A pair is considered â€˜positiveâ€™ if both synthetic samples are generated from the same genomes, and â€˜negativeâ€™ if samples are based on different genomes. For both tested species, the ROC curves showed a better result for PanPhlAn due to a better distance-based discrimination of samples containing the same strain from samples containing different strains.


Supplementary Figure 4 PanPhlAn profiles from synthetic metagenomes
PanPhlAn profiling results for synthetic metagenomes generated from (a) E. coli strains not present in the pangenome database and (b) S. aureus strains present in the database. In both cases, PanPhlAn enabled high discriminative resolution even among closely related genomes while simultaneously providing whole-genome strain characterization and profiling.


Supplementary Figure 5 PanPhlAn profiling of the German 2011 E. coli outbreak (including the available outbreak reference genomes)
Heatmap clustering based on an E. coli reference database of 113 reference genomes that additionally to Fig. 2 included three O104:H4 genomes: the German 2011 outbreak strain and two similar isolates from 2009. As in Fig. 2, most of the 12 strains detected in metagenomics outbreak samples clustered together due to almost identical profiles. The three additional O104:H4 reference genomes exactly fell in the center of the main cluster of the detected strains, thereby confirming the correctness of the detected gene-family profiles as outbreak strain profiles. Samples outside the cluster differed in their gene-family profiles due to the presence of additional dominant E. coli strains overlying the target outbreak strain.


Supplementary Figure 6 Coverage of the German 2011 E. coli outbreak samples
Plots showing the coverage depth of the E. coli O104:H4 outbreak strain 2011C-3493 in metagenomic samples from the German outbreak in 2011. (a) Samples of the main cluster in Fig. 2 were proven to contain the outbreak strain by a genome-wide uniform coverage depth. (b) Samples outside the cluster showed gaps of lower coverage levels, thereby confirming the presence of an additional E. coli strain overlying the outbreak strain, and hence dominating the gene-family profile.


Supplementary Figure 7 E. coli strain diversity and similarity network across four different datasets
The E. coli genomic diversity in the healthy gut of American, Chinese, and European cohorts is shown as heatmap clustering and as strain similarity network based on PanPhlAn profiles of 1316 metagenomes. (a) PanPhlAn detected E. coli strains in a total of 114 samples and provided presence-absence gene-family profiles for all of them. (b) E. coli strain similarity network to complement Fig. 2c. Most German outbreak samples cluster together with all three O104:H4 reference genomes. The outbreak cluster includes also one sample from the Chinese Diabetes dataset, which PanPhlAn confirmed to be an O104:H4-like strain without the enterohemorrhagic genes. Network edge width is inversely proportional to Jaccard distance between gene-family profiles and nodes connected by short edges reflect high genomic similarity (single disconnected nodes are removed).


Supplementary Figure 8 Outbreak strain coverage of the Chinese sample T2D-063
Coverage analysis of the Chinese sample T2D-063 in the outbreak cluster (Fig. 2c and Supplementary Fig. 7) to investigate the genomic similarity with the German 2011 outbreak strain. The almost uniform genome-wide coverage depth confirmed high similarity with the outbreak strain including the presence of plasmids. However, the missing Shiga-toxin-encoding region suggests that the sample contained a similar O104:H4 strain which was not identical with the German outbreak. This coincided with the detected absence of Shiga-toxin genes from PanPhlAnâ€™s gene-family profile result.


Supplementary Figure 9 Multiple strain detection in E. coli samples
PanPhlAn can yield spurious strain profiling when multiple strains of the same species are present at a comparable abundance. For this reason, PanPhlAn implements a quality control procedure to identify cases in which it suspects the presence of multiple strains. The figure shows the same PCoA plot of E. coli profiles as in Fig. 2c, but in addition samples identified by PanPhlAn as â€œmultistrainâ€� are marked with an â€œxâ€�. Analysis of the 12 samples with such warning confirms that the gene repertoires predicted in these cases, despite being a true reflection of the overall E. coli gene content in the sample, does not accurately represent that of single E. coli strains.


Supplementary Figure 10 PCoA showing strain diversity of E. rectale (3 reference genomes)
Large-scale population genomics study of E. rectale based on 1830 gut metagenomic samples from 8 cohorts. In this plot we considered three reference genomes for E. rectale instead of the single genome used in Fig. 3a. In both cases the clustering result was very similar and resolved E. rectale strains into three geographically distinct clades.


Supplementary Figure 11 Retrieved gene comparison PanPhlAn versus assembly
Comparison between PanPhlAn and assembly-based approaches in terms of number of strain-specific retrieved genes for two species in the gut samples from the HMP study: (a) E. rectale (129 postive samples) and (b) A. muciniphila (56 positive samples). For both tested species, PanPhlAn detected a higher number of genes for most of the samples tested. This was verified especially when the target organism was at low-coverage. Specifically, more than 1000 genes were detected exclusively by PanPhlAn when the relative abundance of the target organism was around 1% for both (c) E. rectale and (d) A. muciniphila.


Supplementary Figure 12 Strain detection comparison PanPhlAn versus ConStrains and assembly
Strain detection comparison PanPhlAn versus ConStrains and assembly for the three gut samples (SRS014235, SRS050925, SRS048870) of the HMP dataset having the highest coverage for E. rectale. (a) The heatmap of the PanPhlAn profiling results highlighted distinct strains in the three samples. On the other hand, (b) ConStrains associated the same predominant strain to all the samples. Assembly in conjunction with phylogeny reconstruction (c) and core gene sequence divergence (d) confirmed the PanPhlAn results by detecting distinct strains in the three considered samples.


Supplementary Figure 13 Strain similarity networks of B. ovatus, B. fragilis, S. epidermidis, and N. meningitidis
PanPhlAn multi-cohort strain-strain similarity networks of (a) B. ovatus and (b) B. fragilis in human gut samples; (c) S. epidermidis in skin samples; and (d) N. meningitidis in throat samples. Each node represents a strain either captured from a metagenomic samples or available reference genomes. Edge width is inversely proportional to Jaccard distance between gene-family profiles and nodes connected by short edges reflect high genomic similarity.


Supplementary Figure 14 Marine environmental strain-level comparative genomics study
Marine population genomics based on 1,246 samples. Heatmaps showed hierarchical clustering of PanPhlAn profiles for the rarely sequenced Roseobacter species (a) Pelagibaca bermudensis (1 ref. genome), (b) Roseovarius nubinhibens (1 ref. genome), (c) Roseovarius TM1035 (1 ref. genome), and (d) Sulfitobacter (3 ref. genomes); and two better characterized marine species (e) Prochlorococcus marinus (17 ref. genomes) and (f) Pelagibacter ubique (5 ref. genomes). Different marine regions are marked by different colours. Strains of all species showed a broad presence in many marine regions, partly as regional cluster of strain-specific gene content, especially for locally isolated areas like Baltic Sea and North Sea. (g) PCoA plot based on PanPhlAn profiles of Pelagibacter ubique highlights differences between strains from different marine regions. Strains present in the Baltic Sea could be clearly distinguished from North Sea strains, and also strains detected in samples of the Trondheimsfjord in Norway clustered together.


Supplementary Figure 15 PanPhlAn inference of strain-specific in vivo transcriptional activity
Pangenome-wide coverage depth of both metagenomic and metatranscriptomic data from a healthy infant gut sample. (a) Genes are sorted by DNA coverage. Transcript coverages are then normalized by the corresponding gene coverages, and the resulting ratios are median-normalized, log-transformed and re-scaled. (b) Hierarchical clustering of strain-specific transcription profiles from gut samples of 5 healthy infants. (c) Functional analysis of the highest overall expressed pathway modules reporting KEGG modules sorted by Gene Set Enrichment Analysis score.
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