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The class Thermoleophilia is one of the deep-rooting lineages within the Actinobacteria phylum and metagenomic investigation of microbial diversity suggested that species associated with the class Thermoleophilia are abundant in hot spring and soil samples. However, very few species of this class have been cultivated and characterized. Our understanding of the phylogeny and taxonomy of Thermoleophilia is solely based on 16S rRNA sequence analysis of limited cultivable representatives, but no other phenotypic or genotypic characteristics are known that can clearly discriminate members of this class from the other taxonomic units within the kingdom bacteria. This study reports phylogenomic analysis for 12 sequenced members of this class and clearly resolves the interrelationship of not yet cultivated species with reconstructed genomes and known type species. Comparative genome analysis discovered 12 CSIs in different proteins and 32 CSPs that are specific to all species of this class. In addition, a large number of CSIs or CSPs were identified to be unique to certain lineages within this class. This study represents the first and most comprehensive phylogenetic analysis of the class Thermoleophilia, and the identified CSIs and CSPs provide valuable molecular markers for the identification and delineation of species belonging to this class or its subordinate taxa.
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INTRODUCTION

The class Thermoleophilia is one of the deep-rooting lineages within the Actinobacteria phylum and it has only recently been recognized as independent from the class Rubrobacteria (Zhi et al., 2009; Gao and Gupta, 2012b; Ludwig et al., 2012; Suzuki and Whitman, 2012). This class encompasses two recognized orders Thermoleophilales and Solirubrobacterales according to the most updated Bergey’s Manual of Systematics of Archaea and Bacteria (Suzuki and Whitman, 2015). A deep branching order Gaiellales within the phylum Actinobacteria (Albuquerque et al., 2011) has been proposed as an order of this class based on phylogenetic position, signature nucleotides of 16S rRNA, and physicochemical characteristics (Foesel et al., 2016). However, only one type strain Gaiella occulta F2-233 from this order was included in the analyses and its position in the phylogenetic tree is between the boundary of other Thermoleophilia orders and Rubrobacteria. The order Thermoleophilales only contains one family Thermoleophilaceae with a single genus Thermoleophilum. Species of this genus are small regular rods, moderately thermophilic, and obligately aerobic (Suzuki and Whitman, 2012). Their distinct feature is growth restriction to substrate n-alkanes (Zarilla and Perry, 1986), thus these species are named as heat- and oil-loving microbes, “Thermoleophilum.” While Thermoleophilum species are generally isolated from hot springs, members of the second order Solirubrobacterales are mainly detected in soil samples, and they exhibit more species diversity and different phenotypic characteristics. According to the most updated description of the taxonomic framework of the Actinobacteria phylum (Salam et al., 2019), the order Solirubrobacterales is composed of four families including Solirubacteraceae, Conexibacteraceae, Parviterribacteraceae and Patulibacteraceae. Currently described species of this order are mostly mesophilic with some psychrotolerant (Suzuki and Whitman, 2012). For example, metagenomic surveys of microbial diversity of soil samples from Antarctica revealed the presence of Thermoleophilia organisms, which can reach 15% abundance in some samples (Ji et al., 2016; Pulschen et al., 2017). Moreover, their preferred carbon sources are more diverse, including complex proteinaceous substrates, many sugars and a few other compounds (Foesel et al., 2016).

Several microbial diversity investigations suggest that Thermoleophilia species are abundant and diverse in nature (Joseph et al., 2003; Janssen, 2006), and they play an important role in geochemical recycling (Almeida et al., 2013; Ji et al., 2017; Li et al., 2018). However, similar to other deep-rooting classes with the phylum Actinobacteria, such as Acidimicrobiia, Rubrobacteria, Nitriliruptoria, etc., the cultivated isolates of Thermoleophilia are very limited (Ludwig et al., 2012; Suzuki and Whitman, 2015). Therefore, phenotypic characteristic descriptions of higher taxonomic ranks (e.g., class, order, family, and genus) within these classes are either lacking or speculative, which may not represent other yet uncultivated members belonging to these groups. In addition, our understanding of the phylogeny or taxonomy of the class Thermoleophilia is solely based on 16S rRNA sequence analysis, including their branching patterns in the phylogenetic trees or taxon-specific 16S rRNA signature nucleotides (Foesel et al., 2016; Salam et al., 2019). Except these two standards, no other molecular, biochemical or physiological characteristics are known that can clearly distinguish Thermoleophilia species from other Actinobacteria. Consequently, the bioprospecting or utilization of this group of bacteria is limited by our lack of knowledge of them. In the recent years, efforts have been made such as the “Genomic Encyclopedia of Bacteria and Archaea” (GEBA) project to sequence a diverse collection of the underrepresented phylogenetic lineages (Mukherjee et al., 2017), or to reconstruct genomes from metagenomic data for not yet cultivated species (Parks et al., 2017; Cabello-Yeves et al., 2018; Woodcroft et al., 2018). At the time of January 2018, there are 6 complete genomes and 10 genome assemblies for the class Thermoleophilia, providing great resource to explore phenotypic and genomic features of these microbes.

Two kinds of molecular markers have been described to define or delineate different higher taxa (e.g., genus level and above) for different prokaryotic phyla (Gupta and Gao, 2010; Gao and Gupta, 2012a). One kind of these molecular markers are conserved signature indels (CSIs) that are uniquely found in the genes/proteins homologs of a certain group of organisms, but absent in species outside of this group. The other kind of molecular markers are conserved signature proteins (CSPs) that are specifically present in a monophyletic prokaryotic group. These two molecular markers represent highly reliable characteristics of specific groups of organisms, and they provide novel methods for the identification or delineation of prokaryotic taxonomic units in clear molecular terms (Gao and Gupta, 2012b; Ho et al., 2016; Zhang et al., 2016; Alnajar and Gupta, 2017). We recently identified these molecular markers for Acidimicrobiia, another deep-branch class within the phylum Actinobacteria, which proved very useful for defining the whole class or different lineages within it and also provide interesting targets for functional studies of these microbes (Hu et al., 2018).

Here, we constructed a phylogenomic tree for 12 sequenced members of the class Thermoleophilia based on concatenation of 54 widely distributed conserved proteins. This tree clearly resolved the interrelationship of not yet cultivated species with reconstructed genomes and known type species. More importantly, by analyzing the sequenced Thermoleophilia species, we discovered 12 CSIs in different proteins and 32 CSPs that are specific to all members of this class. In addition, a large number of CSIs or CSPs were identified to be unique to certain lineages within this class. This study represents the first and most comprehensive phylogenetic analysis of the class Thermoleophilia, and the identified CSIs and CSPs provide valuable molecular markers for the identification and delineation of species belonging to this class or its subordinate taxa.

MATERIALS AND METHODS

Phylogenetic Analysis

A phylogenomic tree for 6 completely sequenced species and 6 metagenome-assembled genomes (MAGs) of the class Thermoleophilia (Supplementary Table 1) was constructed. These 6 MAGs were selected for phylogenomic analysis since most single copy orthologous proteins as proposed by Na et al. (2018) can be retrieved from these genomes while other MAGs lack many of these orthologs which will reduce the robustness of the phylogenetic analysis. The deep-branching order Gaiellales only has one species sequenced, Gaiella occulta F2-233, which was also added to the analyses. The final tree was based on the concatenation of 54 protein sequence alignments (Supplementary Table 2). In addition, sequences from 3 Rubrobacter species was used as outgroup to root the tree. Multiple sequence alignments for each protein were performed using the Clustal X 2.1 program (Larkin et al., 2007) and concatenated to produce a single alignment. Gblocks 0.91b program was applied to remove the poorly aligned regions (Talavera and Castresana, 2007) and the resulting alignment composed of 13,132 amino acids was used for phylogenetic analysis. A maximum-likelihood (ML) tree was constructed by MEGA 6.0 with the Whelan and Goldman substitution model based on 1000 bootstrap replicates (Tamura et al., 2013).

An ML tree based on 16S rRNA gene sequences was constructed for the representative strains of Thermoleophilia and deep-branching order Gaiellales, but no full length 16S rRNA sequences are available for the 6 MAGs. All the 16S rRNA sequences were obtained from Ribosomal Database Project (Cole et al., 2014) or NCBI GenBank, and accession number of each 16S rRNA sequences were summarized in Supplementary Table 3. Sequences from 8 Rubrobacter species were used as outgroup to root the tree. The tree was constructed by MEGA 6.0 using the General Time Reversible model with 1000 bootstrap replicates.

Identification of CSIs

CSIs were identified following the detailed method description by Gupta (Gupta, 2014). Briefly, BLASTP searches were performed on all protein sequences from the genome of Thermoleophilum album ATCC 35263 (Yakimov et al., 2003) against all sequences in the NCBI non-redundant protein sequences (nr) database, during the period from January to April, 2018. The general parameters used for BLASTP searches were default as shown in the NCBI website. Multiple sequence alignments were created for homologs of all available Thermoleophilia species and a few other bacteria by the Clustal X 2.1 program using default parameters. These sequence alignments were inspected for any conserved insertions or deletions that were restricted to Thermoleophilia species only and also flanked by at least 5–6 identical or conserved residues in the neighboring 30∼40 amino acids on each side. The indels with non-conserved flanking regions were not considered. To verify the specificity of the identified indels, another round of BLASTP searches were performed with a short indel-containing fragment (60–100 amino acids long) against the GenBank database. To further confirm that the identified signatures are restricted to Thermoleophilia homologs, the top 500 BLAST hits with the highest similarity to the query sequence were inspected for the presence or absence of these CSIs. Final alignment files were generated by two softwares Sig_Create and Sig_Style1 (Gupta, 2014). Due to page limitation, indels-containing sequence alignment in all figures and Supplementary Figures only include those that are found in all Thermoleophilia sequences and few sequences from representative strains of other bacteria.

Identification of CSPs

BLASTP searches were performed on individual proteins from the genome of T. album ATCC 35263 to identify proteins that are restricted to species of the class Thermoleophilia or the order Thermoleophilales. For CSPs that are specific to the order Solirubrobacterales or its subgroups at different taxonomic levels, the proteins from the genome of Patulibacter americanus DSM 16676 (Reddy and Garcia-Pichel, 2009) were selected as query sequences to do the BLASTP searches against all available sequences in the NCBI non-redundant protein sequences (nr) database. The parameters used for BLASTP searches were generally default except that “Max target sequences” were set to be 500. The BLAST results were manually examined for putative Thermoleophilia -specific proteins based on Expected values (E-values) (Altschul et al., 1997). Only proteins with significant hits (E-values less than 0.01) merely from Thermoleophilia genomes while no other hits or hits from non-Thermoleophilia genomes generally with E-value higher than 1.0 were considered as CSPs in this work (Gao et al., 2006; Gao and Gupta, 2012b).

RESULTS AND DISCUSSION

Phylogenomic Analysis of the Class Thermoleophilia

Two recent comprehensive phylogenetic analyses of the Actinobacteria phylum have both applied phylogenomic methods to re-examine the evolutionary relationships or taxonomic framework of species within this phylum (Nouioui et al., 2018; Salam et al., 2019). However, both studies aimed at the entire phylogenetic structure of the phylum, only type species/strains were considered in their analyses. For the poorly represented Thermoleophilia, there are only 5∼6 species included in both studies (Nouioui et al., 2018; Salam et al., 2019). Therefore, a comprehensive phylogenomic analysis of the Thermoleophilia class is still lacking in spite of the availability of reconstructed genomes for not yet cultivated species of this class. In addition, for these assembled genomes, their exact phylogenetic relationship with type species or taxonomic assignment need to be examined although their association with this class has been suggested (Cabello-Yeves et al., 2018; Woodcroft et al., 2018). Here, we constructed a phylogenetic tree for 6 completely sequenced species and 6 MAGs of this class, for which more single-copy ortholog sequences can be retrieved for a robust phylogenomic analysis (Supplementary Table 1). Finally, 54 orthologous protein sequences that mainly belong to the functional category “translation and transcription” were extracted for the above 12 genomes (Supplementary Table 2) and ML analysis was carried out for the concatenated protein dataset. To our knowledge, this is the most comprehensive phylogenetic analysis for the class Thermoleophilia (Figure 1A). In comparison with the current taxonomic framework, we also constructed a phylogenetic tree based on 16S rRNA sequences for this class (Figure 1B). However, surprisingly no complete 16S rRNA sequence were available for the incomplete genome assemblies selected for the above phylogenomic analyses (except that genome assembly of Solirubrobacter sp. URHD0082 contained a partial 643 bp fragment of 16S rRNA).
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FIGURE 1. Phylogenetic analysis of the class Thermoleophilia. (A) Maximum-likelihood tree for Thermoleophilia species based upon concatenated sequences of 54 conserved proteins. (B) Maximum-likelihood tree based on full length 16S rRNA gene sequences of all type species within the class Thermoleophilia. Bootstrap values (%) are shown at each node and different clusters that are consistently observed in both phylogenetic trees are marked.



Overall, the combined protein tree showed a very similar branching pattern to the 16S rRNA tree. All species belonging to Thermoleophilia formed a robust cluster, separated from the class Rubrobacteria. The position of the deep branching order Gaiellales is between the boundary of other Thermoleophilia orders and the class Rubrobacteria in both trees. The single genome-sequenced species G. occulta F2-233 clusters with other Thermoleophilia orders with a very high bootstrap score 100% in the phylogenomic tree while showing a lower score 57% in the 16S rRNA tree, which is similar to the previous 16S rRNA analyses using the same G. occulta strain (Foesel et al., 2016). Within Thermoleophilia, species of the two orders Thermoleophilales and Solirubrobacterales also formed distinctive clusters in the phylogenomic tree, supporting the current order assignment based on 16S rRNA analyses (Reddy and Garcia-Pichel, 2009; Suzuki and Whitman, 2012, 2015). Compared to the diverse soil-source Solirubrobacterales, only one cultivable species T. album ATCC 35263 from the order Thermoleophilales has been genome sequenced (Yakimov et al., 2003). Our phylogenomic tree revealed that MAG “bacterium HR41” clusters together with T. album. The genome of HR41 is reconstructed from metagenomic DNA from high-temperature bioreactors, for which the initial samples were collected from an ammonia-rich geothermal groundwater stream in Japan (Kato et al., 2018). In view of their clustering pattern in the phylogenetic tree and common hot spring isolation environment, it is very likely that HR41 represents a species belonging to the family Thermoleophiliaceae or the order Thermoleophilales.

Notably, 3 MAGs- “Actinobacteria bacterium 13_1_20CM_3_68_9” from grassland (Butterfield et al., 2016), “Solirubrobacterales bacterium 67-14” and “Solirubrobacterales bacterium 70-9” from bioreactors (Kantor et al., 2015) form a distinct cluster in the phylogenomic tree, more closely related with other Solirubacteraceae families than Thermoleophilales (Figure 1A). In view of the branching pattern of these 3 MAGs, it is likely that they represent species of a novel family within the order Solirubrobacterales. Alternatively, the phylogenetic position of these MAGs is very similar to the two Parviterribacter species in the 16S rRNA tree, raising the possibility that they might be members of the Parviterribacteraceae family. However, neither the 16S rRNA of the 3 MAGs nor the genome information from the two Parviterribacter species is available at the moment, which preclude further analyses. Future new 16S rRNA or genome sequences from closely related species of either the 3 MAGs or the Parviterribacteraceae family are needed to define their relationship. In addition, assembled genomes for two monoisolates from the same study of grassland rhizosphere branched differently in our phylogenomic tree. “Solirubrobacterales bacterium URHD0059” clusters together with the type species Conexibacter woesei DSM 14684 (Pukall et al., 2010), indicating that it might be a new species belonging to the family Conexibacteraceae; while “Solirubrobacter sp. URHD0082” clusters with S. soli DSM 22325 with 100% bootstrap support, demonstrating its affiliation with the family Solirubacteraceae. The later association is also confirmed by the 16S rRNA tree based on partial sequence alignment (Supplementary Figure S1). Taken together, these phylogenomic analyses based on a concatenated protein dataset support current taxonomic structure of the class Thermoleophilia based on 16S rRNA analyses. In addition, it revealed a new cluster composed of not yet cultivated species that might be a novel family within the order Solirubrobacterales.

Molecular Markers Unique to the Class Thermoleophilia

The main purpose of this work is to identify genomic characteristics that are unique to the class Thermoleophilia or its subordinate taxa, which can be used to define their taxonomic ranks and also provide targets for functional studies. The complete genome sequences of type species and recently reported MAGs of Thermoleophilia are great resources to explore group-specific molecular markers. We focused on two molecular markers as noted earlier: CSIs and CSPs (Gao et al., 2009; Gupta and Gao, 2009; Zhang et al., 2016). Both have been identified for various prokaryotic phyla or other taxonomic ranks higher than genera in the past two decades, and proved to be very useful for phylogenetic and evolutionary studies (Gao and Gupta, 2012b; Ho et al., 2016; Alnajar and Gupta, 2017; Hu et al., 2018).

Comparative genomic analyses of species of the class Thermoleophilia and other taxonomic units within the kingdom bacteria led to the identification of 12 CSIs in various conserved universal proteins that are only found in Thermoleophilia species but not in other bacteria (Table 1). For example, a 4 amino acids (aa) insertion in a very conserved region of quinolinate synthase NadA was specifically shared by Thermoleophilia species (Figure 2). NadA is a widely distributed protein in both Archaea and Bacteria and highly conserved due to its important role in nicotinamide adenine dinucleotide (NAD) de novo biosynthesis (Ollagnier-De Choudens et al., 2005). A 4aa insertion that is located in a surface loop region of the 3D structure (Volbeda et al., 2016) is only found in homologs from Thermoleophilia but not from species outside this class. Therefore, this 4-aa insertion is a distinctive characteristic of the Thermoleophilia class. Sequence information for additional 11 CSIs that are specific to all members of this class including assembled genomes of not yet cultivated species is provided in Supplementary Figures S2–S12. In view of their specificity, these CSIs can serve as molecular markers to define and distinguish species belonging to the Thermoleophilia class. In addition, none of these 12 CSIs are found in the genome of Gaiella occulta F2-233, which is the only genome recently available from the deep-branching order Gaiellales.

TABLE 1. Characteristic of Conserved Signature Indels specific to the class Thermoleophilia or its associated taxa.
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FIGURE 2. CSI specific to all Thermoleophilia species. Partial sequence alignment of the protein quinolinate synthase NadA showing a 4 amino acid insertion in a conserved region that is specific for members of the class Thermoleophilia. The dashes in this alignment as well as all other alignments indicate identity with the amino acid on the top line. The GenBank identification numbers of the protein sequences are shown, and the topmost numbers indicate the position of this sequence in the species shown on the top line.



Except the CSIs, we performed BLASTp searches for each protein from the type species T. album ATCC 35263 to identify CSPs that are specific to the Thermoleophilia class. In total, 32 proteins are uniquely shared by almost all sequenced Thermoleophilia genomes but not found in any other bacterial taxa except 4 present in G. occulta F2-233 (Table 2). Foesel et al. have proposed that Gaiellales is a deeply branching order within the class Thermoleophilia based on 16S rRNA analyses and some shared phenotypic features of one single strain G. occulta F2-233 and other Thermoleophilia/Rubrobacteria species (Foesel et al., 2016). The presence of 4 CSPs in the same G. occulta strain could be derived from the common ancestor of Gaiellales with the other Thermoleophilia orders or due to lateral gene transfer, which awaits confirmation from more genomes of the Gaiellales. Additionally, 3 proteins are missing in the MAGs from the newly defined potential family based on our phylogenomic analysis presented in Figure 1A but found in the other members of the class, which is possibly due to incomplete genome information. Indeed, the assembly qualities of MAGs varies as indicated by the summary of Contig-N50 statistic values in Supplementary Table 1. Therefore, it is very likely that the identified 3 CSPs are present in the species of the newly defined cluster, while the MAGs did not cover the sequence region. Together with the identified CSIs, these CSPs are additional molecular markers for Thermoleophilia. It should be mentioned that all these identified CSPs are hypothetical proteins with unknown function. Since they are restricted to species of Thermoleophilia, functional studies on them may uncover biochemical or physiological features that are unique to this class.

TABLE 2. Conserved Signature Proteins that are uniquely found in the Thermoleophilia class.
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Molecular Signatures for Major Lineages Within Thermoleophilia

As described earlier, the order Thermoleophilales or its sole family Thermoleophiliaceae only have two genomes available, including T. album ATCC 35263 and MAG “bacterium HR41.” Our analyses identified 7 CSIs in different proteins (Table 1) and 29 CSPs (Table 3) that are only present in these two genomes but absent in other bacteria. Figure 3 shows one example of these CSIs. In the sequence alignment of arginine-tRNA ligase, a 7aa insertion flanked by highly conserved residues is uniquely found in homologs from both T. album and MAG “bacterium HR41.” Sequence information for further 6 CSIs with the same specificity are shown in Supplementary Figures S13–S18. Whether these identified CSIs and CSPs can constitute distinctive markers for the Thermoleophiliaceae family or even the Thermoleophilales order awaits confirmation from more sequences of other species belonging to this lineage. Nevertheless, these results provide additional evidence for the close relationship of MAG “bacterium HR41” and T. album.

TABLE 3. Conserved Signature Proteins that are uniquely found in the subgroups of Thermoleophilia class.
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FIGURE 3. CSI specific to T. album and MAG HR41. Partial sequence alignment of arginine–tRNA ligase showing a 7 amino acid insertion that is uniquely shared by T. album and MAG HR41.



Within the order Solirubrobacterales, we have identified 6 CSIs that are specific to species of 3 families including Conexibacteraceae, Solirubacteraceae, and Patulibacteraceae, but no CSIs also shared by members of the new cluster (Table 1). One of these CSIs is illustrated in Figure 4, which is 1 aa deletion in a very conserved fragment of NADH-quinone oxidoreductase subunit B. Sequence information for other 5 CSIs that are uniquely shared by these 3 families are presented in Supplementary Figures S19–S23. Additionally, we discovered 24 CSPs that are only found in genomes of the named above 3 families but not in any other bacteria (Table 3). The shared presence of 6 CSIs and a number of CSPs indicate that Conexibacteraceae, Solirubacteraceae, and Patulibacteraceae are monophyletic. These two kinds of signature sequences were most likely introduced in the common ancestor of these three families and later on passed to all decedents. Moreover, if genome sequence of the fourth family Parviterribacteraceae becomes available in the future, it is worthwhile to examine whether some of these CSIs and CSPs are also shared by Parviterribacteraceae and actually constitute molecular markers of the Solirubrobacterales order.
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FIGURE 4. CSI specific to the families Conexibacteraceae, Solirubrobacteraceae and Patulibacteraceae. Partial alignment of the protein NADH-quinone oxidoreductase subunit B showing a 1 amino acid deletion that is uniquely shared by 3 families Conexibacteraceae, Solirubrobacteraceae and Patulibacteraceae.



As mentioned earlier, at family level within Thermoleophilia, only few cultivable strains are available and our current descriptions of some families such as Conexibacteraceae or Solirubacteraceae are only based on 1 or 2 strains. Here, we identified a number of CSIs that are specific to all genome-sequenced members of each family of Thermoleophilia except Parviterribacteraceae that don’t have genome sequence available (Table 1). For example, 4 CSIs were found to be unique to members of Conexibacteraceae (Figure 5 and Supplementary Figures S24–S26), 5 CSIs for Solirubacteraceae (Figure 6 and Supplementary Figures S27–S30), and totally 10 CSIs shared by 3 species of Patulibacteraceae (Figure 7 and Supplementary Figures S31–S39). We attempted to search for CSIs that are specific to the new cluster revealed by our phylogenomic analysis. Due to the incompleteness of the 3 genome assemblies, only 1 CSI is specifically shared by all three members of the new cluster (Supplementary Figure S40), while another 3 CSIs are only found in MAG “Solirubrobacterales bacterium 67-14” and “Solirubrobacterales bacterium 70-9” with two protein homologs missing in “Actinobacteria bacterium 13_1_20CM_3_68_9” (Supplementary Figures S41–S43). Furthermore, since more genomes are sequenced for Patulibacteraceae, we also identified 31 CSPs that are restricted to the genomes of this family, which provide additional markers for them (Table 3).
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FIGURE 5. CSI specific to Conexibacteraceae. A 1 amino acid insertion in the protein thioredoxin-disulfide reductase that is uniquely shared by C. woesei and associated MAG.
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FIGURE 6. CSI specific to Solirubrobacteraceae. A 3 amino acid CSI in the protein glutamine amidotransferase that is specific for S. soli and associated MAG.
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FIGURE 7. CSI specific to Patulibacteraceae. Partial sequence alignment of DNA-directed RNA polymerase subunit beta’ showing an 8 amino acid insertion that is specific for Patulibacteraceae.



CONCLUSION

Although metagenomic studies suggest that species of the class Thermoleophilia are abundant in hot spring and soil samples and they play an important role in biogeochemical cycling, very few studies have been performed on the phylogeny of this deep branch of Actinobacteria. Our current understanding of their taxonomy and phylogeny based on few cultivated species needs to be updated to better serve our exploration of this class. In this work, we have carried out detailed phylogenomic analysis of sequenced Thermoleophilia species and assembled genomes. The constructed phylogenetic tree clearly demonstrated the close affiliation of not yet cultivated MAGs with culturable type species. A new robust cluster composed of not yet cultivated MAGs is revealed within this class that might be a novel family belonging to Solirubrobacterales. Moreover, we identified a large number of CSIs and CSPs that are either specific to all species of this class or various lineages within it. These two types of signature sequences provide novel molecular markers that can be applied to define or distinguish the class Thermoleophilia or its affiliated taxa at higher taxonomic ranks, in addition to the 16S rRNA gene alone based standard.

In addition to their phylogenetic implications, these lineage-specific CSIs and CSPs can also be used to test the presence of Thermoleophilia species in different environmental samples. PCR primers could be designed for gene fragments that contain the above described CSIs or genes for CSPs, then we can detect the existence of certain lineages based on the presence or absence of the CSIs and CSPs. Furthermore, the functional significance of all CSIs and CSPs identified from this work are unknown. Due to their specificity to the Thermoleophilia class, functional studies on them might lead to identification of biochemical or physiological characteristics that are unique to this class of bacteria.
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Protein product Length Specificity Function

(A) CSPs uniquely present in All Thermoleophilia species (29)?

WP_093115104.1 242 All thermofleophilia Unknown
WP_093115134.1 20 All thermoleophilia Unknown
WP_093115673.1 127 All thermoleophilia Unknown
WP_093115681.1 1038 All thermoleophilia Unknown
WP_093115745.1 166 All thermoleophilia Unknown
WP_093115827 .1 993 All thermoleophilia Unknown
WP_093116216.1 151 All thermoleophilia Unknown
WP_093116230.1 213 All thermoleophilia Unknown
WP_093116634.1 159 All thermoleophilia Unknown
WP_093116636.1° 64 All thermoleophilia Unknown
WP_093116642.1 114 All thermoleophilia Unknown
WP_093116769.1 130 All thermofeophilia Unknown
WP_093116819.1 167 All thermoleophilia Unknown
WP_093116917.1 120 All thermoleophilia Unknown
WP_093116997 1 185 All thermoleophilia Unknown
WP_093117023.1 151 All thermoleophilia Unknown
WP_093117047 .1 572 All thermoleophilia Unknown
WP_093117060.1 247 All thermoleophilia Unknown
WP_093117260.1 72 All thermoleophilia Unknown
WP_093117458.1P 142 All thermoleophilia Unknown
WP_093117523.1 269 All thermofeophilia Unknown
WP_093118104 1 79 All thermoleophilia Unknown
WP_093118304.1° 132 All thermoleophilia Unknown
WP_093118364.1° 257 All thermoleophilia Unknown
WP_093118537.1 154 All thermoleophilia Unknown
WP_093118589.1 178 All thermoleophilia Unknown
WP_093118635.1 120 All thermoleophilia Unknown
WP_093118833.1 82 All thermoleophilia Unknown
WP_093119001.1 187 All thermoleophilia Unknown
(B) CSPs unique to Thermoleophilia class but not found in new cluster (3)

WP_0931168083.1 141 Thermoleophilia Unknown

except new cluster
WP_093118036.1 211 Thermoleophilia Unknown
except new cluster
WP_093116745.1 226 Thermoleophilia Unknown

except new cluster

aThe number in brackets represents the total number of CSPs unique to the specific
group. °Four CSPs are also present in the genome of Gaiella occulta F2-233
(GenBank accession: GCA_0033571045.1).
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{C) CSPs uniquely present in family Patulibacteraceae (31)
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8The number in brackets represents the total number of CSPs unique to the specific

group.





