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Blautia, a genus established in 2008, is a relevantly abundant taxonomic group present in the microbiome of human and other mammalian gastrointestinal (GI) tracts. Several described (or proposed) Blautia species are available at this date. However, despite the increasing level of knowledge about Blautia, its diversity is still poorly understood. The increasing availability of Blautia genomic sequences in the public databases opens the possibility to study this genus from a genomic perspective. Here we report the pangenome analysis and the phylogenomic study of 225 Blautia genomes available in RefSeq. We found 33 different potential species at the genomic level, 17 of them previously undescribed; we also confirmed by genomic standards the status of 4 previously proposed new Blautia species. Comparative genomic analyses suggest that the Blautia pangenome is open, with a relatively small core genome (∼ 700–800 gene families). Utilizing a set of representative genomes, we performed a gene family gain/loss model for the genus, showing that despite terminal nodes suffered more massive gene gain events than internal nodes (i.e., predicted ancestors), some ancestors were predicted to have gained an important number of gene families, some of them associated with the possible acquisition of metabolic abilities. Gene loss events remained lower than gain events in most cases. General aspects regarding pangenome composition and gene gain/loss events are discussed, as well as the proposition of changes in the taxonomic assignment of B. coccoidesTY and the proposition of a new species, “B. pseudococcoides.”
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INTRODUCTION

Blautia, a taxonomic genus placed in the Lachnospiraceae family of the Firmicutes phylum, was initially described in 2008, from the reclassification of former Ruminococcus species isolated from stool samples (Liu et al., 2008). Members of this genus are obligately anaerobic, non-sporulating, coccobacillus-shaped Gram-positive microorganisms with the ability to ferment different carbohydrates. Blautia species are relatively abundant commensals in the healthy human GI tract, representing one of the top 10 most detected genera, representing between 2 and 8% of the human gut microbiome (Arumugam et al., 2011; Eren et al., 2015). Blautia species have a key role in indigestible carbohydrate degradation (Sheridan et al., 2016) and some of them, such B. coccoides, were shown to produce short-chain fatty acids (SCFAs), relevant metabolic mediators between the microbiota and the host (Liu et al., 2021). Additionally, some members had been proved to have more specific roles, as for example, B. hydrogenotrophica, a hydrogen consumer capable of establishing cross-feeding relationships with other members of the gut microbiota (Plichta et al., 2016). Microbes from this genus were associated with changes in diet, showing increased abundance under whole grain consumption (Martínez et al., 2013), or under a low-fat diet (Wan et al., 2019). Blautia genus is also found to be associated with a variety of physiological conditions. For example, Blautia members are associated with the production of health-promoting compounds such as SCFAs or antimicrobial peptides (Liu et al., 2021); additionally, Blautia species was found to be decreased in the microbiota of obese children, suggesting a potential role in the normal gut (Benítez-Páez et al., 2020). Opposite to this, there is also evidence for positive correlations between Blautia and diseases such as type I diabetes in children (Kostic et al., 2015), non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in adult men (Shen et al., 2017), and chronic kidney disease (Barrios et al., 2015), among other conditions (Vacca et al., 2020). Since Blautia in general may be associated with positive and negative features in the human gut, the direct relationship between Blautia, health and disease are yet to be fully elucidated. This diversity of (positive or negative) associations may also reflect a previously unknown diversity among members of the genus, remaining to be discovered.

At this date, there are 17 officially accepted Blautia species, in addition to other 9 proposed so far, isolated from the GI tract from human and other mammals, including ruminants (Supplementary Table 1): B. coccoides, B. hansenii, B. hydrogenotrophica, B. luti, B. producta, B. schinkii, B. wexlerae, B. glucerasei, B. stercoris, B. faecis, B. obeum, B. caecimuris, B. massiliensis, B. hominis, B. argi, B. brookingsii, and B. faecicola (Liu et al., 2008; Furuya et al., 2010; Park et al., 2012, 2013; Lawson and Finegold, 2015; Lagkouvardos et al., 2016; Durand et al., 2017; Shin et al., 2018; Paek et al., 2019; Ghimire et al., 2020; Kim et al., 2020). In addition, there are nine proposed species “Blautia marasmi,” “B. phocaeensis,” “B. provencensis,” “B. intestinalis,” “B. segnis,” “B. tardus,” “B. celeris,” “B. lentus” and “B. difficilis” (Pham et al., 2017a,b; Traore et al., 2017; Liu et al., 2020). Currently, there are 225 non-redundant genomes available in RefSeq associated with Blautia, mostly obtained from isolates found in human samples (Supplementary Table 2); this dataset offers the opportunity to search for new previously undescribed species in this genus. The emergence of molecular systematics, based on the study of genome sequences as a source of taxonomic information, has offered the opportunity for the use of those undescribed genomes. For example, a recent analysis of 237 human-derived new Lachnospiraceae isolates (Sorbara et al., 2020) found previously unsequenced Blautia variants; additionally, the reconstruction of several genomes from the mouse GI tract (Lagkouvardos et al., 2016) detected the genome of a previously undescribed Blautia variant, describing B. caecamuris as a new species.

Despite the abundance and increased relevance of Blautia in the human microbiome, there is little information about its diversity and evolution. A very recent report of a Blautia pangenome was published (Liu et al., 2021), but no research on the diversity at the genomic level was made. The analysis of the currently available genomes, however, may reveal new insights about the evolution and development of potential Blautia species.

In this work, we present a pangenome analysis with a phylogenomic focus of a set of non-redundant Blautia genomes (available in the RefSeq database), in order to offer a first picture of the genomic diversity across the members of the Blautia genus, as well as to study the phylogenomic relationship among the lineages of Blautia. This study will also present a descriptive model depicting the main events involved in the development of different lineages across the genus.



MATERIALS AND METHODS


Dataset Selection

A set of non-redundant Blautia genomes (available on September, 2020) was downloaded from the FTP sites from RefSeq genome repository from NCBI1. In order to ensure high-quality drafts, all the incomplete genomes were analyzed by CheckM (“lineage_wf” command) (Parks et al., 2015). Only genomes with completion of 95% or higher and contamination or heterogeneity lower than 5% were considered as “high-quality drafts” (as recommended in Bowers et al., 2017) and they were considered for further analyses. This analysis gave a final number of 225 selected Blautia genomes, specified in the Supplementary Table 2. From now, this reference genome set will be called the “Blautia dataset.” Sequences were analyzed by RPS-BLAST against the COG database (Tatusov et al., 2000), and by HMMer against PFAM (El-Gebali et al., 2019). The genomic data of Robinsoniella peoriensis DSM 106044 (GCF_005519995.1) was used as the outgroup in further analyses, since this taxonomic group seems to be the closest relative to Blautia, as been observed in both 16S rRNA and phylogenomic-based studies (Cotta et al., 2009; Hug et al., 2016).



Pangenome Analysis

The pangenome reconstruction of the blautia dataset was performed with Roary (Page et al., 2015), panX (Ding et al., 2018) and PEPPAN (Zhou et al., 2020). For all the programs, input files were generated by prokka (default settings, –kingdom Bacteria) (Seemann, 2014). For Roary and PEPPAN, GFF files were used while for PanX, GenBank archives. Roary was run with ‘-e -n -p 24 -v -r -i 80 –group_limit 100000’ options. PEPPAN and PanX were run with default options. The output from PEPPAN was parsed using PEPPAN_parser with ‘-t -c -a 95′ settings. Using python scripts, the output of the previous step, namely allele.fna, PEPPAN.gff and PEPPAN.gene_content.Rtab, was used to generate a multifasta file containing the pangenome. The rarefaction curves for this pangenome were taken from the file PEPPAN.gene_content.curve and plotted using pandas (Reback et al., 2020) and matplotlib (Hunter, 2007). For PanX, the file geneCluster.json was parsed with pandas to generate a “presence and absence gene” matrix, to then obtain basic statistics about the pagenome. To estimate the pangenome openness/closedness, this matrix was fed into the R library micropan v2.1 (Snipen and Liland, 2015) and an alpha value was estimated.



Functional Annotation of the Pangenome

The functional annotation of the pangenome defined by PEPPAN was carried out by eggNOG mapper v2.0.4-rf1 (Huerta-Cepas et al., 2017), using the eggNOG database version 5.0.1 (Huerta-Cepas et al., 2019). The annotations were transferred from the most specific taxonomic level out of Blautia, Clostridia, Firmicutes, or Bacteria (–tax_scope). Annotations from KEGG and COG databases were obtained for each gene. The percentages of each functional category were computed and plotted using pandas (Reback et al., 2020), seaborn and matplotlib (Reback et al., 2020). To assess the completeness of KEGG modules present in the pangenomes, MicrobeAnnotator was used in mode light (–light) with default options (Ruiz-Perez et al., 2021).



TETRA, ANI, AAI Calculations and Definition of Genomic Species Groups

Pairwise comparisons for different genomes of the Blautia dataset were made by the calculation of pairwise ANI (average nucleotide identity), TETRA (tetra-nucleotide signature), and AAI (average amino acid identity) values (Chun et al., 2018). The ANI analysis was performed by FastANI (Jain et al., 2018); TETRA values were also calculated by using Jspecies version 1.2.1. (Richter and Rosselló-Móra, 2009). AAI values were obtained using the CompareM software2. From this data, we established how many clusters of genomic species are represented in the Blautia dataset, following a triple-condition criterium (see more details in Results), where it is required simultaneously that ANI > 95%, TETRA > 0.99, and AAI > 95%, to consider two genomes as members of the same genomic species group.



Phylogenomic Trees

Gene families (Orthogroups) for the Blautia dataset plus the outgroup were obtained using OrthoFinder (Emms and Kelly, 2019) following default parameters. The protein sequences of all 190 conserved single-copy gene families found by OrthoFinder in the Blautia dataset plus the outgroup were retrieved using an in-house Perl script. Each orthogroup was aligned with MAFFT (L-INS-i mode) (Katoh et al., 2005), and the resulting alignments were concatenated and a partition file was created, where each partition corresponds to a single-copy orthogroup. For each partition, the best evolution model was computed using ModelTest-NG (Darriba et al., 2020) according to the Akaike information criterion (AIC) and passed to IQ-TREE 2 to build a species tree. IQ-TREE was used with 1000 replicates of ultrafast bootstrap (Hoang et al., 2018), optimizing UFBOOT trees by NNI (–bnni) and assessing branch support by a SH-like approximate likelihood ratio test (–alrt) (Guindon et al., 2010). In parallel, a single nucleotide polymorphism (SNP)-based tree for the core genome of the Blautia dataset was computed by the panX (Ding et al., 2018), using default parameters. The phylogenomic aminoacid and the SNP-based trees were compared using the function cophylo from the phytools library in R (Revell, 2012). When a taxa (i.e., a genome) showed an anomalous behavior in the tree (e.g., very long branches), its genomic classification to the Blautia genus was evaluated using the tool TypeMat, from the Microbial Genomes Atlas (MiGA) Online server (Rodriguez-R et al., 2015). If results reflected a taxonomic assignment different from Blautia, the genome was removed from the dataset.

Additionally, in order to depict the phylogenetic relationships between the different genomic species, an alternative version of the phylogenomic tree was computed used only a set of 35 genomes, representing the 33 genomic species (and two subspecies) found in the previous section (see Results section). This tree of representative genomes was made from the same set of 149 conserved single-copy gene families used in the aforementioned tree, following the same strategy described above.



16S rRNA-Based Comparisons

Sequences from reference strains found in Genbank (Supplementary Table 1), as well as all annotated 16S rRNA genes from the RefSeq genomes (Supplementary Table 2), were used as a reference database for comparison against all the 16S rRNA genes from the annotations found in the Blautia dataset. The sequences were compared using BLASTn, considering a cutoff identity value of 99% and minimum query and target coverages of 80%, as an indicator of a putative assignment to a species (for rRNAs with sequence length > 1400 nt), according to a previous report (Edgar, 2018).



Gene Gain/Loss/Duplication Analysis

The set of representative genomes used for the representative tree (in addition to the outgroup) was used as the dataset for the calculation of the gene gain/loss model for Blautia species. The Orthofinder profile of gene families for the aforementioned 35 genomes was used by the software Count (Csurös, 2010) for the calculation of gene gain/loss rates following the Csûrös - Miklós model, optimized with a Poisson distribution at the root; the rates were also optimized considering a variation across families to 1:1:1:1 gamma categories for the edge length, the loss rate, gain rate, and the duplication rate, respectively. The convergence criteria were set to a likelihood delta of 0.1 with a maximum of 100 rounds. The calculated rates were used to generate an analysis following Wagner parsimony using the same penalty score for gains and losses.



Detection of Horizontal Gene Transfer (HGT)

Genes potentially acquired by HGTs were inferred using HGTector v2.0b2 (Zhu et al., 2014). Blautia coding sequences were analyzed against a reference database of a set of 30 thousand RefSeq genomes (retrieved in March, 2021), formatted using DIAMOND (Buchfink et al., 2015). Valid hits (search) were obtained using default parameters. Sequences hits from species of the Blautia genus (NCBI TaxID 572511) were considered as self. Hits outside the genus were considered to be HGT hits.



RESULTS


Defining Genomic Species Groups on the Basis of TETRA, ANI, and AAI Data

As a first step toward establishing clusters of species at the genomic level in the Blautia dataset, we calculated pairwise ANI (average nucleotide identity), TETRA (tetranucleotide frequency), and AAI (average amino acid identity) values for the entire genome dataset (Supplementary Table 3). The intraspecies boundaries were established as proposed before: pairwise comparisons showing ANI > 95%, TETRA > 0.99 (Richter and Rosselló-Móra, 2009), or AAI > 95% (Chun et al., 2018), were used to consider two genomes as members of the same genomic species. Scatterplots for each pairwise comparison between TETRA, AAI and ANI are represented in Supplementary Figures 1A–C. When those values were compared between each other in their capability to discriminate between inter- and intra-species, it was observed that > 99% of pairwise comparisons matched (represented by the purple dots in Supplementary Figures 1A–C). Only a small fraction of comparisons (for example, considering the TETRA vs ANI, or TETRA vs AAI plots) had only one of the criteria following the interspecies boundaries (red or blue dots, Supplementary Figures 1A–C). Additionally, density curves obtained from ANI, TETRA, and AAI data (Supplementary Figures 1D–F) showed that, in addition with the expected density peaks in the intra-species range, small density peaks in ANI and AAI data distribution just below the intra-species zone were detected. The presence of pairwise comparisons following just one of the two parameters, as well as the existence of the small density peaks below the intra-species range, raise the question whether ANI, AAI and TETRA values must be considered simultaneously to define genomic species groups. Since ANI is one of the most commonly used metrics used to define intra- or inter-species relationships between prokaryotic genomes (Richter and Rosselló-Móra, 2009; Jain et al., 2018), we will consider these values as the main parameter to define genomic species groups. In counterpart, TETRA and AAI will be used as secondary parameters, in addition with the percentage of identity of the complete (i.e., length > 1400 bases) 16S ribosomal RNA (rRNA) gene (Kim et al., 2014; Edgar, 2018).

Considering the aforementioned criterion, we found a set of 33 genomic species clusters from the Blautia dataset (Table 1 and Supplementary Table 4); twelve of those genomic species groups include one sequenced type strain: B. argi, B. brookingsii, B. faecicola, B. hansenii, B. hominis, B. hydrogenotrophica, B. luti, B. massiliensis, B. obeum, B. faecis, B. caecimuris and B. wexlerae. Additionally, we could find that four previously proposed new members can be considered as new genomic species (Liu et al., 2020): “Blautia segnis,” “Blautia difficilis,” “Blautia intestinalis” and “Blautia celeris.” These sequenced reference strains (from both official or proposed species) were useful to give a name to each group they represented (Table 1). In one group, we found genomes from representative strains from both official and a proposed species in a same genomic species group: the proposed species “Blautia marasmi” [strain Marseille-P2377, GCF_900258535.1, (Pham et al., 2017a)] was found to be part of the same genomic species group as B. hominis [strain KB1, GCF_002270465.1, (Shin et al., 2018)]. Moreover, we also found that both B. producta and B. coccoides type strains are part of the same genomic species cluster, since their pairwise values reflected this feature. The pairwise ANI, TETRA and AAI between the genomes of B. producta DSM 2950 (GCF_014131715.1) and B. coccoides DSM 935 (GCF_004340925.1) were 98.0877%, 0.99868, and 97.61%, respectively (Supplementary File 3). The implications of this genomic species clustering on a possible reclassification for B. producta and B. coccoides will be discussed later.


TABLE 1. Genomic species groups found in the Blautia dataset from the use of ANI, TETRA and AAI data.

[image: Table 1]Several groups did not include any sequenced type (or representative) strains. In some of these cases, the analysis of the 16S rRNA gene sequence encoded by those genomes was useful for the assignment of a species name to the members of the cluster. For example, in the case of the B. caecimuris cluster (cluster #27, Table 1), the name was assigned since the 16S rRNA gene from those genomes were > 99% identical to the B. caecimuris type strain 16S rRNA sequence (KR364746.1). Additionally, despite no type strain of Blautia faecis is sequenced, members of cluster #24, composed by 5 genomes (Table 1), contain 16S rRNA sequences with high identity (>99%) with the sequence from B. faecis strain M25T (NR_109014), so this cluster can be assigned to the aforementioned species. Unfortunately, potential genomes representing “B. phocaeensis,” “B. provencensis,” B. schinkii, B. glucerasei, and B. stercoris were not found by this strategy.

It was also noticeable that, in some cases, the genomic species clustering gave strange cases in the separation between species, creating some “gray zones.” For example, the case of genomic species cluster #31 (Table 1), containing a strain called B. coccoides YL58 (GCF_002221555.2), is characterized to have representative 16S rRNA gene sequences with high identity (∼ 99%) to sequences from B. wexlerae DSM 19850 (NR_044054.1), despite the representative sequences from those genomes (locus_tag G4422_RS16765 for B. wexlerae MSK.20.14 and locus_tag G4417_RS16440 for B. wexlerae MSK.20.46) are only 1198 and 1273 bases long respectively, and the high identity may be an artifact caused by the incomplete rRNA sequence length. Additionally, despite that this genome had ANI values lower than 95%, but TETRA values higher than 0.99, in comparison with genomes from cluster #11 (Supplementary Table 4). In this case, the use of a more complete version of the 16S rRNA gene for this strain (KR364747, 1521 bases) was useful to show potential relatedness to other genomic species groups. The best match against the rRNA genes from other members of the Blautia dataset was a sequence from Blautia sp. NSJ-34 (cluster #28), with 98.75% identity, a value below the recommended 99% identity proposed for operative taxonomic units (Edgar, 2018). This suggests that this genome (and their genomic species group) was wrongly assigned to B. coccoides and it may be part of a previously undescribed species.

Considering the previous results, our strategy suggests the existence of 17 additional genomic species clusters in the Blautia dataset corresponding to new, potentially undescribed species, labeled as “unknown groups”. It was quick to notice that many of those genomes had incorrect name assignments (e.g., strain 1001175st1_E1 assigned to B. hansenii, being part of the B. caecimuris cluster), making evident the need of a careful curation of the taxonomic assignment for sequenced strains. Some of the unknown groups contain multiple genomes, such as Group I, with 23 genomes, or Group J, with 6. Some groups could have previously assigned names, even if no formal proposal was made: one of them, called “unknown group B” (represented by 1 genome, Blautia sp. Marseille-P3201) was labeled as “Blautia caccae” in their respective project (NCBI Bioproject PRJEB18018), despite no study is currently available about this potential species name assignment. Additionally, in those clusters, the information of 16S rRNA gene identity search (against the reference database) could not give conclusive results for a species-level taxonomic assignation (e.g., by giving identity lower than 99% in 16S rRNA gene comparisons), opening the possibility that all those groups may represent currently new, unnamed Blautia species.

As a final addendum, it was observed that the assembly of Blautia sp. M16 (GCF_014287855.1, See Supplementary Table 2), proposed in a preprint as another representative of a new species (“Blautia lentus”) (Liu et al., 2020), was not included in the final list. A posterior BLAST-based analysis with the predicted proteome of M16 strain showed that 86% of the best hits for each protein was found from a member of the Clostridiaceae family, despite the fact that one of the copies of the 16S rRNA gene have a closer relationship with members of Blautia (data not shown). Additionally, the use of MiGA showed that this genome cannot be classified as a Blautia on the basis of the genome content (data not shown). This suggests that this genome corresponds to a member of a Clostridiaceae rather than to a member of the Blautia genus (Lachnospiraceae family). Therefore, this genome was not considered as part of the Blautia dataset.



Phylogenomic Analyses

After obtaining the clusters of genomic species, the next step in the analysis was the reconstruction of a phylogenetic tree to obtain a picture of the evolution of the Blautia genus. From a set of 190 single-copy orthogroups conserved among the genomes from the Blautia dataset and the outgroup (obtained using Orthofinder), a phylogenomic tree was constructed using IQTREE (Supplementary Figure 2). Additionally, using the conserved SNP set from the single-copy conserved genes found by panX, we constructed another phylogenomic tree (Supplementary Figure 3); both trees gave important visible correlations with each other (Supplementary Figure 4). In parallel, in order to simplify the visualization of the different species lineages detected in the Blautia dataset, another tree was computed with the same data from the main tree, but with only 35 taxa, corresponding to selected representatives from each genomic species cluster (Figure 1). This representative taxa tree had the same genomic species relationships as the main tree. The closest genome species group to the established root is the unknown Group C. The rest of the taxa were divided into six clades (numbered by roman numbers in Figure 1). The nodes representing the last common ancestor (LCA) for each lineage were defined considering the depth of each selected node, as well as the distance of those nodes with respect to the root of the genus (data not shown).


[image: image]

FIGURE 1. Phylogenomic tree from selected representative genomes from the clusters of genomic species from the Blautia dataset. The tree was computed using maximum likelihood, from the concatenated sequence alignment of 190 conserved single-copy orthogroups. The numeric data in format n/n represent values for bootstrap support (UF-bootstrap) and approximate likelihood-ratio test values (SH-aLRT). The tree is rooted using Robinsoniella peorensis data as the outgroup. The arbitrarily designed lineages I to VI are also shown. The color of each taxon name reflect the status of the current representative genome: red: undescribed potential new species; blue: type strain of a validated species; green: strain of a validated species, but not a type strain; brown: proposed type strain from a non-officially accepted species; black: current strains reassigned into another species. See text for more details.


The lineage I contains the genomic species B. faecicola, B. brookingsii, and the “unknown group I.” The lineage II contains the species B. hominis (including “B. marasmi” as a subspecies), the new group B. coccoides-producta, the non-officially accepted “Blautia celeris,” and the “unknown group Y”. The lineage III contains the genomic species B. argi, B. hansenii and the unknown groups E, B, L, and H. The lineage IV contains B. hydrogenotrophica and the “unknown group A”. Lineage V contains B. caecimuris, B. obeum, “B. intestinalis,” and the unknown groups F and G. Finally, the lineage VI includes B. massiliensis, B. luti, B. wexlerae, B. faecis, “B. segnis” and the unknown groups D, J, K, X, and Z. Clades II and III share a directly common ancestor, as well as clade V with clade VI.

Almost all branches are supported by both optimal bootstrap and aLRT values (i.e., 100/100), with the exception of the B. hydrogenotrophica - “unknown group A” bifurcation (lineage IV, Figure 1), and two bifurcation events in the lineage VI. Interestingly, in the major tree (Supplementary Figure 2), the branches with suboptimal bootstrap and SH-aLRT values represent the same taxa and genomic species clusters observed in the representatives’ tree. Additionally, when the concatenated protein families and the SNP-based major trees were compared (Supplementary Figure 4), the main discrepancies were found at the intra-species level (where branch support values are now shown), and in the aforementioned suboptimal branches. Despite those described low support values, the direct bifurcation events between the different genomic species are generally well supported, with the exception of the bifurcation between the B. hydrogenotrophica cluster and the “unknown group A,” which have long branches and just moderate value: 68/55 in the representative tree (Figure 1), 48.9/63 in the main tree (Supplementary Figure 2). Both the bifurcation and its tendency in having long branches, are also observed in the main tree. This may reflect that this lineage is particularly divergent from their brother clades.



Definition of a Pangenome for the Blautia Dataset

Given the myriad of software pipelines for pangenome reconstruction available (over 40) (Vernikos, 2020), we assessed three different pipelines to define the pangenome of the Blautia dataset: Roary (Page et al., 2015), panX (Ding et al., 2018) and PEPPAN (Zhou et al., 2020). Roary and panX, well-established packages based on their number of citations and publication dates, define clusters of homologous proteins in a broadly similar way. The main difference lies in the way they establish clusters of orthologs proteins. Roary uses conserved gene neighborhood information, splitting clusters of homologs sequences into paralogs and true orthologs. On the other hand, panX builds phylogenies of the homologous clusters and splits them into clusters of orthologous sequences by examining the structure of these trees. PEPPAN, the most recent software out of the three (2020), uses the information from gene cluster trees and synteny of these genes to split paralogs from orthologs groups.

All the software used here defines the pangenomes as the total set of clusters of orthologs, or orthogroups, present in all the genomes. In general terms, the number of orthologs per category found by PEPPAN and panX are similar, while Roary results depart from these (Table 2). Roary defined the pangenome as composed of almost 90 thousand orthogroups, approximately double compared to the other two programs tested. Furthermore, PEPPAN and panX found 821 and 722 core orthogroups respectively, i.e., the set of orthogroups that have at least one ortholog present in all the genomes (Table 2), while Roary only found 117 core orthogroups.


TABLE 2. Number of genes per pangenome category.

[image: Table 2]Using the pangenome defined by PEPPAN, we computed rarefaction curves and fitted the data according to a Power Law (Tettelin et al., 2008), from which an alpha value was computed. An alpha value <1 is considered as an indication of an “open” pangenome, which suggests that new orthogroups will be found if new genomes were added. We computed an alpha value of 0.694, suggesting that the pangenome of the Blautia dataset is “open” (Figure 2A). We carried out the same calculation using the pangenome defined by panX and found an alpha of 0.518, a roughly similar value, which was expected given that both programs reconstructed similar pangenomes in terms of their “orthogroups presence and absence” matrix. The pangenome rarefaction curve (Figure 2A) predicts that approximately 72 orthogroups are gained per new genome added, while the core genome curve (Figure 2B) implies that approximately 0.62 core orthogroups are lost per new genome added. In terms of the distribution of the genes among the 224 genomes analyzed (Figure 2C), we can see a high peak of genes shared by 10 or fewer genomes. When looking at the flat part of the histogram, which encompasses most of the “accessory” genome (here, represented roughly by genes shared by at least 50 genomes but no more than 200), we found that the average number of shared genes was 18.
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FIGURE 2. Rarefaction curves for “pan” (A) and “core” (B) genes. The curves were fitted to median values of 1,000 iterations following the Power Law previously described (Tettelin et al., 2008). The Shadows indicate 95% confidence intervals. (C) Distribution of the 43545 pan genes among the 224 genomes of the Blautia dataset. The bar representing the core genes is highlighted with red color. Inset: Percentages for each gene category in the pangenome, see Table 2 for definitions.




Functional Annotation of the Pangenome

The pangenome reconstructed by PEPPAN was functionally annotated with eggNOG-mapper (Huerta-Cepas et al., 2017). Additionally, KEGG annotations and assessment of pathways completeness were performed by MicrobeAnnotator (Ruiz-Perez et al., 2021). According to eggNOG-mapper, 32755 genes obtained any kind of functional annotation, i.e., COG, KEGG, GO or PFAM, of which 85.6% entries were assigned at least one COG category. For the core genome (Supplementary Figure 5) the Metabolism meta-category was the most represented, with 35%, under which transport and metabolism of coenzymes, amino acids and nucleotides together with Energy production categories were the most prominent, making up 74% of this meta-category. For example, in the carbohydrate metabolism, the glycolysis (Embden-Meyerhof pathway, M00001) was present with 100% completeness and the glycolysis core module (3C compounds) with 90% completeness (M00002). Furthermore, the Pentose Phosphate pathway (M00007) and glycogen biosynthesis were present with 100% completeness. When looking at ATPases, it is worth noting that the V-type ATPases are 80% completeness in the core genome, i.e., most of its 9 subunits are present in 98% of the genomes or more, meanwhile the F-type ATPase is not part of the core genome, indicating that some members of the Blautia data set do not have any subunit.

In order to present a more detailed view of the Blautia metabolism, we selected 4 clades from the complete tree and using PEPPAN, built a pangenome for each one. All clades have at least 23 genomes and are composed of genomes pertaining to only one cluster defined by ANI. Clades correspond to Blautia unknown group I, Blautia obeum, Blautia massiliensis and Blautia wexlerae respectively (highlighted clades from Supplementary Figure 1 and Figure 3).
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FIGURE 3. Heatmap of the KEGG modules completeness of the core pangenomes of 4 selected genomic species groups, clustered by category of metabolism. All clades have at least 23 genomes and are composed of genomes pertaining exclusively to one cluster defined by ANI. Only modules with 50% completeness or more were considered.


When analyzing the core genomes of each selected clade, multiple pathways in the pentose phosphate cycle displayed differences in the core genome of Blautia sp. group I cluster compared to the other 3 clades. For example, the biosynthesis of Phosphoribosyl pyrophosphate (PRPP, M00005), essential in de novo pathways for synthesis of pyrimidines and purines, it is not present in the core genome of Blautia sp. group I clade but It was present with 100% completeness in the rest of the clades analyzed. On the other hand, the enzyme 2-dehydro-3-deoxyphosphogluconate aldolase, part of the Entner-Doudoroff pathway, d-glucuronate and d-galacturonate degradation pathways, which catalyzes the reaction from 2-Dehydro-3-deoxy-6-phospho-D-gluconate to d-glyceraldehyde 3-phosphate (releasing pyruvate), which in turns can be converted to glycerate-3P and then enter glycolysis, was present exclusively in the core genome of the Blautia sp. group I clade. The two glucoronate degradation pathways mentioned earlier were represented partially with the enzymes glucuronate isomerase (K01812), which can catalyze the conversion between glucoranate/galactunorate to fructosa or other pentoses which are able to continue the phosphate pentose pathway, and 2-dehydro-3-deoxygluconokinase (K00874), which phosphorylates deoxy-d-gluconate to continue to form pyruvate and glyceraldehyde as final products.

The Shikimate pathway, which produces chorismate, precursor of the aromatic amino acids, is 100% complete in all the clades except in the clade corresponding to Blautia sp. group I, where it is 86% complete. These species may be seen as an exception to what has been reported with respect to the existence of this pathway in the human gut microbiome, where most of the bacteria present in fecal samples do not possess a complete Shikimate pathway (Mesnage and Antoniou, 2020). Regarding the pathways involved in the biosynthesis of the aromatic amino acids, the pathway for tryptophan was complete in the 4 clades but tyrosine and phenylalanine pathways were 60% or less complete. Related to this, it has been shown that despite the fact that the Shikimate pathway may be complete in some metagenomes of the human microbiome, the metratrascriptomes of these pathways were largely inactive, suggesting that most of the microbiome bacteria are aromatic amino acid auxotrophs (Mesnage and Antoniou, 2020).

In respect of resistance to some metabolites, it was observed that the multidrug resistance efflux pump MepA set of proteins is 50% complete in the core genome of all the clades except in the one corresponding to Blautia obeum. On the other hand, Blautia sp. group I presented 100% completeness of the set of proteins forming the beta-Lactam resistance system, whereas in the rest of the clades it was absent.



Gain/Loss Patterns Among Blautia Organisms

The pangenome of Blautia members was shown to be open. However, the evolution of the gene content among genomes from this genus remains to be elucidated. In order to predict the history of gene family gain and loss events among the different Blautia lineages, the gene family profiles (including gene families found in only one genome) were used to generate a gene gain/loss model in the Blautia set of representatives (Figure 4) using Wagner parsimony analysis with the Count tool (assigning equal weight to losses and gains). Considering the same 35 organisms utilized in the tree from Figure 1, a set of 2106 gene families predicted to be found in the LCA of Blautia. According to COG assignments, 13.95% of the predicted genes from the Blautia LCA, were not assigned to any category. From this same set of 2106 families, 32.92% of these genes were associated with Metabolism; 19.19 and 17.33%, of these genes were associated with Information storage and processing processes and Cellular processes and signaling, respectively, and COG families from “Poorly characterized” categories covered 16.61% of assignments.
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FIGURE 4. Gain/loss profile among different ancestors and lineages among the representative set of Blautia genomic species. The same tree (with the same members) shown in Figure 1, was presented as a cladogram, and the data from Count analysis of gene gain/loss models, following Wagner parsimony model for 12,691 gene families, was represented. The roman numbers near each branch represent each proposed lineage among the members. Black numbers represent the number of shared families for a given node (i.e., predicted ancestor), as well as the green and red numbers represent the number of gene families gained and lost for the ancestor. The green and red numbers on the upper side of each terminal branch represented the same terms as before, but for the members of the tree (the terminal nodes). See text for more details.


In comparison with the outgroup (R. peoriensis), the Blautia LCA shares 1961 genes; whereas Blautia LCA acquired 145 genes in comparison with the predicted ancestor with the outgroup, R. peoriensis had 1544 genes that were not detected in the Blautia LCA. Among the 145 genes acquired by the Blautia LCA, 23.84% of them were assigned to Metabolism-associated functions and 23.18% of those genes were unassigned to any COG. The presence of gene family gain events in the predicted ancestors, as well as a high percentage of genes associated with Metabolism in those acquired families will be common trends in the next predicted gene gain events (see below).

COG classification for the acquired genes in each lineage (Figure 4 and Supplementary Figure 6) showed that, whereas massive gene gain events were observed in the terminal nodes (i.e., when genomic species were already defined), a noticeable amount of gene gain events were also observed in some of the internal nodes of the tree (i.e., the predicted ancestors). For example, it was observed that the LCA of the lineage II received 942 gene families, becoming the most massive gene gain event observed in any predicted ancestor of the reference set. Another important gene gain event observable in the internal nodes in the case of the LCA between B. hydrogenotrophica and the “unknown group A” representative (lineage IV), receiving 327 gene families. Gene loss events were not as massive as gene gain events, but there are some cases worth noticing. For example, it was observed that the predicted LCA between the deeply branched Group C and the rest of Blautia (Figure 4) suffered the loss of 203 families. From those missing genes, 29.33% of them did not have any COG, and 29.81% were involved in Metabolism, including sets of subunits of ABC transporters and some glycosyl hydrolases. Despite this particular case, however, gene loss seemed to be a secondary strategy used in the evolution of the Blautia species, in comparison with gene gain events.

From the 942 genes gained in the lineage II LCA, 34.05% were found to be associated with Metabolism, 13.37% with Cellular processes and signaling functions, and 11.51% with Information storage and processing. In the case of genes acquired in the LCA of the lineage IV, 28.4% were associated with Metabolism, 14.8% with Cellular processes and signaling functions, and 9.06% with Information storage and processing (Supplementary Figure 7). In both cases, the percentages of gene families unassigned to any COG were 25.37 and 33.84% respectively. Some remarkable functions found to be acquired by the lineage II are a set of enzymes for ammonia assimilation (glutamate dehydrogenase and glutamine synthetase), different subunits of ABC transporters, the aerobic-type carbon monoxide dehydrogenase complex, the rubrerythrin, several potential transcriptional regulators, the pyruvate ferredoxin oxidoreductase complex, a butyrate kinase (final enzyme in a butyrate biosynthesis pathway), etc.; those genes may be involved in the improvement of the metabolic program of the new lineage. Some examples of gene functions gained in the lineage IV LCA were several subunits of the archaeal/vacuolar-type H + -ATPase, several other subunits from ABC transport systems, and different proteins involved in oxidative stress response (peroxiredoxin, thioredoxin reductase, and another rubrerythrin). Expectedly, this differential gained gene content reflects the differential adaptation of the lineages during their respective evolutive processes.

In the case of the terminal nodes of the gene gain/loss model tree (i.e., reflecting the most recent gene/loss events in the observed genomes), the tendency to have more gene gain than gene loss events was also observable. Gene gain event numbers fluctuate between less than 30, to even more than 1000 genes (see Blautia group H terminal node, Figure 4). According to the profile of COG assignments from gained and missing genes (Supplementary Figure 7), near 62% of the total genes acquired in the terminal nodes were unassigned to any COG (as well as a 9% of “Poorly Characterized” COG functions), and just 13.43% of the acquired genes were assigned to COG associated with Metabolism. In counterpart, 30.59% of the missing genes in terminal nodes were related to Metabolism and only 24.82% were unassigned to COGs. In the set of acquired genes in the terminal nodes, several genes associated with DNA transfer functions (such as prophage components, CRISPR-associated proteins, or plasmid-related genes) were detected (data not shown), suggesting important part of the acquired genes in the terminal nodes are involved in DNA mobility or gene exchange processes. As expected, most of the gained genes had the label of “hypothetical protein.” These acquired genes clearly correspond to the cloud pangenome observed in previous sections, representing the most recently acquired gene set from each one of the representative genomes.

The detection of massive gene gain events among different predicted Blautia LCA raised the question about where those acquired genes come from. In order to address this question, the predicted proteomes from the Blautia representative dataset were analyzed by HGTtector, a tool that makes HGT predictions based on the analysis of hierarchies of sequence alignment hits distributions, given a representative database (Zhu et al., 2014). If the top 5 donor taxonomic groups, represented for each genome from the representative Blautia dataset, were plotted (Figure 5), it is noticeable that for almost all cases, the most important predicted donor for those Blautia genomes is a member of the Clostridiales order (range: 81–27% of genes), followed by a member of the Firmicutes phylum (range: 22–3.6%). In some cases (up to ∼20%), ŁHGTector could only assign a potential donor to a generic member of the Bacteria superkingdom. It is also worth noticing that several Blautia genomes have predicted HGT donors Łfrom more specific taxonomic groups such as a variety of Ruminococcus sp. strains, most of them isolated from the human microbiome (Zou et al., 2019), or Lactonifactor longoviformis, a member of the Clostridiaceae family, also isolated from human stool samples (Clavel et al., 2007). When HGTector data was intersected with the Count analysis results, it was found that between 30 and 40% of the gained fraction among Blautia lineages were also found to have a putative HGT donor by HGTector. Among those transferred genes, a remarkable example of an acquired functional gene set corresponds to a group of 4 genes, gained by the LCA of the Lineage II (but absent in the LCAs from the others), encoding a functional module for the oxidative branch of the pentose phosphate pathway (KEGG module M00006), putatively transferred from a member of Clostridiaceae (data not shown). In the LCA from Lineage II also were found 6 genes encoding components of the “Pentose phosphate pathway, non-oxidative phase” module (M00007, 50% complete), also virtually absent from the other LCAs, and putatively gained from donors from Clostridales and from an unknown member of Bacteria.


[image: image]

FIGURE 5. Taxonomic abundance profile of the top five HGT donors for the Blautia genomes from the representative dataset. Each genome was analyzed by HGTector and the frequency of taxonomic assignments for the top 5 putative donors were plotted for each case. The color code corresponds to the donors listed in the legend (upper right side).




DISCUSSION


Definition of Blautia Genomic Species Groups Using Genomic Parameters

The comparative analysis of a set of 224 Blautia genomes presented here is the first genomic and taxonomic survey focused on this genus. This study found a set of 17 previously undescribed species, along with confirming the definition of 12 previously established species. These intra-species classifications were made on the basis of genomic metrics such as ANI, TETRA, and AAI values, according to previous standards (see below). In some cases, one parameter may have one value inside the intra-species range, but another one may not (e.g., some pairwise comparisons had TETRA > 0.99 but ANI < 95). This behavior was previously observed in other studies. For example, in the study where ANI was proposed as an standard for genomic classification (Richter and Rosselló-Móra, 2009), the comparison of ANI with other techniques such as DNA-DNA hybridization (DDH) or TETRA showed that, for a few cases, these methodologies had discrepancies with ANI when they were applied to formulate inter-species relationships. In addition, a high-scale study validating the use of ANI on a large scale (∼ 8 × 109 comparisons) showed the presence of a “discontinuity zone” in the distribution of ANI values, where a very low fraction (∼ 0.2%) of ANI values were found between 95 and 83% (Jain et al., 2018), suggesting that this algorithm is robust to establish taxonomic relationships between genomes. This behavior was also observed in the distribution density plot for ANI values obtained in the Blautia dataset, with only a small fraction (<1%) in the “discontinuity zone” (Supplementary Figure 1F). Since ANI is one of the more commonly used metrics for defining new species from genomic data (Chun et al., 2018), it was selected as the main value to consider in the formulation of Blautia genomic species groups.

In several studies, one important form to define intra- and inter-species boundaries is the comparison of ANI or AAI versus % identity of the 16S rRNA gene (Kim et al., 2014). This, however, cannot be always possible, since several genomes, even with high quality, according to conventional metrics [based on CheckM (Parks et al., 2015), or BUSCO (Seppey et al., 2019)], do not have enough long 16S rRNA genes (>1,400 bases) to make appropriate comparisons. Since this limitation, results for this method were not reported in this study. Instead, we proposed to use a combination of similarity-based (AAI, ANI) and composition-based (TETRA) comparisons.

The analysis obtained 33 potential genomic species (i.e., species defined by genomic parameters), but some type strain genomes were found to belong to the same genome species group as other type strains. The two cases presenting this behavior are the pair B. coccoides-B. producta and the pair B. hominis - “B. marasmi”. In the first case, both species were reclassified in the same work (Liu et al., 2008), showing quite short distances between the representative 16S rRNA genes in the phylogeny. Those species had long different histories (B. coccoides was isolated circa. 1976 and B. producta, circa. 1941), and in combination with the absence of genomic data, those strains were not properly classified as members of the same species. Considering the information presented in this work, we proposed the name of this genomic group as B. producta, since the basonym of B. producta is older than those from B. coccoides. In the case of the B. hominis/marasmi pair, this genomic species remained as B. hominis,since “B. marasmi” is not an accepted name.

Several sequenced strains from this dataset contained species names that were not coincidental with their final assignment. For example, strains Blautia coccoides YL58 and Blautia producta SCSK (unknown group Y, see Supplementary Table 4 and Figure 1) were assigned to a potential new genomic species, different from the B. producta/coccoides group. Whereas their existing species name assignments were originally made on the basis of the 16S rRNA sequence identity, the combination of current genomic information generated by this study suggests that YL58 and SCSK strains can be classified as a potential new species. Since those strains were mistaken as B. producta/B. coccoides, they could be designated as “Blautia pseudococcoides.” In the case of other unknown groups, future projects covering already cultured or newly isolated strains must be carried out to study those potential new species with more detail, in order to confirm other properties (e.g., phenotype) of those variants and expand the knowledge about the Blautia genus.



About the Pangenome of Blautia

The Blautia dataset has a core-to-pangenome ratio ∼ 1.9–2% (PEPPAN and panX), which at first may appear to be small. Depending on the lifestyle of the studied species and the sample size used to reconstruct the pangenome, this ratio can vary widely. For example, for P. aeruginosa, two studies displayed ratios of 15 and 9% (samples of 182 and 1360 genomes respectively) (Mosquera-Rendón et al., 2016; Park et al., 2019), while for Shigella spp., S. pneumoniae and S. enterica subsp. enterica this ratio was shown to be 2, 1.6, and 5.7% respectively (Park et al., 2019). Moreover, this dataset presents a proportionally big cloud genome, 87% of the pangenome, highlighting the extent of diversification that members of this genus have undergone. Related to this, we have shown the great amount of gene gain instances that appear to have occurred throughout evolution, therefore increasing the size of the current pangenome.

Considering the popularity of Roary (more than 1500 citations to Jan. 2021, Google Scholar), we investigated further to see if we could obtain similar results to the other tools. Roary, as a first step, uses a fast pre-clustering approach based on k-mers (CD-HIT) (Fu et al., 2012), followed by blastp (Camacho et al., 2009), and at this stage, it always found a relatively high amount of clusters, approximately 80 thousand. The cause of this particularly high number of ortholog clusters and thus the high number of distinct genes defining the pangenome, may relate to what has been shown recently by the authors of PEPPAN. They found that Roary made the highest number of false splits among the compared pipelines, where false splits were defined as the cases in which a single ortholog cluster in a curated pangenome was split into multiple ortholog clusters (Zhou et al., 2020). Related to the pre-clustering step performed by Roary, we note that we tried FindMyFriends too3 (results not shown), which also uses CD-HIT as a first step, and It failed to find any core genes.

It may be worthy of mention that the authors of Roary point out that their program is not intended for “comparing extremely diverse sets of genomes”4, although we are aware that It is not clear how to define which corresponds to a “diverse set of genomes” and we do not have any frame of reference to say that our dataset is particularly diverse.



Role for Massive Gene Gain Events in the Blautia Evolution

This gene gain/loss analysis of a selected set of representative genomes of Blautia species suggested that gene loss events were minor forces during the evolution of the Blautia genus. Conversely, gene gain events seem to be frequent processes during the evolution of the Blautia genus, remarkably associated with metabolic functions. The results of the HGTector analysis suggest a set of remarkable donors for the predicted HGT events. However, when HGTector and Count data were compared, only a partial set of gained genes (between 30 and 40%) among different lineages could have a predicted donor. This discrepancy may be influenced by limitations in either the reference database or the algorithm used by HGTector, or by limitations of the model generated by Count, an aspect previously discussed in another study (Chen et al., 2021).

HGTector could find that, among selected genomes, most HGT predictions were associated with donors from the Firmicutes phylum, or other derived taxonomic groups, such as the Ruminococcus genus, the Clostridaceae family or the Clostridiales order (Figure 5). These findings have correspondence with three previously reported aspects: primarily, previous studies showed that HGT events tend to be shared among closely related species (Bolotin and Hershberg, 2017); secondly, it was also reported that HGT is very frequent in the GI tract for example, as seen in the human microbiome (Liu et al., 2012); finally, Firmicutes is known to be one of the most diverse and abundant groups in the mammalian GI tract microbiome (Youngblut et al., 2019). Considering these three aspects, the high percentage of Firmicute-related donors in the predicted acquired genes among different Blautia lineages is something completely expectable.

The results from this study not only suggest the presence of genes acquired or missed in the terminal nodes (reflecting the most recent gene gain/loss events in Blautia genomes), but also predicted gain/loss events from the predicted ancestors (Figure 4). Some functional differences were found in the gene functional profile of those gained in the LCA of each lineage, in comparison with those more recently gained. In the LCA of several lineages, most gain/loss events were associated with metabolic functions (Supplementary Figure 6). Instead, most gained genes in terminal nodes were unassigned to COG categories. This considerable proportion of gained and missed genes in the LCAs from the internal lineages associated with Metabolism-related functions may reflect that different Blautia lineages (especially, II) evolved primarily focusing in the adjustment of their respective metabolic abilities, involving a dynamic exchange of metabolic functions. These functional changes in the gene gain/loss patterns in the representative set was also observed in the comparison between predicted metabolic properties from different representative genome species clusters from the Blautia dataset (Figure 3).

Since experimental studies suggested that acquisition of auxotrophic features can be associated to natural selection and not merely to gene drift (D’Souza and Kost, 2016), it is possible that the dynamic metabolic gene gain/loss process observed in Blautia could reflect evolutionary pressures during the formation of the ancestors. Moreover, a comparative study with ∼1,000 genomes (Goyal, 2019) showed that bacterial genomes tend to lose previous pathways if they acquired new, alternate pathways by HGT, creating a dependency to coexisting bacteria whose pathways can compensate the changes in the evolved organism. In the case of Blautia evolution, metabolic function gain and loss may be provoked by the evolutionary context of each genomic species or lineage. For example, Lineage II (containing the species B. hominis, B. coccoides/producta, “B. celeris,” and unknown group Y) contained an acquired gene family encoding a butyrate kinase that is virtually exclusive from this group (data not shown). This enzyme is the final step in a butyrate biosynthesis pathway present in the Lachnospiraceae (Vital et al., 2014). This correlates with previous studies describing B. coccoides and B. producta as strong butyrate producers (Barcenilla et al., 2000). Therefore, the massive gene gain events in this lineage could reflect previously reported metabolic specializations.



Final Conclusions and Future Projections

The analysis of a set of Blautia genomes from Refseq showed a previously unconsidered diversity of genomic species, finding 17 new potential species from the comparison of their genomes. This study also found that some previously accepted species require a reclassification on the basis of the genomic data. According to the information provided in this study, the type strain of B. coccoides is part of the B. producta species. Moreover, this study also generates evidence for the proposal of a new species, B. pseudococcoides, formerly classified as a B. coccoides strain (YL58). As far as we know, this is the first study covering aspects of the evolution of Blautia genetic content, opening the possibility for further studies focused on other aspects of Blautia metabolism.

There are some limitations to consider in future studies: since the vast majority of the genomes of the Blautia dataset were obtained from sequencing projects focused on human samples, our study could not specialize in tracking associations between gene families and different hosts. Future efforts will be needed to create an evolutionary model covering the relationships between Blautia species and different mammalian hosts. This study also needs to be extended by the use of metagenome- assembled genomes (MAGs), in order to expand to even a deeper level the analysis of the pangenome of this relevant genus of the mammalian GI tract microbiome.



Reclassification of Blautia coccoides as Blautia producta Subspecies coccoides and Emended Description of Blautia producta

On the basis of genomic parameters, such as ANI, TETRA and AAI, as well as by phylogenomic profiling, the type strain of this former species (ATCC 29236 = DSM 935 = JCM 1395 = NCTC 11035) is reclassified as a subspecies of Blautia producta. The type strain of B. producta (ATCC 27340T = CCUG 9990T = CCUG 10976T = DSM 2950T = JCM 1471T) is proposed to be described as B. producta subspecies producta.



Description of “Blautia pseudococcoides” sp. nov.

“Blautia pseudococcoides” (pseu.do.coc.coi’des. Gr. adj. pseudo -us- -um false; Gr. n. coccus a berry; Gr. n. eidos shape; N.L. adj. coccoides berry shaped, falsely recognized as B. coccoides, a close relative). This strain was recognized as a different species from other members of the Blautia genus on the basis of genomic parameters, such as ANI, TETRA and AAI, as well as by phylogenomic profiling. The proposed type strain is YL58T (= DSM 26115T), isolated from wildtype mice (Lagkouvardos et al., 2016). Another variant of this proposed species is strain SCSK, isolated from ampicillin-resistant microbiota of mouse subjects (Caballero et al., 2017).
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Supplementary Figure 1 | Main statistics of the pairwise genomic comparisons in the Blautia dataset. (A–C) Scatterplots representing pairwise comparisons for different combinations of genomic parameters for taxonomic classification using genomic data for the Blautia dataset for TETRA vs ANI (A), TETRA vs AAI (B) and AAI vs ANI (C). Point colors reflect if each value reflects one, both or none of the values reached the threshold for intraspecies boundaries: violet for comparison whose two parameters meet the intraspecies criterion; red or blue when only the X-axis or Y-axis values meet the intraspecies criterion, respectively. (D–F). Density plots representing pairwise comparisons for genomic parameters for taxonomic classification using genomic data for the Blautia dataset for TETRA (D), AAI (E), and ANI (F). Category colors: green for intra-species comparisons; red for extra-species comparisons.

Supplementary Figure 2 | Maximum-Likelihood tree estimated from an alignment of 190 conserved single-copy orthogroups present in the 224 genomes of Blautia plus the outgroup. Asterisks represent internal branches with bootstrap support (UF-bootstrap) and approximate likelihood-ratio test values (SH-aLRT) greater than 90. For internal branches with lower support, their numerical values are displayed (SH-aLRT/UF-bootstrap). Support values for terminal or near terminal branches are not shown for esthetics reasons. Terminal node colors are associated with the genomic species clusters defined from the ANI, TETRA and AAI data (see Supplementary Table 3 and the text). Clades in colored boxes represent four selected genomic species clusters with the highest number of genomes, which were analyzed in Figure 3.

Supplementary Figure 3 | Approximately-maximum-likelihood phylogenetic tree built by FastTree and refined by RaxML, as used in panX. This tree was built from the variable positions of a multiple sequence alignment of all single-copy core genes defined by panX using as input the 224 genomes of the Blautia dataset plus the outgroup.

Supplementary Figure 4 | Comparison of the trees depicted in Supplementary Figures 1, 2. The comparison, made by the function plot.cophylo from the R library phytools (Revell, 2012), was built between the unrooted trees as they were originally produced by IQ-Tree and panX. Tips were rotated in order to build a more readable comparison, minimizing the number of crossing lines.

Supplementary Figure 5 | COG functional annotations for the shell and core genomes of the Blautia dataset. The legend is common for both plots and is divided for space reasons. For the shell (left) and core genomes (right), 91 and 99.4% of the genes were designated under at least one COG category respectively (including category S, “Function unknown”).

Supplementary Figure 6 | Heatmap of the completeness of KEGG modules in the core and shell genomes. Heatmap produced by MicrobeAnnotator (Ruiz-Perez et al., 2021), for annotations from the Kofam (Aramaki et al., 2020) and Uniprot (UniProt Consortium, 2019) databases. Only modules complete at least 50% in at least one genome are considered.

Supplementary Figure 7 | Pie Chart representations for the COG meta-categories found in the gained and missed gene families at different LCAs from different lineages of the Blautia evolution, observed in the set of representative genomes (see Figure 4). Gene families were annotated using COG. Data for the LCA from lineages I to IV, as well as the total gene set acquired and missed in the terminal nodes, were represented.

Supplementary Table 1 | Currently established/proposed Blautia species in September 2020.

Supplementary Table 2 | List of the Blautia RefSeq genome assemblies utilized in this study.

Supplementary Table 3 | Genomic pairwise calculations for ANI, TETRA, and AAI obtained from the Blautia dataset and the outgroup (GCF_014287855.1).

Supplementary Table 4 | List of the genomic species clusters defined from the ANI + TETRA + AAI data explained in the text, and their respective members.


FOOTNOTES

1ftp://ftp.ncbi.nlm.nih.gov/genomes/

2https://github.com/dparks1134/CompareM

3https://rdrr.io/bioc/FindMyFriends/

4https://sanger-pathogens.github.io/Roary/


REFERENCES

Aramaki, T., Blanc-Mathieu, R., Endo, H., Ohkubo, K., Kanehisa, M., Goto, S., et al. (2020). KofamKOALA: KEGG Ortholog assignment based on profile HMM and adaptive score threshold. Bioinformatics 36, 2251–2252. doi: 10.1093/bioinformatics/btz859

Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D. R., et al. (2011). Enterotypes of the human gut microbiome. Nature 473, 174–180. doi: 10.1038/nature09944

Barcenilla, A., Pryde, S. E., Martin, J. C., Duncan, S. H., Stewart, C. S., Henderson, C., et al. (2000). Phylogenetic relationships of butyrate-producing bacteria from the human gut. Appl. Environ. Microbiol. 66, 1654–1661. doi: 10.1128/aem.66.4.1654-1661.2000

Barrios, C., Beaumont, M., Pallister, T., Villar, J., Goodrich, J. K., Clark, A., et al. (2015). Gut-microbiota-metabolite axis in early renal function decline. PLoS One 10:e0134311. doi: 10.1371/journal.pone.0134311

Benítez-Páez, A., Gómez Del Pugar, E. M., López-Almela, I., Moya-Pérez, Á, Codoñer-Franch, P., and Sanz, Y. (2020). Depletion of Blautia species in the microbiota of obese children relates to intestinal inflammation and metabolic phenotype worsening. mSystems 5:e0857-19. doi: 10.1128/mSystems.00857-19

Bolotin, E., and Hershberg, R. (2017). Horizontally acquired genes are often shared between closely related bacterial species. Front. Microbiol. 8:1536. doi: 10.3389/fmicb.2017.01536

Bowers, R. M., Kyrpides, N. C., Stepanauskas, R., Harmon-Smith, M., Doud, D., Reddy, T. B. K., et al. (2017). Minimum information about a single amplified genome (MISAG) and a metagenome-assembled genome (MIMAG) of bacteria and archaea. Nat. Biotechnol. 35, 725–731. doi: 10.1038/nbt.3893

Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

Caballero, S., Kim, S., Carter, R. A., Leiner, I. M., Sušac, B., Miller, L., et al. (2017). Cooperating commensals restore colonization resistance to vancomycin-resistant Enterococcus faecium. Cell Host Microb. 21, 592–602.e4. doi: 10.1016/j.chom.2017.04.002

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al. (2009). BLAST+: architecture and applications. BMC Bioinform. 10:421. doi: 10.1186/1471-2105-10-421

Chen, M.-Y., Teng, W.-K., Zhao, L., Hu, C.-X., Zhou, Y.-K., Han, B.-P., et al. (2021). Comparative genomics reveals insights into cyanobacterial evolution and habitat adaptation. ISME J. 15, 211–227. doi: 10.1038/s41396-020-00775-z

Chun, J., Oren, A., Ventosa, A., Christensen, H., Arahal, D. R., da Costa, M. S., et al. (2018). Proposed minimal standards for the use of genome data for the taxonomy of prokaryotes. Int. J. Syst. Evol. Microbiol. 68, 461–466. doi: 10.1099/ijsem.0.002516

Clavel, T., Lippman, R., Gavini, F., Doré, J., and Blaut, M. (2007). Clostridium saccharogumia sp. nov. and Lactonifactor longoviformis gen. nov., sp. nov., two novel human faecal bacteria involved in the conversion of the dietary phytoestrogen secoisolariciresinol diglucoside. Syst. Appl. Microbiol. 30, 16–26. doi: 10.1016/j.syapm.2006.02.003

Cotta, M. A., Whitehead, T. R., Falsen, E., Moore, E., and Lawson, P. A. (2009). Robinsoniella peoriensis gen. nov., sp. nov., isolated from a swine-manure storage pit and a human clinical source. Int. J. Syst. Evol. Microbiol. 59, 150–155. doi: 10.1099/ijs.0.65676-0

Csurös, M. (2010). Count: evolutionary analysis of phylogenetic profiles with parsimony and likelihood. Bioinformatics 26, 1910–1912. doi: 10.1093/bioinformatics/btq315

Darriba, D., Posada, D., Kozlov, A. M., Stamatakis, A., Morel, B., and Flouri, T. (2020). ModelTest-NG: a new and scalable tool for the selection of DNA and protein evolutionary models. Mol. Biol. Evol. 37, 291–294. doi: 10.1093/molbev/msz189

Ding, W., Baumdicker, F., and Neher, R. A. (2018). panX: pan-genome analysis and exploration. Nucleic Acids Res. 46:e5. doi: 10.1093/nar/gkx977

D’Souza, G., and Kost, C. (2016). Experimental evolution of metabolic dependency in bacteria. PLoS Genet. 12:e1006364. doi: 10.1371/journal.pgen.1006364

Durand, G. A., Pham, T., Ndongo, S., Traore, S. I., Dubourg, G., Lagier, J.-C., et al. (2017). Blautia massiliensis sp. nov., isolated from a fresh human fecal sample and emended description of the genus Blautia. Anaerobe 43, 47–55. doi: 10.1016/j.anaerobe.2016.12.001

Edgar, R. C. (2018). Updating the 97% identity threshold for 16S ribosomal RNA OTUs. Bioinformatics 34, 2371–2375. doi: 10.1093/bioinformatics/bty113

El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C., et al. (2019). The Pfam protein families database in 2019. Nucleic Acids Res. 47, D427–D432. doi: 10.1093/nar/gky995

Emms, D. M., and Kelly, S. (2019). OrthoFinder: phylogenetic orthology inference for comparative genomics. Genome Biol. 20:238. doi: 10.1186/s13059-019-1832-y

Eren, A. M., Sogin, M. L., Morrison, H. G., Vineis, J. H., Fisher, J. C., Newton, R. J., et al. (2015). A single genus in the gut microbiome reflects host preference and specificity. ISME J. 9, 90–100. doi: 10.1038/ismej.2014.97

Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinformatics 28, 3150–3152. doi: 10.1093/bioinformatics/bts565

Furuya, H., Ide, Y., Hamamoto, M., Asanuma, N., and Hino, T. (2010). Isolation of a novel bacterium, Blautia glucerasei sp. nov., hydrolyzing plant glucosylceramide to ceramide. Arch. Microbiol. 192, 365–372. doi: 10.1007/s00203-010-0566-8

Ghimire, S., Wongkuna, S., Kumar, R., Nelson, E., Christopher-Hennings, J., and Scaria, J. (2020). Genome sequence and description of Blautia brookingsii SG772 sp. nov., a novel bacterial species isolated from human faeces. New Microb. New Infect. 34:100648. doi: 10.1016/j.nmni.2019.100648

Goyal, A. (2019). Horizontal gene transfer drives the evolution of dependencies in bacteria. bioRxiv [Preprint], doi: 10.1101/836403

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., and Gascuel, O. (2010). New algorithms and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst. Biol. 59, 307–321. doi: 10.1093/sysbio/syq010

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q., and Vinh, L. S. (2018). Ufboot2: improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518–522. doi: 10.1093/molbev/msx281

Huerta-Cepas, J., Forslund, K., Coelho, L. P., Szklarczyk, D., Jensen, L. J., von Mering, C., et al. (2017). Fast genome-wide functional annotation through orthology assignment by eggNOG-Mapper. Mol. Biol. Evol. 34, 2115–2122. doi: 10.1093/molbev/msx148

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S. K., Cook, H., et al. (2019). eggNOG 5.0: a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 47, D309–D314. doi: 10.1093/nar/gky1085

Hug, L. A., Baker, B. J., Anantharaman, K., Brown, C. T., Probst, A. J., Castelle, C. J., et al. (2016). A new view of the tree of life. Nat. Microbiol. 1:16048. doi: 10.1038/nmicrobiol.2016.48

Hunter, J. D. (2007). Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9, 90–95. doi: 10.1109/MCSE.2007.55

Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T., and Aluru, S. (2018). High throughput ANI analysis of 90K prokaryotic genomes reveals clear species boundaries. Nat. Commun. 9:5114. doi: 10.1038/s41467-018-07641-9

Katoh, K., Kuma, K., Toh, H., and Miyata, T. (2005). MAFFT version 5: improvement in accuracy of multiple sequence alignment. Nucleic Acids Res. 33, 511–518. doi: 10.1093/nar/gki198

Kim, J.-S., Park, J.-E., Lee, K. C., Choi, S.-H., Oh, B. S., Yu, S. Y., et al. (2020). Blautia faecicola sp. nov., isolated from faeces from a healthy human. Int. J. Syst. Evol. Microbiol. 70, 2059–2065. doi: 10.1099/ijsem.0.004015

Kim, M., Oh, H.-S., Park, S.-C., and Chun, J. (2014). Towards a taxonomic coherence between average nucleotide identity and 16S rRNA gene sequence similarity for species demarcation of prokaryotes. Int. J. Syst. Evol. Microbiol. 64, 346–351. doi: 10.1099/ijs.0.059774-0

Kostic, A. D., Gevers, D., Siljander, H., Vatanen, T., Hyötyläinen, T., Hämäläinen, A.-M., et al. (2015). The dynamics of the human infant gut microbiome in development and in progression toward type 1 diabetes. Cell Host Microb. 17, 260–273. doi: 10.1016/j.chom.2015.01.001

Lagkouvardos, I., Pukall, R., Abt, B., Foesel, B. U., Meier-Kolthoff, J. P., Kumar, N., et al. (2016). The mouse intestinal bacterial collection (miBC) provides host-specific insight into cultured diversity and functional potential of the gut microbiota. Nat. Microbiol. 1:16131. doi: 10.1038/nmicrobiol.2016.131

Lawson, P. A., and Finegold, S. M. (2015). Reclassification of Ruminococcus obeum as Blautia obeum comb. nov. Int. J. Syst. Evol. Microbiol. 65, 789–793. doi: 10.1099/ijs.0.000015

Liu, C., Du, M.-X., Abuduaini, R., Yu, H.-Y., Li, D.-H., Wang, Y.-J., et al. (2020). Enlightening the taxonomy darkness of human gut microbiomes with cultured biobank. Research Square [Preprint], doi: 10.21203/rs.3.rs-74101/v1

Liu, C., Finegold, S. M., Song, Y., and Lawson, P. A. (2008). Reclassification of Clostridium coccoides, Ruminococcus hansenii, Ruminococcus hydrogenotrophicus, Ruminococcus luti, Ruminococcus productus and Ruminococcus schinkii as Blautia coccoides gen. nov., comb. nov., Blautia hansenii comb. nov., Blautia hydrogenotrophica comb. nov., Blautia luti comb. nov., Blautia producta comb. nov., Blautia schinkii comb. nov. and description of Blautia wexlerae sp. nov., isolated from human faeces. Int. J. Syst. Evol. Microbiol. 58, 1896–1902. doi: 10.1099/ijs.0.65208-0

Liu, L., Chen, X., Skogerbø, G., Zhang, P., Chen, R., He, S., et al. (2012). The human microbiome: a hot spot of microbial horizontal gene transfer. Genomics 100, 265–270. doi: 10.1016/j.ygeno.2012.07.012

Liu, X., Mao, B., Gu, J., Wu, J., Cui, S., Wang, G., et al. (2021). Blautia-a new functional genus with potential probiotic properties? Gut Microb. 13, 1–21. doi: 10.1080/19490976.2021.1875796

Martínez, I., Lattimer, J. M., Hubach, K. L., Case, J. A., Yang, J., Weber, C. G., et al. (2013). Gut microbiome composition is linked to whole grain-induced immunological improvements. ISME J. 7, 269–280. doi: 10.1038/ismej.2012.104

Mesnage, R., and Antoniou, M. N. (2020). Computational modelling provides insight into the effects of glyphosate on the shikimate pathway in the human gut microbiome. Curr. Res. Toxicol. 1, 25–33. doi: 10.1016/j.crtox.2020.04.001

Mosquera-Rendón, J., Rada-Bravo, A. M., Cárdenas-Brito, S., Corredor, M., Restrepo-Pineda, E., and Benítez-Páez, A. (2016). Pangenome-wide and molecular evolution analyses of the Pseudomonas aeruginosa species. BMC Genom. 17:45. doi: 10.1186/s12864-016-2364-4

Paek, J., Shin, Y., Kook, J.-K., and Chang, Y.-H. (2019). Blautia argi sp. nov., a new anaerobic bacterium isolated from dog faeces. Int. J. Syst. Evol. Microbiol. 69, 33–38. doi: 10.1099/ijsem.0.002981

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden, M. T. G., et al. (2015). Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics 31, 3691–3693. doi: 10.1093/bioinformatics/btv421

Park, S.-C., Lee, K., Kim, Y. O., Won, S., and Chun, J. (2019). Large-scale genomics reveals the genetic characteristics of seven species and importance of phylogenetic distance for estimating pan-genome size. Front. Microbiol. 10:834. doi: 10.3389/fmicb.2019.00834

Park, S.-K., Kim, M.-S., and Bae, J.-W. (2013). Blautia faecis sp. nov., isolated from human faeces. Int. J. Syst. Evol. Microbiol. 63, 599–603. doi: 10.1099/ijs.0.036541-0

Park, S.-K., Kim, M.-S., Roh, S. W., and Bae, J.-W. (2012). Blautia stercoris sp. nov., isolated from human faeces. Int. J. Syst. Evol. Microbiol. 62, 776–779. doi: 10.1099/ijs.0.031625-0

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114

Pham, T. P. T., Cadoret, F., Alou, M. T., Brah, S., Diallo, B. A., Diallo, A., et al. (2017a). “Urmitella timonensis” gen. nov., sp. nov., “Blautia marasmi” sp. nov., “Lachnoclostridium pacaense” sp. nov., “Bacillus marasmi” sp. nov. and “Anaerotruncus rubiinfantis” sp. nov., isolated from stool samples of undernourished African children. New Microb. New Infect. 17, 84–88. doi: 10.1016/j.nmni.2017.02.004

Pham, T. P. T., Cadoret, F., Tidjani Alou, M., Brah, S., Ali Diallo, B., Diallo, A., et al. (2017b). “Marasmitruncus massiliensis” gen. nov., sp. nov., “Clostridium culturomicum” sp. nov., “Blautia provencensis” sp. nov., “Bacillus caccae” sp. nov. and “Ornithinibacillus massiliensis” sp. nov., isolated from stool samples of undernourished African children. New Microb. New Infect. 19, 38–42. doi: 10.1016/j.nmni.2017.05.005

Plichta, D. R., Juncker, A. S., Bertalan, M., Rettedal, E., Gautier, L., Varela, E., et al. (2016). Transcriptional interactions suggest niche segregation among microorganisms in the human gut. Nat. Microbiol. 1:16152. doi: 10.1038/nmicrobiol.2016.152

Reback, J., McKinney, W., Jbrockmendel, L., Bossche, J. V. D., Augspurger, T., Cloud, P., et al. (2020). pandas-dev/pandas: Pandas 1.0.3. Zenodo. Available online at: https://zenodo.org/record/3630805#.YGAN81UzbIU (Accessed January 2, 2021).

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology (and other things). Methods Ecol. Evol. 3, 217–223. doi: 10.1111/j.2041-210X.2011.00169.x

Richter, M., and Rosselló-Móra, R. (2009). Shifting the genomic gold standard for the prokaryotic species definition. Proc. Natl. Acad. Sci. U.S.A. 106, 19126–19131. doi: 10.1073/pnas.0906412106

Rodriguez-R, L. M., Harvey, W. T., Rosselló-Mora, R., Tiedje, J. M., Cole, J. R., and Konstantinidis, K. T. (2015). “Classifying prokaryotic genomes using the microbial genomes atlas (MiGA) webserver,” in Bergey’s Manual of Systematics of Archaea and Bacteria, eds M. E. Trujillo, S. Dedysh, P. DeVos, B. Hedlund, P. Kämpfer, F. A. Rainey, et al. (Hoboken, NJ: Wiley), 1–11. doi: 10.1002/9781118960608.bm00042

Ruiz-Perez, C. A., Conrad, R. E., and Konstantinidis, K. T. (2021). MicrobeAnnotator: a user-friendly, comprehensive functional annotation pipeline for microbial genomes. BMC Bioinform. 22:11. doi: 10.1186/s12859-020-03940-5

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Seppey, M., Manni, M., and Zdobnov, E. M. (2019). BUSCO: assessing genome assembly and annotation completeness. Methods Mol. Biol. 1962, 227–245. doi: 10.1007/978-1-4939-9173-0_14

Shen, F., Zheng, R.-D., Sun, X.-Q., Ding, W.-J., Wang, X.-Y., and Fan, J.-G. (2017). Gut microbiota dysbiosis in patients with non-alcoholic fatty liver disease. HBPD Int. 16, 375–381. doi: 10.1016/S1499-3872(17)60019-5

Sheridan, P. O., Martin, J. C., Lawley, T. D., Browne, H. P., Harris, H. M. B., Bernalier-Donadille, A., et al. (2016). Polysaccharide utilization loci and nutritional specialization in a dominant group of butyrate-producing human colonic Firmicutes. Microb. Genom. 2:e000043. doi: 10.1099/mgen.0.000043

Shin, N.-R., Kang, W., Tak, E. J., Hyun, D.-W., Kim, P. S., Kim, H. S., et al. (2018). Blautia hominis sp. nov., isolated from human faeces. Int. J. Syst. Evol. Microbiol. 68, 1059–1064. doi: 10.1099/ijsem.0.002623

Snipen, L., and Liland, K. H. (2015). micropan: an R-package for microbial pan-genomics. BMC Bioinform. 16:79. doi: 10.1186/s12859-015-0517-0

Sorbara, M. T., Littmann, E. R., Fontana, E., Moody, T. U., Kohout, C. E., Gjonbalaj, M., et al. (2020). Functional and genomic variation between human-derived isolates of lachnospiraceae reveals inter- and intra-species diversity. Cell Host Microb. 28, 134–146.e4. doi: 10.1016/j.chom.2020.05.005

Tatusov, R. L., Galperin, M. Y., Natale, D. A., and Koonin, E. V. (2000). The COG database: a tool for genome-scale analysis of protein functions and evolution. Nucleic Acids Res. 28, 33–36. doi: 10.1093/nar/28.1.33

Tettelin, H., Riley, D., Cattuto, C., and Medini, D. (2008). Comparative genomics: the bacterial pan-genome. Curr. Opin. Microbiol. 11, 472–477. doi: 10.1016/j.mib.2008.09.006

Traore, S. I., Azhar, E. I., Yasir, M., Bibi, F., Fournier, P. E., Jiman-Fatani, A. A., et al. (2017). Description of “Blautia phocaeensis” sp. nov. and “Lachnoclostridium edouardi” sp. nov., isolated from healthy fresh stools of Saudi Arabia Bedouins by culturomics. New Microb. New Infect. 19, 129–131. doi: 10.1016/j.nmni.2017.05.017

UniProt Consortium (2019). UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res. 47, D506–D515. doi: 10.1093/nar/gky1049

Vacca, M., Celano, G., Calabrese, F. M., Portincasa, P., Gobbetti, M., and De Angelis, M. (2020). The controversial role of human gut Lachnospiraceae. Microorganisms 8:573. doi: 10.3390/microorganisms8040573

Vernikos, G. S. (2020). “A review of pangenome tools and recent studies,” in The Pangenome: Diversity, Dynamics and Evolution of Genomes, eds H. Tettelin and D. Medini (Cham: Springer), doi: 10.1007/978-3-030-38281-0_4

Vital, M., Howe, A. C., and Tiedje, J. M. (2014). Revealing the bacterial butyrate synthesis pathways by analyzing (meta)genomic data. mBio 5:e00889. doi: 10.1128/mBio.00889-14

Wan, Y., Wang, F., Yuan, J., Li, J., Jiang, D., Zhang, J., et al. (2019). Effects of dietary fat on gut microbiota and faecal metabolites, and their relationship with cardiometabolic risk factors: a 6-month randomised controlled-feeding trial. Gut 68, 1417–1429. doi: 10.1136/gutjnl-2018-317609

Youngblut, N. D., Reischer, G. H., Walters, W., Schuster, N., Walzer, C., Stalder, G., et al. (2019). Host diet and evolutionary history explain different aspects of gut microbiome diversity among vertebrate clades. Nat. Commun. 10:2200. doi: 10.1038/s41467-019-10191-3

Zhou, Z., Charlesworth, J., and Achtman, M. (2020). Accurate reconstruction of bacterial pan- and core genomes with PEPPAN. Genome Res. 30, 1667–1679. doi: 10.1101/gr.260828.120

Zhu, Q., Kosoy, M., and Dittmar, K. (2014). HGTector: an automated method facilitating genome-wide discovery of putative horizontal gene transfers. BMC Genom. 15:717. doi: 10.1186/1471-2164-15-717

Zou, Y., Xue, W., Luo, G., Deng, Z., Qin, P., Guo, R., et al. (2019). 1,520 reference genomes from cultivated human gut bacteria enable functional microbiome analyses. Nat. Biotechnol. 37, 179–185. doi: 10.1038/s41587-018-0008-8


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Maturana and Cárdenas. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-12-660920-g001.jpg
Blautia sp. strain MSK.20.85 (GCF_013317245.1)
100/100

lonocBlautia sp. strain MSK.16.34 (GCF_013304735.1)

48/678

1 Blautia massiliensis strain GD9 (GCF_001487165.1)
Blautia sp. strain MSK.15.25 (GCF_013304885.1)

Blautia sp. strain MSK.20.46 (GCF_013300825.1)
1001100

i Blautia wexlerae DSM 19850 (GCF_000484655.1)

100/}

68/998

loo—— Blautia luti DSM 14534 (GCF_009707925.1)

"Blautia difficilis" M29 (GCF_014297245.1)
Blautia faecis, strain MSK.18.51 (GCF_013300155.1)
“Blautia segnis" BX17 (GCF_014287535.1)

100/100

100/100

100/100

Blautia sp. strain MSK.21.93 (GCF_013304385.1) VI
Blautia sp. strain Marseille-P3087 (GCF_900120195.1)

100/100

‘Blautia intestinalis” 2744 (GCF_014297355.1)

100/100

Blautia obeum ATCC 29174 (GCF_000153905.1)

100/100 Blautia sp. AF19-10LB (GCF_003461245.1)
Blautia sp. BIOML-A1 (GCF_009883055.1)

Blautia caecimuris strain MSK.19.25 (GCF_013302405.1) V

—| 68/55

Blautia hydrogenotrophica DSM 10507 (GCF_000157975.1)
Blautia sp. An249 (GCF_002159835.1) IV

L —

100/100

‘Blautia
100/100

100/100

100/100

100/

Blautia sp. strain MSK.15.26 (GCF_013304445.1)

Blautia argi KCTC 15426 (GCF_003287895.1)

E Blautia sp. Marseille-P3201T (GCF_900120295.1)
100/100
° Blautia hansenii DSM 20583 (GCF_002222595.2)

Blautia sp. strain MSK.4.17 (GCF_013302155.1)

Blautia sp. An81 (GCF_002161285.1) I I I

marasmi” strain Marseille-P2377 (GCF_900258535.1)

[gutia hominis KB1 (GCF_002270465.1)

Blautia sp. strain YL58 (GCF_002221555.2)

Blautia producta strain DSM 2950 (GCF_014131715.1)
100/100

Blautia coccoides strain DSM 935 (GCF_004340925.1)

“Blautia celeris" NSJ-34 (GCF_014287615.1)

— Blautia faecicola KGMBOTIT (GCF_004123145.1)

_| s

100/100
e Blautia brookingsii SG-772 (GCF_003011855.2)

Blautia sp. AM23-13AC (GCF_003435675.1)

Blautia sp. OFO3-15BH (GCF_003463065.1)

Robinsoniella peoriensis DSM 106044 (GCF_005519995.1)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Insights on the Evolutionary Genomics of the Blautia Genus: Potential New Species and Genetic Content Among Lineages



		INTRODUCTION



		MATERIALS AND METHODS



		Dataset Selection



		Pangenome Analysis



		Functional Annotation of the Pangenome



		TETRA, ANI, AAI Calculations and Definition of Genomic Species Groups



		Phylogenomic Trees



		16S rRNA-Based Comparisons



		Gene Gain/Loss/Duplication Analysis



		Detection of Horizontal Gene Transfer (HGT)







		RESULTS



		Defining Genomic Species Groups on the Basis of TETRA, ANI, and AAI Data



		Phylogenomic Analyses



		Definition of a Pangenome for the Blautia Dataset



		Functional Annotation of the Pangenome



		Gain/Loss Patterns Among Blautia Organisms







		DISCUSSION



		Definition of Blautia Genomic Species Groups Using Genomic Parameters



		About the Pangenome of Blautia



		Role for Massive Gene Gain Events in the Blautia Evolution



		Final Conclusions and Future Projections



		Reclassification of Blautia coccoides as Blautia producta Subspecies coccoides and Emended Description of Blautia producta



		Description of “Blautia pseudococcoides” sp. nov.







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-12-660920-g002.jpg
A

Number of genes

Number of new genes discovered per genome

B
45000 A
Pan genes Core genes
40000 A 2000
35000 A
4000 -
30000 A
25000 A
3000 A —— a=0.216£0.015
20000 A
15000 - 2000 A
10000 1 — a=0.694 +£0.007
5000 - 1000 7
0 50 100 150 200 0 50 100 150 200
C
12000 - EXcusive Genes Gene categories
100 157 6%
10000 - 801
60 1 C
8000 A N ore genes
40
60007 201 10.2%
0.3% 1.9%
4000 - 0- L L
oo o o
] A2 N2 (e (e
0
0 —— - T T T T I
50 100 150 200

Number of genomes






OPS/images/fmicb-12-660920-g003.jpg
e Arginine and proline metabolism Lipid metabolism

® Aromatic amino acid metabolism Lysine metabolism
ATP synthesis ® Methane metabolism
Branched-chain amino acid metabolism @  Other carbohydrate metabolism

® Carbon fixation o Polyamine biosynthesis

e Central carbohydrate metabolism ® Polyketide sugar unit biosynthesis

0 20 40 6i0 80 100 ®  Cofactor and vitamin metabolism Purine metabolism
® Cysteine and methionine ®  Pyrimidin
Module Completeness (%) @ Drug resistance Serine and threonine metabolism

Fatty acid metabolism e Terpenoid backbone biosynthesis

@ Histidine metabolism

- Proline biosynthesis, glutamate => proline

- Ornithine biosynthesis, glutamate => ornithine

- Urea cycle

- Arginine biosynthesis, ornithine => arginine

- Arginine biosynthesis, glutamate => acetylcitrulline => arginine

- Shikimate pathway, phosphoenolpyruvate + erythrose-4P => chorismate

- Tryptophan biosynthesis, chorismate => tryptophan

- Phenylalanine biosynthesis, chorismate => phenylalanine

|- Tyrosine biosynthesis, chorismate => tyrosine

- Valine--isoleucine biosynthesis, pyruvate => valine -- 2-oxobutanoate => isoleucine
- Leucine biosynthesis, 2-oxoisovalerate => 2-oxoisocaproate

- Isoleucine biosynthesis, pyruvate => 2-oxobutanoate

- Isoleucine biosynthesis, threonine => 2-oxobutanoate => isoleucine

|- Reductive pentose phosphate cycle (Calvin cycle)

|- Reductive pentose phosphate cycle, ribulose-5P => glyceraldehyde-3P

- Reductive pentose phosphate cycle, glyceraldehyde-3P => ribulose-5P

|- CAM (Crassulacean acid metabolism), light

|- Reductive acetyl-CoA pathway (Wood-Ljungdahl pathway)

- Phosphate acetyltransferase-acetate kinase pathway, acetyl-CoA => acetate

> NAD
valine--L

- NAD biosynthesis, aspartat
N - - 13t biosynthe
- Coenzyme A biosynthesis, pantothenate => CoA
- Heme biosynthesis, plants and bacteria, glutamate => heme
- Cobalamin biosynthesis, cobinamide => cobalamin
I - cictin biosynthesis, pimeloyl-ACP--CoA => biotin
- Riboflavin biosynthesis, GTP => riboflavin--FMN--FAD
|- Tetrahydrofolate biosynthesis, GTP => THF
- Thiamine biosynthesis, AIR => thiamine-P--thiamine-2P
- C1-unit interconversion, prokaryotes
I Pimeloyl-ACP biosynthesis, BioC-BioH pathway, malonyl-ACP => pimeloyl-ACP
- Biotin biosynthesis, BioW pathway, pimelate => pimeloyl-CoA => biotin
- Tetrahydrofolate biosynthesis, mediated by PTPS, GTP => THF
- Tetrahydrobiopterin biosynthesis, GTP => BH4
| L-threo-Tetrahydrobiopterin biosynthesis, GTP => L-threo-BH4
- Siroheme biosynthesis, glutamate => siroheme
- Molybdenum cofactor biosynthesis, GTP => molybdenum cofactor
- Methionine biosynthesis, apartate => homoserine => methionine
- Cysteine biosynthesis, serine => cysteine
|- Cysteine biosynthesis, methionine => cysteine
- beta-Lactam resistance, Bla systen
- Multidrug resistance, efflux pump MepA

spartate => pantothenate

- Histidine biosynthesis, PRPP => histidine

Modules (at least 50% complete in at least one genome)

hate pathway
pyruvate + D-glyceraldehyde 3P

- Nucleotide sugar biosynthesis, glucose => UDP-glucose

- Nucleotide sugar biosynthesis, galactose => UDP-galactose

- Trehalose biosynthesis, D-glucose 1P => trehalose

|- D-Galacturonate degradation (bacteria), D-galacturonate => pyruvate + D-glyceraldehyde 3P

|- Galactose degradation, Leloir pathway, galactose => alpha-D-glucose-1P

- Glycogen biosynthesis, glucose-1P => glycogen--starch

- Glycogen degradation, glycogen => glucose-6P

- dTDP-L-rhamnose biosynthesis
- Uridine monophosphate biosynthesis, glutamine (+ PRPP) => UMP
- Pyrimidine ribonucleotide biosynthesis, UMP => UDP--UTP,CDP--CTP

- C5 isoprenoid biosynthesis, non-mevalonate pathway
- C10-C20 isoprenoid biosynthesis, bacteria
|- C10-C20 isoprenoid biosynthesis, archaea






OPS/images/fmicb-12-660920-g004.jpg
+28

+76

+52

(Vi)

1961

+145
0

2106

-203

1931

1971
6

-101

1922

(V)

+109
57

1974

V)

+107
-26

+110
41

2124

+425 | -54

+465

74

B. wexlerae
Blautia group X
B. luti

"Blautia difficilis"
Blautia group K
Blautia group Z

+84

+352 /-51

+294 /-98

+601 /-138

+253

2347

29

2029

-30

+428 | -78

+587 /-46

+566 /-165

+722 /-180

B. ilie
2055 R .
1460 1592 Blautia group J
a5 4% 190 “Blautia segnis"
2322
sl w3 567 159 p poocis
67| +840 /-114

Blautia group D
"Blautia intestinalis"
Blautia group W

B. obeum

Blautia group F
Blautia group G

B. caecimuris

B hydi hi

2174

+232
-32

(1)

+317
-115

I2124 +926 /-96

+489 /-84

#5797 1=

+798 /-89

+1019 /-68

+552 [-224

+942
57

3056

+366

+417 /-54

e
S 13459 +665 /61

+855 /-20

+298 /-47
I +329
() +132 -84 2248 +514 /50
2001
'BZI +596 /-166
+692 /-174

+1544 /-0

Blautia group A
Blautia group E
B. argi

Blautia group B
B. hansenii
Blautia group L
Blautia group H
B. ssp. hominis
B. ssp. marasmi
Blautia group Y
B. ssp. coccoides
B. ssp. producta
"B. celeris”

B. brookingsii
B. faecicola
Blautia group |

Blautia group C





OPS/images/fmicb-12-660920-g005.jpg
GCF_013304385.1
GCF_013304735.1
GCF_900120295.1
GCF_013300825.1
GCF_002159835.1
GCF_004123145.1
GCF_013304885.1
GCF_013304445.1
GCF_003463065.1
GCF_001487165.1
GCF_013302405.1
GCF_900120195.1
GCF_004340925.1
GCF_014287615.1
GCF_002221555.2
GCF_000153905.1
GCF_013300155.1
GCF_009883055.1
GCF_014297355.1
GCF_013302155.1
GCF_013317245.1
GCF_009707925.1
GCF_014297245.1
GCF_000157975.1
GCF_014131715.1
GCF_014287535.1
GCF_002270465.1
GCF_003011855.2
GCF_003287895.1
GCF_002161285.1
GCF_002222595.2
GCF_003461245.1
GCF_000484655.1
GCF_003435675.1
GCF_900258535.1

Taxa proportion of top 5 donors in HGT events

0.0

0.2

0.4

0.6

0.8

1.0

Clostridiales

Firmicutes
Bacteria
Clostridia

Lactonifactor longoviformis DSM 17459
Terrabacteria group
unclassified Ruminococcus

Ruminococcus

sp.

Clostridiaceae

Ruminococcus
Ruminococcus
Ruminococcus
Ruminococcus

sp.
sp.
sp.
sp.

Ruminococcaceae

Ruminococcus
Ruminococcus

sp.
sp.

1001175B_160314_E1

AF31-8BH

AF21-42
1001262B_160229_C12
AF17-22AC

1001713B170207_170306_F5
AF41-9





OPS/images/cover.jpg
, frontiers
in Microbiology

Insights on the Evolutionary
Genomics of the Blautia Genus:
Potential New Species
and Genetic Content Among
Lineages









OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-660920-t002.jpg
Program Core Soft core Shell Cloud Total

genes genes genes genes genes
Peppan 821 136 4452 38136 43545
PanX 722 173 3433 31109 35437
Roary 117 36 5875 82534 88562

#: Number of strains. Core: 99% < # < 100%, Soft core: 95% < # < 99%, Shell:
15% < # < 95%, Cloud: 0% < # < 15%.





OPS/images/fmicb-12-660920-t001.jpg
Species Proposed species Included #of Comments

cluster assignation sequenced genomes
type strain?

1 Blautia argi Yes 1 Itincludes type strain KCTC 15426 genome (GCF_003287895.1)

2 Blautia brookingsii Yes 10 ltincludes type strain SG-772 genome (GCF_003011855.2)

3 Blautia faecicola Yes 1 Itincludes type strain KGMBO01111 genome (GCF_004123145.1)

4 “Blautia segnis” Yes # 2 It includes proposed type strain BX17 genome (GCF_014287535.1); representative rRNA sequence
(MT905180.1) had 97.78% identity with NR_109014.1 (Blautia faecis M25)

5 [unknown group A] No 1 Representative rRNA sequence (locus B5F53_RS19410) had 92.88% identity with NR_026312.1
(Blautia schinkii strain B), so it could be a previously undescribed species

6 [unknown group C] No 1 The only representative does not contain a suitable 16S rRNA gene

7 [unknown group D] No 1 Representative rRNA sequence (locus_tag G5B11_RS18600) had 95.44% identity with B. glucerasea
strain JCM 17039 16S rRNA (NR_113231.1), so it could be a previously undescribed species

8 [unknown group E] No 1 Representative rRNA sequence (locus_tag G6A70_RS15400) had 97.45% identity with B. glucerasea
strain JCM 17039 16S rRNA (NR_104687.1), so it could be a previously undescribed species

9 “Blautia difficilis” Yes # 1 It includes the proposed type strain M29 genome (GCF_014297245.1)

10 Blautia hansenii Yes 1 Itincludes type strain DSM 20583 genome (GCF_002222595.2)

i Blautia hominis Yes 3 It includes the genomes of B. hominis type strain KB1 (GCF_002270465.1) and the proposed
“B. marasmi” proposed type strain P2377 (GCF_900258535.1)

12 Blautia hydrogenotrophica Yes 3 Itincludes type strain DSM 10507 genome (GCF_000157975.1)

13 Blautia luti Yes 1 Itincludes type strain DSM 14534 genome (GCF_009707925.1)

14 “Blautia intestinalis” Yes # 5 It includes proposed type strain 2744 genome (GCF_014297355.1)

18 [unknown group B] No 1 The genome of the unique member of this clade was labeled as “B. caccae” (unofficial name). The
representative rRNA sequence (locus_tag BQ7352_RS08285) had < 98.5% identity with AB534168.1
(from B. hansenii).

16 Blautia massiliensis Yes 25  ltincludes type strain GD9 genome (GCF_001487165.1)

17 [unknown group F] No 2 Representative RNA genes had < 98.5% identity with other RNA genes from known species. This
suggests that it could be a new species

18 Blautia obeun Yes 36 Itincludes type strain ATCC 29174 genome (GCF_000153905.1)

19 Blautia producta Yes 5 Itincludes B. coccoides type strain DSM 935 (GCF_004340925.1) and B. producta type strain DSM

(subspecies coccoides and 2950 (GCF_014131715.1) genomes
producta)

20 [unknown group J] No 6 Representative RNA genes had <98.5% identity with other RNA genes from known species. This
suggests that it could be a new species

21 [unknown group G] No 4 Representative RNA genes had <98.5% identity with other RNA genes from known species. This
suggests that it could be a new species

22 [unknown group H] No 2 Representative RNA genes had <98.5% identity with other RNA genes from known species. This
suggests that it could be a new species

23 [unknown group K] No 2 Representative RNA genes were very close to other strains, but <98.5% identity. This suggests that it
could be a new species

24 Blautia faecis No 5 Representative rRNA sequences (e.g., locus G4470_RS18450) had >99% identity with B. faecis type
strain 16S rRNA sequence (NR_109014)

25 [unknown group L] No 3 Representative RNA genes had <98.5% identity with other RNA genes from known species. This
suggests that it could be a new species

26 [unknown group 1] No 23 Representative RNA genes had <98.5% identity with other RNA genes from known species. This
suggests that it could be a new species

27 Blautia caecimuris No 2 Representative rRNA sequence (locus G4948_RS15000) had 99.35% identity with B. caecimuris type
strain 16S rRNA sequence (KR364746.1)

28 “Blautia celeris” Yes # 5 It includes strain NSJ-34 genome (GCF_014287615.1); representative rRNA sequence (MT905182) had
98.26% identity with NR_163637.1 (Blautia hominis strain KB1), so it could be a previously undescribed
species

29 Blautia wexlerae Yes 66  Itincludes strain DSM 19850 genome (GCF_000484655.1)

30 [unknown group X] No 2 Representative rRNA sequences from this group have > 99% identity with type strain B. wexlerae
sequence (NR_044054), despite rRNA sequences are smaller than 1300 nt. It may constitute a “gray
zone” subspecies.

31 [unknown group Y] No 3 It includes B. coccoides YL58, with rRNA sequences having < 98% identity with sequences from
several other species.

32 [unknown group W] No 1 Representative RNA genes were very close to B. obeum type strain sequence, but < 98% identity. This
suggests that it could be a new species

33 [unknown group Z] No 1 Representative RNA genes had < 97% identity with other RNA genes from known species. This

suggests that it could be a new species

# Contains a genome from a representative strain for a non-confirmed species.





