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Abstract 27 

Despite extensive characterisation of envelope biogenesis systems in diderm bacteria, 28 

glycerophospholipid (GPL) trafficking remains poorly understood, and has only been studied in a 29 

handful of model species. Within the Proteobacteria, the maintenance of lipid asymmetry (Mla) system 30 

facilitates retrograde GPL trafficking via six proteins, MlaA-F. GPLs are extracted from the outer 31 

leaflet of the outer membrane by the lipoprotein MlaA which associates with porin trimers, then 32 

shipped through the periplasmic space by the chaperone MlaC, which finally delivers GPLs to the 33 

inner membrane complex formed by MlaBDEF. Here, we investigate GPL trafficking in Veillonella 34 

parvula, a diderm member of the Firmicutes which encodes an Mla system devoid of MlaA and MlaC. 35 

V. parvula ∆mla mutants display phenotypes characteristic of disrupted lipid asymmetry such as 36 

hypervesiculation and detergent hypersensitivity, and lipid content analysis from outer membrane 37 

vesicles reveals an enrichment for the major lipid component phosphatidylethanolamine. Interestingly, 38 

suppressor analysis identifies mutations in tamB that rescue detergent hypersensitivity and 39 

hypervesiculation of ∆mla strains, supporting the involvement of these two systems in antagonistic 40 

GPL trafficking functions across diverse bacterial lineages. A combination of structural modeling and 41 

subcellular localisation assays shows that MlaDVp is longer than in classical diderm models and forms 42 

a transenvelope bridge, encoding both an inner membrane-localised MCE domain and an outer 43 

membrane ß-barrel. These results strongly suggest that V. parvula possesses a minimal Mla system 44 

for GPL trafficking, replacing the need for chaperones and outer membrane lipoproteins by directly 45 

connecting the two membranes. Finally, phylogenomic analysis indicates that this MlaEFD self-46 

contained architecture is widely distributed in diderm bacteria and most likely represents the ancestral 47 

functional core of the Mla system, which subsequently increased in complexity in Proteobacteria and 48 

closely related phyla following the emergence of MlaABC. Our work broadens the diversity of current 49 

models of GPL trafficking in diderm bacteria, challenging the paradigm set by classical models and 50 

shedding light on the evolution of a crucial system in the biogenesis and maintenance of the bacterial 51 

outer membrane. 52 

 53 
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Introduction 60 

The diderm bacterial envelope is a complex structure consisting of two membranes: a cytoplasmic -or 61 

inner- membrane (IM) composed primarily of glycerophospholipids (GPLs), and an outer membrane 62 

(OM) which exhibits lipid asymmetry, comprising GPLs in its inner leaflet and primarily 63 

lipopolysaccharide (LPS) molecules in its outer leaflet. This asymmetry manifests as a robust 64 

exclusion barrier against a range of antibiotics and host components, such as vancomycin and bile 65 

salts1,2. Although GPLs are one of the most ubiquitous amphipathic components of the diderm 66 

envelope, their transport systems remain poorly understood, and most current information stems from 67 

a handful of model bacterial species. Recent studies implicate large AsmA-like proteins, such as TamB 68 

and YhdP, in the mediation of anterograde GPL trafficking3–5, whilst MCE proteins – namely MlaD 69 

within the maintenance of lipid asymmetry (Mla) machinery - are proposed to facilitate retrograde 70 

GPL trafficking6,7. In E. coli, the Mla system is composed of six proteins (Fig 1): MlaBDEF form the 71 

IM complex8,9, MlaC is the periplasmic chaperone6,10, and MlaA is the OM lipoprotein that associates 72 

with porin trimers11. Despite extensive research of the Mla system within model diderms for over a 73 

decade, several mechanistic details – including substrate specificity and even directionality, until 74 

recently - remain controversial9,12–14.  75 

 76 

Here, we investigate GPL trafficking in Veillonella parvula, a genetically tractable member of the 77 

Firmicutes (Negativicutes) which presents a diderm envelope with LPS15,16. V. parvula is 78 

phylogenetically distant from classical models such as E. coli as it belongs to the Terrabacteria, one 79 

of the two large clades into which Bacteria are divided (containing phyla such as Actinobacteria, 80 

Cyanobacteria and Candidate Phyla Radiation (CPR)), and whose cell envelopes are largely 81 

understudied16,17. Remarkably, the Firmicutes is the only phylum so far identified to contain a mixture 82 

of both monoderm and diderm clades, offering an ideal platform on which to study both the 83 

monoderm-diderm transition18 and the diversity of OM biogenesis systems19. We previously 84 

demonstrated that this diderm architecture is an ancestral feature, present in both the ancestor of the 85 

Firmicutes and the Last Bacterial Common Ancestor (LBCA)15,17–19, an inference also supported by a 86 

recent study20. Studying diderm Firmicutes can therefore shed light on the evolution of ancestral 87 

systems in the biogenesis and maintenance of the bacterial OM. Interestingly, the V. parvula genome 88 

contains an operon embedded in a large OM biogenesis and maintenance cluster15,18 with only three 89 

homologues of the Mla system: the IM proteins MlaDEF, directly followed by a homologue of the 90 

OM efflux protein TolC21, and TamB (Fig 1). This arrangement is conserved in all Negativicutes 91 

(Extended Fig 1). However, no homologues of the periplasmic chaperone MlaC or the OM lipoprotein 92 

MlaA were identifiable at the sequence level, consistent with the fact that no OM lipoproteins or 93 

homologues of the Lol system have so far been identified in V. parvula16,22. This raises the question 94 

of how these V. parvula Mla homologues are involved in retrograde lipid trafficking, and how they 95 

can accomplish this function in the absence of MlaABC.  96 
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We combine phenotypic characterisation, lipid content analysis, structural modeling and evolutionary 97 

reconstructions to show that the three-component Mla system of V. parvula is involved in GPL 98 

trafficking, and is strikingly different to what has been described so far in model diderms; MlaDEF 99 

appear to form a functional ‘minimal’ system, in which a transenvelope MlaD abrogates the 100 

requirement for the missing homologues MlaA and MlaC by directly bridging the IM and OM. Further, 101 

we show that MlaDEF represent an ancestral core for GPL trafficking that is widely distributed across 102 

Bacteria and likely dates back to the LBCA, whereas the presence of MlaABC are an exception, 103 

emerging later in the Proteobacteria and other closely related phyla. Finally, and most strikingly, we 104 

show that the majority of MlaD sequences across the bacterial kingdom are ‘long’, revealing that the 105 

short MlaD employed by Proteobacteria is atypical. Together, our results uncover novel functional 106 

information about GPL trafficking in a non-model organism, shedding light on the evolution of the 107 

Mla system and challenging the dogma that OM biogenesis systems studied in E. coli are 108 

representative of all diderms.  109 
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Results 110 

A "minimal" Mla system in V. parvula is involved in GPL trafficking 111 

During a screen to identify genes required for the generation and maintenance of the OM barrier in V. 112 

parvula SKV38 (see methods), we identified a transposon insertion in a homologue of mlaD, and a 113 

mixed clone containing an insertion in both mlaE and a gene of unknown function, suggesting a role 114 

for these mla genes in envelope biogenesis. To further investigate the function of the V. parvula 115 

MlaDEF system, we generated the corresponding single and triple mlaDEF deletion mutants and 116 

assessed their phenotypes. 117 

 118 

Consistent with Mla-defective phenotypes of model diderms such as E. coli and A. baumannii7,12, all 119 

V. parvula ∆mla strains — with the exception of the ∆mlaE mutant that could not be obtained — 120 

display hypersensitivity to SDS/EDTA and increased resistance to vancomycin (Fig 2A), with 121 

otherwise no differences in viability, morphology, biofilm formation or aggregation (Extended Fig 122 

2). Phenotypes were not additive across single and triple mutants, suggesting these three mlaDEF 123 

genes work together as part of a single system, further implied by the overlapping start and stop codons 124 

of mlaF and mlaD. SDS/EDTA sensitivity could be complemented in both single and triple mutants, 125 

and appeared slightly fuller for the triple mutant, suggesting that correct stoichiometry in the 126 

expression of all three genes is important for phenotypic rescue. ∆mlaEFD and ∆mlaD strains also 127 

displayed a ~17-fold increase in outer membrane vesicle (OMV) production as compared to the WT 128 

(Fig 2B), consistent with previously described hypervesiculation phenotypes of ∆mla strains in Vibrio 129 

cholerae, Haemophilus influenzae, Bordetella pertussis and Neisseria gonorrhoeae23–25, which could 130 

be significantly rescued via complementation to a ~4-fold increase in OMV production as compared 131 

to the WT strain. Together, these phenotypes are indicative of a loss of lipid asymmetry23,26. To 132 

determine if these changes in membrane permeability and stability are due to a change in quantity or 133 

composition of LPS, silver-staining was used to assess relative LPS profiles of these ∆mla mutants, 134 

revealing no observable differences (Extended Fig 2B). 135 

 136 

Previous work in model diderms has inferred the function of the Mla system by exploiting other 137 

pathways that maintain lipid asymmetry, such as overexpression of the phospholipase A1 encoding 138 

gene (pldA) to rescue detergent hypersensitivity7 and radiolabelling with PagP to follow the hepta-139 

acylation of lipid A7,27. As homologues of these systems are not present in V. parvula, we relied on 140 

lipid extraction and comparative thin layer chromatography (TLC) to infer the function of these mla 141 

genes. However, to understand potential changes in lipid composition due to deletion of the Mla 142 

system, we first had to determine the nature of the major lipids present in V. parvula SKV38. We 143 

identified homologues of genes that may be involved in the biosynthesis of phosphatidylethanolamine 144 

(PE), phosphatidylserine (PS) and phosphatidylglycerol (PG), as well as a homologue of the recently 145 

identified hydrogenase / reductase operon required for plasmalogen biosynthesis in Clostridium 146 
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perfringens28, encoded within a single gene (Supplementary Fig S1A). Using TLC, matrix-assisted 147 

laser desorption/ionisation quadrupole ion trap time-of-flight (MALDI-QIT-TOF) and nuclear 148 

magnetic resonance (NMR) spectroscopy on lipid extracts from the WT, we then revealed that the 149 

major lipid species in the envelope of V. parvula are PE (~68%) and PG (~20%), along with two other 150 

uncharacterised lipids representing a further ~9% and ~3% of the envelope (Supplementary Fig S1, 151 

Supplementary Table S1). NMR analyses also revealed that ~15-35% of each lipid species present 152 

in the envelope of V. parvula contains a vinyl ether bond, which could result from the activity of the 153 

identified plasmalogen biosynthesis homologue (Supplementary Fig S2). No cardiolipin was 154 

observed via MALDI-QIT-TOF, consistent with the absence of homologues of genes involved in the 155 

synthesis of this lipid in the V. parvula genome.  156 

 157 

Both whole-cell and membrane lipid extracts from WT and ∆mla strains were used to perform TLC, 158 

however no differences in GPL composition were observed, as previously described in E. coli7 159 

(Supplementary Fig S3A). We posited that this lack of difference may be due to the observed 160 

hypervesiculation of ∆mla strains, compensating for OM lipid imbalance by shedding excess envelope 161 

material. We therefore purified OMVs produced by both the WT and ∆mlaD strains, performed lipid 162 

extraction and TLC, and revealed different classes of lipid species by staining with iodine vapor, Schiff 163 

reagent and phosphomolybdic acid (PMA). Across all iodine vapour-stained plates, OMVs produced 164 

by ∆mlaD strains display a ~40% enrichment for PE, whilst also containing a marked reduction in 165 

another lipid species that is abundant in WT OMVs (Fig 2C, Supplementary Fig S3B). These results 166 

suggest that ∆mla mutants accumulate PE in their OM, which is subsequently shed from the envelope 167 

via excessive vesicle formation. Taken together, this analysis strongly suggests that the minimal 168 

MlaEFD system of V. parvula is involved in retrograde GPL trafficking.  169 

 170 

Suppressor analysis implicates Mla and TamB in coordination of GPL homeostasis in V. parvula  171 

To further strengthen the proposed function of the Mla system in V. parvula, we investigated the genes 172 

able to suppress detergent hypersensitivity of ∆mla strains. By performing random transposon 173 

mutagenesis in the ∆mlaD background, we identified ten chromosomal insertion mutants able to grow 174 

in SK media supplemented with 0.004% SDS and 312.5 µM EDTA. Efficiency of plating revealed 175 

that only four of these mutants could significantly rescue the ∆mlaD phenotype (Fig 3A), of which 176 

two were of particular interest: sequencing revealed two identical Tn insertions in the downstream 177 

homologue of tamB (Fig 3B).  178 

 179 

Considering the recent implications of TamB and other large AsmA-like proteins in anterograde GPL 180 

trafficking3,4, we were interested to identify this gene as a suppressor of ∆mlaD detergent sensitivity. 181 

Indeed, we had previously identified a spontaneous suppressor of ∆mlaD with a SNP encoding a STOP 182 

codon in tamB, though the phenotype was unstable and reverted (Fig 3B). We therefore generated 183 
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clean, stable deletion mutants to further probe the relationship between these two genes. As with the 184 

suppressor screens, loss of tamB partially rescues SDS/EDTA sensitivity in ∆mlaD and reduces 185 

vancomycin resistance (Fig 3C). Interestingly, the tamB mutant presents a permeability phenotype 186 

which appears to be the opposite of ∆mla mutants, with no change in SDS/EDTA sensitivity and an 187 

increased sensitivity to vancomycin, as previously described in E. coli3 (Fig 3C, Supplementary Fig 188 

S4). Much like ∆mlaD, however, ∆tamB also displays a hypervesiculation phenotype, with a ~10-fold 189 

increase in vesicle production as compared to the WT strain (Fig 3D). Strikingly, loss of tamB in the 190 

∆mlaD background significantly reduces hypervesiculation; the ∆tamB∆mlaD mutant produces only 191 

~5-fold more vesicles than the WT (Fig 3D). This rate of reduction in OMV production is comparable 192 

to the phenotype of the fully-complemented ∆mlaEFD::mlaEFD strain, suggesting that deletion of 193 

tamB is as effective at rescuing this envelope defect as reintroducing the mla genes. The contrasting 194 

OM permeability phenotypes of ∆mlaD and ∆tamB, together with the striking complementation of the 195 

double ∆mlaD∆tamB strain, hints to the antagonistic functions of these two genes in envelope 196 

biogenesis and maintenance. Overall, these results suggest that MlaEFD and TamB may represent the 197 

two major systems maintaining GPL homeostasis in the OM of V. parvula - likely retrograde and 198 

anterograde, respectively.  199 

 200 

Structural modelling suggests a transenvelope Mla system in V. parvula 201 

Though phenotypic and suppressor analyses elucidated the functional role of MlaEFD, we sought to 202 

understand how three IM proteins could be structurally arranged within the envelope of V. parvula to 203 

facilitate GPL trafficking in the absence of MlaABC. Whilst the mlaE and mlaF homologues closely 204 

resemble those of model diderms such as the Proteobacteria, mlaD in V. parvula is over double the 205 

size of the one of E. coli (419 amino acids vs 183 amino acids respectively) (Fig 4A). Both versions 206 

of this gene contain a transmembrane domain (TMD) that anchors the protein in the IM, and a 207 

conserved MCE domain that binds lipids6. However, MlaD in V. parvula extends with a long predicted 208 

α-helical region spanning ~130 residues, and a predicted C-terminal β-barrel (Fig 4A).  209 

 210 

AlphaFold229 (AF2) was used to predict the structure of this unusually long MlaD protein, but was 211 

unable to confidently model the elongated α-helical region, and indeed the positioning of this domain 212 

relative to the N- and C-termini of the protein (Extended Fig 3). However, high confidence predictions 213 

were achieved for the TMD and MCE domain, and for the C-terminal β-barrel. This C-terminal domain 214 

displays characteristic features of a membrane-embedded β-barrel, composed of ten alternating 215 

antiparallel β-strands with a hydrophobic and neutral surface for the β-sheets, and with ‘girdles’ of 216 

negatively charged and aromatic residues which flank the top and bottom of the structure (Extended 217 

Fig 4).  218 

 219 
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Considering all characterised MCE proteins to date form hexamers, we merged overlapping predicted 220 

structures of all domains of MlaDVp with hexameric stoichiometry, generating a model for the full-221 

length protein (Fig 4B). Even when generated without templates, a 6:2:2 stoichiometry of the MlaDEF 222 

complex is confidently predicted for V. parvula, with high similarity to the resolved structure of the 223 

MlaDEF complex from E. coli (Extended Fig 3). Interestingly, two major models are generated for 224 

the hexameric α-helical region of MlaDVp: one with a closed tunnel structure, and one with an open 225 

pore or groove with little interaction between the first and last chains of the hexamer (Extended Fig 226 

5, Extended Table 1). We suspect that the “open groove” configuration may represent an artifact of 227 

the prediction, owing to the way AlphaFold-Multimer concatenates sequences of all chains prior to 228 

structure inference. Instead, the closed tunnel model (Extended Fig 5) more closely reflects the 229 

resolved crystal structure of PqiB, another MCE-domain protein from E. coli, which forms a closed 230 

α-helical tunnel on top of three hexameric MCE rings6, and the recently resolved heterohexamer of 231 

Mce1A-1F from Mycobacterium tuberculosis30. Like these resolved structures, the predicted tunnel 232 

formed by the α-helices generates a hydrophobic interior of ~13 Å (Fig 4C), supporting the possibility 233 

of a role in hydrophobic substrate transport. Further, both the N- and C-termini of the full-length model 234 

generate highly hydrophobic bands where both regions are predicted to embed within the IM and OM, 235 

respectively. The rest of the structure, which would reside in the aqueous periplasm, displays a 236 

hydrophilic exterior (Fig 4C). It is interesting to note the prediction of a small external cluster of 237 

hydrophobic residues at the lowest confidence region of the tunnel – which coincides with the region 238 

that forms a groove in the higher confidence model. 239 

 240 

From these high-confidence structural predictions of a membrane-embedded C-terminal β-barrel and 241 

an IM MCE-domain hexamer, we hypothesised that MlaD from V. parvula may have domains 242 

anchored in both the IM and OM, forming a transenvelope bridge. This would remove the necessity 243 

for a periplasmic chaperone boat and OM lipoprotein, as MlaD would be capable of connecting the 244 

two membranes directly to facilitate transport. To verify this hypothesis experimentally, we localised 245 

full-length MlaD and its separate domains by performing membrane fractionation by sedimentation 246 

on sucrose density gradients. We used total membrane pellets (containing both IM and OM vesicles) 247 

obtained from WT and ∆mlaD strains complemented with HA-tagged versions of the TMD-MCE 248 

domain and the β-barrel. Localisation of these domains and of the full-length protein was examined 249 

via immunoblotting with our developed MlaD antisera, and the separate domains with a commercial 250 

anti-HA antibody. Whilst the full-length MlaD was distributed across almost all membrane fractions, 251 

the TMD-MCE domain construct was most abundant in fractions F4-5, similar to the localisation 252 

profile of the IM control SecA, and the β-barrel was located almost exclusively in the final few OM 253 

fractions, F9-11, mirroring the localisation of TolC (Fig 4D). These results support the hypothesis that 254 

MlaD can span the periplasm, with domains anchored in both the IM and OM. 255 

 256 
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 257 

 258 

Phylogenomic analysis reveals an ancestral core of the Mla system 259 

The possibility of a minimal, transenvelope MlaEFD system was intriguing, and we sought to 260 

understand if this type of pathway exists in other bacterial lineages by exploring the distribution of all 261 

Mla genes. We therefore carried out an exhaustive search for homologues of the six components 262 

(MlaABCDEF) in a local databank containing 1083 genomes, representing all current phyla. To 263 

identify MlaA, MlaC, MlaD, and MlaE homologues, we used the Pfam domains PF04333, PF05494, 264 

PF02470, and PF02405, respectively. As MlaB and MlaF belong to the generic STAS-domain and 265 

ATPase families, respectively, we used MacSyFinder232 to identify them when found in synteny with 266 

at least one of the other Mla components in the genome. The distribution of all six components was 267 

then mapped onto a reference phylogeny of Bacteria16 (Fig 5, Extended Fig 6, Extended Table 2).  268 

 269 

In agreement with the fundamental role of the Mla system in maintaining OM asymmetry, Mla 270 

homologues are largely found in diderm bacteria (Fig 5). Some diderm phyla in the Terrabacteria lack 271 

any identifiable homologues, possibly due to their atypical envelope architectures: the Thermotogae 272 

and their neighbor Candidate phyla Bipolaricaulota and Fraserbacteria have an OM detached at the 273 

cell poles34; Dictyoglomi and Deinococcus-Thermus both form rotund bodies where cell aggregates 274 

share a single OM35,36; some members of Deinococcus-Thermus have lost LPS; and cryo-electron 275 

tomography of a member of Atribacteria (Atribacter laminatus) has recently revealed an atypical cell 276 

envelope architecture with an intracytoplasmic lipidic bilayer surrounding the nucleoid37. Within the 277 

three diderm lineages belonging to the Firmicutes18, Mla components are found in the Negativicutes 278 

and a few Limnochordia (Extended Fig 1), whilst they are completely absent from the 279 

Halanaerobiales (Extended Fig 6, Extended Table 2). 280 

 281 

Conversely, and consistently with its presence in M. tuberculosis, some monoderm phyla contain 282 

MCE-domain proteins; we identified such homologues in some members of Actinobacteria, and also 283 

within the Candidate Dormibacteraeota, usually in association with a Mce4_CUP1 domain (Extended 284 

Table 2). Further, our analysis suggests the MCE homologues present in these monoderm phyla were 285 

horizontally acquired from the Proteobacteria (Extended Figs 6-8). 286 

 287 

More striking is the overall distribution of MlaDEF vs MlaABC; whilst MlaDEF are widely distributed 288 

across almost all diderm phyla, with the exception of those mentioned above, the MlaABC 289 

components have a much narrower distribution, present mostly within Proteobacteria, and totally 290 

absent in diderm Terrabacteria (Fig 5, Extended Fig 6, Extended Table 2).  291 

 292 
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We then focused specifically on MlaD to investigate whether other bacteria possess the longer version, 293 

similar to V. parvula. Surprisingly, we found that the short MlaD sequences – similar to that of E. coli 294 

- are restricted to taxa within Proteobacteria, whereas 85% of MlaD homologues are of the longer 295 

version (corresponding to an average of 374 residues) (Extended Figs 6-8). To understand if these 296 

longer MlaD versions have a similar predicted structure to that of V. parvula, we screened them for 297 

the presence of β-sheet structures using BOCTOPUS236 and AlphaFold229. We could indeed infer the 298 

presence of a C-terminal β-barrel in 103 sequences, with a conserved fold and physicochemical 299 

properties, some containing an additional helical extension (Extended Fig 4F, 4H). These long 300 

versions of MlaD with a β-barrel are widely distributed in the diderm phyla belonging to the 301 

Terrabacteria division, whilst in the Gracilicutes they are found mainly in some Proteobacteria and 302 

closely related phyla (Extended Fig 6). The β-barrel is completely absent in the MlaD from the PVC 303 

(Planctomycetes, Verrucomicrobia, Chlamydia) and FCB (Fibrobacteres, Chlorobi, Bacteroidetes) 304 

groups (Extended Fig 6, Extended Table 2). Interestingly, many of the long MlaD sequences with 305 

no identifiable complete β-barrel domain contain a disordered C-terminal region with some β-306 

structure, often short β-hairpins, which may represent the remnants or precursors of a β-barrel 307 

(Extended Fig 9).  308 

 309 

Finally, to infer the origin and evolutionary history of the Mla system, we concatenated MlaD and 310 

MlaE sequences into a character supermatrix (538 leaves and 479 amino acid positions) and a 311 

maximum likelihood tree was inferred. Only markers found in a conserved cluster arrangement 312 

(MlaDEF and MlaDE) were used, due to the uncertainty of MlaF annotations. The resulting tree 313 

(Extended Fig 7) is consistent with the reference phylogeny of Bacteria. It shows, in fact, a clear 314 

separation between the Terrabacteria and the Gracilicutes (Ultra-Fast Bootstrap=95%), with 315 

monophyly of phyla within Terrabacteria - indicating vertical inheritance. Contrastingly, the 316 

evolutionary history of MlaDE within the Gracilicutes appears more complex, involving several 317 

duplications and horizontal transfer events (Extended Fig 7). 318 

 319 

Together, our phylogenomic analyses strongly indicate that the majority of diderms may employ a 320 

transenvelope three-component Mla system for GPL homeostasis composed of MlaDEF, with the long 321 

version of MlaD, like the one present in V. parvula. The six-component Mla system characterised in 322 

Proteobacteria, containing MlaABC, may therefore represent an exception, rather than the rule. 323 

Moreover, we show that this core three-component Mla system is ancestral and was present in the 324 

diderm ancestor of all Bacteria. This system was then maintained in diderm Terrabacteria and many 325 

Gracilicutes, while it underwent progressive complexification in Proteobacteria with the acquisition 326 

of additional Mla components, forming the well-characterised Mla system that we recognise in E. coli 327 

today.  328 

 329 
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Discussion 330 

In this work, we investigated a novel Mla system in the non-model diderm Firmicute Veillonella 331 

parvula, consisting only of MlaEFD, with no homologues of the OM lipoprotein MlaA or the 332 

periplasmic chaperone MlaC. This minimal architecture is consistent with our recent in silico studies 333 

suggesting that OM biogenesis systems present in V. parvula ressemble streamlined versions of those 334 

typically seen in Proteobacterial models. For example, the V. parvula genome encodes a homologue 335 

of BamA, but none of the associated OM lipoproteins, BamB-E; a gene encoding TamB is present, 336 

but no TamA15,18. These bioinformatic findings spark a fundamental question: are these ‘missing’ 337 

components replaced by non-homologous proteins? Or do these systems function without them? 338 

 339 

Our results show that MlaEFD likely perform a similar role in V. parvula as has been described in 340 

model diderms; deletion of these genes results in a loss of OM lipid asymmetry, indicated by a 341 

detergent hypersensitivity and hypervesiculation phenotype. Based on the enrichment of 342 

phosphatidylethanolamine (PE) in lipid extracts from ∆mla OMVs, we suggest the regular role of 343 

MlaEFD in V. parvula is to perform retrograde PE trafficking. We also determined that ~15% of each 344 

lipid species present in these bacteria are in their plasmalogen form, therefore it is likely that the 345 

system shuttles plasmenylethanolamine (PlsPE) as well as typical diacyl PE.  346 

 347 

Structural modelling and subcellular localisation helped us to understand how just three mla genes may 348 

perform the role of GPL trafficking in V. parvula; MlaEFD likely form a minimal, periplasm-spanning 349 

complex, removing the requirement for the ‘missing’ MlaABC components by directly connecting the 350 

IM and OM with a transenvelope bridge. However, future work is required to understand the 351 

stoichiometry of this protein complex, and to further explore the structure of MCE proteins across 352 

diverse bacterial lineages. Interestingly, MCE proteins in E. coli 6, A. baumannii 13 and – recently - M. 353 

tuberculosis 30 have been shown to form both hetero- and homohexamers, and for two of these structures 354 

(PqiB and Mce1A-1F), the hexameric nature of the α-helical region results in a closed tunnel that spans 355 

the periplasm, with a hydrophobic interior. These studies suggest the tunnel structures could facilitate 356 

the transport of a hydrophobic substrate and, from homology, conservation and phenotypic 357 

characterisation, the proposed substrate is a glycerophospholipid (or in the case of M. tuberculosis, 358 

cholesterol). However, it is difficult to understand how such a structure could support the hydrophilic 359 

head of GPLs. As phospholipid trafficking systems remain elusive even in the extensively characterised 360 

model diderms, little comparison is currently available to understand if this MlaDVp tunnel is a realistic 361 

transporter of GPLs.  362 

 363 

So far, the only structurally characterised protein that performs retrograde GPL trafficking is MlaC, the 364 

periplasmic chaperone that can shield the acyl chains of a phospholipid whilst the head portion remains 365 

solvent-exposed 6,10. This chaperone-based transport is a common theme across diderm OM biogenesis 366 
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systems, from LolA shielding the tails of nascent lipoproteins 37,38 to Skp / DegP and SurA protecting 367 

nascent polypeptides for delivery to the BAM system 39. However, our phylogenomic analysis shows 368 

that the MlaC chaperone – along with MlaA and MlaB - is only sparsely distributed in diderm bacteria. 369 

This suggests that the majority of diderms perform retrograde GPL trafficking in a very different way 370 

from E. coli. Considering that the long version of MlaD is actually the most common one, and that the 371 

short E. coli-like version of MlaD is almost entirely restricted to the Proteobacteria, it is possible that 372 

periplasm-spanning components may be a widespread method of GPL transport in many diderms. 373 

Whilst this challenges the paradigm set by extensive research in model diderms such as E. coli and A. 374 

baumannii, it is also supported by recent work in these organisms; evidence now implicates two large, 375 

periplasm-spanning AsmA-like proteins, TamB and YhdP, in anterograde lipid trafficking3–5. In these 376 

models, large open β-sheet structures create a hydrophobic groove that is expected to shield the acyl 377 

tails of phospholipids in a way analogous to LPS transport by the Lpt system, which employs a β-378 

jellyroll fold, leaving the hydrophilic portion of the lipid substrate solvent-exposed40. Unexpectedly, 379 

two different models were generated for the tunnel region of MlaD in V. parvula: one with an open 380 

groove, and one closed. It is tempting to speculate that this open groove, that winds around the outside 381 

of the α-helical structure, could support the tails of the PLs in a ‘helter skelter’-like fashion, allowing 382 

the heads of the phospholipids to remain free in the aqueous environment. However, it is unlikely that 383 

six identical α-helices could form a single asymmetrical groove in its structure and, further, the 384 

hydrophobic grooves described above are composed of β-sheet structures. From the literature so far, 385 

the closed tunnel model is better supported. 386 

 387 

Structural characterisation of V. parvula MlaD should help to decipher both the stoichiometry and 388 

arrangement of the MlaD complex, and its mechanism of GPL transport. This holds for the β-barrel 389 

domain which could be reminiscent of the OmpC-trimers required for the functioning of the Mla 390 

system in E. coli 11,41,42. Indeed, the presence of a β-barrel for substrate translocation across the OM is 391 

a common theme across other OM biogenesis systems, such as the requirement for LptD to translocate 392 

LPS to the outer leaflet of the OM43. However, the predicted MlaD β-barrel is too narrow to allow the 393 

passage of GPL, and a hexameric ring of β-barrels is yet to be described and seems unlikely. We posit 394 

the possibility that several of the β-barrels could fuse to form a trimeric conformation, similar to the 395 

trimeric form of TolC that results in a single, larger β-barrel21. Importantly, a C-terminal β-barrel was 396 

only found present in ~10% of MlaD sequences, in both diderm Terrabacteria and a clade of 397 

Proteobacteria. In the remaining Mla homologues, we observed a variety of structures: some proteins 398 

contain disordered loops with no β-structures, whilst others contain a few β-hairpins in amongst 399 

disordered loops. While we cannot speculate at this stage on the order of the evolutionary events that 400 

led to this range of disordered, barrel-less MlaD proteins, it is interesting to consider that these 401 

unstructured regions could represent either the remnants or even precursors of a β-barrel. Considering 402 

the majority of long MlaD sequences are barrel-less, we could speculate that this structure is not 403 
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important for the putative lipid importer function across bacteria. However, the recently resolved 404 

structure of M. tuberculosis Mce1A-1F – which do not contain complete C-terminal β-barrels - shows 405 

that each monomer contributes a single β-strand, forming a six-stranded β-barrel as a heterohexamer. 406 

Perhaps this structural organisation is repeated in other long MlaD sequences without complete barrel 407 

structures, suggesting a functional convergence across diverse bacterial lineages. The function of these 408 

barrels remains to be determined, and may differ across species; perhaps this domain is required for 409 

stability or anchoring in some bacteria, and for substrate passage in others. 410 

 411 

Regardless of the role of the β-barrel domain, or whether the extended MlaD in V. parvula is capable 412 

of transporting GPLs via a winding fairground slide or a direct tunnel, the implications are the same: 413 

this mechanism is one of higher throughput than a chaperone system. Indeed, this is an important 414 

element to consider in the argument about the directionality of the Mla system. Whilst a wealth of 415 

studies support the function of Mla in retrograde GPL trafficking7,9,12,44, and several studies argue for 416 

the anterograde direction13,14,45,46, efficiency is a key factor to consider. In the case of anterograde GPL 417 

trafficking to facilitate cell growth, GPL flow would have to be enormously high throughput, 418 

considering the sheer volume of GPLs required to build a bilayer. In these cases, large periplasm-419 

spanning AsmA-like proteins, which can transport several GPLs at once, would likely facilitate the high 420 

flow rate required. On the other hand, a chaperone-based system which can only offer a 1:1 ratio of 421 

protein:GPL could not accommodate this high flow rate, and likely stands as a fine-tuning mechanism 422 

– which fits with the proposed function of the Mla system, i.e. to remove surface-exposed GPLs from 423 

the OM to restore lipid asymmetry. This idea is mirrored by the Lpt system that has evolved to transport 424 

LPS into the outer leaflet of the OM, which requires a trans-envelope bridge - and not singular protein 425 

chaperones. We do not yet understand where the long and likely transenvelope MlaD fits into these 426 

scenarios; as MCE proteins are primarily implicated in importer functions, would long MlaD provide 427 

high-throughput retrograde GPL trafficking? Or could this process be bi-directional with the same 428 

transporter? Perhaps sites of hemifusion, along with accessory proteins, are necessary to control and 429 

facilitate the functioning of these trans-envelope structures, as has been suggested for the functioning 430 

of YhdP in an mlaA* background5. Intriguingly, as the long MlaD version is widely distributed across 431 

Bacteria, whatever role this protein performs is likely common across a wide diversity of lineages, 432 

waiting to be uncovered.  433 

 434 

Furthering our understanding of GPL homeostasis in V. parvula is the discovery that TamB is a major 435 

suppressor of the ∆mla phenotype. Given the recent implications of AsmA-like proteins in anterograde 436 

GPL trafficking3–5, it is very interesting to discover that this protein likely performs a similar role in V. 437 

parvula. These findings, in combination with the recent literature, strongly advocate for contrasting but 438 

similar roles of TamB and MlaEFD in maintaining the OM in V. parvula, performing anterograde and 439 
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retrograde GPL trafficking respectively. However, as the double ∆mlaD∆tamB mutant is viable, we 440 

propose that there are as yet undiscovered systems that perform lipid trafficking in V. parvula. 441 

 442 

To conclude, our results reinforce the notion that the paradigms set by extensive studies within the 443 

Proteobacteria can be challenged by using non-model and phylogenetically distant bacteria. Research 444 

within diderm models such as E. coli, A. baumannii and N. meningitidis is crucial for our understanding 445 

of the functioning and virulence of many pathogens, enabling us to expand research into effective 446 

treatment options and aid identification of novel targets. However, learnings from fundamental 447 

microbiology – including those from commensals such as V. parvula – are often transferable, and may 448 

help us fill in the gaps regarding the structure, function and diversity of OM biogenesis and maintenance 449 

systems across the Bacterial tree of life.  450 
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MATERIAL AND METHODS 451 

Bacterial strains and growth conditions 452 

Veillonella parvula SKV38 was grown in SK medium (10 g/L tryptone [Difco], 10 g/L yeast extract 453 

[Difco], 0.4 g/L disodium phosphate, 2 g/L sodium chloride, and 10 ml/L 60% [wt/vol] sodium DL-454 

lactate; described in 47. Cultures were incubated at 37°C in anaerobic conditions, either in anaerobic 455 

bags (GENbag anaero; bioMérieux no. 45534) or in a C400M Ruskinn anaerobic-microaerophilic 456 

station. Escherichia coli was grown in lysogeny broth (LB) (Corning) medium under aerobic conditions 457 

at 37°C. Where required, V. parvula cultures were supplemented with 20 mg/L chloramphenicol (Cm), 458 

200 mg/L erythromycin (Ery), or 2.5 mg/L tetracycline (Tc), and E. coli cultures were supplemented 459 

with 100 mg/L ampicillin (Amp). 100 μg/L anhydrotetracycline (aTc) was added to induce the Ptet 460 

promoter and 1mM isopropyl-β-d-thiogalactopyranoside (IPTG) was added to induce the T7 promoter. 461 

All chemicals were purchased from Sigma-Aldrich unless stated otherwise. All chemicals were 462 

purchased from Sigma-Aldrich unless stated otherwise. Primers and strains used in this chapter are 463 

listed in Supplementary Tables S2-3. 464 

Generation & Screening of Transposon mutagenesis library 465 

A random transposon mutagenesis library was generated in V. parvula SKV38 WT, or the ∆mlaD 466 

mutant, using pRPF215, a plasmid previously used in Clostridium difficile that contains an aTc-467 

inducible transposase and mariner-based transposon (Addgene 106377) 48. pRPF215 was transformed 468 

into V. parvula SKV38 by natural transformation and selected on SK agar supplemented with Cm 469 

(20μg/mL). Several independent overnight cultures of V. parvula SKV38-pRPF215 were diluted to 470 

OD600 = 0.1 in SK medium supplemented with aTc (100ng/μL) and incubated for 5 h to induce the 471 

transposase. Following induction, cultures were diluted and plated onto SK supplemented with 472 

erythromycin (200ug/μL) and aTc (100ng/μL) for selection, then incubated in anaerobic conditions for 473 

48h. Resultant colonies were used to inoculate Greiner Bio-one polystyrene flat-bottom 96-well plates 474 

(655101) in SK supplemented with either Ery and aTc or Cm to confirm both the presence of the 475 

transposon and the loss of pRPF215. After 24h incubation, aliquots were taken from each well to 476 

inoculate fresh 96-well plates filled with SK and SK supplemented with detergents and antibiotics for 477 

the screening process. Original transposon mutagenesis plates were stored in 15% glycerol at -80°C, 478 

whilst the screening plates were incubated for 24h then assessed for growth and OM permeability 479 

defects. Mutants of interest were tested for stability of phenotype, then harvested for genomic DNA 480 

using the Wizard® Genomic DNA Purification Kit (Promega). Genomic DNA was sent for whole-481 

genome sequencing at the Mutualized Platform for Microbiology at Institut Pasteur. 482 
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Efficiency of plating / serial dilution assays  483 

Sensibility to different detergents was performed on SK agar plates supplemented with detergents and 484 

antibiotics at different concentrations. Serial dilutions of strains (100 - 10-5) were inoculated with a 485 

starting OD600nm = 0.5. Plates were incubated in anaerobic conditions for 48h and cfu were calculated. 486 

Chromosomal Mutagenesis by Allelic Exchange 487 

To generate deletion strains of V. parvula SKV38, site-directed mutagenesis was performed as 488 

previously described 47. Briefly, 1kb regions upstream and downstream of the target sequence were 489 

PCR amplified using Phusion Flash high-fidelity PCR master mix (Thermo Scientific, F548). For the 490 

selection process, three main resistance cassettes were PCR amplified with overlapping primers for the 491 

upstream and downstream regions of the target gene: the V. atypica tetracycline resistance cassette (tetM 492 

in pBSJL2), the C. difficile chloramphenicol resistance cassette (catP in pRPF185; Addgene 106367 49 493 

and the Saccharopolyspora erythraea erythromycin resistance cassette (ermE). PCR products were 494 

ligated to generate deletion cassettes via Gibson cloning or used as templates in a second PCR reaction 495 

to generate linear dsDNA with the resistance cassette flanked by the upstream and downstream 496 

sequences. These deletion constructs were transformed into V. parvula by natural transformation 497 

(detailed below), and its genomic integration was selected by plating on tetracycline, chloramphenicol 498 

or erythromycin-supplemented medium. Positive candidates were further confirmed by PCR and 499 

sequencing.  500 

Natural Transformation 501 

Recipient strains were grown on SK agar for 48h in anaerobic conditions at 37°C. Biomass was 502 

resuspended in 1 ml SK medium adjusted to OD600 = 0.4 - 0.8. 10 μL aliquots were spotted onto SK 503 

agar, then 0.5 - 1 μg plasmid or 75 - 200 ng/μL linear double-stranded DNA (dsDNA) PCR product was 504 

added, using distilled water as a negative control. Following 48h incubation, the biomass was 505 

resuspended fresh SK medium, plated onto SK agar supplemented with the relevant antibiotic, and 506 

incubated for a further 48h. Colonies were streaked onto fresh selective plates, and correct integration 507 

of the construct was confirmed by PCR and sequencing. 508 

Growth kinetics 509 

Overnight cultures were diluted to 0.05 OD600 in 200 μL SK that had previously been incubated in 510 

anaerobic conditions overnight to remove dissolved oxygen in Greiner flat-bottom 96-well plates. To 511 

maintain anaerobic conditions, a plastic adhesive film (adhesive sealing sheet, Thermo Scientific, 512 

AB0558) was used to seal the plate whilst inside the anaerobic station. The sealed plates were then 513 

incubated in a TECAN Infinite M200 Pro spectrophotometer for 24h at 37°C. OD600 was measured 514 

every 30m after 900 seconds orbital shaking of 2 mm amplitude. 515 
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LPS silver staining (AgNO3) 516 

Sample Preparation 517 

Overnight cultures were concentrated to OD600 = 10 in Tricine Sample Buffer (BioRad 1610739: 200 518 

mM Tris-HCl, pH 6.8, 40% glycerol, 2% SDS, 0.04% Coomassie Blue) and incubated at 100°C for 519 

10min. After cooling to room temperature, Proteinase K was added to a final concentration of 1mg/mL 520 

and incubated at 37°C for 1h. 10 μL of samples were loaded onto tris-tricine gels (BioRad 4563063: 521 

16.5% Mini-PROTEAN® Tris-Tricine Gel) and migrated in TTS buffer (BioRad 161-0744: 100 mM 522 

Tris-HCl pH 8.3, 100 mM Tricine, 0.1% SDS) for 2h at 50mA. 523 

Staining 524 

To visualise LPS profiles after gel electrophoresis separation, all development solutions were prepared 525 

immediately before use. Gels were fixed in ethanol 30%, acetic acid 10% for 1h, then washed 3 times 526 

in dH2O. Gels were incubated for 10m with metaperiodate 0.7%, again washed 3 times in dH2O, and 527 

incubated in thiosulfate 0.02% for 1m. Following a further 3 washes in dH2O, gels were incubated in 528 

AgNO3 25mM for 10-15m, washed in dH2O for 15s, then incubated in development solution (K2CO3 529 

35mg/ml, formaldehyde 0.03% (w/v), thiosulfate 0.00125%) until bands appeared. To stop the reaction, 530 

gels were finally incubated in 4% Tris Base, 2% acetic acid for 30min, then imaged. 531 

 532 

Spontaneous suppressor selection 533 

Spontaneous suppressor mutations were selected by passaging overnight cultures of ∆mlaEFD and 534 

∆mlaD, either in liquid media or on agar, supplemented with SDS 0.004% and EDTA 312.5 μM, until 535 

growth occurred. Colonies were restreaked onto the same SDS / EDTA concentration, or directly grown 536 

in a liquid culture overnight, then genomic DNA was harvested and sent for whole genome sequencing 537 

to identify the corresponding SNPs that enabled growth of the mutants in SDS / EDTA. 538 

Lipid extraction and Thin Layer Chromatography (TLC) 539 

Sample Preparation (Lipid Extraction) 540 

To extract lipids, typical Bligh-Dyer extraction methods were used: briefly, overnight cultures were 541 

pelleted and concentrated to OD600 = 15 in 1mL of distilled water, then incubated on ice for 5-10min. 542 

Using glass pipettes, a monophasic mixture of 4mL methanol and 2mL chloroform were added to the 543 

resuspended cells and vortexed vigorously for 5min. Following a further 10min incubation on ice, 4ml 544 

chloroform and 2ml of distilled water were added and samples were vortexed before centrifugation at 545 

1500 x g for 5min. This centrifugation step allowed separation of the two phases: the upper water phase, 546 

containing solutes, ions, sugars, DNA and RNA, and the lower chloroform phase, containing the lipids. 547 

The upper phase was discarded then 1mL sodium chloride solution (0.5M) was added and the samples 548 

were vortexed. Following a second centrifugation at 1500 x g for 5min, the lower phase was carefully 549 
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extracted using glass micropipettes and dried in a vacuum centrifuge or under a flow of nitrogen gas 550 

(N2). If the initial purity was not satisfactory, a secondary sodium chloride step (and centrifugation) 551 

could be repeated. Dried lipid extracts were resuspended in 30μL chloroform. 552 

Thin Layer Chromatography (TLC) and Staining 553 

To visualise lipids, TLC plates (Silica gel 60, non-fluorescent, 0.25mm thick, Merck Millipore) were 554 

cut to a width that allowed ~1cm between each lipid sample. Plates were pre-run in acetone before use 555 

and dried at 100°C for 30min. 10µL of each sample was loaded with 5µL glass microcapillary tubes 556 

(Sigma Aldrich) 1cm from the bottom of the TLC plate. The plate was then placed in a solvent system 557 

optimised for the separation of phospholipids by head group polarity: 65:25:4 (v/v/v) or 80:15:2.5 558 

chloroform/methanol/water. For separation of lipids from OMVs, we used the ratio of 80:20:2.5. When 559 

the solvent front reached ~2cm from the top of the plate, the plate was removed from the solvent system 560 

and dried at 100°C for 30m or air-dried for 10min. To reveal phospholipid species, the dried plate was 561 

incubated in a glass tank saturated with iodine vapour from iodine crystals until lipid spots were clearly 562 

visible (~5min). After imaging this stained plate, the iodine was allowed to decolourise and the same 563 

plate was re-stained with phosphomolybdic acid (PMA, 10%), followed by vigorous heating to develop 564 

spots, or Schiff reagent (Sigma-Aldrich). Amines were detected by spraying TLC plates with 0.2g 565 

Ninhydrin (Sigma-Aldrich) dissolved in 100ml ethanol, followed by vigorous heating to develop spots. 566 

For the relative quantification of each lipid class, ImageJ was used. 567 

 568 

Lipid identification 569 

Nuclear Magnetic Resonance (NMR) 570 

After labile proton to deuteron exchange with CD3OD, phospholipids were dried under vacuum and 571 

dissolved in a mixture of CDCl3/CD3OD (2:1, v/v). The samples were then introduced into a 3mm NMR 572 

tube. Solution NMR recordings were conducted at 10 or 20 °C on Bruker AVANCE NEO 400 and 900 573 

spectrometers equipped with a 5mm TBI and 5mm cryo-TCI probe, respectively. Standard experiments 574 

were run: 1D-1H, 2D-1H-COSY, 2D-1H-TOCSY, 2D-1H-ROESY, 2D-1H-13C-HSQC-DEPT, 2D-1H-575 
13C-HSQC-TOCSY. After acquisition and phase correction, chemical shifts calibration on CHD2OD 576 

signals were performed for 1H (3.31 ppm) and 13C (49.29 ppm). The data were analysed using the 577 

TopSpin software (Bruker). 578 

Mass spectrometry (MS) 579 

MALDI-QIT-TOF Shimadzu AXIMA Resonance mass spectrometer (Shimadzu Europe, Manchester, 580 

UK) in the positive mode was used to identify the different lipids. All lipids were dissolved in 581 

CHCl3/CH3OH (1:1, v/v) and mixed with the same volume (10µL) of 2,4,6-trihydroxyacetophenone 582 

(THAP) dissolved in methanol. 583 
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Outer Membrane Vesicle (OMV) Extraction and Purification 584 

Overnight cultures were used to generate 1 litre cultures of the relevant V. parvula strains (WT SKV38 585 

and ∆mla mutants). Bacterial cells were pelleted by centrifugation at 5000 x g for 10min, and 586 

supernatants were passed through 0.45µm and 0.22µm pore-size filters to remove any leftover cells or 587 

debris (Sarstedt). The filtered supernatant was then concentrated using Centricon Plus-70 centrifugal 588 

filters (100kDa cutoff, Millipore) centrifuged at 3,500 x g 4°C for 30min, 50mL at a time. ~3mL of 589 

concentrated OMV solution was purified from 1 litre of supernatant. This OMV solution was then 590 

pelleted by ultracentrifugation at 100,000 x g for 3h at 4°C (Beckman Coulter Optima L-80 XP 591 

Ultracentrifuge, Type 50.2 Ti rotor). The mass of the OMV pellets was recorded and used for 592 

subsequent lipid extraction and analysis via Thin Layer Chromatography (TLC). Purified OMVs were 593 

analysed via NanoFCM confirming an average size of ~60 nm, matching the average size of vesicles in 594 

whole cell cultures observed via both NanoFCM and cryo-electron tomography (Supplementary Fig 595 

S5). 596 

OMV quantification 597 

Overnight cultures were adjusted for OD600 and diluted 1/25 and 1/50 in filtered PBS solution. The size 598 

distribution and particle concentration within the samples were analysed by nano-flow cytometry 599 

(nFCM) (NanoFCM, Inc., Xiamen, China). First, the instrument was calibrated for particle 600 

concentration using 200 nm PE and AF488 fluorophore-conjugated polystyrene beads, and for size 601 

distribution using Silica Nanosphere Cocktail (NanoFCM, Inc., S16M-Exo and S17M-MV). The flow 602 

rate and side scattering intensity were then calculated based on the calibration curve, and used to infer 603 

the size and concentration of the large and small events present in each sample using the NanoFCM 604 

software (NanoFCM Profession V2.0). All samples were diluted to ensure the particle count fell within 605 

the optimal range of 2000-12,000/min, and all particles that passed by the detector during time intervals 606 

of 60s were recorded for each test.  607 

Membrane fractionation by sucrose gradient sedimentation 608 

1.5L overnight cultures were pelleted at 5,000 x g for 15min and resuspended in ~10mL HEPES buffer. 609 

Resuspended pellets were supplemented with 100µL benzonase and a small amount of lysozyme prior 610 

to lysis by two passages through a high-pressure French press (French Press G-M, Glen Mills) 611 

homogenizer at 20,000 psi. Following lysis, cell debris was pelleted at 15,000 x g for 90min. Resulting 612 

supernatant was spun in an ultracentrifuge (Beckman Coulter Optima L-80 XP Ultracentrifuge, Type 613 

50.2 Ti rotor) at 35,000 x g for 90min to obtain the membrane pellet, containing both IM and OM 614 

vesicles. Membrane pellets were resuspended in 750µl of HEPES buffer using a Dounce homogeniser, 615 

then 500µL was loaded onto a discontinuous sucrose gradient comprising a bottom 2mL layer of 51%, 616 

a 3ml layer of 37%, a 4mL layer of 31%, and a 2.5mL top layer of 23% (w/w) sucrose. Sucrose gradient 617 

columns were centrifuged at 35,000 x g for 40h (Beckman Coulter Optima L-80 XP Ultracentrifuge, 618 
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Type SW41 Ti rotor). At the end of the sucrose gradient sedimentation, 1mL by 1mL was extracted 619 

from the top of the gradient column to the bottom, resulting in 1ml membrane fractions.  620 

Structural modelling 621 

For the prediction of protein domains, SMART (Simple Modular Architecture Research Tool)50 and I-622 

TASSER51 were used. AlphaFold229 was used to generate structural predictions of the Mla proteins in 623 

V. parvula. To specifically analyse the presence of β-barrels within our target sequences, the 624 

BOCTOPUS2 database was used36. As another transmembrane site–determining web-based tool, 625 

TMHMM 2.0 (Transmembrane Hidden Markov Model) was also used to analyse the transmembrane 626 

sites of proteins52. 627 

 628 

All structure predictions with AlphaFold2 were performed through the ColabFold53 implementation. 629 

Output models of monomeric full-length MlaD (5 models) were ranked according to the pLDDT score. 630 

MlaEFD1-130 predictions (10 models) were obtained without structural templates and sorted by predicted 631 

TM-scores (pTM) since it predates the release of AlphaFold-multimer54.MCE, α-helical and β-barrel 632 

domains in Chimera55 and later refined with Modeller56 to correct the topology of the rotated hinges. 633 

MlaEFD1-130 predictions (10 models) were obtained without structural templates and sorted by predicted 634 

TM-scores (pTM) since it predates the release of AlphaFold-multimer54. To impose the 2:2:6 635 

stoichiometry of the complex, 2 copies of the MlaE and MlaF sequences were concatenated together 636 

with 6 copies of the MlaD1-130 sequence. Model of the hexameric full-length MlaD complex was 637 

obtained by stitching together predictions for the MlaD1-130, MlaD36-263 and MlaD239-419 domains, via 638 

structural superimposition of the overlapping regions. Predictions for the MlaD36-263 and MlaD239-419 639 

domains were first obtained using the AlphaFold2-multimer v2.3 parameters with templates found in 640 

the PDB70 database57 and ranked by multimer score54. 641 

 642 

Full-length monomeric models of long MlaD sequences were obtained with AlphaFold2 as described 643 

above. Secondary structure class of all positions in the best model (highest plDDT) for each sequence 644 

were obtained using DSSP58 and PROSS59. To automatically assess the presence of residues in β-strand 645 

conformation after the MCE domain, the start and end positions of the MCE domain in each sequence 646 

was obtained using HMMSEARCH60 with the “MlaD protein” pfam profile (PF02470).  647 

 648 

Phylogenetic Analysis 649 

We assembled a databank of 1,083 genomes representing all bacterial phyla present at the National 650 

Center for Biotechnology (NCBI). We selected three species per order for each phylum. The number 651 

of genomes per phylum therefore reflects their taxonomical diversity (Extended Data Table 2). We 652 

chose preferably genomes from reference species and the most complete assemblies. We then queried 653 

this databank for the presence of MlaA, MlaB, MlaC, MlaD, MlaE, MlaF, and TamB, using the pfam 654 
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domains PF04333, PF05494, PF02470, PF02405 and PF04357 respectively. The alignments of protein 655 

families NF033618 (MlaB) and PRK11831 (MlaF) were downloaded from NCBI (Conserved Domain 656 

Database) and used to build HMM profiles using HMMBUILD from the HMMER3.3.2 package60 657 

MlaA, MlaC, MlaD, MlaE and TamB homologs were searched using HMMSEARCH from the 658 

HMMER3.3.2 package. As MlaB and MlaF belong to large protein families, we used MacSyFinder231 659 

to identify their occurrences when they are in genomic synteny with at least one of the other components 660 

(mlaACDE) of the Mla system, with no more than five genes separating them. This also allowed the 661 

identification of the occurrences of mlaACDE when they were in genomic cluster. All the retrieved hits 662 

were curated using functional annotations, domains organization, alignments, and phylogeny. 663 

We  identified 1119 MCE-domain containing sequences (Extended Data Table 2). Among these, 664 

homologues of PqiB and LetB (containing more than one MCE domain) were identified only within 665 

Proteobacteria and closely related phyla. 666 

 667 

For each protein, curated sequences were aligned with MAFFT v7.40761 with the L-INS-I option and 668 

trimmed using BMGE-1.1262 with the BLOSUM30 substitution matrix. Maximum likelihood trees were 669 

generated for each protein using IQ-TREE.2.0.663 with the best evolutionary model assessed with 670 

ModelFinder64 according to the Bayesian Information Criterion, and ultrafast bootstrap supports 671 

computed on 1000 replicates of the original dataset. Finally, the presence or absence of each protein 672 

was mapped onto a reference tree of Bacteria taken from16. All tree figures were generated using custom 673 

made scripts and iTOL65. 674 

 675 

 676 

STATISTICS AND REPRODUCIBILITY 677 

Data are presented as the mean ± standard deviation (SD) and with individual data points from at least 678 

three independent biological experiments. Statistical analyses were performed using Prism 9.5.0 679 

(GraphPad Software Inc.). The distribution of data was analysed by Shapiro-Wilk test and their variance 680 

using Bartlett test. Since some of the data generated did not follow a normal distribution or had two 681 

high variance we performed non-parametric two-tailed Mann-Whitney test. P-values <0.05 were 682 

defined as the level of statistical significance.  683 

 684 
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MAIN TEXT FIGURES + LEGENDS 720 

 721 

 722 

Figure 1: Comparison of Mla operons in V. parvula and E. coli. 723 
 724 
In E. coli, the Mla system is encoded by mlaB-F, present in a single operon, and mlaA at a separate 725 
locus. MlaBDEF form the IM complex, an ABC transporter in which MlaD is the MCE-domain 726 
substrate binding protein (SBP); MlaC is the periplasmic chaperone, and MlaA is the OM lipoprotein 727 
that associates with OmpC trimers. In V. parvula, only homologues of mlaDEF were identified. These 728 
genes are encoded together in an operon, immediately upstream of a homologue of tolC and tamB. OM 729 
= outer membrane; PP = periplasm; IM = inner membrane; CP = cytoplasm. 730 
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 731 

Figure 1: Phenotypic characterisation of ∆mla mutants reveals detergent hypersensitivity and 732 
hypervesiculation.  733 

 734 
A) Efficiency of plating assay shows SDS / EDTA sensitivity of ∆mla deletion strains. Overnight 735 
cultures were adjusted for OD600 and serial diluted onto SK media supplemented with SDS / EDTA 736 
and vancomycin. ∆mla mutants display hypersensitivity to SDS / EDTA, and a strong resistance to 737 
vancomycin. Complementation of the detergent hypersensitivity was performed with an aTc-inducible 738 
vector pRPF185. B) Hypervesiculation of ∆mla deletion strains. Outer membrane vesicles (OMVs) 739 
produced by the WT, ∆mlaD, ∆mlaEFD and complemented strains were quantified via NanoFCM 740 
(see methods) and used to generate a ratio of hypervesiculation. The WT produces a similar number 741 
of vesicles to cells, resulting in a ~1:1 ratio, whilst the ∆mla deletion strains produce ~17-fold more 742 
vesicles than the WT. This phenotype can be significantly rescued, reducing vesicle production to ~5-743 
fold in the ∆mlaEFD::mlaEFD strain. 5 biological replicates and 3 technical replicates were tested per 744 
strain; n = 5; significance calculated by Mann Whitney U, p = 0.0079; two-tailed p-value. C) 745 
Enrichment of phosphatidylethanolamine (PE) in OMVs produced by ∆mlaD. Thin layer 746 
chromatography (TLC) of lipid extracts from OMVs produced by both the WT and ∆mlaD strains 747 
show a ~40% (+/- 16%) enrichment for PE in the vesicles produced by the ∆mla mutants when stained 748 
with iodine vapour (labelled +++, quantified by ImageJ over 3 biological replicates). We also notice 749 
a decrease in the abundance of another as yet unidentified lipid species, highlighted in the black box. 750 
Schiff reagent staining shows a ~130% increase in the abundance of plasmenyl PE in ∆mlaD OMV 751 
lipid extracts. 752 
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 753 

Figure 2: TamB is a suppressor of the ∆mlaD OM permeability and hypervesiculation 754 
phenotype.  755 

 756 
A) Extent of phenotypic rescue of ∆mlaD across 10 Tn mutants. Efficiency of plating assays on 757 
SDS 0.004% + EDTA 312.5µM were used to determine the extent of phenotypic rescue by Tn 758 
insertions. Only 4 of the 10 Tn insertions could significantly rescue the detergent sensitivity of ∆mlaD: 759 
5A4, 5B5, 27C1 and 90E10. B) Suppressor mutations identified in tamB. From both spontaneous 760 
suppressor analysis, and random Tn insertion suppression analysis, we identified mutations in a 761 
homologue of tamB. The two identical Tn insertions were at K925, whilst the SNP in the spontaneous 762 
suppressor was mapped to Q1329*, generating a STOP codon (CAA à TAA).  763 
C) OM permeability of WT, ∆tamB and ∆mla mutants. Clean deletion mutants were generated for 764 
∆tamB, ∆mlaD and ∆mlaD∆tamB, then overnight cultures of these strains and the WT were serially 765 
diluted onto SDS / EDTA to assess OM permeability. ∆tamB does not display a hypersensitivity to 766 
SDS 0.004% / EDTA 312.5µM, whilst ∆mlaD is almost unable to grow at this concentration. Deletion 767 
of tamB in this ∆mlaD background partially rescues the detergent hypersensitivity of ∆mlaD. D) Outer 768 
Membrane Vesicle (OMV) production of WT, ∆tamB and ∆mla mutants. OMV production of 769 
WT, ∆tamB, ∆mlaD and ∆mlaD∆tamB strains were analysed via NanoFCM quantification. At least 5 770 
biological replicates and 2-3 technical replicates were tested per strain. Whilst ∆mlaD and ∆tamB 771 
display hypervesiculation, the double mutant (∆mlaD∆tamB) shows a significant reduction in OMV 772 
production as compared to ∆mlaD; n = 5; significance calculated by Mann Whitney U, p = 0.0079; 773 
two-tailed p-value. This reduction in hypervesiculation is non-significant between ∆tamB and 774 
∆mlaD∆tamB (p = 0.0952). WT and ∆mlaD OMV production data previously shown in Fig 2 above. 775 
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 776 

Figure 3: Structural modelling and experimental localisation of a transenvelope MlaD in V. 777 
parvula.  778 

 779 
A) Domain comparison of MlaD in E. coli and V. parvula. MlaD in E. coli consists of 183 residues 780 
and two major domains: a transmembrane domain (TMD) and an MCE domain, with a small alpha-781 
helical region at its C-terminus. MlaD in V. parvula is 419 residues, consisting of a TMD, MCE 782 
domain, extended alpha-helical region and a β-barrel at its C-terminus. B) Merged hexameric model 783 
of full-length MlaD. Separate AF2 models of each domain of MlaD were overlapped to create a 784 
merged, full-length hexameric model of MlaD. C) Hydrophobicity of the full-length hexameric 785 
MlaD model. The full-length MlaD model displays two strikingly hydrophobic regions, at both the 786 
N- and C-termini, which are predicted to both be membrane-embedded domains. The tunnel of this 787 
model displays a hydrophobic interior, with a diameter of around ~13Å. D) Subcellular localisation 788 
of MlaD domains via sucrose-density gradient membrane fractionation. The WT strain, and 789 
∆mlaD complemented with the TMD-MCE domain / β-barrel domain with a C-ter HA-tag, were used 790 
for membrane fractionation via sucrose gradient sedimentation. Fractions were visualised with the 791 
native MlaD antisera (WT) or anti-HA antibody (MCE / β-barrel strains). The full-length protein is 792 
present in all membrane fractions, and most abundant in F7-10. The TMD-MCE construct localises to 793 
the IM, most abundant in F4-5, whilst the barrel localises almost exclusively to the final fractions, 794 
F10-11, mirroring the localisation profile of the OM control, TolC. Relative fluorescence intensity of 795 
these localisation profiles are shown below the immunoblot.  796 
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 797 

Figure 5: Taxonomic distribution of MlaABCDEF and LolA across Tree of Bacteria. 798 
 799 
The distribution of all six Mla components and of LolA as a proxy for the Lol system was mapped 800 
onto a reference phylogeny of Bacteria taken from 16 (for a more detailed version of the tree, see 801 
Extended Fig 6). In the inner ring of the tree, diderms are represented by light blue and yellow, whilst 802 
the monoderms are colored in grey. On the outer ring of the tree, each colored block corresponds to 803 
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the presence or absence of the six Mla components, A-F, and of LolA. Two purple blocks are used to 804 
represent MlaD; the first block represents presence / absence of the gene itself, and the second block 805 
represents the presence / absence of the β-barrel domain. From this tree, we can see MlaEFD are 806 
widely distributed across the bacteria kingdom and were likely present in the LBCA. In contrast, 807 
MlaABC are sparsely distributed and restricted mostly to the Proteobacteria, suggesting these 808 
components evolved later (and notably the lipoprotein MlaA with the emergence of the Lol system). 809 
We also see that, in general, MlaD versions with a β-barrel tend to co-occur with the absence of MlaA 810 
and MlaC. (Yellow / Grey = Terrabacteria; Blue = Gracilicutes). Tree generated using custom made 811 
scripts and iTOL65. For detailed species names, see Extended Fig 6.  812 
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Extended Data 
 
 

 
 
 
Extended Figure 1: Conserved synteny of mla genes with tamB and tolC in the Negativicutes, 
and presence of mla genes in Limnochordia 
Within the Negativicutes, the three mla homologues, mlaEFD, are directly followed by a homologue 
of tolC and a homologue of tamB. This synteny is not conserved within the other diderm Firmicutes; 
no mla homologues were identified in the Halanaerobiales, whilst mla genes in the Limnochordia are 
spare and not in synteny with tolC and tamB homologues. 
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Extended Figure 2: Phenotypes unchanged by deletion of mla genes. 
A) Comparison of growth kinetics of WT and ∆mla mutants. All strains were assessed for growth 
kinetics via OD600 measurements via TECAN spectrophotometer (see methods). ∆mlaD, ∆mlaF and 
∆mlaEFD were found to display similar growth rates to the WT, with no defects. At least 3 biological 
replicates and 3 technical replicates were performed per strain. B) Comparison of LPS profiles. LPS 
was extracted from WT and all ∆mla cultures, in triplicate, normalised by OD600, then observed with 
silver staining. All strains display similar LPS profiles, in both banding pattern and quantity. C) 
Comparison of autoaggregation capabilities. OD600 was recorded for WT and ∆mla strains once an 
hour for a period of seven hours. All strains display a similar decrease in OD600 over time, suggesting a 
similar capability of autoaggregation. At least 3 biological replicates and 3 technical replicates were 
performed per strain. D) Comparison of biofilm formation. Biofilm formation was assessed via crystal 
violet staining of biofilms formed over 24h in 96-well plates. ∆mla strains display a small but non-
significant decrease in biofilm formation capability, as assessed by a decrease in fluorescence signal at 
A575nm. Due to variability in this technique, 10 biological replicates with 3 technical replicates each 
were tested per strain. 
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Extended Figure 3: AlphaFold2 modelling of MlaD in V. parvula 
A) Predicted structure of full-length MlaD. When the whole sequence is processed by AlphaFold2, 
the TMD, MCE and β-barrel domain are of very high confidence, and the α-helical domain is of lower 
confidence. The confidence rating is indicated by Predicted Local Distance Different Test (pLDDT) 
colouring. B) Predicted Local Distance Difference Test (pLDDT) per position of full-length 
MlaD. Graphical depiction of the pLDDT per position of the full-length models shows low 
confidence for the α-helical region, and high confidence for the TMD, MCE and β-barrel domains. C) 
Predicted Aligned Error (PAE) of full-length MlaD. Graphical depiction of the PAE shows the 
confidence in the relative positioning of the domains. The relative positioning of main chain atoms 
within the TMD and MCE domains and within the connecting α-helical region are low error, 
suggesting the predicted local conformation of these individual domains to be likely. However, the 
high predicted alignment error of atoms across these domain regions indicates that the global 
conformation of full-length MlaD is likely inaccurate. D) Modelling of MlaEFD complex in V. 
parvula with a 2:2:6 stoichiometry. MlaEF modelled as dimers in complex with hexameric MlaD 
(residues 1-130) closely resemble the resolved structure of the MlaEFD complex in E. coli. E) 
pLDDT per position of MlaEFD in V. parvula shows high confidence with the exception of 2 pairs of 
TM helices. 
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Extended Figure 4: The C-terminal domain of MlaD288-419 folds as a membrane β-barrel.   
A) Hydrophobicity potential of the MlaD C-terminal β-barrel surface. The bottom view is rotated 
180°. Dotted lines represent the possible position of GPL polar heads when inserted in a lipid bilayer. 
B) Electrostatics potential of the MlaD C-terminal β-barrel surface. The bottom view is rotated 
180°. C) Dimensions of the β-barrel (right) and radius profile (calculated using the program HOLE) 
along the Z-axis (membrane normal). The height of the barrel matches the thickness of a lipid bilayer. 
D) Position of side-chains of R310, R383 et R385 at the constriction point of the β-barrel. E) Rings of 
surface accessible negatively charged and aromatics residues at each side of the β-barrel. F) Weblogo 
of MlaD C-terminal β-barrel sequences coloured by hydrophobicity (Hydrophilic in blue, neutral in 
green and hydrophobic in black). G) Superimposition of the V. parvula MlaD C-terminal β-barrel 
model (red) onto the S. marcescens OmpF structure (light cyan). Its small diameter, compared to large 
porins such as OmpF, and very narrow inner radius (~1 Å) would likely prevent the passage of any 
small molecule.  H) Superimposed ensembles of MlaD C-terminal β-barrel models for long MlaD 
sequences predicted with AlphaFold2. Helices are coloured in red and β-strands in yellow. Insertions 
in the barrel and C-terminal helical extensions found in some sequences are labelled. 
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Extended Figure 5: AlphaFold2 models for the alpha-helical domain of MlaD36-263 in hexameric 
configuration. 
A) Predicted Aligned error (PAE) for the 5 ranked models obtained with AlphaFold-Multimer v2.2. 
The regions corresponding to each chain in the hexamer (from A to G) are labeled. B) PAE between 
the first (A) and last (G) chain for the 5 ranked models obtained with AlphaFold-Multimer v2.2. The 
regions corresponding the MCE and helical domains are labeled. C) Models obtained AlphaFold-
Multimer v2.2. colored by predicted local distance difference test (pLDDT). D) Predicted Aligned 
error (PAE) for the 5 ranked models obtained with AlphaFold-Multimer v2.3. The regions 
corresponding to each chain in the hexamer (from A to G) are labeled. E) PAE between the first (A) 
and last (G) chain for the 5 ranked models obtained with AlphaFold-Multimer v2.3. The regions 
corresponding the MCE and helical domains are labeled. F) Models obtained AlphaFold-Multimer 
v2.3 colored by predicted local distance difference test (pLDDT). 
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Extended Figure 6: Taxonomic distribution of Mla components (and LolA) with species names 
This figure is adapted from main text Fig 5 to include detailed species names. All other aspects of the 
figure are the same. Presence of absence of Mla component indicated in red (MlaA), green (MlaB), 
blue (MlaC), purple (MlaD), pink (MlaE), turquoise (MlaF) and LolA is indicated in yellow. (Yellow 
/ Grey = Terrabacteria; Blue = Gracilicutes). Tree generated using custom made scripts and iTOL1. 
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Extended Figure 7: Phylogeny concatenation of MlaE with the three types of MlaD: short, long 
and long with β-barrel 
Sequences of MlaE and MlaD were concatenated into a character supermatrix (538 sequences and 479 
amino acid positions) and a maximum likelihood tree was inferred. The length of MlaD sequence is 
indicated by the length of the purple bars, and the presence / absence of the β-barrel is depicted with a 
small purple at the end of the sequence.  MlaE sequences are represented in pink. We clearly see from 
this analysis that the majority of MlaD sequences are long, and that the short MlaD sequences are 
restricted mostly to the Proteobacteria. We also see a clear separation between the Terrabacteria 
(yellow) and the Gracilicutes (blue), with monophyly of phyla within the Terrabacteria, indicating 
vertical inheritance of these Mla genes. Highlighted in the red box is the branch at which loss of this 
elongated form of MlaD seems to have occurred. 
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Extended Figure 8: Distribution of MCE-containing sequences across Bacteria 
Maximum likelihood tree built from an alignment of 1119 sequences and 194 amino acid positions. 
The scale bar corresponds to the average number of substitutions per site. MlaD sequences are marked 
in green for Actinobacteria and C. Dormibacteraeota, yellow for other Terrabacteria and blue for 
Gracilicutes. We highlighted the short version of MlaD in purple, and PqiB and LetB sequences in 
red. The presence of a β-barrel is highlighted by a green bar at the outer ring of the tree. 
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Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL58170.1|Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL56295.1|Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL54272.1|Bacteria; Actinobacteria; Thermoleophilia; Thermoleophilales; Thermoleophilaceae; Thermoleophilum; NA; Thermoleophilum album~29539_Talbum@SEH12158.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL56568.1|
Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Patulibacteraceae; Patulibacter; Patulibacter americanus; Patulibacter americanus DSM 16676~1122939_Pamericanus@ATUD01000001.1_269|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL58371.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Patulibacteraceae; Patulibacter; Patulibacter americanus; Patulibacter americanus DSM 16676~1122939_Pamericanus@ATUD01000001.1_118|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL54396.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL60233.1|

Bacteria; Actinobacteria; Thermoleophilia; Thermoleophilales; Thermoleophilaceae; Thermoleophilum; NA; Thermoleophilum album~29539_Talbum@SEH10483.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Pseudonocardia; NA; Pseudonocardia sp. AL041005-10~445576_Psp@ALE79941.1|

2133960 Csp PTL54253.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL59948.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL58166.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL59554.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL54268.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL56292.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL56570.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. JCM 18997~1301082_Csp@BBFB01001118.1_1|

Bacteria; Actinobacteria; Thermoleophilia; Thermoleophilales; Thermoleophilaceae; Thermoleophilum; NA; Thermoleophilum album~29539_Talbum@SEH12151.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Patulibacteraceae; Patulibacter; Patulibacter americanus; Patulibacter americanus DSM 16676~1122939_Pamericanus@ATUD01000001.1_271|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL54394.1|

2133960 Csp PTL60231.1|

Bacteria; Actinobacteria; Thermoleophilia; Thermoleophilales; Thermoleophilaceae; Thermoleophilum; NA; Thermoleophilum album~29539_Talbum@SEH10485.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL58373.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL54250.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Patulibacteraceae; Patulibacter; Patulibacter americanus; Patulibacter americanus DSM 16676~1122939_Pamericanus@ATUD01000001.1_120|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL59946.1|

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL54270.1|

|1.25595LTP@psC_0693312~82-ohoeS .ps retcabixenoC ;AN ;retcabixenoC ;eaecaretcabixenoC ;selaretcaborburiloS ;ailihpoelomrehT ;airetcabonitcA;airetcaB

Bacteria; Actinobacteria; Thermoleophilia; Solirubrobacterales; Conexibacteraceae; Conexibacter; NA; Conexibacter sp. Seoho-28~2133960_Csp@PTL58168.1|

|1.85628RZP@retcabimroDC_0369952~21nib_emonegatemRR .ps retcabimroDsutadidnaC ;retcabimroD sutadidnaC ;AN ;AN ;AN;AN ;atoearetcabimroD sutadidnaC ;airetcaB

Bacteria; Candidatus Dormibacteraeota; NA; NA; NA; NA; Candidatus Dormibacter; Candidatus Dormibacter sp. RRmetagenome_bin12~2599630_CDormibacter@PZR82656.1|

Bacteria; Candidatus Dormibacteraeota; NA; NA; NA; NA; Candidatus Dormibacter; Candidatus Dormibacter sp. RRmetagenome_bin12~2599630_CDormibacter@PZR82659.1|

|1.55628RZP@retcabimroDC_0369952~21nib_emonegatemRR .ps retcabimroD sutadidnaC ;retcabimroD sutadidnaC ;AN ;AN ;AN ;AN ;atoearetcabimroD sutadidnaC;airetcaB

Bacteria; Candidatus Dormibacteraeota; NA; NA; NA; NA; Candidatus Dormibacter; Candidatus Dormibacter sp. RRmetagenome_bin12~2599630_CDormibacter@PZR82660.1|

Bacteria; Candidatus Dormibacteraeota; NA; NA; NA; NA; Candidatus Dormibacter; Candidatus Dormibacter sp. RRmetagenome_bin12~2599630_CDormibacter@PZR82657.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora viridis; Saccharomonospora viridis DSM 43017~471857_Sviridis@ACU95991.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora glauca; Saccharomonospora glauca K62~928724_Sglauca@EIE97946.1|

Bacteria; Actinobacteria; Actinobacteria; Actinopolysporales; Actinopolysporaceae; Actinopolyspora; NA; Actinopolyspora alba~673379_Aalba@SFD91804.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora glauca; Saccharomonospora glauca K62~928724_Sglauca@EIE97392.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora viridis; Saccharomonospora viridis DSM 43017~471857_Sviridis@ACU95451.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH92746.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY20440.1|

Bacteria; Actinobacteria; Actinobacteria; Geodermatophilales; Geodermatophilaceae; Blastococcus; Blastococcus saxobsidens; Blastococcus saxobsidens DD2~1146883_Bsaxobsidens@CCG05137.1|

Bacteria; Actinobacteria; Actinobacteria; Kineosporiales; Kineosporiaceae; Angustibacter; NA; Angustibacter sp. Root456~1736539_Asp@KQX66080.1|

Bacteria; Actinobacteria; Actinobacteria; Propionibacteriales; Nocardioidaceae; Aeromicrobium; NA; Aeromicrobium sp. 592~2079793_Asp@AWB93422.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY99871.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP42897.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP43330.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY23122.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH91428.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP46319.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Pseudonocardia; NA; Pseudonocardia sp. AL041005-10~445576_Psp@ALE78562.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP44737.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH93949.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY96113.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY99357.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY22192.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY20782.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora viridis; Saccharomonospora viridis DSM 43017~471857_Sviridis@ACU95992.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora glauca; Saccharomonospora glauca K62~928724_Sglauca@EIE97947.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora glauca; Saccharomonospora glauca K62~928724_Sglauca@EIE97391.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora viridis; Saccharomonospora viridis DSM 43017~471857_Sviridis@ACU95450.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY20439.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH92747.1|

Bacteria; Actinobacteria; Actinobacteria; Propionibacteriales; Nocardioidaceae; Aeromicrobium; NA; Aeromicrobium sp. 592~2079793_Asp@AWB94204.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY99872.1|

Bacteria; Actinobacteria; Actinobacteria; Geodermatophilales; Geodermatophilaceae; Blastococcus; Blastococcus saxobsidens; Blastococcus saxobsidens DD2~1146883_Bsaxobsidens@CCG05138.1|

Bacteria; Actinobacteria; Actinobacteria; Actinopolysporales; Actinopolysporaceae; Actinopolyspora; NA; Actinopolyspora alba~673379_Aalba@SFD91814.1|

Bacteria; Actinobacteria; Actinobacteria; Kineosporiales; Kineosporiaceae; Angustibacter; NA; Angustibacter sp. Root456~1736539_Asp@KQX66081.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY22193.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY20783.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP43328.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP42896.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP44736.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; Mycobacterium; Mycobacterium tuberculosis; Mycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP46320.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH93714.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH92763.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY23123.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Pseudonocardia; NA; Pseudonocardia sp. AL041005-10~445576_Psp@ALE78563.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH91150.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY96114.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY99358.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora glauca; Saccharomonospora glauca K62~928724_Sglauca@EIE97393.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora viridis; Saccharomonospora viridis DSM 43017~471857_Sviridis@ACU95452.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora glauca; Saccharomonospora glauca K62~928724_Sglauca@EIE97945.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora viridis; Saccharomonospora viridis DSM 43017~471857_Sviridis@ACU95990.1|

Bacteria; Actinobacteria; Actinobacteria; Actinopolysporales; Actinopolysporaceae; Actinopolyspora; NA; Actinopolyspora alba~673379_Aalba@SFD91781.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH92745.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY20441.1|

Bacteria; Actinobacteria; Actinobacteria; Micromonosporales; Micromonosporaceae; NA; NA; Micromonosporaceae bacterium~1873464_Mbacterium@HCU49659.1|

Bacteria; Actinobacteria; Actinobacteria; Kineosporiales; Kineosporiaceae; Angustibacter; N
A; Angustibacter sp. Root456~1736539_Asp@KQX66079.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY99870.1|

Bacteria; Actinobacteria; Actinobacteria; Propionibacteriales; Nocardioidaceae; Aeromicrobium; NA; Aeromicrobium sp. 592~2079793_Asp@AWB93421.1|

Bacteria; Actinobacteria; Actinobacteria; Geodermatophilales; Geodermatophilaceae; Blastococcus; Blastococcus saxobsidens; Blastococcus saxobsidens DD2~1146883_Bsaxobsidens@CCG05136.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH91429.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Gordoniaceae; Gordonia; Gordonia bronchialis; Gordonia bronchialis DSM 43247~526226_Gbronchialis@ACY23121.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; NA; Dietzia lutea~546160_Dlutea@AWH92762.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; M
ycobacteriaceae; M

ycobacterium; M
ycobacterium tuberculosis; M

ycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP46318.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Mycobacteriaceae; M
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ycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP42898.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; M
ycobacteriaceae; M
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ycobacterium tuberculosis; M

ycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP43331.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; M
ycobacteriaceae; M

ycobacterium; M
ycobacterium tuberculosis; M

ycobacterium tuberculosis H37Rv~83332_Mtuberculosis@CCP44738.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; G
ordoniaceae; G

ordonia; G
ordonia bronchialis; G

ordonia bronchialis DSM 43247~526226_Gbronchialis@ACY22191.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; G
ordoniaceae; G

ordonia; G
ordonia bronchialis; G

ordonia bronchialis DSM 43247~526226_Gbronchialis@ACY20781.1|

Bacteria; Actinobacteria; Actinobacteria; C
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ordoniaceae; G
ordonia; G
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Bacteria; Actinobacteria; Actinobacteria; C
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ietziaceae; D
ietzia; N

A; D
ietzia lutea~546160_Dlutea@AWH91148.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY99356.1|

Bacteria; Actinobacteria; Actinobacteria; Streptosporangiales; Thermomonosporaceae; Thermomonospora; Thermomonospora curvata; Thermomonospora curvata DSM 43183~471852_Tcurvata@ACY96112.1|

Bacteria; Actinobacteria; Actinobacteria; Pseudonocardiales; Pseudonocardiaceae; Saccharomonospora; Saccharomonospora virid
is; Saccharomonospora virid

is DSM 43017~471857_Svirid
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seudonocardiaceae; S
accharomonospora; S

accharomonospora glauca; S
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Bacteria; Actinobacteria; Actinobacteria; P
ropionibacteriales; N

ocardioidaceae; Aeromicrobium; N
A; Aeromicrobium sp. 592~2079793_Asp@AWB93419.1|

Bacteria; Actinobacteria; Actinobacteria; P
ropionibacteriales; N

ocardioidaceae; Aeromicrobium; N
A; Aeromicrobium sp. 592~2079793_Asp@AWB92996.1|
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O

R
-3; N

A; N
A; N

A; N
A; N

A; candidate division W
O

R
-3 bacterium

 U
BA6260~1948315_cdivision@

D
JVI01000031.1_34|
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58201.1|

Bacteria; Verrucom
icrobia; M

ethylacidiphilae; M
ethylacidiphilales; M

ethylacidiphilaceae; M
ethylacidiphilum

; M
ethylacidiphilum

 infernorum
; M

ethylacidiphilum
 infernorum

 V4~481448_M
infernorum

@
AC

D
82841.1|

Bacteria; Verrucom
icrobia; Verrucom

icrobiae; Verrucom
icrobiales; Verrucom

icrobiaceae; Verrucom
icrobium

; N
A; Verrucom

icrobium
 sp. G

AS474~1882831_Vsp@
SD

U
04735.1|

Bacteria; Verrucom
icrobia; M

ethylacidiphilae; M
ethylacidiphilales; M

ethylacidiphilaceae; N
A; N

A; M
ethylacidiphilaceae bacterium

 U
BA1321~1952216_M

bacterium
@

D
BTH

01000059.1_7|

Bacteria; Verrucom
icrobia; Spartobacteria; C

hthoniobacterales; N
A; N

A; N
A; C

hthoniobacterales bacterium
~2201154_C

bacterium
@

PZR
78117.1|

1895866 Vbacterium
 O

JV02798.1|

Bacteria; Verrucom
icrobia; Spartobacteria; N

A; N
A; N

A; N
A; Spartobacteria bacterium

 AM
D

-G
4~1982325_Sbacterium

@
PAZ00077.1|

Bacteria; Verrucom
icrobia; Spartobacteria; N

A; N
A; C

andidatus Xiphinem
atobacter; N

A; C
andidatus Xiphinem

atobacter sp. Idaho G
rape~1704307_C

Xiphinem
atobacter@

ALJ56743.1|

Bacteria; Verrucom
icrobia; Verrucom

icrobiae; Verrucom
icrobiales; R

ubritaleaceae; R
ubritalea; R

ubritalea m
arina; R

ubritalea m
arina D

SM
 17716~1123070_R

m
arina@

KB899253.1_21|

Bacteria; Verrucom
icrobia; Verrucom

icrobiae; N
A; N

A; N
A; N

A; Verrucom
icrobiae bacterium

 Tous-C
4TD

C
M

~1982332_Vbacterium
@

PAW
72690.1|

Bacteria; Verrucom
icrobia; Verrucom

icrobiae; Verrucom
icrobiales; Akkerm

ansiaceae; Akkerm
ansia; Akkerm

ansia m
uciniphila; Akkerm

ansia m
uciniphila ATC

C
 BAA-835~349741_Am

uciniphila@
AC

D
04005.1|

Bacteria; Proteobacteria; O
ligoflexia; Bdellovibrionales; N

A; N
A; N

A; Bdellovibrionales bacterium
 G

W
B1_55_8~1797386_Bbacterium

@
O

FZ18075.1|

Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

 U
BA6230~1953210_C

D
ependentiae@

D
JW

M
01000001.1_102|
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Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

 (ex Spum
ella elongata C

C
AP 955/1)~2066483_C

D
ependentiae@

AXK60712.1|

Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

 R
IFC

SPH
IG

H
O

2_12_FU
LL_32_22~1802375_cdivision@

O
G

B84249.1|

Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

 R
IFC

SPH
IG

H
O

2_12_FU
LL_32_22~1802375_cdivision@

O
G

B84069.1|

Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

 U
ASB293~1655309_cdivision@

LD
IW

01000055.1_6|

Bacteria; C
andidatus Babeliae; C

andidatus Babeliales; C
andidatus Babeliaceae; C

andidatus Babela; N
A; C

andidatus Babela m
assiliensis~673862_C

Babela@
C

D
K30718.1|
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Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

 G
W

2011_G
W

F2_37_49~1619083_cdivision@
KKQ

32599.1|

Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

 G
W

2011_G
W

F2_28_16~1619077_cdivision@
KKP24321.1|

Bacteria; C
andidatus D

ependentiae; N
A; N

A; N
A; N

A; N
A; C

andidatus D
ependentiae bacterium

~2030827_C
D

ependentiae@
PC

I74118.1|

Bacteria; Proteobacteria; Epsilonproteobacteria; N
autiliales; N

autiliaceae; Lebetim
onas; N

A; Lebetim
onas natsushim

ae~1936991_Lnatsushim
ae@

G
AX88133.1|

Bacteria; Proteobacteria; Epsilonproteobacteria; Nautiliales; Nautiliaceae; Cetia; NA; Cetia pacifica~1424653_Cpacifica@
RO

R40795.1|

Bacteria; Proteobacteria; Epsilonproteobacteria; Nautiliales; Nautiliaceae; Nautilia; Nautilia profundicola; Nautilia profundicola Am
H~598659_Nprofundicola@

ACM
92905.1|

Bacteria; Proteobacteria; Epsilonproteobacteria; Cam
pylobacterales; Hydrogenim

onaceae; Hydrogenim
onas; NA; Hydrogenim

onas therm
ophila~223786_Htherm

ophila@
SFP06531.1|

Bacteria; Proteobacteria; Epsilonproteobacteria; NA; NA; Nitratiruptor; NA; Nitratiruptor sp. SB155-2~387092_Nsp@
BAF70443.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfurellales; Desulfurellaceae; Desulfurella; NA; Desulfurella am
ilsii~1562698_Dam

ilsii@
O

SS41979.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfurellales; Desulfurellaceae; Desulfurella; Desulfurella acetivorans; Desulfurella acetivorans A63~694431_Dacetivorans@
AHF97739.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; G
ordoniaceae; G

ordonia; G
ordonia bronchialis; G

ordonia bronchialis DSM
 43247~526226_G

bronchialis@
ACY20517.1|

Bacteria; Aquificae; Aquificae; Aquificales; NA; Therm
osulfidibacter; Therm

osulfidibacter takaii; Therm
osulfidibacter takaii ABI70S6~1298851_Ttakaii@

BAT71001.1|
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Bacteria; Candidatus Aureabacteria; NA; NA; NA; NA; NA; bacterium
 UBP3_UBA1439~1953429_bUBP3_UBA1439@

DCTN01000068.1_4|

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae; Desulfobacca; Desulfobacca acetoxidans; Desulfobacca acetoxidans DSM
 11109~880072_Dacetoxidans@

AEB08750.1|
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Bacteria; Therm
odesulfobacteria; Therm

odesulfobacteria; Therm
odesulfobacteriales; Therm

odesulfobacteriaceae; Caldim
icrobium

; NA; Caldim
icrobium

 thiodism
utans~1653476_Cthiodism

utans@
BAU22589.1|

Bacteria; Therm
odesulfobacteria; Therm

odesulfobacteria; Therm
odesulfobacteriales; Therm

odesulfobacteriaceae; Therm
odesulfobacterium

; Therm
odesulfobacterium

 com
m

une; Therm
odesulfobacterium

 com
m

une DSM
 2178~289377_Tcom

m
une@

AIH04165.1|

2202153 Tbacterium
 RKX60085.1|

Bacteria; Nitrospinae; NA; NA; NA; NA; NA; Nitrospinae bacterium
 RIFCSPLO

W
O

2_02_39_17~1801684_Nbacterium
@

O
G

W
06617.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophorhabdaceae; Syntrophorhabdus; NA; Syntrophorhabdus arom
aticivorans~328301_Sarom

aticivorans@
HBA55936.1|

Bacteria; Candidatus Schekm
anbacteria; NA; NA; NA; NA; NA; Candidatus Schekm

anbacteria bacterium
 RBG

_13_48_7~1817878_CSchekm
anbacteria@

O
G

L42107.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfarculales; Desulfarculaceae; Desulfarculus; NA; Desulfarculus sp.~2093367_Dsp@
RJX35260.1|
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Bacteria; Proteobacteria; Deltaproteobacteria; Desulfarculales; Desulfarculaceae; Desulfarculus; Desulfarculus baarsii; Desulfarculus baarsii DSM
 2075~644282_Dbaarsii@

ADK83579.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfovibrionales; Desulfohalobiaceae; Desulfohalobium
; Desulfohalobium

 retbaense; Desulfohalobium
 retbaense DSM

 5692~485915_Dretbaense@
ACV67970.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae; Syntrophus; Syntrophus aciditrophicus; Syntrophus aciditrophicus SB~56780_Saciditrophicus@
ABC76868.1|

Bacteria; Chrysiogenetes; Chrysiogenetes; Chrysiogenales; Chrysiogenaceae; Chrysiogenes; Chrysiogenes arsenatis; Chrysiogenes arsenatis DSM
 11915~118005_Carsenatis@

AW
NK01000001.1_296|

Bacteria; Chrysiogenetes; Chrysiogenetes; Chrysiogenales; Chrysiogenaceae; Desulfurispirillum
; Desulfurispirillum

 indicum
; Desulfurispirillum

 indicum
 S5~653733_Dindicum

@
ADU65446.1|

Bacteria; Deferribacteres; Deferribacteres; Deferribacterales; Deferribacteraceae; Calditerrivibrio; Calditerrivibrio nitroreducens; Calditerrivibrio nitroreducens DSM
 19672~768670_Cnitroreducens@

ADR18821.1|

Bacteria; Proteobacteria; Oligoflexia; Bacteriovoracales; Halobacteriovoraceae; Halobacteriovorax; Halobacteriovorax m
arinus; Halobacteriovorax m

arinus SJ~862908_Hm
arinus@

CBW
27557.1|

Bacteria; Proteobacteria; Oligoflexia; Bacteriovoracales; Bacteriovoracaceae; Bacteriovorax; NA; Bacteriovorax stolpii~960_Bstolpii@
AUN99335.1|
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Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio; Bdellovibrio bacteriovorus; Bdellovibrio bacteriovorus HD100~264462_Bbacteriovorus@
CAE80880.1|

Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio; Bdellovibrio bacteriovorus; Bdellovibrio bacteriovorus str. Tiberius~1069642_Bbacteriovorus@
AFY02722.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Bradym
onadales; Bradym

onadaceae; NA; NA; Bradym
onadaceae bacterium

 TM
Q3~2283320_Bbacterium

@
RDV38921.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Bradym
onadales; NA; NA; NA; Bradym

onadales bacterium
 B210~2211119_Bbacterium

@
RAL21693.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Bradym
onadales; Bradym

onadaceae; Bradym
onas; NA; Bradym

onas sedim
inis~1548548_Bsedim

inis@
AW

V88750.1|

Bacteria; Proteobacteria; Deltaproteobacteria; M
yxococcales; Vulgatibacteraceae; Vulgatibacter; NA; Vulgatibacter incom

ptus~1391653_Vincom
ptus@

AKU91287.1|

Bacteria; Proteobacteria; Deltaproteobacteria; M
yxococcales; Anaerom

yxobacteraceae; Anaerom
yxobacter; Anaerom

yxobacter dehalogenans; Anaerom
yxobacter dehalogenans 2CP-C~290397_Adehalogenans@

ABC81633.1|

Bacteria; Proteobacteria; Candidatus Lam
bdaproteobacteria; NA; NA; NA; NA; Candidatus Lam

bdaproteobacteria bacterium
~2035771_CLam

bdaproteobacteria@
PDZZ01000064.1_7|

Bacteria; Proteobacteria; Candidatus Lam
bdaproteobacteria; NA; NA; NA; NA; Candidatus Lam

bdaproteobacteria bacterium
 RIFOXYD12_FULL_49_8~1817771_CLam

bdaproteobacteria@
OGG97318.1|

Bacteria; Aquificae; Aquificae; Desulfurobacteriales; Desulfurobacteriaceae; Therm
ovibrio; Therm

ovibrio am
m

onificans; Therm
ovibrio am

m
onificans HB-1~648996_Tam

m
onificans@

ADU96978.1|

Bacteria; Aquificae; Aquificae; Desulfurobacteriales; Desulfurobacteriaceae; Desulfurobacterium; Desulfurobacterium thermolithotrophum; Desulfurobacterium thermolithotrophum DSM 11699~868864_Dthermoli thotrophum@
ADY73452.1|

Bacteria; Aquificae; Aquificae; Desulfurobacteriales; Desulfurobacteriaceae; Desulfurobacterium; NA; Desulfurobacterium atlanticum~240169_Datlanticum@
SNR79321.1|

Bacteria; Aquificae; Aquificae; Aquificales; Hydrogenothermaceae; Sulfurihydrogenibium; NA; Sulfurihydrogenibium sp. YO3AOP1~436114_Ssp@
ACD66036.1|

Bacteria; Aquificae; Aquificae; Aquificales; Aquificaceae; Aquifex; Aquifex aeolicus; Aquifex aeolicus VF5~224324_Aaeolicus@
AAC06746.1|
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Bacteria; Acidobacteria; Holophagae; Holophagales; Holophagaceae; NA; NA; Holophagaceae bacterium~2052165_Hbacterium@
PMJK01000102.1_21|

Bacteria; Acidobacteria; Holophagae; NA; NA; NA; NA; Holophagae bacterium~2073116_Hbacterium@
PW

B70182.1|

Bacteria; Nitrospirae; NA; NA; NA; NA; NA; Nitrospirae bacterium CG2_30_41_42~1805277_Nbacterium@
OIP61078.1|

Bacteria; Nitrospirae; Nitrospira; NA; NA; NA; NA; Nitrospira bacterium SM23_35~1704026_Nbacterium@
KPK45440.1|

Bacteria; Nitrospirae; Nitrospira; NA; NA; NA; NA; Nitrospira bacterium HGW
-Nitrospira-1~2013825_Nbacterium@

PKL51577.1|

Bacteria; Nitrospirae; Nitrospira; NA; NA; NA; NA; Nitrospira bacterium SG8_35_4~1704025_Nbacterium@
KPJ97751.1|

Bacteria; Candidatus Schekmanbacteria; NA; NA; NA; NA; NA; Candidatus Schekmanbacteria bacterium RBG_16_38_11~1817880_CSchekmanbacteria@
OGL44293.1|
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Bacteria; Candidatus Schekmanbacteria; NA; NA; NA; NA; NA; Candidatus Schekmanbacteria bacterium~2419984_CSchekmanbacteria@
RMF95033.1|

Bacteria; Proteobacteria; Zetaproteobacteria; NA; NA; NA; NA; Zetaproteobacteria bacterium CG_4_10_14_0_2_um_filter_55_20~1974110_Zbacterium@
PIZ37641.1|

Bacteria; Proteobacteria; Zetaproteobacteria; Mariprofundales; Mariprofundaceae; Mariprofundus; Mariprofundus ferrooxydans; Mariprofundus ferrooxydans PV-1~314345_Mferrooxydans@
EAU54770.1|

Bacteria; Proteobacteria; Zetaproteobacteria; NA; NA; NA; NA; Zetaproteobacteria bacterium CG_4_9_14_3_um_filter_53_7~1974119_Zbacterium@
PJA33866.1|

Bacteria; Proteobacteria; Zetaproteobacteria; Mariprofundales; Mariprofundaceae; Mariprofundus; NA; Mariprofundus aestuarium~1921086_Maestuarium@
ATX80307.1|

Bacteria; Proteobacteria; Zetaproteobacteria; Mariprofundales; Mariprofundaceae; Mariprofundus; NA; Mariprofundus ferrinatatus~1921087_Mferrinatatus@
ATX81409.1|

Bacteria; Candidatus Aminicenantes; NA; NA; NA; NA; NA; Candidatus Aminicenantes bacterium 4484_214~1968529_CAminicenantes@
OQX54178.1|

Bacteria; Candidatus Aminicenantes; NA; NA; NA; NA; NA; Candidatus Aminicenantes bacterium JdFR-80~1935110_CAminicenantes@
MTOP01000059.1_36|

Bacteria; Candidatus Aminicenantes; NA; NA; NA; NA; NA; Candidatus Aminicenantes bacterium 4484_214~1968529_CAminicenantes@
OQX53197.1|

Bacteria; Candidatus Aminicenantes; NA; NA; NA; NA; NA; Candidatus Aminicenantes bacterium UBA1061~1953190_CAminicenantes@
DCDG01000022.1_182|
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Bacteria; Proteobacteria; Oligoflexia; Silvanigrellales; Silvanigrellaceae; Silvanigrella; NA; Silvanigrella aquatica~1915309_Saquatica@
APJ04260.1|

Bacteria; Proteobacteria; Oligoflexia; Silvanigrellales; NA; Spirobacillus; NA; Spirobacillus cienkowskii~495820_Scienkowskii@
RDB36013.1|

Bacteria; Elusimicrobia; Endomicrobia; Endomicrobiales; Endomicrobiaceae; Endomicrobium; NA; Endomicrobium proavitum~1408281_Eproavitum@
AKL97399.1|

Bacteria; Verrucomicrobia; Opitutae; Opitutales; Opitutaceae; Opitutus; NA; Opitutus sp. GAS368~1882749_Osp@
SDR87860.1|

Bacteria; Verrucomicrobia; Opitutae; Opitutales; Opitutaceae; Lacunisphaera; NA; Lacunisphaera limnophila~1838286_Llimnophila@
AOS43780.1|

Bacteria; Verrucomicrobia; Opitutae; Opitutales; Opitutaceae; Opitutus; Opitutus terrae; Opitutus terrae PB90-1~452637_Oterrae@
ACB73976.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfuromonadales; Geobacteraceae; Geobacter; Geobacter sulfurreducens; Geobacter sulfurreducens PCA~243231_Gsulfurreducens@
AAR35275.1|

Bacteria; Candidatus Lindowbacteria; NA; NA; NA; NA; NA; Candidatus Lindowbacteria bacterium RIFCSPLOWO2_12_FULL_62_27~1817870_CLindowbacteria@
OGH55836.1|

Bacteria; Candidatus Dadabacteria; NA; NA; NA; NA; NA; Candidatus Dadabacteria bacterium UBA2774~1953209_CDadabacteria@
DEIM01000007.1_1|

2080303 CDadabacteria QIHJ01000237.1 3|

Bacteria; Candidatus Dadabacteria; NA; NA; NA; NA; NA; Candidatus Dadabacteria bacterium RBG_19FT_COMBO_40_33~1797755_CDadabacteria@
OGE23074.1|

Bacteria; Candidatus Dadabacteria; NA; NA; NA; NA; NA; Candidatus Dadabacteria bacterium UBA1144~1953208_CDadabacteria@DCAB01000019.1_21|

Bacteria; Candidatus Abyssubacteria; NA; NA; NA; NA; NA; Candidatus Abyssubacteria bacterium SURF_5~2093360_CAbyssubacteria@RJP24979.1|

Bacteria; Candidatus Abyssubacteria; NA; NA; NA; NA; NA; Candidatus Abyssubacteria bacterium SURF_17~2093361_CAbyssubacteria@RJP66263.1|

Bacteria; Kiritimatiellaeota; Kiritimatiellae; Kiritimatiellales; Kiritimatiellaceae; NA; NA; Kiritimatiellaceae bacterium~2026752_Kbacterium@MAI20662.1|

Bacteria; Kiritimatiellaeota; Kiritimatiellae; Kiritimatiellales; NA; NA; NA; Kiritimatiellales bacterium~2202731_Kbacterium@QIHI01000055.1_43|

Bacteria; Kiritimatiellaeota; Kiritimatiellae; Kiritimatiellales; Kiritimatiellaceae; Kiritimatiella; NA; Kiritimatiella glycovorans~1307763_Kglycovorans@AKJ64010.1|

Bacteria; Lentisphaerae; NA; NA; NA; NA; NA; Lentisphaerae bacterium RIFOXYA12_FULL_48_11~1798578_Lbacterium@OGV69976.1|

Bacteria; Lentisphaerae; Lentisphaeria; Lentisphaerales; NA; NA; NA; Lentisphaerales bacterium Lenti_01~1674902_Lbacterium@LVAY01000241.1_3|

Bacteria; Spirochaetes; Spirochaetia; Leptospirales; Leptospiraceae; Leptospira; Leptospira interrogans; Leptospira interrogans serovar Lai str. 56601~189518_Linterrogans@AAN49254.2|

Bacteria; Spirochaetes; Spirochaetia; Leptospirales; Leptospiraceae; Leptospira; Leptospira interrogans; Leptospira interrogans serovar Lai str. 56601~189518_Linterrogans@AAN47806.1|

Bacteria; Spirochaetes; Spirochaetia; NA; NA; NA; NA; Spirochaetia bacterium UBA5763~1948760_Sbacterium@DIEX01000031.1_533|

|1.27133FBH@atoealr
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Bacteria; Candidatus Sumerlaeota; NA; NA; NA; NA; NA; candidate division BRC1 bacterium SM23_51~1703761_cdivision@KPL12058.1|

1703761 cdivision KPL05486.1|

Bacteria; Candidatus Omnitrophica; NA; NA; NA; NA; NA; Omnitrophica bacterium GWA2_41_15~1801814_Obacterium@OGW71914.1|

Bacteria; Candidatus Omnitrophica; NA; NA; NA; Candidatus Omnitrophus; NA; Candidatus Omnitrophus magneticus~1609969_COmnitrophus@KJJ84140.1|

Bacteria; Candidatus Omnitrophica; NA; NA; NA; NA; NA; Omnitrophica WOR_2 bacterium SM23_29~1703776_OWOR_2@KPK39486.1|

Bacteria; Candidatus Ratteibacteria; NA; NA; NA; NA; NA; bacterium (Candidatus Ratteibacteria) CG23_combo_of_CG06-09_8_20_14_all_48_7~2014292_bCandidatus@PIP15445.1|

Bacteria; Candidatus Ratteibacteria; NA; NA; NA; NA; NA; bacterium (Candidatus Ratteibacteria) CG15_BIG_FIL_POST_REV_8_21_14_020_41_12~2014291_bCandidatus@PIW32909.1|

Bacteria; Candidatus Aureabacteria; NA; NA; NA; NA; NA; bacterium UBP3_UBA6266~1953431_bUBP3_UBA6266@DJVC01000106.1_2|

Bacteria; Candidatus Omnitrophica; NA; NA; NA; NA; NA; Omnitrophica WOR_2 bacterium SM23_29~1703776_OWOR_2@KPK42238.1|

Bacteria; Candidatus Aureabacteria; NA; NA; NA; NA; NA; bacterium UBP3_UBA6266~1953431_bUBP3_UBA6266@DJVC01000042.1_22|

Bacteria; Candidatus Omnitrophica; NA; NA; NA; Candidatus Omnitrophus; NA; Candidatus Omnitrophus magneticus~1609969_COmnitrophus@KJJ84116.1|

Bacteria; CPR; Candidatus Sungbacteria; NA; NA; NA; NA; NA; Candidatus Sungbacteria bacterium RIFCSPHIGHO2_02_FULL_47_11~1802270_CSungbacteria@OGZ98143.1|

Bacteria; Candidatus Desantisbacteria; NA; NA; NA; NA; NA; Candidatus Desantisbacteria bacterium CG_4_9_14_3_um_filter_40_11~1974546_CDesantisbacteria@PJB28230.1|

Bacteria; Candidatus Mcinerneyibacteria; Candidatus Mcinerneyibacteriota; Candidatus Mcinerneyibacteriales; Candidatus Mcinerneyibacteriaceae; NA; NA; Candidatus Mcinerneyibacterium aminivorans~2703815_CMcinerneyibacterium@TYB30995.1|

|1.33855VIP@airetcabsitnaseDC_8454791~31_94_00_3_41_02_8_dnal_20GC muiretcab airetcabsitnaseD sutadidnaC;AN ;AN ;AN ;AN ;AN ;airetcabsitnaseD sutadidnaC ;airetcaB

Bacteria; Candidatus Desantisbacteria; NA; NA; NA; NA; NA; Candidatus Desantisbacteria bacterium CG1_02_38_46~1817893_CDesantisbacteria@OIN96677.1|

Bacteria; Candidatus Firestonebacteria; NA; NA; NA; NA; NA; Candidatus Firestonebacteria bacterium RIFOXYC2_FULL_39_67~1817861_CFirestonebacteria@OGF54841.1|

Bacteria; Candidatus Firestonebacteria; NA; NA; NA; NA; NA; Candidatus Firestonebacteria bacterium RIFOXYA2_FULL_40_8~1817859_CFirestonebacteria@OGF50406.1|

Bacteria; candidate division FCPU426; NA; NA; NA; NA; NA; candidate division FCPU426 bacterium~2052330_cdivision@PLFD01000049.1_36|

|1.10728NCA@eairetnesydoyhB_430565~1AW eairetnesydoyh aripsyhcarB ;eairetnesydoyh aripsyhcarB ;aripsyhcarB ;eaecaripsyhcarB;selaripsyhcarB ;aiteahcoripS ;seteahcoripS ;airetcaB

Bacteria; Spirochaetes; Spirochaetia; Brachyspirales; Brachyspiraceae; Brachyspira; Brachyspira intermedia; Brachyspira intermedia PWS/A~1045858_Bintermedia@AEM22309.1|

Bacteria; Spirochaetes; Spirochaetia; Brachyspirales; Brachyspiraceae; Brachyspira; NA; Brachyspira pilosicoli~52584_Bpilosicoli@SUW07347.1|

Bacteria; Spirochaetes; Spirochaetia; NA; NA; NA; NA; Spirochaetia bacterium UBA5763~1948760_Sbacterium@DIEX01000026.1_35|

Bacteria; Candidatus Poribacteria; NA; NA; NA; NA; NA; Candidatus Poribacteria bacterium~2026781_CPoribacteria@MAE19947.1|

Bacteria; Candidatus Poribacteria; NA; NA; NA; NA; NA; bacterium TMED15~1986651_bTMED15@OUT63141.1|

Bacteria; candidate division WOR-3; NA; NA; NA; NA; NA; candidate division WOR-3 bacterium UBA6260~1948315_cdivision@DJVI01000013.1_7|

1973748 cdivision OYD14312.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfobacterales; Desulfobacteraceae; Desulfococcus; Desulfococcus oleovorans; Desulfococcus oleovorans Hxd3~96561_Doleovorans@ABW67397.1|

Bacteria; Proteobacteria; Gammaproteobacteria; Methylococcales; Methylothermaceae; Methylohalobius; Methylohalobius crimeensis; Methylohalobius crimeensis 10Ki~1283300_Mcrimeensis@ATXB01000001.1_98|

Bacteria; Planctomycetes; Planctomycetia; Planctomycetales; Isosphaeraceae; Isosphaera; Isosphaera pallida; Isosphaera pallida ATCC 43644~575540_Ipallida@ADV63157.1|

Bacteria; Candidatus Aureabacteria; NA; NA; NA; NA; NA; Candidatus Aureabacteria bacterium SURF_26~2093366_CAureabacteria@RJP57330.1|

Bacteria; Bacteroidetes; Saprospiria; Saprospirales; Lewinellaceae; NA; NA; Lewinellaceae bacterium SD302~2014804_Lbacterium@PHI18998.1|

|1.15940LUK@muiretcabS_5831461~9_45 muiretcabselatsigrenyS ;AN ;AN ;AN ;selatsigrenyS ;aitsigrenyS ;setetsigrenyS ;airetcaB

Bacteria; Candidatus Wallbacteria; NA; NA; NA; NA; NA; Candidatus Wallbacteria bacterium HGW-Wallbacteria-1~2013854_CWallbacteria@PKK92016.1|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Candidatus Hydrogenedentes bacterium CG1_02_42_14~1805216_CHydrogenedentes@OIO32043.1|

Bacteria; candidate division GN15; NA; NA; NA; NA; NA; candidate division GN15 bacterium~2072418_cdivision@PWB70214.1|

2052317 cdivision PKUW01000091.1 36|

Bacteria; candidate division TA06 ; NA; NA; NA; NA; NA; candidate division TA06 bacterium~2250710_cdivision@RKX67616.1|

Bacteria; Candidatus Coatesbacteria; NA; NA; NA; NA; NA; Candidatus Coatesbacteria bacterium RBG_13_66_14~1817816_CCoatesbacteria@OGD78083.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Bradymonadales; NA; NA; NA; Bradymonadales bacterium B210~2211119_Bbacterium@RAL23813.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Bradymonadales; Bradymonadaceae; NA; NA; Bradymonadaceae bacterium TMQ3~2283320_Bbacterium@RDV38992.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Bradymonadales; Bradymonadaceae; Bradymonas; NA; Bradymonas sediminis~1548548_Bsediminis@AWV89113.1|
|1.36118EAC@surovoiretcabB_264462~001DH surovoiretcab oirbivolledB ;surovoiretcab oirbivolledB ;oirbivolledB;eaecanoirbivolledB ;selanoirbivolledB ;aixelfogilO ;airetcaboetorP ;airetcaB

Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio; Bdellovibrio bacteriovorus; Bdellovibrio bacteriovorus str. Tiberius~1069642_Bbacteriovorus@AFY03355.1|

Bacteria; Proteobacteria; Zetaproteobacteria; Mariprofundales; Mariprofundaceae; Mariprofundus; NA; Mariprofundus aestuarium~1921086_Maestuarium@ATX78737.1|

Bacteria; Proteobacteria; Zetaproteobacteria; Mariprofundales; Mariprofundaceae; Mariprofundus; NA; Mariprofundus ferrinatatus~1921087_Mferrinatatus@ATX82820.1|

Bacteria; Proteobacteria; Zetaproteobacteria; NA; NA; NA; NA; Zetaproteobacteria bacterium CG_4_9_14_3_um_filter_53_7~1974119_Zbacterium@PJA33585.1|

Bacteria; Proteobacteria; Zetaproteobacteria; NA; NA; NA; NA; Zetaproteobacteria bacterium CG_4_10_14_0_2_um_filter_55_20~1974110_Zbacterium@PIZ38947.1|

Bacteria; Proteobacteria; Candidatus Muproteobacteria; NA; NA; NA; NA; Candidatus Muproteobacteria bacterium RBG_16_65_34~1817760_CMuproteobacteria@OGI46743.1|

Bacteria; Nitrospirae; Nitrospira; Nitrospirales; Nitrospiraceae; Thermodesulfovibrio; Thermodesulfovibrio yellowstonii; Thermodesulfovibrio yellowstonii DSM 11347~289376_Tyellowstonii@ACI22181.1|

338969 Rferrireducens ABD68957.1|

Bacteria; Proteobacteria; Betaproteobacteria; Nitrosomonadales; Thiobacillaceae; Thiobacillus; Thiobacillus denitrificans; Thiobacillus denitrificans ATCC 25259~292415_Tdenitrificans@AAZ96931.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae; Syntrophus; Syntrophus aciditrophicus; Syntrophus aciditrophicus SB~56780_Saciditrophicus@ABC78873.1|

Bacteria; Deferribacteres; Deferribacteres; Deferribacterales; Deferribacteraceae; Calditerrivibrio; Calditerrivibrio nitroreducens; Calditerrivibrio nitroreducens DSM 19672~768670_Cnitroreducens@ADR1 9490.1|

Bacteria; Spirochaetes; NA; NA; NA; NA; NA; Spirochaetae bacterium HGW-Spirochaetae-3~2013835_Sbacterium@PKL22978.1|

Bacteria; Spirochaetes; NA; NA; NA; NA; NA; Spirochaetes bacterium RIFOXYC1_FULL_54_7~1802198_Sbacterium@OHD78355.1|

Bacteria; Spirochaetes; Spirochaetia; Spirochaetales; NA; NA; NA; Spirochaetales bacterium Spiro_10~1674866_Sbacterium@LVBL01000020.1_6|

Bacteria; Candidatus Cloacimonetes; NA; NA; NA; Candidatus Cloacimonas; Candidatus Cloacimonas acidaminovorans; Candidatus Cloacimonas acidaminovorans str. Evry~459349_CCloacimonas@CAO80079.1|

Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio; Bdellovibrio bacteriovorus; Bdellovibrio bacteriovorus HD100~264462_Bbacteriovorus@CAE79633.1|

Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio; Bdellovibrio bacteriovorus; Bdellovibrio bacteriovorus str. Tiberius~1069642_Bbacteriovorus@AFY01436.1|

Bacteria; Verrucomicrobia; Verrucomicrobiae; Verrucomicrobiales; Verrucomicrobia subdivision 3; NA; NA; Verrucomicrobia bacterium Verruco_03~1674915_Vbacterium@LVBX01000001.1_23|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfobacterales; Desulfobacteraceae; Desulfococcus; Desulfococcus oleovorans; Desulfococcus oleovorans Hxd3~96561_Doleovorans@ABW65841.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae; Desulfobacca; Desulfobacca acetoxidans; Desulfobacca acetoxidans DSM 11109~880072_Dacetoxidans@AEB09429.1|

|1.74257XCA@senegoniccusF_47395~58S senegoniccus .psbus senegoniccus retcaborbiF ;senegoniccus retcaborbiF ;retcaborbiF ;eaecaretcaborbiF;selaretcaborbiF ;airetcaborbiF ;seretcaborbiF ;airetcaB

Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales; Fibrobacteraceae; Fibrobacter; NA; Fibrobacter succinogenes~833_Fsuccinogenes@SUQ24779.1|

|1.02204GMS@psF_4026981~31BWU .ps retcaborbiF ;AN ;retcaborbiF ;eaecaretcaborbiF ;selaretcaborbiF;airetcaborbiF ;seretcaborbiF ;airetcaB

Bacteria; Fibrobacteres; Fibrobacteria; Fibromonadales; Fibromonadaceae; Candidatus Fibromonas; NA; Candidatus Fibromonas termitidis~1704279_CFibromonas@LIUG01000048.1_11|

Bacteria; Candidatus Raymondbacteria; NA; NA; NA; NA; NA; Candidatus Raymondbacteria bacterium RifOxyA12_full_50_37~1817884_CRaymondbacteria@OGJ85493.1|

Bacteria; Fibrobacteres; Chitinispirillia; Chitinispirillales; Chitinispirillaceae; Chitinispirillum; NA; Chitinispirillum alkaliphilum~1008392_Calkaliphilum@KMQ53030.1| |1.64193PRE@sulihpilaklaC_4033131~1thCA sulihpilakla oirbivinitihC ;sulihpilakla oirbivinitihC ;oirbivinitihC ;eaecanoirbivinitihC;selanoirbivinitihC ;ainoirbivinitihC;seretcaborbiF ;airetcaB

Bacteria; Lentisphaerae; Lentisphaeria; Lentisphaerales; NA; NA; NA; Lentisphaerales bacterium Lenti_01~1674902_Lbacterium@LVAY01000544.1_6|

Bacteria; Proteobacteria; Alphaproteobacteria; Rhodospirillales; Acetobacteraceae; Gluconobacter; Gluconobacter oxydans; Gluconobacter oxydans 621H~290633_Goxydans@AAW61762.1|

|1.74675VGOmuiretcabL 8758971

Bacteria; Candidatus Abyssubacteria; NA; NA; NA; NA; NA; Candidatus Abyssubacteria bacterium SURF_5~2093360_CAbyssubacteria@RJP17748.1|

Bacteria; Candidatus Abyssubacteria; NA; NA; NA; NA; NA; Candidatus Abyssubacteria bacterium SURF_17~2093361_CAbyssubacteria@RJP69174.1|

Bacteria; Proteobacteria; Deltaproteobacteria; NA; Candidatus Desulfofervidaceae; Candidatus Desulfofervidus; NA; Candidatus Desulfofervidus auxilii~1621989_CDesulfofervidus@AMM42310.1|

|01_1.14000010SVHD@2025ABU_2PBUb_6243591~2025ABU_2PBU muiretcab ;AN ;AN ;AN;AN ;AN ;airetcabsdrawdE sutadidnaC ;airetcaB

Bacteria; Candidatus Edwardsbacteria; NA; NA; NA; NA; NA; Candidatus Edwardsbacteria bacterium GWF2_54_11~1817851_CEdwardsbacteria@OGF10348.1|

Bacteria; Candidatus Edwardsbacteria; NA; NA; NA; NA; NA; bacterium UBP2_UBA2255~1953423_bUBP2_UBA2255@DDXR01000048.1_23|

Bacteria; Candidatus Edwardsbacteria; NA; NA; NA; NA; NA; bacterium UBP2_UBA4780~1953425_bUBP2_UBA4780@DHHE01000114.1_1|

Bacteria; candidate division Zixibacteria; NA; NA; NA; NA; NA; candidate division Zixibacteria bacterium 4484_93~1970780_cdivision@OQX89478.1|

|3_1.06200010SJWM@muiretcabC_5980691~19.52.5MBAA muiretcab atoeahcirtidlaC ;AN ;AN ;AN ;AN ;AN ;atoeahcirtidlaC;airetcaB

Bacteria; Calditrichaeota; Calditrichae; Calditrichales; Calditrichaceae; Caldithrix; Caldithrix abyssi; Caldithrix abyssi DSM 13497~880073_Cabyssi@EHO41550.1|

Bacteria; Ignavibacteriae; Ignavibacteria; NA; NA; NA; NA; Ignavibacteria bacterium 13_1_40CM_2_61_4~1805219_Ibacterium@OLD82465.1|

Bacteria; Ignavibacteriae; Ignavibacteria; Ignavibacteriales; Melioribacteraceae; Melioribacter; Melioribacter roseus; Melioribacter roseus P3M-2~1191523_Mroseus@AFN74498.1|

Bacteria; Ignavibacteriae; Ignavibacteria; Ignavibacteriales; NA; NA; NA; Ignavibacteriales bacterium UTCHB2~1961105_Ibacterium@OQY74928.1|

Bacteria; Chlorobi; Chlorobia; Chlorobiales; Candidatus Thermochlorobacteriaceae; Candidatus Thermochlorobacter; NA; Candidatus Thermochlorobacter aerophilum~1868324_CThermochlorobacter@RFM24841.1|

Bacteria; Chlorobi; Chlorobia; Chlorobiales; Candidatus Thermochlorobacteriaceae; Candidatus Thermochlorobacter; NA; Candidatus Thermochlorobacter aerophilum~1868324_CThermochlorobacter@RFM24040.1|

Bacteria; Chlorobi; Chlorobia; Chlorobiales; NA; NA; NA; Chlorobiales bacterium Clorobi_01~1674889_Cbacterium@LUZT01000005.1_277|

Bacteria; Chlorobi; Chlorobia; Chlorobiales; Chlorobiaceae; Chlorobaculum; Chlorobaculum tepidum; Chlorobaculum tepidum TLS~194439_Ctepidum@AAM71571.1|

Bacteria; Nitrospirae; NA; NA; NA; NA; NA; Nitrospirae bacterium CG2_30_41_42~1805277_Nbacterium@OIP61540.1|

Bacteria; Fibrobacteres; Chitinispirillia; Chitinispirillales; Chitinispirillaceae; Chitinispirillum; NA; Chitinispirillum alkaliphilum~1008392_Calkaliphilum@KMQ51193.1|

Bacteria; Nitrospirae; Nitrospira; Nitrospirales; Nitrospiraceae; Thermodesulfovibrio; Thermodesulfovibrio yellowstonii; Thermodesulfovibrio yellowstonii DSM 11347~289376_Tyellowstonii@ACI20526.1|

Bacteria; Candidatus Fischerbacteria; NA; NA; NA; NA; NA; bacterium HR11~2035406_bHR11@GBC84396.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfuromonadales; Geobacteraceae; Geobacter; Geobacter sulfurreducens; Geobacter sulfurreducens PCA~243231_Gsulfurreducens@AAR34253.1|

Bacteria; Candidatus Fischerbacteria; NA; NA; NA; NA; NA; Candidatus Fischerbacteria bacterium RBG_13_37_8~1817863_CFischerbacteria@OGF62363.1|

Bacteria; Acidobacteria; Acidobacteriia; Acidobacteriales; NA; NA; NA; Acidobacteriales bacterium 59-55~1895690_Abacterium@OJV42311.1|

Bacteria; Acidobacteria; Acidobacteriia; Acidobacteriales; Acidobacteriaceae; Terriglobus; Terriglobus roseus; Terriglobus roseus DSM 18391~926566_Troseus@AFL87221.1|

Bacteria; Acidobacteria; Acidobacteriia; Acidobacteriales; Acidobacteriaceae; Candidatus Koribacter; Candidatus Koribacter versatilis; Candidatus Koribacter versatilis Ellin345~204669_CKoribacter@ABF4 3517.1|

Bacteria; Acidobacteria; Solibacteres; Solibacterales; Solibacteraceae; Candidatus Sulfopaludibacter; NA; Candidatus Sulfopaludibacter sp. SbA6~2043166_CSulfopaludibacter@SPE37784.1|

Bacteria; Acidobacteria; Blastocatellia; Blastocatellales; Pyrinomonadaceae; Pyrinomonas; NA; Pyrinomonas methylaliphatogenes~454194_Pmethylaliphatogenes@CDM66174.1|

Bacteria; Acidobacteria; Blastocatellia; NA; NA; NA; NA; Blastocatellia bacterium~2052146_Bbacterium@PLCD01000023.1_82|
|1.73521PEA@mulihpomrehtC_222189~B mulihpomreht muiretcabodicarolhC ;mulihpomreht muiretcabodicarolhC ;muiretcabodicarolhC ;AN;AN ;ailletacotsalB ;airetcabodicA ;airetcaB

Bacteria; Bacteroidetes; Sphingobacteriia; Sphingobacteriales; Sphingobacteriaceae; Pedobacter; Pedobacter heparinus; Pedobacter heparinus DSM 2366~485917_Pheparinus@ACU03017.1|

Bacteria; Bacteroidetes; Cytophagia; Cytophagales; Cyclobacteriaceae; Echinicola; Echinicola vietnamensis; Echinicola vietnamensis DSM 17526~926556_Evietnamensis@AGA80250.1|

Bacteria; Bacteroidetes; Sphingobacteriia; Sphingobacteriales; Sphingobacteriaceae; Pedobacter; NA; Pedobacter cryoconitis~188932_Pcryoconitis@AMP98454.1|

Bacteria; Bacteroidetes; Sphingobacteriia; Sphingobacteriales; NA; NA; NA; Sphingobacteriales bacterium 44-61~1895838_Sbacterium@OJV99531.1|

Bacteria; Candidatus Marinimicrobia; NA; NA; NA; NA; NA; Candidatus Marinimicrobia bacterium CG08_land_8_20_14_0_20_45_22~1975524_CMarinimicrobia@PIS28684.1|

Bacteria; Ignavibacteriae; Ignavibacteria; NA; NA; NA; NA; Ignavibacteria bacterium RIFOXYC2_FULL_38_25~1798453_Ibacterium@OGV16585.1|

Bacteria; Candidatus Raymondbacteria; NA; NA; NA; NA; NA; Candidatus Raymondbacteria bacterium RifOxyA12_full_50_37~1817884_CRaymondbacteria@OGJ84604.1|

Bacteria; Bacteroidetes; Bacteroidia; Marinilabiliales; Marinilabiliaceae; Alkalitalea; NA; Alkalitalea saponilacus~889453_Asaponilacus@ASB47886.1|

Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales; Dysgonamonadaceae; Proteiniphilum; NA; Proteiniphilum saccharofermentans~1642647_Psaccharofermentans@SCD19215.1|

Bacteria; Ignavibacteriae; NA; NA; NA; NA; NA; Ignavibacteriae bacterium HGW-Ignavibacteriae-3~2013810_Ibacterium@PKL81872.1|

Bacteria; Ignavibacteriae; Ignavibacteria; NA; NA; NA; NA; Ignavibacteria bacterium RIFOXYC2_FULL_38_25~1798453_Ibacterium@OGV13360.1|

|1.86737NFA@suesorM_3251911~2-M3P suesor retcabiroileM ;suesor retcabiroileM ;retcabiroileM ;eaecaretcabiroileM ;selairetcabivangI ;airetcabivangI ;eairetcabivangI;airetcaB

Bacteria; Ignavibacteriae; Ignavibacteria; Ignavibacteriales; NA; NA; NA; Ignavibacteriales bacterium UTCHB2~1961105_Ibacterium@OQY74996.1|

Bacteria; Ignavibacteriae; Ignavibacteria; Ignavibacteriales; Ignavibacteriaceae; Ignavibacterium; Ignavibacterium album; Ignavibacterium album JCM 16511~945713_Ialbum@AFH48346.1|
Bacteria; Bacteroidetes; NA; Bacteroidetes Order II. Incertae sedis; Rhodothermaceae; NA; NA; Rhodothermaceae bacterium RA~1779382_Rbacterium@ARA93087.1|
Bacteria; Bacteroidetes; NA; Bacteroidetes Order II. Incertae sedis; NA; NA; NA; Bacteroidetes bacterium UBA7368~1950766_Bbacterium@DKOG01000171.1_4|
Bacteria; Rhodothermaeota; Rhodothermia; Rhodothermales; Rubricoccaceae; Rubrivirga; NA; Rubrivirga marina~1196024_Rmarina@PAP75134.1|Bacteria; Chlorobi; NA; NA; NA; NA; NA; Chlorobi bacterium OLB7~1619898_Cbacterium@KXK52226.1|
Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio; Bdellovibrio bacteriovorus; Bdellovibrio bacteriovorus HD100~264462_Bbacteriovorus@CAE78211.1|
Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; Bdellovibrionaceae; Bdellovibrio; Bdellovibrio bacteriovorus; Bdellovibrio bacteriovorus str. Tiberius~1069642_Bbacteriovorus@AFY03005.1|
Bacteria; candidate division NC10; NA; NA; NA; Candidatus Methylomirabilis; NA; Candidatus Methylomirabilis sp.~2032687_CMethylomirabilis@NSJM01000021.1_26|
Bacteria; candidate division NC10; NA; NA; NA; Candidatus Methylomirabilis; NA; Candidatus Methylomirabilis limnetica~2033718_CMethylomirabilis@PTL37039.1|

Bacteria; candidate division NC10; NA; NA; NA; Candidatus Methylomirabilis; NA; Candidatus Methylomirabilis lanthanidiphila~2211376_CMethylomirabilis@SYW88046.1|

Bacteria; candidate division NC10; NA; NA; NA; Candidatus Methylomirabilis; NA; Candidatus Methylomirabilis oxyfera~671143_CMethylomirabilis@CBE69704.1|

Bacteria; Candidatus Rokubacteria; NA; NA; NA; NA; NA; Candidatus Rokubacteria bacterium 13_2_20CM_69_15_1~1805372_CRokubacteria@OLB04888.1|

Bacteria; Candidatus Rokubacteria; NA; NA; NA; NA; NA; Candidatus Rokubacteria bacterium 13_1_40CM_2_68_13~1805353_CRokubacteria@OLD32753.1|

Bacteria; Candidatus Rokubacteria; NA; NA; NA; NA; NA; Candidatus Rokubacteria bacterium RIFCSPLOWO2_12_FULL_71_19~1802109_CRokubacteria@OGL14225.1|

Bacteria; Candidatus Rokubacteria; NA; NA; NA; NA; NA; Candidatus Rokubacteria bacterium GWA2_70_23~1802095_CRokubacteria@OGK85418.1|

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales; Vulgatibacteraceae; Vulgatibacter; NA; Vulgatibacter incomptus~1391653_Vincomptus@AKU90515.1|

Bacteria; Planctomycetes; Candidatus Brocadiae; Candidatus Brocadiales; Candidatus Brocadiaceae; Candidatus Kuenenia; NA; Candidatus Kuenenia stuttgartiensis~174633_CKuenenia@DIDR01000118.1_71|

Bacteria; Planctomycetes; Candidatus Brocadiae; Candidatus Brocadiales; Candidatus Brocadiaceae; Candidatus Brocadia; NA; Candidatus Brocadia sp. UTAMX2~1961114_CBrocadia@OQZ01366.1|

Bacteria; Nitrospirae; NA; NA; NA; NA; NA; Nitrospirae bacterium RBG_19FT_COMBO_42_15~1801709_Nbacterium@OGW50824.1|

Bacteria; Candidatus Dadabacteria; NA; NA; NA; NA; NA; Candidatus Dadabacteria bacterium UBA2774~1953209_CDadabacteria@DEIM01000072.1_2|

Bacteria; Candidatus Dadabacteria; NA; NA; NA; NA; NA; Candidatus Dadabacteria bacterium~2080303_CDadabacteria@QIHJ01000219.1_2|

Bacteria; Acidobacteria; NA; NA; NA; NA; NA; Acidobacteria bacterium Mor1~1660251_Abacterium@ANM29058.1|

Bacteria; Acidobacteria; Holophagae; NA; NA; NA; NA; Holophagae bacterium~2073116_Hbacterium@PWB72271.1|

Bacteria; Proteobacteria; Oligoflexia; Bdellovibrionales; NA; NA; NA; Bdellovibrionales bacterium GWB1_55_8~1797386_Bbacterium@OFZ21059.1|

Bacteria; Proteobacteria; Oligoflexia; Bacteriovoracales; Bacteriovoracaceae; Bacteriovorax; NA; Bacteriovorax stolpii~960_Bstolpii@AUN96972.1|

Bacteria; Proteobacteria; Oligoflexia; Bacteriovoracales; Bacteriovoracaceae; NA; NA; Bacteriovoracaceae bacterium UBA4097~1961484_Bbacterium@DFXX01000069.1_6|

Bacteria; Candidatus Calescamantes; NA; NA; NA; NA; NA; Calescamantes bacterium T3.1~1643525_Cbacterium@LBFS01000125.1_3|

Bacteria; Candidatus Calescamantes; NA; NA; NA; NA; NA; bacterium HR19~2035414_bHR19@GBD03105.1|

Bacteria; Verrucomicrobia; Verrucomicrobiae; Verrucomicrobiales; Verrucomicrobia subdivision 3; NA; NA; Verrucomicrobia bacterium Verruco_03~1674915_Vbacterium@LVBX01000015.1_7|

Bacteria; Candidatus Calescamantes; NA; NA; NA; NA; NA; Calescamantes bacterium JGI 0000106-I17~1130331_Cbacterium@ASMX01000003.1_28|

Bacteria; Elusimicrobia; Elusimicrobia; Elusimicrobiales; Elusimicrobiaceae; Elusimicrobium; Elusimicrobium minutum; Elusimicrobium minutum Pei191~445932_Eminutum@ACC97888.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales; Fibrobacteraceae; Fibrobacter; NA; Fibrobacter sp. UWB13~1896204_Fsp@SMG25147.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales; Fibrobacteraceae; Fibrobacter; Fibrobacter succinogenes; Fibrobacter succinogenes subsp. succinogenes S85~59374_Fsuccinogenes@ACX74608.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales; Fibrobacteraceae; Fibrobacter; NA; Fibrobacter succinogenes~833_Fsuccinogenes@SUQ24962.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibromonadales; Fibromonadaceae; Candidatus Fibromonas; NA; Candidatus Fibromonas termitidis~1704279_CFibromonas@LIUG01000087.1_10|

Bacteria; Candidatus Raymondbacteria; NA; NA; NA; NA; NA; Candidatus Raymondbacteria bacterium RifOxyA12_full_50_37~1817884_CRaymondbacteria@OGJ87644.1|

Bacteria; Fibrobacteres; Chitinivibrionia; Chitinivibrionales; Chitinivibrionaceae; Chitinivibrio; Chitinivibrio alkaliphilus; Chitinivibrio alkaliphilus ACht1~1313304_Calkaliphilus@ERP31574.1|

Bacteria; Fibrobacteres; Chitinispirillia; Chitinispirillales; Chitinispirillaceae; Chitinispirillum; NA; Chitinispirillum alkaliphilum~1008392_Calkaliphilum@KMQ51257.1|

Bacteria; Candidatus Latescibacteria; NA; NA; NA; NA; NA; Candidatus Latescibacteria bacterium 4484_7~1970771_CLatescibacteria@OQX84130.1|

Bacteria; Candidatus Latescibacteria; NA; NA; NA; NA; NA; Latescibacteria bacterium DG_63~1703781_Lbacterium@KPJ59415.1|

Bacteria; Candidatus Eisenbacteria; NA; NA; NA; NA; NA; Candidatus Eisenbacteria bacterium RBG_19FT_COMBO_70_11~1817857_CEisenbacteria@OGF20960.1|

Bacteria; candidate division Zixibacteria; NA; NA; NA; NA; NA; candidate division Zixibacteria bacterium SM23_73~1703425_cdivision@KPK78564.1|

Bacteria; candidate division Zixibacteria; NA; NA; NA; NA; NA; candidate division Zixibacteria bacterium RBG_16_43_9~1802784_cdivision@OGC82741.1|

Bacteria; candidate division Zixibacteria; NA; NA; NA; NA; NA; candidate division Zixibacteria bacterium RBG_19FT_COMBO_42_43~1802788_cdivision@OGC86558.1|

Bacteria; Ignavibacteriae; NA; NA; NA; NA; NA; Ignavibacteriae bacterium HGW-Ignavibacteriae-3~2013810_Ibacterium@PKL81388.1|

Bacteria; Ignavibacteriae; Ignavibacteria; NA; NA; NA; NA; Ignavibacteria bacterium RIFOXYC2_FULL_38_25~1798453_Ibacterium@OGV16963.1|

Bacteria; Ignavibacteriae; Ignavibacteria; Ignavibacteriales; Melioribacteraceae; Melioribacter; Melioribacter roseus; Melioribacter roseus P3M-2~1191523_Mroseus@AFN75788.1|

Bacteria; Ignavibacteriae; Ignavibacteria; Ignavibacteriales; NA; NA; NA; Ignavibacteriales bacterium UTCHB2~1961105_Ibacterium@OQY71041.1|

Bacteria; Ignavibacteriae; Ignavibacteria; Ignavibacteriales; Ignavibacteriaceae; Ignavibacterium; Ignavibacterium album; Ignavibacterium album JCM 16511~945713_Ialbum@AFH49259.1|

Bacteria; Chlorobi; Chlorobia; Chlorobiales; Candidatus Thermochlorobacteriaceae; Candidatus Thermochlorobacter; NA; Candidatus Thermochlorobacter aerophilum~1868324_CThermochlorobacter@RFM25098.1|

Bacteria; Chlorobi; Chlorobia; Chlorobiales; Candidatus Thermochlorobacteriaceae; NA; NA; Candidatus Thermochlorobacteriaceae bacterium GBChlB~1519464_CThermochlorobacteriaceae@KER10342.1|

Bacteria; Chlorobi; NA; NA; NA; NA; NA; Chlorobi bacterium~2268192_Cbacterium@RMF35013.1|

Bacteria; Chlorobi; NA; NA; NA; NA; NA; Chlorobi bacterium OLB7~1619898_Cbacterium@KXK51202.1|

Bacteria; Candidatus Kapabacteria; NA; NA; NA; NA; NA; Candidatus Kapabacteria thiocyanatum~1895771_Kapabacteria@OJX56332.1|

Bacteria; Ignavibacteriae; NA; NA; NA; NA; NA; Ignavibacteriae bacterium HGW-Ignavibacteriae-4~2013811_Ibacterium@PKL78332.1|

Bacteria; Candidatus Delongbacteria; NA; NA; NA; NA; NA; Candidatus Delongbacteria bacterium~2044594_CDelongbacteria@PIE79333.1|

|1.72504OHE@issybaC_370088~79431 MSD issyba xirhtidlaC ;issyba xirhtidlaC ;xirhtidlaC ;eaecahcirtidlaC;selahcirtidlaC ;eahcirtidlaC ;atoeahcirtidlaC ;airetcaB

Bacteria; candidate division WOR-3; NA; NA; NA; NA; NA; candidate division WOR_3 bacterium SM23_42~1703779_cdivision@KPK63742.1|

Bacteria; candidate division TA06 ; NA; NA; NA; NA; NA; candidate division TA06 bacterium DG_78~1703772_cdivision@KPJ71537.1|

Bacteria; candidate division WOR-3; NA; NA; NA; NA; NA; candidate division WOR_3 bacterium SM23_60~1703780_cdivision@KPK70713.1|

Bacteria; candidate division WOR-3; NA; NA; NA; NA; NA; candidate division WOR-3 bacterium JGI_Cruoil_03_51_56~1973747_cdivision@OYD16659.1|

Bacteria; Candidatus Stahlbacteria; NA; NA; NA; NA; NA; bacterium (Candidatus Stahlbacteria) CG23_combo_of_CG06-09_8_20_14_all_40_9~2014296_bCandidatus@PIP13716.1|

Bacteria; candidate division WOR-3; NA; NA; NA; NA; NA; candidate division WOR-3 bacterium JGI_Cruoil_03_44_89~1973748_cdivision@OYD13631.1|

Bacteria; candidate division TA06 ; NA; NA; NA; NA; NA; candidate division TA06 bacterium JGI_Cruoil_03_38_101~1973746_cdivision@NGFL01000001.1_84|

Bacteria; Candidatus Edwardsbacteria; NA; NA; NA; NA; NA; bacterium UBP2_UBA2255~1953423_bUBP2_UBA2255@DDXR01000080.1_39|

Bacteria; Candidatus Edwardsbacteria; NA; NA; NA; NA; NA; bacterium UBP2_UBA4780~1953425_bUBP2_UBA4780@DHHE01000170.1_3|

Bacteria; Candidatus Edwardsbacteria; NA; NA; NA; NA; NA; bacterium UBP2_UBA5202~1953426_bUBP2_UBA5202@DHVS01000041.1_49|

Bacteria; Candidatus Edwardsbacteria; NA; NA; NA; NA; NA; Candidatus Edwardsbacteria bacterium GWF2_54_11~1817851_CEdwardsbacteria@OGF11122.1|

Bacteria; Candidatus Cloacimonetes; NA; NA; NA; Candidatus Cloacimonas; NA; Candidatus Cloacimonas sp. SDB~1732214_CCloacimonas@KQC03010.1|

Bacteria; Candidatus Cloacimonetes; NA; NA; NA; NA; NA; Cloacimonetes bacterium JGI OTU-5~1379393_Cbacterium@AWNS01000029.1_2|

Bacteria; Candidatus Cloacimonetes; NA; NA; NA; Candidatus Cloacimonas; Candidatus Cloacimonas acidaminovorans; Candidatus Cloacimonas acidaminovorans str. E
vry~459349_CCloacimonas@CAO80043.1|

Bacteria; Candidatus Cloacimonetes; NA; NA; NA; NA; NA; Cloacimonetes bacterium UBA1060~1947842_Cbacterium@DCDH01000013.1_1|

Bacteria; Candidatus Hydrothermae; NA; NA; NA; NA; NA; Candidatus Hydrothermae bacterium JdFR-72~1935123_CHydrothermae@MTOH01000001.1_142|

Bacteria; Candidatus Hydrothermae; NA; NA; NA; NA; NA; Candidatus Hydrothermae bacterium JdFR-74~1935125_CHydrothermae@MTOJ01000246.1_1|

Bacteria; Candidatus Hydrothermae; NA; NA; NA; NA; NA; Candidatus Hydrothermae bacterium~2250085_CHydrothermae@RKY96089.1|

833 Fsuccinogenes SUQ20065.1|

59374 Fsuccinogenes ACX74249.1|

1896204 Fsp SMG38854.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibromonadales; Fibromonadaceae; Candidatus Fibromonas; NA; Candidatus Fibromonas termitidis~1704279_CFibromonas@LIUG01000087.1_22|

Bacteria; Fibrobacteres; Chitinispirillia
; Chitinispirilla

les; Chitinispirilla
ceae; Chitinispirillu

m; NA; Chitinispirillu
m alkaliphilum~1008392_Calkaliphilum@KMQ49565.1|

1313304 Calkaliphilus ERP39275.1|

Bacteria; Candidatus Latescibacteria; NA; NA; NA; Candidatus Latescibacter; C
andidatus Latescibacter anaerobius; Candidatus Latescibacter anaerobius SCGC AAA252-E07~910047_CLatescibacter@AQSL01000159.1_24|

Bacteria; Candidatus Eisenbacteria; NA; NA; NA; NA; NA; Candidatus Eisenbacteria bacterium~2212470_CEisenbacteria@QJVW01000027.1_5|

Bacteria; Acidobacteria; NA; NA; NA; NA; NA; Acidobacteria bacterium Mor1~1660251_Abacterium@ANM31087.1|

Bacteria; Gemmatimonadetes; Gemmatimonadetes; Gemmatimonadales; Gemmatimonadaceae; Gemmatimonas; NA; Gemmatimonas sp. SG8_28~1703357_Gsp@KPK06349.1|

Bacteria; Gemmatimonadetes; NA; NA; NA; NA; NA; Gemmatimonadetes bacterium RBG_16_66_8~1798311_Gbacterium@OGU04265.1|

Bacteria; Acidobacteria; Holophagae; Holophagales; Holophagaceae; NA; NA; Holophagaceae bacterium~2052165_Hbacterium@PMJK01000065.1_2|

Bacteria; Acidobacteria; Holophagae; Holophagales; Holophagaceae; Holophaga; Holophaga foetida; Holophaga foetida DSM 6591~903818_Hfoetida@KI912268.1_384|

1798311 Gbacterium OGU05227.1|

546160 Dlutea AWH91151.1|

Bacteria; Abditibacteriota; Abditibacteria; Abditibacteriales; Abitibacteriaceae; Abditibacterium; NA; Abditibacterium utsteinense~1960156_Autsteinense@PQV63015.1|

Bacteria; Acidobacteria; Blastocatellia; NA; NA; Chloracidobacterium; Chloracidobacterium thermophilum; Chloracidobacterium thermophilum B~981222_Cthermophilum@AEP11085.1|

Bacteria; Bacteroidetes; Saprospiria
; Saprospirales; Saprospiraceae; Saprospira; Saprospira grandis; Saprospira grandis str. L

ewin~984262_Sgrandis@AFC24787.1|

Bacteria; Actinobacteria; Actinobacteria; Corynebacteriales; Dietziaceae; Dietzia; N
A; Dietzia lutea~546160_Dlutea@AWH91149.1|

Bacteria; Bacteroidetes; Flavobacteriia
; Flavobacteriales; Schleiferiaceae; Schleiferia; N

A; Schleiferia thermophila~884107_Sthermophila@RCX03219.1|

Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales; O
doribacteraceae; O

doribacter; O
doribacter splanchnicus; O

doribacter splanchnicus DSM 20712~709991_Osplanchnicus@ADY34616.1|

Bacteria; Bacteroidetes; Bacteroidia; M
arinilabiliales; M

arinifila
ceae; N

A; N
A; M

arinifila
ceae bacterium SPP2~1717717_Mbacterium@BAX82726.1|

Bacteria; Bacteroidetes; Bacteroidia; M
arinilabiliales; Prolixibacteraceae; D

raconibacterium; N
A; D

raconibacterium orientale~1168034_Dorientale@AHW62454.1|

Bacteria; B
acteroidetes; S

phingobacteriia
; S

phingobacteriales; S
phingobacteriaceae; P

edobacter; N
A; P

edobacter cryoconitis
~188932_Pcryoconitis@AMP98634.1|

Bacteria; B
acteroidetes; S

phingobacteriia
; S

phingobacteriales; S
phingobacteriaceae; P

edobacter; P
edobacter heparinus; P

edobacter heparinus DSM 2366~485917_Pheparinus@ACU04075.1|

Bacteria; B
acteroidetes; Flavobacteriia

; Flavobacteriales; C
ryomorphaceae; O

wenweeksia; O
wenweeksia hongkongensis; O

wenweeksia hongkongensis DSM 17368~926562_Ohongkongensis@AEV31231.1|

Bacteria; B
acteroidetes; B

acteroidia; M
arinilabilia

les; M
arinilabilia

ceae; Alkalita
lea; N

A; Alkalita
lea saponilacus~889453_Asaponilacus@ASB47650.1|

Bacteria; B
acteroidetes; B

acteroidia; B
acteroidales; D

ysgonamonadaceae; P
roteiniphilum; N

A; P
roteiniphilum saccharofermentans~1642647_Psaccharofermentans@SCD19217.1|

|1.94277OAA@norcimoatoiatehtB_681622~2845-IPV norcimoatoiateht sedioretcaB ;norcimoatoiateht sedioretcaB ;sedioretcaB ;eaecadioretcaB ;seladioretcaB;aidioretcaB ;setedioretcaB ;airetcaB

|1.65824LAC@mulihporhcyspF_216204~68/20PIJ mulihporhcysp muiretcabovalF ;mulihporhcysp muiretcabovalF ;muiretcabovalF ;eaecairetcabovalF ;selairetcabovalF ;aiiretcabovalF ;setedioretcaB;airetcaB

Bacte
ria; R

hodotherm
aeota; N

A; N
A; N

A; N
A; N

A; R
hodotherm

aeota bacte
rium MED-G16~1986238_Rbacte

rium@PDH50488.1|

Bacte
ria; R

hodotherm
aeota; N

A; N
A; N

A; N
A; N

A; R
hodotherm

aeota bacte
rium MED-G19~1986240_Rbacte

rium@PDH42958.1|

Bacte
ria; B

acte
roidetes; C

yto
phagia; C

yto
phagales; F

lammeovirg
aceae; M

arivi
rga; M

arivi
rga tra

ctu
osa; M

arivi
rga tra

ctu
osa DSM 4126~643867_Mtra

ctu
osa@ADR20102.1|

Bacte
ria; B

acte
roidetes; C

yto
phagia; C

yto
phagales; B

ernardetiaceae; B
ernardetia; B

ernardetia lito
ralis;

 Bernardetia lito
ralis 

DSM 6794~880071_Blito
ralis@

AFM03024.1|

Bacte
ria; B

acte
roidetes; S

aprospiria
; S

aprospirales; N
A; N

A; N
A; S

aprospirales b
acte

rium~2026790_Sbacte
rium@MAT55036.1|

Bacte
ria

; B
acte

roidetes; S
aprospiria

; S
aprospira

les; S
aprospira

ceae; S
aprospira

; S
aprospira

 grandis; 
Saprospira

 grandis s
tr. 

Lewin~984262_Sgrandis@
AFC24788.1|

Bacte
ria

; B
acte

roidetes; S
aprospiria

; S
aprospira

les; L
ewinellaceae; N

A; N
A; L

ewinellaceae bacte
riu

m SD302~2014804_Lbacte
riu

m@PHI21176.1|

Bacte
ria

; B
acte

roidetes; C
hitin

ophagia; C
hitin

ophagales; C
hitin

ophagaceae; N
iabella; N

A; N
iabella ginsenosid

ivo
rans~1176587_Nginsenosid

ivo
rans@

ANH79845.1|

Bacte
ria

; B
acte

roidetes; S
phingobacte

riia
; S

phingobacte
ria

les; N
A; N

A; N
A; S

phingobacte
ria

les b
acte

riu
m 44-61~1895838_Sbacte

riu
m@OJV

97731.1|

Bacte
ria

; B
acte

roidetes; C
hitin

ophagia; C
hitin

ophagales; C
hitin

ophagaceae; A
rachidico

ccu
s; N

A; A
rachidico

ccu
s s

p. B
S20~1850526_Asp@ANI89549.1|

Bacte
ria

; B
alneolaeota; N

A; N
A; N

A; C
andidatus C

ycl
onatro

num; N
A; C

andidatus C
ycl

onatro
num proteinivo

rum~1457365_CCycl
onatro

num@AXI99323.1|

Bacte
ria

; B
alneolaeota; B

alneolia; N
A; N

A; N
A; N

A; B
alneolia bacte

riu
m~2094027_Bbacte

riu
m@PUKH01000070.1_42|

Bacte
ria

; B
alneolaeota; B

alneolia; B
alneolales; 

Balneolace
ae; G

racili
monas; 

NA; G
racili

monas a
mylo

lyti
ca

~1749045_Gamylo
lyti

ca
@PQBS01000040.1_297|

Bacte
ria

; B
acte

roidetes; 
NA; B

acte
roidetes O

rder II. 
Ince

rta
e se

dis; 
Rhodotherm

ace
ae; N

A; N
A; R

hodotherm
ace

ae bacte
riu

m RA~1779382_Rbacte
riu

m@ARA92711.1|

Bacte
ria

; B
acte

roidetes; 
NA; B

acte
roidetes O

rder II
. In

ce
rta

e se
dis; 

NA; N
A; N

A; B
acte

roidetes b
acte

riu
m UBA7368~1950766_Bbacte

riu
m@DKOG01000029.1_4|

Bacte
ria

; B
acte

roidetes; 
NA; B

acte
roidetes O

rder II
. In

ce
rta

e se
dis; 

Rhodotherm
ace

ae; S
alinibacte

r; S
alinibacte

r ru
ber; S

alinibacte
r ru

ber D
SM 13855~309807_Sruber@

ABC45229.1|

Bacte
ria

; R
hodotherm

aeota; R
hodotherm

ia; R
hodotherm

ales; 
Salinibacte

race
ae; S

alinive
nus; 

NA; S
alinive

nus lu
tea~890426_Slutea@NCRC01000036.1_10|

Bacte
ria

; R
hodotherm

aeota; R
hodotherm

ia; R
hodotherm

ales; 
Salinibacte

race
ae; S

alinive
nus; 

NA; S
alinive

nus lu
tea~890426_Slutea@NCRC01000005.1_78|

Bacte
ria

; R
hodotherm
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D

22051.1|

Bacteria; C
andidatus Am

inicenantes; NA; NA; N
A; N

A; NA; C
andidatus

Am
inicenantes bacterium

 RBG
_13_64_14~1797271_C

Am
inicenantes@

O
G

D20730.1|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Candidatus Hydrogenedentes bacterium
 UBA6118~1953212_CHydrogenedentes@

DIW
A01000075.1_61|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Hydrogenedentes bacterium
 JG

I 0000039-J10~1046982_Hbacterium
@

AQ
YQ

01000102.1_27|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Candidatus Hydrogenedentes bacterium
 UBA2224~1953211_CHydrogenedentes@

DDYW
01000012.1_30|

Bacteria; Candidatus Aureabacteria; NA; NA; NA; NA; NA; bacterium
 UBP3_UBA1439~1953429_bUBP3_UBA1439@

DCTN01000164.1_6|

Bacteria; candidate division KSB1; NA; NA; NA; NA; NA; candidate division KSB1 bacterium
 4572_119~1971636_cdivision@

O
Q

X96366.1|

Bacteria; Calditrichaeota; NA; NA; NA; NA; NA; Calditrichaeota bacterium
 AABM

5.25.91~1960895_Cbacterium
@

M
W

JS01000538.1_4|

Bacteria; candidate division KSB1; NA; NA; NA; NA; NA; candidate division KSB1 bacterium
 4484_87~1970772_cdivision@

O
Q

X87984.1|

Bacteria; candidate division KSB1; NA; NA; NA; NA; NA; candidate division KSB1 bacterium
 RBG

_16_48_16~1798559_cdivision@
O

G
C01413.1|

Bacteria; Deferribacteres; Deferribacteres; NA; NA; NA; NA; Deferribacteres bacterium
 JdFR-76~1935133_Dbacterium

@
M

TO
L01000160.1_3|

Bacteria; Candidatus Abyssubacteria; NA; NA; NA; NA; NA; Candidatus Abyssubacteria bacterium
 SURF_5~2093360_CAbyssubacteria@

RJP14302.1|

Bacteria; Candidatus Abyssubacteria; NA; NA; NA; NA; NA; Candidatus Abyssubacteria bacterium
 SURF_17~2093361_CAbyssubacteria@

RJP64709.1|

Bacteria; candidate division KSB1; NA; NA; NA; NA; NA; candidate division KSB3 bacterium
~2044937_cdivision@

PID56061.1|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Hydrogenedentes bacterium
 JG

I 0000039-J10~1046982_Hbacterium
@

AQ
YQ

01000060.1_10|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Candidatus Hydrogenedentes bacterium
~2030809_CHydrogenedentes@

PCJ55449.1|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Candidatus Hydrogenedentes bacterium
 UBA2224~1953211_CHydrogenedentes@

DDYW
01000053.1_6|

Bacteria; Candidatus Tectom
icrobia; NA; NA; NA; NA; NA; Candidatus Tectom

icrobia bacterium
 RIFCSPLO

W
O

2_02_FULL_70_19~1802342_CTectom
icrobia@

O
G

L64497.1|

Bacteria; Proteobacteria; G
am

m
aproteobacteria; Xanthom

onadales; NA; NA; NA; Xanthom
onadales bacterium

 63-13~1895867_Xbacterium
@

O
JY92743.1|

Bacteria; Proteobacteria; Alphaproteobacteria; Rhodospirillales; Rhodospirillaceae; Rhodospirillum
; Rhodospirillum

 rubrum
; Rhodospirillum

 rubrum
 ATCC 11170~269796_Rrubrum

@
ABC23707.1|

Bacteria; Candidatus Lindowbacteria; NA; NA; NA; NA; NA; Candidatus Lindowbacteria bacterium
 RIFCSPLO

W
O

2_12_FULL_62_27~1817870_CLindowbacteria@
O

G
H59156.1|

Bacteria; Spirochaetes; Spirochaetia; NA; NA; NA; NA; Spirochaetia bacterium
 UBA5763~1948760_Sbacterium

@
DIEX01000009.1_44|

Bacteria; Candidatus Hydrogenedentes; NA; NA; NA; NA; NA; Candidatus Hydrogenedentes bacterium
 CG

1_02_42_14~1805216_CHydrogenedentes@
O

IO
32292.1|

Bacteria; Cyanobacteria; NA; Nostocales; Nostocaceae; Trichorm
us; Trichorm

us azollae; Nostoc azollae 0708~551115_azollae@
ADI63370.1|

Bacteria; Cyanobacteria; NA; Nostocales; Aphanizom
enonaceae; Nodularia; Nodularia spum

igena; Nodularia spum
igena UHCC 0039~1914872_Nspum

igena@
AVZ29999.1|

Bacteria; Cyanobacteria; NA; Nostocales; Hapalosiphonaceae; Fischerella; NA; Fischerella sp. NIES-3754~1752063_Fsp@
BAU05450.1|

Bacteria; Cyanobacteria; NA; Chroococcidiopsidales; Chroococcidiopsidaceae; Chroococcidiopsis; NA; Chroococcidiopsis sp. TS-821~1378066_Csp@
PPS44068.1|

Bacteria; Cyanobacteria; NA; Oscillatoriales; Gom
ontiellaceae; Crinalium

; Crinalium
 epipsam

m
um

; Crinalium
 epipsam

m
um

 PCC 9333~1173022_Cepipsam
m

um
@

AFZ13251.1|

Bacteria; Cyanobacteria; NA; Oscillatoriales; Coleofasciculaceae; Geitlerinem
a; NA; Geitlerinem

a sp. PCC 7407~1173025_Gsp@
AFY67253.1|

Bacteria; Cyanobacteria; NA; Synechococcales; M
erism

opediaceae; Synechocystis; Synechocystis sp. PCC 6803; Synechocystis sp. PCC 6803 substr. GT-I~1080228_Ssp@
BAL29922.1|

Bacteria; Cyanobacteria; NA; Pleurocapsales; Derm
ocarpellaceae; Stanieria; NA; Stanieria sp. NIES-3757~1807358_Ssp@

BAU65488.1|

Bacteria; Cyanobacteria; NA; Synechococcales; Coelosphaeriaceae; Snowella; NA; Snowella sp.~2164131_Ssp@
PZV28082.1|

Bacteria; Cyanobacteria; NA; Synechococcales; M
erism

opediaceae; Synechocystis; Synechocystis sp. PCC 6803; Synechocystis sp. PCC 6803 substr. GT-I~1080228_Ssp@
BAL28220.1|

Bacteria; Cyanobacteria; NA; NA; NA; NA; cyanobacterium
 endosym

biont of Epithem
ia turgida; cyanobacterium

 endosym
biont of Epithem

ia turgida isolate EtSB Lake Yunoko~1228987_cendosym
biont@

BAP18184.1|

Bacteria; Cyanobacteria; NA; Pleurocapsales; Hyellaceae; Pleurocapsa; Pleurocapsa m
inor; Pleurocapsa sp. PCC 7327~118163_Psp@

AFY76579.1|

Bacteria; Cyanobacteria; NA; Pleurocapsales; Derm
ocarpellaceae; Stanieria; Stanieria cyanosphaera; Stanieria cyanosphaera PCC 7437~111780_Scyanosphaera@

AFZ34042.1|

Bacteria; Cyanobacteria; NA; Pleurocapsales; Derm
ocarpellaceae; Stanieria; NA; Stanieria sp. NIES-3757~1807358_Ssp@

BAU65930.1|

Bacteria; Cyanobacteria; NA; Oscillatoriales; M
icrocoleaceae; Trichodesm

ium
; Trichodesm

ium
 erythraeum

; Trichodesm
ium

 erythraeum
 IM

S101~203124_Terythraeum
@

ABG51398.1|

Bacteria; Cyanobacteria; NA; Spirulinales; Spirulinaceae; Spirulina; Spirulina subsalsa; Spirulina subsalsa PCC
9445~1173029_Ssubsalsa@

JH980292.1_3405|

Bacteria; Cyanobacteria; NA; Spirulinales; Spirulinaceae; Spirulina; Spirulina m
ajor; Spirulina m

ajor PCC 6313~129961_Sm
ajor@

KV878783.1_1212|

Bacteria; Cyanobacteria; NA; Chroococcales; Aphanothecaceae; Halothece; NA; Halothece sp. PCC 7418~65093_Hsp@
AFZ43564.1|
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Bacteria; Cyanobacteria; NA; Chroococcales; Chroococcaceae; Geminocystis; Geminocystis herdmanii; Geminocystis herdmanii PCC 6308~113355_Gherdmanii@
CM001775.1_3709|

Bacteria; Cyanobacteria; NA; Gloeoemargaritales; Gloeomargaritaceae; Gloeomargarita; Gloeomargarita lithophora; Gloeomargarita lithophora Alchichica-D10~1188229_Glithophora@
APB33536.1|

Bacteria; Cyanobacteria; Gloeobacteria; Gloeobacterales; Gloeobacteraceae; Gloeobacter; Gloeobacter kilaueensis; Gloeobacter kilaueensis JS1~1183438_Gkilaueensis@
AGY58377.1|

Bacteria; Cyanobacteria; Gloeobacteria; Gloeobacterales; Gloeobacteraceae; Gloeobacter; Gloeobacter violaceus; Gloeobacter violaceus PCC 7421~251221_Gviolaceus@
BAC92056.1|

Bacteria; Cyanobacteria; NA; Synechococcales; Prochloraceae; Prochlorococcus; Prochlorococcus marinus; Prochlorococcus marinus str. MIT 9313~74547_Pmarinus@
CAE22063.1|

Bacteria; Verrucomicrobia; Verrucomicrobiae; Verrucomicrobiales; Verrucomicrobiaceae; Verrucomicrobium; NA; Verrucomicrobium sp. GAS474~1882831_Vsp@
SDU18502.1|
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1801607 CMelainabacteria OGI20617.1|

Bacteria; Proteobacteria; Epsilonproteobacteria; Campylobacterales; Helicobacteraceae; Helicobacter; Helicobacter pylori; Helicobacter pylori 26695~85962_Hpylori@
AAD08505.1|

Bacteria; Firmicutes; Negativicutes; Selenomonadales; Sporomusaceae; Methylomusa; NA; Methylomusa anaerophila~1930071_Manaerophila@
BBB91548.1|

Bacteria; Firmicutes; Negativicutes; Selenomonadales; Sporomusaceae; Pelosinus; Pelosinus fermentans; Pelosinus fermentans JBW
45~1192197_Pfermentans@

AJQ25944.1|

Bacteria; Firmicutes; Negativicutes; NA; NA; NA; NA; Negativicutes bacterium UBA1444~1948702_Nbacterium@
DCTI01000094.1_6|

Bacteria; Firmicutes; Negativicutes; Acidaminococcales; Acidaminococcaceae; Acidaminococcus; Acidaminococcus fermentans; Acidaminococcus fermentans DSM 20731~591001_Afermentans@
ADB48055.1|

Bacteria; Firmicutes; Negativicutes; Acidaminococcales; Acidaminococcaceae; Acidaminococcus; NA; Acidaminococcus sp. BV3L6~1111120_Asp@
ERL19860.1|

Bacteria; Firmicutes; Negativicutes; Acidaminococcales; Acidaminococcaceae; Phascolarctobacterium; NA; Phascolarctobacterium faecium~33025_Pfaecium@
BBG63207.1|

Bacteria; Firmicutes; Negativicutes; Selenomonadales; Selenomonadaceae; Selenomonas; Selenomonas ruminantium; Selenomonas ruminantium subsp. lactilytica TAM6421~927704_Sruminantium@
BAL84319.1|

Bacteria; Firmicutes; Negativicutes; Veillonellales; Veillonellaceae; Veillonella; Veillonella parvula; Veillonella parvula DSM 2008~479436_Vparvula@
ACZ24207.1|

Bacteria; Firmicutes; Negativicutes; Veillonellales; Veillonellaceae; Megasphaera; NA; Megasphaera elsdenii~907_Melsdenii@
KGI89580.1|

Bacteria; Firmicutes; Negativicutes; Veillonellales; Veillonellaceae; Dialister; NA; Dialister pneumosintes~39950_Dpneumosintes@
AOH39102.1|

Bacteria; Candidatus Saganbacteria; NA; NA; NA; NA; NA; candidate division W
OR-1 bacterium RIFOXYB2_FULL_42_35~1802580_cdivision@

OGC24492.1|

Bacteria; Candidatus Saganbacteria; NA; NA; NA; NA; NA; Candidatus Saganbacteria bacterium CG08_land_8_20_14_0_20_45_16~2014293_CSaganbacteria@
PIS29768.1|

Bacteria; Candidatus Saganbacteria; NA; NA; NA; NA; NA; candidate division W
OR-1 bacterium RIFOXYB2_FULL+H888_42_35~1802577_cdivision@

OGC29957.1|

Bacteria; Candidatus Saganbacteria; NA; NA; NA; NA; NA; candidate division W
OR-1 bacterium RIFOXYA12_FULL_43_27~1802570_cdivision@

OGC03977.1|

Bacteria; Candidatus Saganbacteria; NA; NA; NA; NA; NA; candidate division WOR-1 bacterium RIFOXYA2_FULL_36_21~1802572_cdivision@
OGC07031.1|
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Bacteria; Candidatus Margulisbacteria; NA; NA; NA; NA; NA; Candidatus Margulisbacteria bacterium GWF2_38_17~1821775_CMargulisbacteria@
OGI03240.1|

Bacteria; Firmicutes; Clostridia; Thermoanaerobacterales; Thermodesulfobiaceae; Thermodesulfobium; Thermodesulfobium narugense; Thermodesulfobium narugense DSM 14796~747365_Tnarugense@
AEE13875.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales; Fibrobacteraceae; Fibrobacter; Fibrobacter succinogenes; Fibrobacter succinogenes subsp. succinogenes S85~59374_Fsuccinogenes@
ACX74839.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales; Fibrobacteraceae; Fibrobacter; NA; Fibrobacter succinogenes~833_Fsuccinogenes@
SUQ24430.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales; Fibrobacteraceae; Fibrobacter; NA; Fibrobacter sp. UWB13~1896204_Fsp@
SMG33399.1|

Bacteria; Fibrobacteres; Fibrobacteria; Fibromonadales; Fibromonadaceae; Candidatus Fibromonas; NA; Candidatus Fibromonas termitidis~1704279_CFibromonas@
LIUG01000048.1_14|

Bacteria; Bacteroidetes; Sphingobacteriia; Sphingobacteriales; NA; NA; NA; Sphingobacteriales bacterium 44-61~1895838_Sbacterium@
OJW02649.1|

Bacteria; Bacteroidetes; Sphingobacteriia; Sphingobacteriales; NA; NA; NA; Sphingobacteriales bacterium 44-61~1895838_Sbacterium@
OJV97974.1|

Bacteria; Candidatus Melainabacteria; NA; NA; NA; NA; NA; Candidatus Melainabacteria bacterium RIFCSPHIGHO2_02_FULL_34_12~1801607_CMelainabacteria@
OGI19408.1|

1801604 CMelainabacteria OGH99900.1|

1906167 CGastranaerophilales MOYD01000061.1 65|

Bacteria; Candidatus Melainabacteria; NA; NA; NA; NA; NA; Candidatus Melainabacteria bacterium GWA2_34_9~1801604_CMelainabacteria@OGH98082.1|

Bacteria; Candidatus Melainabacteria; NA; NA; NA; NA; NA; Candidatus Melainabacteria bacterium RIFCSPHIGHO2_02_FULL_34_12~1801607_CMelainabacteria@OGI18739.1|

Bacteria; Candidatus Melainabacteria; NA; Vampirovibrionales; NA; Vampirovibrio; NA; Vampirovibrio chlorellavorus~758823_Vchlorellavorus@LAPX01000004.1_573|

Bacteria; Candidatus Melainabacteria; NA; NA; NA; NA; NA; Candidatus Melainabacteria bacterium GWA2_34_9~1801604_CMelainabacteria@OGH99354.1|

Bacteria; Candidatus Melainabacteria; NA; Candidatus Gastranaerophilales; NA; NA; NA; Candidatus Gastranaerophilales bacterium Zag_111~1906167_CGastranaerophilales@MOYD01000061.1_192|

Bacteria; Candidatus Melainabacteria; NA; Candidatus Gastranaerophilales; NA; NA; NA; Candidatus Gastranaerophilales bacterium Zag_111~1906167_CGastranaerophilales@MOYD01000062.1_336|

Bacteria; Candidatus Melainabacteria; NA; NA; NA; NA; NA; Candidatus Melainabacteria bacterium GWA2_34_9~1801604_CMelainabacteria@OGH94740.1|

Bacteria; Candidatus Melainabacteria; NA; Vampirovibrionales; NA; Vampirovibrio; NA; Vampirovibrio chlorellavorus~758823_Vchlorellavorus@LAPX01000007.1_462|

Bacteria; Candidatus Fervidibacteria; NA; NA; NA; NA; NA; Fervidibacteria bacterium JGI 0000001-G10~1052813_Fbacterium@ASKL01000063.1_1|

Bacteria; Armatimonadetes; Chthonomonadetes; Chthonomonadales; Chthonomonadaceae; Chthonomonas; NA; Chthonomonas sp. UBA2785~1946339_Csp@DEIB01000044.1_12|

Bacteria; Armatimonadetes; NA; NA; NA; NA; NA; Armatimonadetes bacterium Uphvl-Ar2~2004468_Abacterium@ARU44622.1|

Bacteria; Armatimonadetes; Fimbriimonadia; Fimbriimonadales; Fimbriimonadaceae; Fimbriimonas; Fimbriimonas ginsengisoli; Fimbriimonas ginsengisoli Gsoil 348~661478_Fginsengisoli@AIE83905.1|

Bacteria; Armatimonadetes; Chthonomonadetes; Chthonomonadales; Chthonomonadaceae; Chthonomonas; NA; Chthonomonas sp. UBA2354~1946332_Csp@DDTW01000059.1_62|

Bacteria; Armatimonadetes; Chthonomonadetes; Chthonomonadales; Chthonomonadaceae; Chthonomonas; Chthonomonas calidirosea; Chthonomonas calidirosea T49~1303518_Ccalidirosea@CCW35140.1|

Bacteria; Candidatus Blackallbacteria; NA; NA; NA; NA; NA; bacterium (Candidatus Blackallbacteria) CG13_big_fil_rev_8_21_14_2_50_49_14~2014260_bCandidatus@PIW48912.1|

Bacteria; Spirochaetes; Spirochaetia; Brevinematales; Brevinemataceae; Brevinema; NA; Brevinema andersonii~34097_Bandersonii@SFB78646.1|

Bacteria; Candidatus Riflebacteria; NA; NA; NA; NA; NA; Candidatus Riflebacteria bacterium HGW-Riflebacteria-2~2013830_CRiflebacteria@PKL49129.1|

Bacteria; Candidatus Riflebacteria; NA; NA; NA; NA; NA; Candidatus Riflebacteria bacterium~2053586_CRiflebacteria@HAE40333.1|

Bacteria; Candidatus Riflebacteria; NA; NA; NA; NA; NA; Candidatus Riflebacteria bacterium GWC2_50_8~1817874_CRiflebacteria@OGK08612.1|

Bacteria; Candidatus Riflebacteria; Candidatus Ozemobacteria; NA; Candidatus Ozemobacteraceae; Candidatus Ozemobacter; NA; Candidatus Ozemobacter sibiricus~2268124_COzemobacter@RCK80260.1|

|1.07260MGO@airetcabllaWC_3187181~53_94_2CWG muiretcab airetcabllaW sutadidnaC ;
AN ;

AN ;
AN ;

AN ;
AN ;airetcabllaW sutadidnaC;airetcaB

Bacteria; Armatimonadetes; NA; NA; NA; NA; NA; Armatimonadetes bacterium CG07_land_8_20_14_0_80_59_28~1973917_Abacterium@PIU60305.1|

Bacteria; candidate division KD3-62; NA; NA; NA; NA; NA; candidate division KD3-62 bacterium DG_56~1704032_cdivision@KPJ64672.1|

Bacteria; candidate division WS1; NA; NA; NA; NA; NA; candidate division WS1 bacterium~2099669_cdivision@PXBW01000049.1_7|

Bacteria; Candidatus Eremiobacteraeota; NA; NA; NA; NA; NA; Candidatus Eremiobacteraeota bacterium (candidate division WPS-2 bacterium)~2052317_CEremiobacteraeota@PZR57349.1|

Bacteria; Candidatus Eremiobacteraeota; NA; NA; NA; NA; NA; Candidatus Eremiobacteraeota bacterium (candidate division WPS-2 bacterium)~2052317_cdivision@PKUW01000211.1_5|

Bacteria; Candidatus Eremiobacteraeota; NA; Candidatus Eremiobacterales; NA; Candidatus Eremiobacter; Candidatus Eremiobacter; Candidatus Eremiobacter sp. RRmetagenome_bin22~2599629_CEremiobacter@PZR60480.1|

Bacteria; Candidatus Melainabacteria; NA; Candidatus Caenarcaniphilales; NA; Candidatus Caenarcanum; NA; Candidatus Caenarcanum bioreactoricola~1906166_CCaenarcanum@MOYB01000006.1_17|

Tree scale: 1
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Extended Figure 9: Presence of disordered β-structures in long MlaD sequences with no β-
barrel 
A) Presence of β-structures in long MlaD sequences with no β-barrel. The start of the sequence 
represents the presence of the MCE domain, to align all long MlaD sequences. The total length of 
each sequence is represented by the grey shaded area. Later, in some of these long sequences, we see 
the presence of β-hairpins / sheets, but no real folded β-barrel domain. For comparison, we also show 
the ~100 sequences of long MlaD that do possess a predicted folded β-barrel. Predicted Local 
Distance Difference Test (pLDDT) values, corresponding to the confidence of these predictions, are 
coloured and labelled in the key above. B) AlphaFold modelling of long MlaD sequences with no 
β-barrel. As seen from these two predicted structures, these long MlaD sequences do not possess a β-
barrel, but do possess unstructured, disordered regions at their C-termini that contain fragments of β-
hairpins / sheets. 
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Extended Table 1: Statistics of AF2-Multimer models generated for MlaD36-263 hexamers 
 

 AF-multimer v2.2 AF -multimer v2.3 

Model rank 1 2 3 4 5 1 2 3 4 5 

Open/Close
d Open Open Open Closed Closed Open Closed Closed Closed Open 

pLDDT 75.38 75.57 73.79 68.07 62.59 68.23 64.88 65.96 64.24 64.73 

pTM 0.56  0.55  0.50  0.47  0.46  0.58 0.54 0.53 0.49 0.45 

ipTM 0.53 0.52 0.48 0.44 0.43 0.56 0.52 0.50 0.46 0.42 

multimer 0.54 0.53 0.48 0.45 0.44 0.56 0.52 0.51 0.47 0.43 

Contacts* 187/20 180/0 190/0 139/86 126/83 185/3 101/99 143/151 134/126 154/5 

PAE < 8 Å# 3431/72 1378/0 1633/0 350/102 16/0 180/0 95/24 43/0 4/0 0/0 

 
 
* Number of contacts (Cβ-Cβ < 8 Å) for the helical regions (MlaD132-263) between neighboring chains. 
The first number is the average of all i,i+1 pairs of chains except between the 1st and the last chain (i 
being the index of the chain in the hexamer). The second number (in bold) is between the 1st and the 
last chain in the hexamer. 
 
# Number of residue pairs with a Predicted Aligned Error (PAE) < 8 Å for the helical regions 
(MlaD132-263) between neighboring chains. The first number is the average of all i,i+1 pairs of chains 
except between the 1st and the last chain (i being the index of the chain in the hexamer). The second 
number (in bold) is between the 1st and the last chain in the hexamer. 
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Extended Table 2: Distribution and accession numbers of Mla components homologs among 
1083 genomes representing the bacterial diversity.  
 
The presence of MlaB and MlaF is only indicated when they are in cluster with at least one of 
the other components of the Mla system. 
 
Table attached separately. 
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Supplementary Figure S1: GPL biosynthesis homologues in V. parvula and identification of PE 
and PG. 
A) Identification of GPL biosynthesis homologues in V. parvula. Homologues of four GPL 
biosynthesis genes were identified in V. parvula, including a homologue for the recently identified 
operon involved in plasmalogen biosynthesis, plsAR. B) Relative proportion of each lipid species in 
WT SKV38. 4 biological replicates were tested, stained with phosphomolybdic acid and quantified by 
ImageJ; n = 4. C) Mass spectrometry data – PG identification (band 1). 1) MALDI-QIT-TOF MS 
analyses of lipid band 1 (positive ion mode) are shown to illustrate phosphatidylglycerol (PG) diversity 
from lipid extracts of WT V. parvula SKV38. 2) MS/MS spectrum of the main species of PG, PG 32:0 
at m/z 767.408 with diagnostic ions for PG of 198.9 corresponding to the Glycerol-3-phosphate ion with 
loss of H2O. Only one fatty acid neutral loss was found suggesting the presence of two C16:0. D) Mass 
spectrometry data – PE identification (band 3). 1) MALDI-QIT-TOF MS analyses of lipid band 3 
(positive ion mode) are shown to illustrate phosphatidylethanolamine (PE) diversity from lipid extracts 
of WT V. parvula SKV38. 2) MS/MS spectrum of the main species observed by MS, PE 31:2 
at m/z 718.4 with diagnostic ions for PE of 43 (neutral loss from the precursor ion) and 185 and 167 for 
respectively the ethanolamine phosphate ion and the ethanolamine phosphate ion with loss of H2O. 
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Lipids m/z Assignment 
 735.434 PG 30:2 | PG P-31:1 
 739.449 PG 30:0 
 753.349 PG 31:0 
Phosphatidylglycerol (PG) 765.451 PG 32:1 
 767.408 PG 32:0 
 781.406 PG 33:0 

Phosphatidylethanolamine (PE) 

664.354 PE 27:1 
676.368 PE 28:2 
678.366 PE 28:1 
681.369 PE 28:0 
690.385 PE 29:2 
692.384 PE 29:1 
704.396 PE 30:2 
706.389 PE 30:1 
708.387 PE 30:0 
718.422 PE 31:2|PE P-32:1 
732.433 PE 32:2 
734.420 PE 32:1 
736.425 PE 32:0 
744.423 PE P-34:2 
746.440 PE 33:2| PE P-34:1 
748.428 PE 33:1 
760.450 PE 34:2 
762.442 PE 34:1 
772.470 PE P-36-2 
774.447 PE P-36:1 
776.457 PE P-36:0 

Supplementary Table S1. Lipid assignments of the total lipid extract of Veillonella 
parvula. Analyses by MALDI-QIT-TOF Shimadzu AXIMA Resonance mass spectrometer in 
the positive mode. The adduct type for phosphoethanolamine (PE) and phosphatidylglycerol 
(PG) are [M+2Na-H]+. 
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Supplementary Figure S2: Identification of vinyl ether bonds in V. parvula phospholipids 
A) Proton Nuclear Magnetic Resonance (1H-NMR) spectra of lipid fractions 1-4 used for the relative 
quantification of Ester moieties (FA). Relative quantification was made using signal area from the 
alpha-methylene of the fatty acids (FA) (two 1H signals at ca. 2.30 ppm per FA). B) 1H-NMR spectra 
for relative quantification of Vinyl Ether (VE) bonds. Relative quantification was made using signal 
area for the VE moiety (one 1H at 5.88 ppm per VE chain). C) Relative proportion of plasmalogen form 
of each lipid. Based on the relative molar quantity of each of the four major lipids present in the WT, 
and the NMR data, we calculated the relative molar proportion of lipids containing ether bonds. 
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Supplementary Figure S3: Phospholipid compositions of WT and ∆mla V. parvula mutants 
 
A) Thin Layer Chromatography (TLC) of extracted lipids with iodine vapour staining. i) Solvent 
system was chloroform/methanol/water (v/v/v 80:20:2.5). A strong clustering of polar species was 
observed near the origin of the plate. ii) Solvent system was chloroform/methanol/water (v/v/v 65:25:4). 
This solvent system enabled a better separation of the more polar species, allowing the separation of 
PE as a double band, likely representative of two different PE species. The major lipid species in V. 
parvula, listed in the table below, are numbered 1 – 4. Commercial reference lipid standards (PC, PE 
and CL) are labelled. B) TLC of lipids extracts from OMVs: Phosphomolybdic acid (PMA) and 
iodine vapour staining (chloroform/methanol/water 80:20:2.5 v/v/v). Lipid extraction was performed 
from purified OMVs of WT and ∆mlaD strains in biological triplicate as described in the methods. 10µl 
of extracted lipids were run on TLC, revealing a ~40% (±16%) enrichment of PE in all ∆mlaD OMV 
lipid extracts. PMA staining of lipid extracts from WT and ∆mla OMVs shows a decrease in the relative 
quantities of two unknown lipid species, highlighted in white. This decrease was also visualised after 
iodine vapour staining, as highlighted in black. The relative decrease in these two species from the ∆mla 
OMVs confirmed the relative enrichment of PE. B ii) Additional biological replicate of OMV lipid 
extraction and staining, including a table showing ImageJ quantifications of staining intensity of iodine 
vapour-stained lipid extracts across 3 biological replicates. 
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Supplementary Figure S4: OM permeability phenotypes of ∆mlaD, ∆tamB and ∆mlaD∆tamB 
strains 
 
A) Overnight cultures of WT, ∆mlaD, ∆tamB, ∆mlaD∆tamB and ∆mlaD::mlaD were plated onto SDS 
/ EDTA and vancomycin to assess OM permeability. At this concentration of SDS (0.003%) and EDTA 
(312.5µM), the rescue of detergent hypersensitivity of ∆mlaD by deletion of tamB is striking, and 
similar to the rescue obtained from reintroducing the expression of mlaD itself. ∆tamB strains are also 
highly sensitive to vancomycin. B) Cultures of WT, ∆mlaD, ∆tamB and 4 independent biological 
replicates of the double ∆mlaD∆tamB mutant were plated onto SDS 0.004% / EDTA 312.5µM and 
vancomycin 250µg/ml.  The slight increase in vancomycin sensitivity of the ∆tamB can be observed as 
compared to the WT, which is in direct contrast to the high resistance of ∆mlaD to vancomycin. 
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Supplementary Figure S5: Average size of outer membrane vesicles (OMVs) is consistent across 
whole cell cultures and purified OMV samples.  
 
A) Cryo-electron tomography images of ∆mlaD with outer membrane vesicles (OMVs). Cultures 
of WT and ∆mlaD strains were observed via cryo-electron tomography (cryo-ET). In all tomograms of 
∆mlaD, outer membrane vesicles (OMVs) were observed either attached to the cell or externally 
(highlighted by white arrows). These vesicles were on average ~60nm in diameter, matching the 
average size observed of these vesicles (present both in whole-cell cultures and in purified samples) via 
NanoFCM. Scale bar = 100nm. B) NanoFCM report showing size distribution of purified OMV 
sample. OMVs were purified from large-scale supernatants of WT and ∆mlaD cultures. Prior to 
concentration of these vesicles via ultracentrifugation, a small sample was extracted and processed via 
NanoFCM, confirming the average size of OMVs is ~60nm, matching the average size of OMVs 
present in full cell cultures of WT and ∆mlaD strains, and also the average size observed via cryo-ET. 
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Supplementary Table S2: Primers used in this study. 

 

Primer 
name DNA sequence 

tamB_3F CTTCACTCGCCTGCATTTTACTAATGATACTCCCATACACATTATG 
tamB_3R GTTGGTTTAGTGGCGAGCTCCG 
tamB_5F GTATAGCCAGCTTGTACCTCAGC 
tamB_5R ATTGTGTCCTGTGGATCCACGAGTATGGCTAGAATGTGTAAAC 
mlaD_3F_er
y 

ATTATTTAACGGGAGGAAATAATGACTAACACATTTACTCTATATGAGTATGGA
GGT 

mlaD_3R AGTAACCATCTGGATCAC 
mlaD_5F CGTGTATGATTATGGTGC 
mlaD_5R_er
y 

GAGAATATTTTATATTTTTGTTCATTTATATATCTCCCATCGCAGATTCGTTAATC
G 

ery_F_mod ATGAACAAAAATATAAAATATTCTCAAAACTTTTTAACGAGTG 
ery_R_mod TTATTTCCTCCCGTTAAATAATAGATAACTATTAAAAATAGACAATACTTG 
catP_F GGCCTTTTGCTCACATGTTC 
catP_R CCTGAAGTTAACTATTTATCAATTCCTGC 
tetM_F AGTAAAATGCAGGCGAGTGAAG 
tetM_R GTGGATCCACAGGACACAAT 
mlaE_5F GCAGCTACAGCCTTATAC 
mlaE_5R TCACTCGCCTGCATTTTACTCAGTGTCTCCCTTTCCC 
mlaD_pRPF
185OH_F AGCGTTAACAGATCTGAGCTGTACAACAATTTATTCATGGTGAAGCAGAGC 

mlaD_pRPF
185OH_R 

TCTCCTTTACTGCAGGAGCTTTAGAATACTTGTTTAATACCGAAATAGGTACCTC
CA 

mlaE_pRPF
185OH_F CGTTAACAGATCTGAGCTACTGTAAGGGAAAGGGAGACACTGTTG 

mlaD_F_pR
PF185_2 CTCTAAGAAAGAAGGAATTCACATGAAGTGGACGACGGAGG 

MCE_R_lin
k_pRPF185
_2 

TACCGCTGCCGCTACCACTATTGATAGACTGTAGCATCTTCTCAGTG 

MCE_R_pR
PF185_2 CCAGGAGAGTTGTTGATCACTATTGATAGACTGTAGCATCTTCTCAGTG 

Barrel_F_O
mpSP_ 
pRPF185_2 

CTAAGAAAGAAGGAATTCACATGAAAAAACAATTCGCAACAATGTTAGCAGCA
ACAGCAGTGTTAGGTGTAACAACAGCATTTGCTCATAATACGGCACAGATTTCA
GCTCG 
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Supplementary Table S3: Strains and plasmids used in this study. 

 

Strain or Plasmid Description Antibiotic 
Resistance Origin 

SKV38 Wild-type / 1 

SKV38∆mlaD Wild-type with chromosomal mlaD deletion Ery This study 

SKV38∆mlaF Wild-type with chromosomal mlaF deletion Tc This study 

SKV38∆mlaEFD Wild-type with chromosomal mlaEFD 
deletion Tc This study 

SKV38∆mlaD::mlaD ∆mlaD complemented with pRPF185::mlaD Ery, Cm This study 

SKV38∆mlaEFD::mlaEFD ∆mlaEFD complemented with 
pRPF185::mlaEFD Tc, Cm This study 

SKV38∆mlaD::mlaD-Barrel-HA 
∆mlaD complemented with pRPF185::mlaD 
(Barrel: residues 250-419 with C-ter HA-tag 
with linker) 

Ery, Cm This study 

SKV38∆mlaD::mlaD-MCE-HA 
∆mlaD complemented with pRPF185::mlaD 
(TM + MCE domain: residues 1-155 with C-
ter HA-tag with linker) 

Ery, Cm This study 

SKV38∆tamB Wild-type with chromosomal tamB deletion Tc This study 

SKV38∆mlaD∆tamB Wild-type with chromosomal mlaD and 
tamB deletion Ery, Tc This study 

SKV38∆mlaD (Tn) Wild-type with transposon insertion in mlaD 
homologue Ery This study 

∆mlaD∆tamB (Tn 27C1) ∆mlaD with transposon insertion in tamB Ery, Tc This study 

∆mlaD∆tamB (Tn 90E10) ∆mlaD with transposon insertion in tamB Ery, Tc This study 

∆mlaD∆sstT (Tn 5B5) ∆mlaD with transposon insertion in sstT Ery, Tc This study 

∆mlaD::inter (Tn 5A4) 
∆mlaD with transposon insertion in 
intergenic region between sodA and 
FNLLGLLA_01854 

Ery, Tc This study 

Plasmids    

pRPF215 mariner Tn delivery plasmid, Ptet::Himar1 
ITR-ermB-ITR catP tetR Cm 2 

pRPF185 
Tetracycline-inducible expression system 
fused with β-glucuronidase gusA Term(fdx)-
Ptet-gusA-Term(slpA), catP 

Cm 3 

pRPF185∆gusA_2 Tetracycline-inducible expression system 
with β-glucuronidase gusA removed, catP Cm This study 
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