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Summary  22 
The transition between cell envelopes with one membrane (Gram-positive or monoderm) and those with 23 
two membranes (Gram-negative or diderm) is a fundamental open question in the evolution of Bacteria. 24 
The evidence of two independent diderm lineages, the Halanaerobiales and the Negativicutes, within 25 
the classically monoderm Firmicutes has blurred the monoderm/diderm divide and specifically 26 
anticipated that other members with an outer membrane (OM) might exist in this phylum. Here, by 27 
screening 1,639 genomes of uncultured Firmicutes for signatures of an OM, we highlight a third and 28 
deep branching diderm clade, the Limnochordia, strengthening the hypothesis of a diderm ancestor and 29 
multiple transitions leading to the monoderm phenotype. Phyletic patterns of over 176,000 protein 30 
families constituting the Firmicutes pan-proteome identify those that are specific to the three diderm 31 
lineages, and suggest new potential players in OM biogenesis. In contrast, we find practically no largely 32 
conserved core for monoderms, a fact possibly linked to different ways of adapting to OM loss. 33 
Phylogenetic analysis of a concatenation of main OM components totalling nearly 2000 amino acid 34 
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positions illustrates the common origin and vertical evolution of most diderm bacterial envelopes. 35 
Finally, mapping the presence/absence of OM markers onto the tree of Bacteria highlights the 36 
overwhelming presence of diderms and the non-monophyly of monoderms, pointing to an early origin 37 
of two-membraned cells and the derived nature of the Gram-positive envelope following independent 38 
OM losses.  39 
 40 
Introduction 41 
The cell envelope is one of the most essential and ancient features of life; yet, most aspects of its 42 
evolutionary history remain obscure. In particular, it is unclear how cell envelopes with two membranes 43 
(Gram-negative or diderms) and those with one membrane (Gram-positive or monoderms) came into 44 
being, and how such important transition occurred1–5.  45 

The Firmicutes are the textbook example of Gram-positive bacteria, but surprisingly include 46 
two clades, the Negativicutes and the Halanaerobiales, that display an outer membrane (OM) with 47 
lipopolysaccharide (LPS)6–9. We recently showed that they form two phylogenetically distinct lineages, 48 
each close to different monoderm relatives within the Firmicutes. In addition, phylogenetic analysis of 49 
core biosynthetic LPS genes indicated that these were not acquired through horizontal gene transfer 50 
(HGT) from other diderm bacteria. Finally, identification and annotation of putative OM markers in 51 
the genomes of Halanaerobiales and Negativicutes suggested that these two lineages display unique cell 52 
envelopes with specific characteristics10, such as for example the mechanism of OM attachment, which 53 
is different from that of Escherichia coli5,11. These bioinformatics predictions were confirmed by 54 
characterizing the first OM proteome from the model diderm Firmicute Veillonella parvula12. From these 55 
results, we put forward the hypothesis that a diderm envelope with LPS was already present in the 56 
ancestor of all Firmicutes and was retained in the Negativicutes and Halanaerobiales while it was lost 57 
multiple times independently during the diversification of this phylum to give rise to the classical Gram-58 
positive cell envelope architecture10. This hypothesis specifically anticipated that other diderm lineages 59 
may exist in the Firmicutes.  60 
 Recently, 1,639 new genomes from uncultured Firmicutes obtained from metagenomes were 61 
made available13, providing an exceptional wealth of new data to explore. Here, we analyzed these 62 
genomes to investigate the presence of additional diderm members and to obtain further information on 63 
the diderm/monoderm transition in this phylum. Our results strengthen the hypothesis of a diderm 64 
ancestor of the Firmicutes and possibly all Bacteria, and the derived nature of the monoderm cell 65 
envelope.  66 
 67 
Results 68 
Screening uncultured Firmicutes genomes for OM markers highlights a third diderm lineage  69 
We retrieved 1,639 genomes annotated as Firmicutes from the Uncultured Bacteria and Archaea (UBA) 70 
dataset of Parks et al.,13. These genomes were isolated from different environments and their quality 71 
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goes from partial to near complete (Supplementary Table 1 and Supporting Data). 514 UBA genomes 72 
having less than 35 ribosomal proteins were considered as too partial and discarded from further 73 
analysis. To robustly place these new genomes in the reference Firmicutes phylogeny, we included the 74 
1,125 UBA genomes in a phylum-level tree together with 230 representatives of all Firmicutes families, 75 
and members of major bacterial phyla as outgroup (Methods).  76 
 The resulting maximum-likelihood (ML) tree is well resolved (Figure 1 and Supporting Data). 77 
The UBA genomes significantly enrich the genomic coverage of the Firmicutes, by spanning the entire 78 
diversity of this phylum, in particular the Clostridia. Most UBA genomes fall into known Firmicutes 79 
families consistently with their inferred taxonomy13, whereas other fall into clades that do not contain 80 
any genome representative of known families, and were given a loose taxonomic assignment13 (Figure 81 
1). Only one UBA genome belongs to the Halanaerobiales, possibly a bias due to the difficulty of 82 
assembling these GC-rich genomes or a poorer sampling from the environments where they thrive. In 83 
contrast, these new genomes significantly enrich the coverage for Negativicutes (39 UBAs). The deep 84 
branching of Halanaerobiales and the placement of Negativicutes within Clostridia are both well 85 
supported and are consistent with previous analyses6,10,14. In particular, Antunes et al. specifically tested 86 
alternative branchings of the Halanaerobiales by approximately unbiased (AU) tests and showed that 87 
they were all strongly rejected by the data10. Interestingly, while the monoderm lineage Natranaerobius 88 
thermophilus branched with Halanaerobiales in previous analyses10,14, it now groups with Dethiobacter 89 
alkaliphilus and 17 other UBA genomes at the base of Bacilli (Figure 1). The increased genomic coverage 90 
likely enhanced the phylogenetic signal and helped to correctly place these lineages, which is more 91 
consistent with their monoderm phenotype. 92 

To investigate the existence of additional diderm lineages among the UBA Firmicutes, we 93 
screened them for the presence of four conserved genes for LPS biosynthesis and six protein domains 94 
previously used as markers of Gram-negativity7 (Methods). Consistently with our previous study10, we 95 
found homologues of these OM markers in all Negativicutes and Halanaerobiales UBA genomes, but 96 
surprisingly we also found them in 46 unclassified UBA genomes belonging to a particularly interesting 97 
clade (Supplementary Table 2). It represents the second deepest-branching group in the reference 98 
phylogeny after the Halanaerobiales (Figure 1), and includes a single isolated member, Limnochorda pilosa, 99 
identified from a brackish meromictic lake, and defining the recently proposed class Limnochordia15. 100 
The recently sequenced L. pilosa genome revealed the presence of classical OM markers consistent with 101 
microscopy evidence for a diderm cell envelope16. Most UBA genomes that we assign to Limnochordia 102 
were assembled from anaerobic mud and digester samples (Supplementary Table 1) and form a diverse 103 
group (Supplementary Figure 1). These results show that Limnochordia represent a third and deep-104 
branching diderm lineage within the Firmicutes, strengthening the hypothesis of a diderm ancestor.   105 
 106 
Distribution of protein families and domains reveals the functional core of diderm Firmicutes  107 
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The existence of three distinct diderm lineages embedded in the classical monoderm Firmicutes provides 108 
an exceptional opportunity to gain insights into the diderm/monoderm transition by analyzing the 109 
distribution of proteins across this phylum. To this aim, we assembled a reduced genome databank of 110 
316 representative Firmicutes (including the newly identified UBA diderm Firmicutes): 47 111 
Limnochordia, 101 Negativicutes and 17 Halanaerobiales, for a total of 165 diderm and 151 monoderm 112 
taxa (Methods). We used this databank to compare the proteomes of monoderm and diderm lineages 113 
across the phylum. We calculated the pan-proteome of Firmicutes as composed of 176,024 protein 114 
families, 15,964 being present in at least five genomes and which were thus kept for further analysis 115 
(Methods).  116 
 We then built a presence/absence matrix and calculated the distribution of these 15,964 protein 117 
families (Figure 2). Some families are specific to Halanaerobiales (327), to Negativicutes (1,820), or to 118 
Limnochordia (2,080) (Figure 2a and Supplementary Table 3). However, these might include 119 
innovations specific to these clades or linked to their phylogenetic placement and not necessarily to the 120 
diderm phenotype. Of the 15,964 families, 131 are shared uniquely between Halanaerobiales and 121 
Limnochordia, 73 between Limnochordia and Negativicutes, and 26 between Negativicutes and 122 
Halanaerobiales. Finally, 41 protein families are present in at least one member of each of the three 123 
diderm Firmicute lineages but are totally absent from monoderm Firmicutes, and will be referred to 124 
hereafter as the diderm “strict core” (Figure 2a, in bold). Consistently, these families include components 125 
of known OM systems (Supplementary Table 3) such as LpxABD (LPS synthesis), BamA (OM 126 
biogenesis) and FlgHI (Flagellar rings). However, some false negatives may arise from this approach. 127 
This is for example the case of LpxC and KdsABD (keto-deoxyoctulosonate (KDO) synthesis), which do 128 
not appear in the diderm strict core because homologues are present in a few monoderm genomes 129 
(Figure 3 and Supporting Data). In contrast, this analysis did not identify a strict core of monoderms, 130 
because, within the 3,863 protein families totally absent from diderm Firmicutes, only three are present 131 
in > 50% of monoderm genomes (Supplementary Table 3, highlighted in grey). Therefore, to relax our 132 
criteria, we implemented a complementary approach based on hierarchical clustering (HC) on the 133 
15,964 protein families (Methods). Among the 3,500 clusters generated by the HC approach, four (HC5, 134 
HC7, HC8 and HC9) appeared particularly enriched in the three diderm clades with respect to their 135 
monoderm relatives and contained at least one of the previously identified “strict core” diderm families 136 
present in more than 40% of diderm Firmicutes. These four clusters total 120 protein families 137 
(Supplementary Table 4), 95 of which were also retrieved with an alternative clustering approach 138 
(Methods, Supplementary Table 5). The HC5 (14 protein families), HC7 (67 protein families), and HC9 139 
(8 protein families) clusters show variable distribution patterns across diderm Firmicutes and appear to 140 
be mostly restricted to the Negativicutes (Figure 2b and Supplementary Table 4). In contrast, cluster 141 
HC8 has the sharpest pattern of enrichment in all three diderm Firmicutes clades (Figure 2b). It includes 142 
31 protein families, which comprise some of the OM markers that were missed by the strict 143 
presence/absence criterion, such as LpxC and KdsABD (Supplementary Table 4), confirming the 144 
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highest sensitivity of the clustering approach. Consistently with the strict core analysis, here again we 145 
could not highlight any cluster specifically enriched in monoderms with respect to diderms 146 
(Supplementary Data).  147 

Finally, we used a third approach based on Pearson Correlation Coefficient (PCC) (Methods). 148 
We found that 83 families correlate with the diderm phenotype (PCC >= 0.5) (Figure 2c). Of these, 26 149 
are present in HC8, 56 are totally absent in monoderm Firmicutes, and 35 are present in all three diderm 150 
Firmicutes lineages (Supplementary Table 6). Some important OM markers were nevertheless not 151 
recovered by the analysis of protein families. This is for example the case of TamB, an inner membrane 152 
(IM) protein involved in the insertion of proteins in the OM. Another example is that of OmpM, a porin 153 
responsible for tethering the OM in Negativicutes, and some of the components of the Lpt system to 154 
export LPS to the OM (LptB and LptD). These homologues are not sufficiently conserved at the 155 
sequence level and ended up being split among different families. We therefore complemented the 156 
protein family approach by one based on protein domains (Methods). We identified all Pfam domains 157 
in our Firmicutes databank, and grouped proteins using three different approaches (Methods). We then 158 
computed the PCC of each of these groups with the diderm phenotype (Supplementary Figure 2 and 159 
Supplementary Table 7). This allowed to identify OM markers that were missed by the protein family 160 
approach, such as TamB and OmpM. All results (protein families and Pfam domains), were merged. 161 
For the proteins identified by more than one method, we kept the corresponding family or domain 162 
presenting the best PCC. Finally, we only kept the protein families or domains present in at least one 163 
member of the three diderm Firmicutes lineages. These analyses led to identify 52 protein 164 
families/domains that are specifically enriched in the three diderm Firmicutes lineages, the majority of 165 
which are either totally or mostly absent from monoderm Firmicutes and include crucial functions linked 166 
to the cell envelope and the OM (Figure 3a). Interestingly, they also include putative functions not 167 
immediately linked to OM biogenesis, such as RuvC (endonuclease) and RecX (a regulator of RecA, 168 
involved in DNA repair). Other proteins have only a generic annotation (e.g. Peptidase_S55, 169 
Peptidase_M23, AMIN) and might be linked to peptidoglycan (PG) related functions. Finally, some 170 
proteins are totally uncharacterized. For example, DUF3084 which is among the most highly correlated 171 
with the diderm phenotype, and is practically absent in monoderms. Finally, we identified 51 protein 172 
families and Pfam domains that correlate with the monoderm phenotype (Figure 3b, Supplementary 173 
Figure 2, Supplementary Table 8). However, and consistently with the strict core analysis, most of these 174 
proteins/domains are not widely distributed across monoderms, even those commonly assumed to be 175 
markers of Gram-positive (e.g. sortase, LPXTG anchor), and only one protein family (containing the S4 176 
domain, loosely annotated as involved in RNA binding and translation regulation) shows a PCC higher 177 
than 0.9. Therefore, unlike diderm Firmicutes, it appears that there is de facto no conserved core for 178 
monoderm Firmicutes.   179 
 180 
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A large OM gene cluster is a distinguishing feature of all diderm Firmicutes and reveals potential novel functions related to 181 
OM biogenesis  182 
Very little experimental data are available on the nature of the cell envelope of diderm Firmicutes. In 183 
order to gather further information on the putative functions of the 52 family/domains most correlated 184 
with the diderm phenotype, we applied a “guilty by association” strategy by looking at their genomic 185 
environment. Twenty nine of them revealed to be part of a large gene cluster (up to 65 kb) that we 186 
previously identified in Negativicutes and Halanaerobiales10. This cluster, which will be hereafter 187 
referred to as the “OM cluster” is also present in all Limnochordia genomes with a very similar gene 188 
order (Figure 4) and therefore appears to be a distinguishing characteristic of all diderm Firmicutes.  189 
 The OM cluster codes for a number of important systems known to be involved in the biogenesis 190 
of the bacterial diderm cell envelope17,18 (Figure 4). It contains the main players in the synthesis of LPS 191 
and its transfer to the OM (Figure 4, in blue). This includes the pathway responsible for synthesis of 192 
Lipid A, the innermost component of LPS (LpxACD/LpxI/LpxB/LpxK). While the enzymes for the 193 
core oligosaccharide component of LPS are present in Halanaerobiales and Negativicutes (WaaM, 194 
KdsABCD), they are absent altogether in Limnochordia, where they might be replaced by a large 195 
number of unrelated glycosyl transferases present in the cluster (Figure 4). All diderm Firmicutes seem 196 
to have a conserved LipidA flippase (MsbA), and the Lpt system for LPS transport to the OM 197 
(LptABC/LptFG/LptD)19. It is intriguing to note that the gene coding for LptD is not close to those 198 
encoding the other Lpt components, but frequently lies next to two genes with no annotated function or 199 
conserved domains in both Negativicutes and Halanaerobiales (Hypothetical 1 and 2 in Figure 4). This 200 
conserved three-gene arrangement suggests functional linkage and two potentially novel components of 201 
the machinery for LPS transport to the OM in diderm Firmicutes. Similarly, a gene coding for a third 202 
hypothetical protein is always present in the OM gene cluster (Figure 4, Hypothetical 3). No functional 203 
domains are annotated, but it’s strong conservation within the LPS genes strongly suggest some 204 
involvement in this pathway.  205 
 The OM cluster also includes another very important system responsible for the assembly of 206 
OM proteins (OMPs) into the lipid bilayer (Figure 4, in orange). It requires a coordinated process of 207 
folding into a β-barrel structure and membrane integration and it is accomplished by the β-barrel 208 
assembly machinery (BAM) complex whose main component is BamA (Omp85)17. In Escherichia coli and 209 
other Proteobacteria, an additional complex known as the translocation and assembly module (TAM) is 210 
present20. All three diderm Firmicutes lineages seem to possess a single system for OMP biogenesis 211 
composed of TamB and BamA, and one or multiple copies of the periplasmic chaperone Skp (Figure 4). 212 
This TamB/BamA complex was previously proposed to constitute an ancestral configuration predating 213 
the emergence of the Bam and Tam machineries in the evolution of Bacteria10,20. The TamB 214 
homologues of Limnochordia are longer than their counterparts in Halanaerobiales and Negativicutes 215 
and frequently have an N-terminal extension with no identifiable domains. This might indicate the 216 
existence of yet unknown novel functions or interactions of this machinery in diderm Firmicutes. 217 
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Curiously, the genome of L. pilosa and some other uncultured members of Limnochordia do not possess 218 
a homologue of the gene coding for TamB (Figure 4 and Supplementary Figure 3). It is unclear at this 219 
stage if these are true absences or repeated assembly errors.   220 
 One or multiple copies of the genes coding for OmpM can be observed in the OM cluster (Figure 221 
4, in red). OmpM is a porin with SLH domains that has been shown to attach non covalently the OM 222 
to a modified PG in Negativicutes, constituting an atypical OM tethering system that is different from 223 
the well-known Braun’s lipoprotein 11. This suggests that diderm Firmicutes may all use a similar strategy 224 
to attach their OM to PG. Curiously, in Halanaerobiales and Limnochordia, one of the ompM genes lies 225 
in a conserved context including homologues of genes coding for an ExbBD/TonB machinery, 226 
responsible for the active transport of molecules to the OM by exploiting the energized IM21. Moreover, 227 
these genes lie together with a gene coding for cohesin, a protein generally involved in DNA repair and 228 
gene regulation (Figure 4). Such strong synteny conservation may indicate a functional link among these 229 
proteins which is intriguing and will need experimental verification.  230 
 In Negativicutes only, the OM cluster contains a conserved four-gene arrangement coding for 231 
the IM components of the Mla machinery (MlaEFD) and the OM channel TolC (Figure 4, in green). 232 
The Mla system is responsible in diderm bacteria for maintaining lipid bilayer asymmetry and OM 233 
barrier by the transport of phospholipids from and to the IM22,24. No clear homologues of the periplasmic 234 
and OM components of the Mla system (MlaABC) could be identified in Negativicutes (Figure 4). This 235 
may suggest a novel mechanism to maintain lipid asymmetry in the Negativicutes involving TolC. 236 
Moreover, as Halanaerobiales and Limnochordia do not have any of these Mla coding gene homologues 237 
in their genomes, it remains to be understood how they cope with the absence of such crucial system for 238 
membrane integrity, or if they use a non-homologous machinery.  239 

In flagellated diderm Firmicutes, the OM cluster also contains six genes encoding the flagellar 240 
proteins FlgFGAHIJ, including those for the specific P- and L-ring structures that in diderm bacteria 241 
serve to anchor the flagellum to the OM23 (Figure 4, in pink). 242 
 Finally, a number of genes are highly conserved in the OM cluster in all three diderm Firmicutes 243 
clades but have only a generic annotation (Figure 4, in yellow). Some of these are included in a conserved 244 
six-genes arrangement (sometimes interrupted by flagellar genes) which codes for: a member of the S55 245 
peptidase family, a protein annotated as N-acetylglucosamine-1-phosphodiester alpha-N-246 
acetylglucosaminidase (NAGPA) involved in protein glycosylation; a peptidase of the M23 family, a 247 
distant homologue of the lytic transglycosylase SpoIID, a homologue of the sporulation sigma factor 248 
SpoIIID, and a MreB homologue. Interestingly, a SpoIID homologue was recently shown to be involved 249 
in cell division in Chlamydia trachomatis 24 and it is tempting to speculate that some of these proteins are 250 
also involved in PG remodelling/daughter cell separation in diderm Firmicutes. Two other 251 
uncharacterized genes are always next to each other in the OM cluster (Figure 4): one codes for the 252 
uncharacterized protein DUF3084, and the other for RuvC (Holliday junction resolvase). Both proteins 253 
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are among most correlated with the diderm phenotype (see below, Figure 3), strongly suggesting 254 
functional interaction and a role in OM biogenesis.  255 
 256 
Phylogenomic analysis does not support acquisition of the OM by horizontal gene transfer  257 
The presence of the OM cluster may suggest that it was acquired by HGT. We previously showed by 258 
phylogenetic analysis of a concatenation of the four core LPS proteins (LpxABCD), that the sequences 259 
from Halanaerobiales and Negativicutes are closely related, match their reference species phylogeny, 260 
and do not stem from within another diderm bacterial phylum. We interpreted this result as support 261 
that these genes (and by extension the whole OM cluster) were not acquired via HGT, but were rather 262 
inherited from the ancestor of all Firmicutes, which would therefore have been a diderm with LPS5,10. 263 
Although in our opinion it is unlikely, the possibility of an acquisition in either the ancestor of 264 
Halanaerobiales or Negativicutes followed by a further HGT between the ancestors of these two clades 265 
remained open. We think that its presence in Limnochordia weakens this scenario, as this would imply 266 
an additional ancient transfer event. Nevertheless, in order to investigate further the HGT hypothesis, 267 
we searched for OM gene clusters similar to the one present in diderm Firmicutes in our Firmicutes 268 
databank as well as in 377 genomes representatives of major bacterial phyla (Methods). We could 269 
confirm that no other bacterial phylum possesses any gene cluster similar to the one in diderm Firmicutes 270 
(Supplementary Figure 3). In most diderm bacteria, the OM genes are in fact separated in a number of 271 
small clusters as in E. coli. Interestingly, bigger gene clusters could be observed in some diderm phyla 272 
that are evolutionarily close to the Firmicutes (Armatimonadetes and Synergistetes), but never as large 273 
as the one present in diderm Firmicutes (Supplementary Figure 3). Taken together, these results weaken 274 
the hypothesis of an acquisition of the OM in diderm Firmicutes.  275 

An additional argument against the HGT scenario is that the OM cluster also contains genes 276 
that are not specific of diderm Firmicutes but are also present in monoderm lineages, such as fabZ (fatty 277 
acid metabolism), murA (cell wall synthesis), mreB (cell shape), spoIID, spoIIID (sporulation) (Figure 4). 278 
Many of these genes lie at the beginning of the OM cluster in diderm Firmicutes but are also similarly 279 
clustered in monoderm Firmicutes (Figure 4). Under the hypothesis of a diderm ancestor of all 280 
Firmicutes10, these genes could be remnants of an ancestral OM cluster which would have been lost in 281 
monoderms. Conversely, under the triple HGT scenario, it is difficult to explain why the OM cluster 282 
would have been inserted exactly at the same genomic position three times independently in 283 
Limnochordia, Halanaerobiales, and Negativicutes.  284 

Finally, the HGT hypothesis is not supported by phylogenetic analysis. Among the OM markers 285 
encoded in the gene clusters previously calculated, we selected the ones most widely conserved in diderm 286 
bacteria. These were gathered into a large concatenated dataset, a strategy routinely used to increase 287 
ancient phylogenetic signal25. We built two alternative concatenations, one comprising 11 markers 288 
(FabZ, LpxACD/LpxB/LpxK, KdsBADC, LptB) totaling 146 taxa and 1,998 amino acid positions, and 289 
a second one also including the flagellar proteins (FlgFGAHIJ) totaling 3,705 amino acid positions but 290 
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less taxa (122 taxa) (Methods). A number of diderm phyla could not be included in the concatenation 291 
because they lacked more than half of these markers, or because their genomes did not have them in 292 
cluster (Supplementary Figure 6), preventing their clear identification. These datasets are larger than the 293 
LPS concatenation we analysed previously10. Given the small number of positions with respect to the 294 
large evolutionary distances analysed, ML trees from both concatenations are not totally resolved, but 295 
display nevertheless a topology in overall agreement with known taxonomy (Figure 5a and 296 
Supplementary Figure 4, respectively). In particular, we observe a well-supported monophyly of  major 297 
bacterial diderm phyla, and an overall topology that is consistent with the known relationships within 298 
Bacteria, notably the two large clades of Terrabacteria and Gracilicutes26,27. These results indicate that 299 
the OM markers were present in the ancestors of each of these major diderm phyla and have not been 300 
subjected to extensive HGT during bacterial diversification. Consistently, we observe the monophyly of 301 
the three diderm Firmicutes clades, which indicates that their OM markers are more closely related 302 
among them than to other bacteria, and do not stem from within any specific diderm bacterial phylum, 303 
which would have been expected if these markers were acquired from HGT (Figure 5a). Moreover, that 304 
clade formed by diderm Firmicutes groups with other Terrabacteria phyla, in agreement with the 305 
phylogenetic placement of the Firmicutes.  306 

Together, these results indicate that an OM with LPS was already present in the ancestor of the 307 
Halanaerobiales, Negativicutes, and Limnochordia, which is by definition the ancestor of all Firmicutes. 308 
They strengthen the diderm-first hypothesis for this phylum5, and the emergence of the monoderm cell 309 
envelope by multiple losses of the OM (Figure 5b). Moreover, they support the fact that LPS-OM have 310 
a very ancient origin in Bacteria and were inherited remarkably vertically throughout the diversification 311 
of the major diderm phyla. 312 
 313 
Discussion  314 
Past hypotheses have supported either a monoderm-first1,3,4,28 or a diderm-first scenario2 for Bacteria5. 315 
However, most of them did not consider the phylogenetic relationships among diderm and monoderm 316 
lineages and among outer envelope markers. The existence of three independent diderm lineages within 317 
the Firmicutes adds an important piece to the puzzle and shows that, at least in this phylum, the OM is 318 
ancestral and the monoderm phenotype is a derived character which arose multiple times independently 319 
through OM loss. The hypothesis of an ancestor with an LPS-OM is also supported by the evidence that 320 
the phylogeny of the Firmicutes is becoming increasingly populated by diderm lineages, notably at its 321 
deepest offshoots, and it cannot be excluded that even more will be discovered in the future.  322 

How the OM would have been lost multiple times in the Firmicutes remains to be understood.  323 
Endosporulation was probably important in the transition between monoderms and diderms3,29. In fact, 324 
during the process of endosporulation the cell produces a spore that is transiently surrounded by a second 325 
membrane, which is then lost during maturation in sporulating monoderm Firmicutes, while is retained 326 
in sporulating diderm Firmicutes30. While previous hypotheses proposed that endosporulation would 327 
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have allowed the emergence of the OM3,4,29,30, we rather think that the opposite occurred, i.e. that viable 328 
accidents during endosporulation allowed multiple OM losses in the Firmicutes5 (Figure 5b). The 329 
widespread presence and antiquity of endosporulation in this phylum (Supplementary Figure 1, 330 
Methods) could have allowed multiple occurrences of such accidents during its diversification, and this 331 
is probably the reason why the Firmicutes are currently the only phylum containing both monoderm 332 
and diderm envelopes (the presence of OMs in some Actinobacteria is likely an independent 333 
convergence, see below). The alternative scenario where the OM would have been acquired via multiple 334 
HGT events in the Firmicutes remains possible, but we believe it is less supported by our data. Moreover, 335 
rather than suggesting HGT, the clustering of the OM genes in diderm Firmicutes may indicate a tight 336 
coordination of the various OM biogenesis processes, which could represent a peculiarity of these 337 
lineages. Finally, if the OM was acquired multiple times by HGT, this is not simpler as a process to 338 
imagine, as it would have necessitated that all the complex machineries for OM biogenesis become 339 
immediately functional in a monoderm context, notably attaching the OM to the PG wall and stabilizing 340 
it, adapting existing flagella and secretion systems to span two membranes, and developing transport of 341 
key compounds to the OM.  342 

It may be argued that the benefit of having an OM is such that there would have been no 343 
selective advantage in losing it. However, no advantage has to be invoked if the loss of the OM was the 344 
result of viable accidents making it unstable. These might have not led to a decrease in fitness so dramatic 345 
as to immediately disadvantage the resulting monoderm phenotype, in particular if accompanied (either 346 
preceded or followed) by an increase in thickness of the cell wall2,5,10. Moreover, the monoderm 347 
phenotype with a thick PG wall might have resulted advantageous in some specific environmental 348 
conditions (e.g. drought, high temperature). The absence of a core of protein families specific to 349 
monoderm Firmicutes may reflect the fact that different solutions were found independently to 350 
accommodate each of these multiple OM loss events, and it is interesting to note that PG structure is 351 
indeed highly variable in the Firmicutes29, and likely also the arsenal of enzyme families needed to 352 
produce it and remodel it. Following loss of the OM, the genes involved in its biogenesis would have 353 
been progressively lost, and some perhaps repurposed for cell envelope functions in monoderm 354 
Firmicutes, a hypothesis that will need specific analysis and experimental evidence. The availability of 355 
genetic tools in the Negativicute Veillonella parvula5 opens the way to test experimentally some of these 356 
hypotheses and will allow to gather precious insights about the biogenesis and functioning both the 357 
diderm and the  monoderm cell envelope.  358 

Whether the last bacterial common ancestor (LBCA) also had an OM has been unclear, notably 359 
due to uncertainties in the phylogenetic relationships among diderms and monoderms. We calculated a 360 
phylogeny including all the main bacterial phyla used in this study, and we inferred their diderm or 361 
monoderm nature of their cell envelope by mapping the presence or absence, respectively, of two key 362 
markers of the OM, BamA and LpxA (Figure 6a, Supplementary Table 9, Methods). Although the cell 363 
envelope remains uncharacterized in most phyla, notably the uncultured one for which the diderm or 364 
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monoderm status can only be tentatively inferred in-silico5,31, it is already clear that the presence of 365 
diderms is overwhelming in Bacteria as compared to monoderms. Whether the LBCA was already a 366 
diderm or a monoderm will require to firmly establish the root of Bacteria, a complex methodological 367 
issue that can only be solved by specific analyses. We chose here to display a root in between 368 
Terrabacteria and Gracilicutes, supported by our recent phylogenomic analysis32. Combined with our 369 
evidence that the LPS-OM did not spread across diderm bacteria by HGT but was rather inherited 370 
vertically (Figure 5a), this root may imply that the LBCA could have been a diderm (Figure 6b, top). 371 
Alternative roots have been proposed in the literature, such as a possible one lying in the monoderm 372 
Chloroflexi or in the Candidate Phyla Radiation3,33,34, which could support an LBCA with one 373 
membrane (Figure 6b, bottom). Most importantly, and irrespective of whether the LBCA was a diderm 374 
or not, our results show that monoderm phyla do not constitute a natural group but are polyphyletic. 375 
This indicates that the monoderm cell envelope would in any case have appeared multiple times 376 
independently through OM loss, and working out all the evolutionary paths that led to these transitions 377 
is in our opinion the most important and challenging goal.  378 

It remains unclear what was the mechanism involved in the loss of the OM in the monoderm 379 
phyla other than the Firmicutes, but it may have involved different types of viable accidents causing an 380 
instability of the OM. It is evident that the few known monoderm phyla are only present in the large 381 
clade of Terrabacteria which displays a larger range of cell envelopes with respect to the more 382 
homogenous Gracilicutes that are composed only of diderms mostly endowed with LPS (Figure 6a). This 383 
larger diversity possibly suggests that the Terrabacteria cell envelopes have retained some ancestral 384 
characteristics. As such, diderm Firmicutes could become good experimental models for the primordial 385 
bacterial cell envelope. 386 

Currently, only the Firmicutes and the Actinobacteria display a mixture of monoderm and 387 
diderm lineages. However, the presence of the mycolic acid OM in Actinobacteria such as 388 
Corynebacteria35 is likely an independent de novo origination, as these taxa do not possess any of the 389 
classical OM markers. The presence of complex cell envelope structure and potential OM-like structures 390 
has also been recently reported in the Chloroflexi36, a phylum that lacks all classical OM markers and 391 
thought to be monoderm37. However, virtually nothing in known on the cell envelope structure of most 392 
bacterial phyla, in particular those with no representative cultured members, and obtaining 393 
ultrastructural data for these phyla is an important challenge of future research.  394 

Finally, how the OM initially came into being remains unknown. It is possible that it arose from 395 
a simpler cell surrounded by a single membrane (e.g. monoderm type), but we have no means by using 396 
phylogeny to go this far back in time beyond the LBCA. However, we think it unlikely that 397 
endosporulation was at the origin of the OM in the LBCA3,4, as today this type of sporulation that 398 
produces a transient OM is specific of the Firmicutes and likely originated in this phylum. Alternatively, 399 
early speculation by Blobel postulated that the very first cell was already surrounded by a double 400 
membrane through a mechanism involving the formation of a “gastruloid” vesicle and the fusion of its 401 
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extremities38. So, it is possible that early life never went through a “simpler” monoderm phase but started 402 
already as diderm.  403 

Some of these questions should be addressed in the future through a more systematic 404 
characterization of a wide range of cell envelopes, both monoderm and diderm, across all bacterial phyla 405 
-notably the uncultured ones-, combined with large-scale comparative genomics and phylogenetic 406 
analysis to fully reconstruct  the evolutionary history that accompanied their evolution and the multiple 407 
transitions among them, as well as the development of experimental models from unexplored branches 408 
of the Tree of Life.  409 
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Material and Methods 426 
 427 
Updating the Firmicutes reference tree and identification of diderm lineages 428 
We retrieved 1,639 genomes annotated as Firmicutes from the dataset of Parks et al.13, deposited under 429 
NCBI BioProject PRJNA348753. These genomes were isolated from different environments and their 430 
genomes quality goes from partial to near complete (Supplementary Table 1). According to the 431 
taxonomy provided by Parks et al.13, these genomes consist in 351 Bacilli, 980 Clostridia, 61 432 
Erysipelotrichia, 1 Tissierellia, 62 Negativicutes, 1 Halanaerobiales and 183 annotated as unclassified 433 
Firmicutes. Because these UBA genomes were in the nucleotide format at the time of this analysis, we 434 
used Prodigal39 with default parameters to predict genes. To analyze their phylogenetic placement within 435 
the reference phylogeny of Firmicutes, we added 230 complete genomes from representative of all 436 
families available in the NCBI databases as for December 2017, including 61 Bacilli, 86 Clostridia, 4 437 
Tissierellia, 62 Negativicutes, 16 Halanaerobiales and the genome of the only available representative 438 
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of Limnochordia, Limnochorda pilosa. This resulted in a databank of 1,869 genomes (DB LARGE 439 
Firmicutes) (Supporting Data).  440 
Exhaustive Hidden Markov Model (HMM)-based homology searches (with an e-value cutoff of 1e-04) 441 
were carried out by using HMM profiles of the complete set of 54 bacterial ribosomal proteins from the 442 
Pfam 29.0 database40 as queries using the HMMER package41. Absences were checked with 443 
TBLASTN42. 45 ribosomal proteins present in > 70% of the genomes were kept for analysis. 514 UBA 444 
Firmicutes genomes having less than 35 ribosomal proteins were considered as too partial and discarded 445 
from analysis. 13 taxa were included as outgroup (Supporting Data). The 45 ribosomal proteins of the 446 
1,355 remaining UBA and outgroup genomes were aligned by CLUSTAL OMEGA43 with default 447 
parameters and trimmed using BMGE-1.144 with the BLOSUM35 substitution matrix. The resulting 448 
trimmed alignments were concatenated into a supermatrix (1,368 taxa and 5,087 amino acid positions). 449 
A ML tree was generated using IQ-TREE v1.4.445, with the ultrafast bootstrap approximation46 450 
imposed by the very large size of the dataset and the C60-profile mixture model LG+C60+F+G, which 451 
is a variant of the CAT model47 for ML analysis. 452 
To identify new diderm lineages among the UBA genomes, we used HMMSEARCH with a cutoff e-453 
value of 1e-04 to screen them for the proteins involved in the first conserved steps of LPS synthesis 454 
(LpxABCD) (TIGR01852, PF02684, PF03331, PF04613), and for other protein domains previously 455 
used as markers of Gram-negativity7: Omp85 (PF01103), POTRA (PF07244), ExbD (PF02472), Secretin 456 
(PF00263), TamB (PF04357) and TonB_C (PF03544). 457 
In order to identify sporulating taxa, we used HMMSEARCH to screen the DB SMALL Firmicutes 458 
using the Pfam domain spo0A_C (PF08769) with the option -cut_ga, and we mapped the results onto 459 
the corresponding tree of Firmicutes (Supporting Data). 460 
All trees were annotated using iToL48. 461 
 462 
Distribution of protein families and domains in diderm and monoderm Firmicutes 463 
To carry out the large-scale comparative genomic analysis, we assembled a reduced databank of 316 464 
genomes. It includes the 230 reference Firmicutes genomes and the newly identified UBA diderm 465 
Firmicutes (46 Limnochordia, 39 Negativicutes, 1 Halanaerobiales), for a total of 165 diderm and 151 466 
monoderm taxa (DB SMALL Firmicutes) (Supporting Data). The 861,409 proteins contained in the DB 467 
SMALL Firmicutes were annotated by using eggNOG-Mapper49 with default parameters. The 468 
eggNOG-Mapper tool uses precomputed orthologous groups and phylogenies from the eggNOG 469 
database50 to transfer functional information from fine-grained orthologs only. In a second approach, 470 
Pfam domains were predicted for each protein using HMMSEARCH (e-value <= 1e-5) against the 471 
Pfam 29.0 database. The results of the two approaches were merged and each protein family was 472 
annotated according to the most frequent prediction of its members. 473 
We performed all vs all pairwise comparisons of protein sequences contained in the DB SMALL 474 
Firmicutes using BLASTP v2.6.0 with default parameters. Protein families were assembled with SILIX 475 
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v1.2.951. Identity thresholds values from 30% to 60% with intervals of 5% were tested, with a coverage 476 
of at least 80%. The resulting protein families were then refined using HIFIX v1.0.5, which performs a 477 
three-step high-quality sequence clustering guided by network topology and multiple alignment 478 
likelihood52. To assess the most suitable identity threshold to group orthologous proteins, we tested 479 
different cutoffs by using as positive control the clustering of 16 ribosomal proteins commonly used in 480 
phylogenetic analyses and of the four core LPS proteins (LpxABCD). The identity threshold that 481 
maximized the number of true positives and minimized the number of false positives was 35%. This 482 
80% coverage-35% identity cutoff cannot however completely exclude some false negatives or false 483 
positives. Applying this threshold resulted in 176,024 protein families.  484 
From these, we retained the families present in at least five taxa, resulting in 15,964 families for further 485 
analysis (Supporting Data), and a presence/absence matrix was built. Among the 15,964 families, 41 486 
were completely absent from monoderm Firmicutes while present in at least one member of all three 487 
diderm lineages (“strict core diderm families”).  488 
In order to relax this strict criterium we used two clustering approaches on the presence/absence matrix 489 
(HCLUST and K-MEANS, both implemented in R). HCLUST clusters hierarchically the families 490 
according to Jaccard distances calculated on the presence/absence matrix. We tested different cutoffs 491 
and chose the one that allowed gathering the four core LPS protein families (LpxABCD) in the same 492 
cluster as a positive control (number of generated clusters set to 3,500) (Supporting Data). Four clusters, 493 
HC5, HC7, HC8 and HC9 included at least one of the “strict core” diderm families with a large 494 
taxonomic distribution (present in more than 40% of the diderm Firmicutes genomes), totalling 120 495 
families.  496 
For the second method, we clustered families using K-MEANS (k = 500) based on Multiple 497 
Correspondence Analysis (MCA). As the K-MEANS approach involves defining a random set of starting 498 
points in a multidimensional space, 10 iterations were run. 173 protein families clustered with at least 499 
one of the 41 strict core diderm families and were present in more than 40% of the diderm Firmicutes 500 
genomes in all K-MEANS iterations. Among these families, 95 were common to HCLUST and K-501 
MEANS. 502 
In parallel to the distribution of protein families, we used a second approach based on protein domains. 503 
Because proteins can contain different domains or multiple occurrences of the same domain, we used 504 
three different approaches: in the first, we considered together all proteins containing exactly the same 505 
type and number of predicted domains (ALL); in the second, we considered together proteins containing 506 
the same domains even if some had more than one occurrence (COLLAPSED); in the third, we counted 507 
the same proteins as many times as the different domains they contain (SINGLE) (Supplementary Tables 508 
7 and 8) (Supporting Data).  509 
Finally, the four obtained datasets (protein families, and the three Pfam domain approaches) were used 510 
to identify the diderm and monoderm specific protein families and Pfam domains using the Pearson 511 
correlation coefficient (PCC) based on their presence/absence in the diderm and monoderm taxa (higher 512 
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than 0.5). The conserved genomic locus for cell envelope components in the Firmicutes was assessed 513 
using GeneSpy53.  514 
 515 
Distribution of the OM cluster in Bacteria and evolutionary analysis 516 
In order to study the distribution of the OM cluster, we built HMM profiles of all genes included in the 517 
OM cluster of diderm Firmicutes. Then, we used MacSyFinder 54 to identify clusters containing these 518 
genes in the DB SMALL Firmicutes and a second databank including 377 genomes representative of 58 519 
main bacterial phyla (DB Bacteria) (Supporting Data). We defined a cluster as a system with at least 520 
three of these OM components with a separation no greater than five other genes. 521 
Among the gene clusters identified above, we selected 11 OM markers most conserved across Bacteria 522 
(FabZ, KdsA, KdsB, KdsC, KdsD, LptB, LpxA, LpxB, LpxC, LpxD, LpxK_WaaA). For each of them, 523 
homologues were aligned with MAFFT using the L-INS-I option55 and trimmed using BMGE-1.1. The 524 
resulting alignments were concatenated by allowing a maximum of six missing markers per taxon and 525 
leading to a supermatrix of 146 taxa and 1,998 amino acid position. A second matrix including the 526 
flagellar components FlgF, FlgG, FlgA, FlgH, FlgI and FlgJ was assembled by allowing a maximum of 527 
eight missing markers per taxon and included 122 taxa (because many do not have flagella) and 3,705 528 
amino acid positions.  529 
For the reference phylogeny of Bacteria, we used a concatenation of RNA polymerase subunits B, B′, 530 
and IF-2 (2,144 amino acid positions and 377 taxa).  531 
For all concatenations, ML trees were generated using IQ-TREE v1.4.4 with the profile mixture model 532 
LG+C60+F+G with ultrafast bootstrap supports calculated on 1,000 replicates from the original data.  533 
In order to map cell envelope types onto the reference phylogeny Bacteria, we built an HMM profile for 534 
BamA using the sequences in the corresponding family described above, and used it together with the 535 
HMM profile of LpxA to screen the DB Bacteria with HMMSEARCH (e-value <= 1e-4). Results were 536 
then refined and absences checked with TBLASTN. All trees were annotated using iToL56. 537 
 538 
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Data availability 542 
All raw data relative to this analysis (databanks, sequence accession numbers, sequence datasets and 543 
corresponding trees, protein families) are provided as Supporting Data.  544 
https://data.mendeley.com/datasets/3pcn9779gc/draft?a=8cc3c448-b3e7-4b02-96fb-9b3a0af4625d 545 
 546 
Figure legends 547 
Figure 1: An updated reference phylogeny of the Firmicutes reveals a third diderm clade.  548 
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ML reference tree of the Firmicutes including 1,125 UBA Firmicutes genomes based on concatenation 549 
of 45 ribosomal proteins (1,368 taxa, 5,087 amino acid positions). The tree was inferred with IQ-TREE 550 
1.4.4 using the LG+C60+F+G model. Node supports higher than 95% are displayed. The tree is rooted 551 
with representatives of major bacterial taxa. The scale bar corresponds to the average number of 552 
substitutions per site. Names in red correspond to groups containing UBA genomes only and no 553 
representative of any known family as for December 2017. Coloured triangles indicate the three diderm 554 
clades. For the corresponding full phylogeny see Supplementary Data.  555 
 556 
Figure 2: Phyletic patterns of protein families highlight the functional core of the diderm 557 
Firmicutes OM. 558 
(a) Venn diagram showing the distribution of 15,964 protein families of the Firmicutes pan-proteome in 559 
Negativicutes, Halanaerobiales, Limnochordia and monoderm Firmicutes.  560 
(b) Excerpt of the HC-based distribution of the 15,964 protein families of the Firmicutes pan-proteome 561 
with a focus on the four HC clusters (HC5, HC7, HC8 and HC9) containing the 120 protein families 562 
composing the relaxed core (columns in red). (c) Distribution of the 15,964 protein families of the 563 
Firmicutes pan-proteome. Dots in purple and pink correspond to protein families with a PCC > 0.5 with 564 
the diderm or monoderm phenotype, respectively. 565 

 566 
Figure 3: Distribution and functional annotation of the protein families and PFAM 567 
domains highly correlated with the diderm phenotype (a) and the monoderm phenotype 568 
(b). 569 
(a) 52 protein families and Pfam domains correlated with the diderm phenotype (PCC > 0.5) and 570 
present in at least one member of each of the three diderm lineages. When a protein family and a 571 
Pfam domain corresponded, we chose to display the one with the best correlation. Presence in the OM 572 
gene cluster is also indicated. Superscripts indicate proteins which correspond to two different domains 573 
(TamB and OmpM).  574 
(b) 51 protein families and Pfam correlated with the monoderm phenotype. When a protein family and 575 
a Pfam domain corresponded, the one with the best correlation is displayed. 576 

 577 
Figure 4: A large OM gene cluster is a distinguished feature of all diderm Firmicutes. 578 
Annotation of the genomic locus containing OM-related markers in all three diderm Firmicute lineages. 579 
Color codes: blue (LPS synthesis and transfer); orange (OMP biogenesis); red (OM tethering); green 580 
(Lipid asymmetry): pink (Flagellum); yellow (unclear function); white (no functional domains detected); 581 
gray (no direct link to OM); hashed: three conserved hypothetical proteins possibly related to the OM. 582 
Lateral bars mean separate loci in the genome. Vertical bars mean end of a contig in unclosed genomes. 583 
The organization of these genes in E. coli is given as a comparison. Monoderm Firmicutes (Clostridiales 584 
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and Bacilli) are also displayed to illustrate the presence of the beginning of the OM cluster, a possible 585 
remnant of a diderm past. All accession numbers are provided in Supplementary Data.  586 
 587 
Figure 5: Phylogenomic analysis does not support acquisition of the OM by horizontal 588 
gene transfer (a) and supports multiple and independent losses of the OM (b). 589 
(a) ML tree based on the concatenation of 11 conserved OM markers (FabZ, KdsA, KdsB, KdsC, KdsD, 590 
LptB, LpxA, LpxB, LpxC, LpxD, LpxK_WaaA) including 14 diderm phyla and 1,998 amino acid 591 
positions. The tree was inferred with IQ-TREE 1.4.4 and the LG+C60+F+G model. Node supports 592 
higher than 70% are displayed. The scale bar corresponds to the average number of substitutions per 593 
site. In the absence of an outgroup, the tree is tentatively rooted in between Terrabacteria and 594 
Gracilicutes32. Even though the tree only contains diderm phyla, it shows that the presence of main OM 595 
markers predates the divergence of these phyla, including that of Firmicutes and that therefore an OM 596 
with LPS has an ancient origin. For the corresponding full phylogeny see Supplementary Data.  597 
(b) Evolutionary scenario for the origin and evolution of the OM in the Firmicutes mapped on a 598 
schematic of the reference phylogeny in Figure 1. The ancestor of Firmicutes is indicated as a sporulating 599 
diderm with LPS. The LPS-OM was inherited in the three diderm lineages (Halanaerobiales, 600 
Limnochordia and Negativicutes), while it was lost three times independently to give rise to the classical 601 
monoderm cell envelope.  602 
  603 
Figure 6: Distribution of monoderm and diderm cell envelopes across Bacteria and two 604 
potential evolutionary scenarios for their origin.  605 
(a) ML reference tree of Bacteria, with cell envelope types mapped on it. The tree was obtained from a 606 
concatenation of RNA polymerase subunits B, B′, and translation initiation factor IF-2 (2,144 amino 607 
acids positions and 377 taxa). The tree was inferred with IQTREE and the LG+C60+G+F model. 608 
Node supports higher than 70% are displayed. The scale bar represents the average number of 609 
substitutions per site. The tree does not include an outgroup but is tentatively rooted between two large 610 
clades corresponding to Terrabacteria and Gracilicutes, as in Raymann et al.,32. For the corresponding 611 
full phylogeny see Supplementary Data. PVC s.l. (sensu latu) indicates the clade including the PVC 612 
superphylum (Planctomycetes, Verrucomicrobia, Chlamydiae) and relative phyla; FCB s.l. (sensu latu) 613 
indicates the clade including the FBC superphylum (Fibrobacteres, Bacteroidetes, Chlorobi) and relative 614 
phyla; Proteobacteria s.l. (sensu latu) indicates the clade including the Proteobacteria subdivisions and 615 
related phyla. For the corresponding full phylogeny see Supplementary Data.  616 
(b) Evolutionary scenario mapped on a schematic version of the tree in (a). Different roots of the Bacteria 617 
have been proposed in the literature, we show here two alternative ones as an example: (i) in between 618 
Terrabacteria and Gracilicutes32 (top) or (ii) in the branch leading to the CPR and Chloroflexi 33,34 619 
(bottom). In the first scenario, the LBCA could have been a diderm. In the second scenario, the LBCA 620 
could have been a monoderm and the OM would have appeared just after the divergence of Chloroflexi 621 
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and CPR. Note that both scenarios imply multiple losses of the OM. The second scenario also leaves 622 
open the possibility that the LBCA was a diderm and that the OM was lost in the branch leading to the 623 
Chloroflexi and the CPR.  624 
 625 
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Protein Family/                        
Pfam Domain

Correlation 
coefficient

Diderm 
(165)

Monoderm 
(151) Pfam Annotation Putative Function OM cluster

PF06835 0.97 159 0 LptC LptC (LPS transport) YES
PF01103 0.96 161 0 Bac_surface_Ag BamA (OMP transport and insertion) YES
PF11283 0.96 160 1 DUF3084 uncharacterized YES
PF03968 0.92 155 2 OstA LptA, LptD (LPS transport) YES
FAM35001205_1 0.92 153 0 RuvX RuvC (endonuclease) YES
PF07660,PF03958,PF00263 0.92 157 3 STN,Secretin_N,Secretin PilQ (Type II secretion)
PF02684 0.91 152 2 LpxB LpxB (LPS synthesis) YES
FAM35003477_0 0.91 151 0 YjgP_YjgQ LptFG (LPS transport) YES
PF04357 0.91 151 0 TamB TamB1 (autotransporter assembly complex) YES
FAM35003763_0 0.9 150 0 MotA_ExbB ExbB (energy transducing Ton complex)
PF03938 0.89 163 22 OmpH Skp (OMP transport and insertion) YES
PF02472 0.87 152 6 ExbD ExbD (energy transducing Ton complex)
FAM35001011_0 0.85 141 0 Peptidase_S55 Peptidase YES
PF13502 0.85 141 2 AsmA_2 TamB1 (autotransporter assembly complex) YES
PF03544 0.84 140 1 TonB_C TonB (energy transducing Ton complex)
FAM35006918_0 0.83 137 0 Hexapep,Acetyltransf_11 LpxA (LPS synthesis) YES
FAM35003933_0 0.83 138 0 Hexapep,LpxD LpxD (LPS synthesis) YES
FAM35004424_0 0.82 135 0 DUF1009 LpxI (LPS synthesis) YES
PF03331 0.82 140 3 LpxC LpxC (LPS synthesis) YES
PF13505 0.79 131 1 OMP_b-brl OM beta barrel
FAM35002111_0 0.77 122 0 Lip_A_acyltrans WaaM (LPS synthesis) YES
FAM35000110_0 0.76 123 0 LpxK LpxK (LPS synthesis) YES
FAM35001087_0 0.76 123 0 TrbI hypothetical 2 (Bacterial conjugation TrbI-like protein) YES
FAM35002134_0 0.75 122 0 Hydrolase_3 KdsC (LPS synthesis) YES
FAM35001758_0 0.75 124 1 CTP_transf_3 KdsB (LPS synthesis) YES
PF04413 0.74 125 3 Glycos_transf_N waaA (LPS synthesis) YES
FAM35007211_0 0.74 121 1 DAHP_synth_1 KdsA (LPS synthesis) YES
FAM35001331_0 0.73 119 1 Glyco_transf_9 glycosyl transferase
FAM35000503_0 0.73 121 2 SIS,CBS KdsD (LPS synthesis) YES
PF05258 0.71 114 0 TonB_dep_Rec TonB complex, OM receptor
PF00593 0.71 126 8 DUF721 uncharacterized
FAM35000108_2 0.66 138 25 Peptidase_M23 peptidase YES
PF11741 0.65 145 34 AMIN AmiC N-terminal domain
PF11209 0.62 104 8 DUF2993 uncharacterized
FAM35007523_0 0.61 123 21 RecX modulates RecA activity
FAM35012460 0.59 90 0 FlgH FlgH (flagellum L-ring) YES
FAM35002503 0.59 90 0 FlgI FlgI (flagellum P-ring) YES
PF00395 0.59 165 74 SLH OmpM2 (OM tethering) YES
FAM35001613 0.58 88 0 Sigma70_r2,Sigma70_r4,Sigma70_r1_2 Transcription factor
FAM35001477_0 0.56 152 58 Pribosyltran Phosphoribosyl transferase domain
FAM35002373_0 0.56 140 44 PS_pyruv_trans Polysaccharide pyruvyl transferase
PF02563,PF10531 0.55 78 0 Poly_export,SLBB Polysaccharide biosynthesis/export protein, ligand binding
FAM35000742_0 0.55 121 28 Germane GerM (spore germination/cell division)
PF04402 0.55 136 41 SIMPL uncharacterized
FAM35000495_0 0.54 139 46 DivIC Septum formation
PF13609 0.53 74 0 Porin_4 OmpM2 (OM tethering) YES
PF03797 0.52 73 1 Autotransporter Type V(a) secretion
FAM35006277 0.51 70 0 SurA_N_3 Outer membrane transporter
PF03865 0.51 75 1 ShlB Type V(b) secretion
FAM35005930_0 0.51 155 72 B12-binding,Radical_SAM unclear
FAM35008032_0 0.51 115 28 Orn_Arg_deC_N hypothetical 1 (Orn/Lys/Arg decarboxylase class-II family) YES
FAM35004850_0 0.5 104 20 LysM PG binding

Protein Family/                        
Pfam Domain

Correlation 
coefficient

Diderm 
(165)

Monoderm 
(151)

FAM35000114_0 0.94 0 142 S4 (RNA-binding, translation regulation)
PF04203.12 0.72 1 104 Sortase (attaches surface proteins to the cell wall)
FAM35004194_0 0.7 21 126 THUMP,UPF0020 (putative RNA methylase)
FAM35002871_0 0.67 44 140 CDP-OH_P_transf (CDP-alcohol phosphatidyltransferase)
FAM35000917_0 0.67 18 117 PLDc_N,PLDc_2 (phospholipase)
PF01170.17 0.66 36 133 UPF0020 (Putative RNA methylase)
PF08353.9 0.64 0 87 DUF1727 (C-terminus of bacterial proteins which include UDP-N-acetylmuramyl tripeptide synthase and the related Mur ligase)
PF07261.10 0.64 54 144 DnaB_2 (replication initiation and membrane attachment)
PF05389.11 0.64 0 86 MecA (negative regulator of competence)
PF03951.18 0.63 32 126 Gln-synt_N (glutamine synthetase)
FAM35005306_0 0.6 19 107 Hpr_kinase_N,Hpr_kinase_C (serine kinase) 
PF00746.20 0.59 20 105 Gram_pos_anchor (LPXTG cell wall anchor motif)
FAM35000755 0.59 0 77 GntR,4HBT,CBS,DRTGG (unclear)
PF08245.11,PF08353.9 0.58 0 76 Mur_ligase_M,DUF1727 (Mur ligase middle domain)
PF01521.19 0.58 4 83 Fe-S_biosyn (iron-sulfur cluster biosynthesis)
PF02325.16 0.58 37 123 YGGT (repeat found in conserved hypothetical integral membrane proteins)
FAM35002460 0.57 0 74 GATase_3 (CobB/CobQ-like glutamine amidotransferase domain)
FAM35005063 0.57 4 80 Lactamase_B_2 (Beta-lactamase superfamily domain)
PF12679.6 0.57 45 126 ABC2_membrane_2 (ABC-2 family transporter protein)
FAM35001568 0.56 0 72 NAD_kinase (ATP-NAD kinase)
FAM35001032_0 0.56 21 101 Toprim,Topoisom_bac,Toprim_Crpt (topoisomerase)
PF01694.21 0.56 46 126 Rhomboid (intramembrane protease)
PF02517.15 0.56 76 148 Abi (abortive infection phage resistance)
PF06103.10 0.56 19 100 DUF948 (unknown function)
FAM35002806_1 0.56 31 113 PGI (phosphoglucose isomerase)
PF09648.9 0.55 3 75 YycI (regulate the essential YycFG two-component system in Bacillus subtilis)
PF04167.12 0.54 0 68 DUF402 (unknown function)
FAM35008547 0.54 0 68 Pribosyltran (Phosphoribosyl transferase domain)
FAM35004009_0 0.54 4 75 Radical_SAM,Radical_SAM_C (Radical_SAM)
FAM35003839 0.54 2 71 MazG (nucleotide pyrophosphohydrolase)
FAM35002605 0.54 0 67 Wzz,GNVR (O-antigen chain length, G-rich domain on putative tyrosine kinase) 
PF07435.10 0.54 0 67 YycH (regulates the essential YycFG two-component system in Bacillus subtilis)
FAM35001229_1 0.53 65 138 PGM_PMM_I,PGM_PMM_II,PGM_PMM_III,PGM_PMM_IV
PF06207.10 0.53 4 73 DUF1002
PF07319.10 0.53 1 67 DnaI_N (Primosomal protein DnaI N-terminus)
PF01883.18 0.52 3 70 FeS_assembly_P (Iron-sulfur cluster assembly protein)
FAM35003271_0 0.52 47 123 TPK_catalytic,TPK_B1_binding Thiamin pyrophosphokinase)
FAM35005240_0 0.52 17 91 PNP_UDP_1 (Phosphorylase superfamily)
FAM35002295_0 0.52 4 71 Penicillinase_R (Penicillinase repressor)
PF01145.24 0.52 40 116 Band_7 (slipin or Stomatin-like integral membrane domain)
PF01643.16 0.52 2 67 Acyl-ACP_TE (Acyl-ACP thioesterase)
PF00355.25 0.52 36 74 Rieske (Rieske [2Fe-2S] domain)
PF03631.14 0.52 26 101 Virul_fac_BrkB (Virulence factor BrkB)
PF05975.11 0.51 7 75 EcsB (ABC transporter)
FAM35000288_1 0.51 1 64 Pyr_redox_2 (Pyridine nucleotide-disulphide oxidoreductase)
FAM35002436_1 0.51 9 78 AMP-binding,AMP-binding_C (AMP-binding enzyme)
PF06081.10 0.51 24 96 ArAE_1 (Aromatic acid exporter family member 1)
PF02687.20,PF02687.20 0.5 18 87 FtsX,FtsX (FtsX-like permease family)
FAM35006543 0.5 0 60 MMR_HSR1 (50S ribosome-binding GTPase)
PF04026.11 0.5 46 119 SpoVG (Stage V sporulation protein G)
PF15980.4 0.5 1 62 ComGF (Putative Competence protein ComGF)
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Supplementary figure 1: Phylogeny of the Firmicutes based on a reduced taxon sampling 

corresponding to the genomes used for the construction of the protein families. Related 

to Figure 1. 

Maximum likelihood tree based on concatenation of 45 ribosomal proteins (329 taxa, 5,382 amino acid 

characters), inferred with IQ-TREE 1.4.4 using the LG+C60+F+G model.  Dots at nodes represent 

bootstrap values (BV) higher than 80% calculated on 100 replicates of the original dataset. The scale 

bar corresponds to the average number of substitutions per site. Spo0A was mapped on this tree by 

scanning the taxa for the presence of Spo0A_C (PF08769.11) using HMMSEARCH. Red bars indicate 

the presence of spo0A.  
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Supplementary figure 2: Distribution of PFAM domains according to their presence in 

165 diderm and 151 monoderm Firmicutes. Related to Figure 3. 

Dots in purple and pink correspond to domains with a correlation higher than 0.5 with the presence or 

absence of an OM respectively. The three approaches are represented: PFAM_ALL, 

PFAM_COLLAPSED and PFAM_SINGLE. 

(a) Distribution of 56,513 PFAM_ALL domains. 

(b) Distribution of 51,413 PFAM_COLLAPSED domains. 

(c) Distribution of 14,808 PFAM_SINGLE domains. 
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Anaerobaculum mobile

Gemmatimonas aurantiaca

Candidatus Methylomirabilis oxyfera

Candidate division TA06 bacterium DG_78

Opitutus terrae

Candidate division KD3-62

Thiobacillus denitrificans

Candidatus Cloacimonas acidaminovorans

Candidate division Hyd24-12 bacterium Ran_1

Pirellula staleyi

Aminomonas paucivorans

Fervidobacterium nodosum

Candidatus Hydrogenedens terephthalicus

Borrelia garinii

Chlorobaculum parvum

Gemmatimonas sp.

Zetaproteobacteria bacterium

Meiothermus ruber

Cytophaga hutchinsonii

Bacterium UASB14

Candidate division NC10

Oscillatoria acuminata

Candidatus Protochlamydia amoebophila

Candidate division TA06 bacterium DG_26

Marinithermus hydrothermalis

Omnitrophica bacterium

Nitrospina sp. SCGC_AAA799_C22

Nitratifractor salsuginis

Granulicella mallensis

Hahella chejuensis

Zeta proteobacterium

Campylobacter jejuni

Dictyoglomus turgidum

Mesotoga prima

Candidatus Rokubacteria

Syntrophobacter fumaroxidans

Sneathia amnii

Kosmotoga olearia

Bdellovibrio bacteriovorus

Candidate division WOR-3 bacterium SM23_42

Elusimicrobium minutum

Persephonella marina

Odoribacter splanchnicus

Treponema pallidum

Candidatus Cloacimonas

Thermosipho melanesiensis

Candidatus Magnetobacterium casensis

Gemmatimonas sp.

Candidate division Hyd24-12 bacterium Dam_1

Thermodesulfobacterium hveragerdense

Streptobacillus moniliformis

Candidate division WOR-3 bacterium SM23_60

Candidatus Xiphinematobacter

Bacterium BRH_c32

Petrotoga mobilis

Nostoc punctiforme

Leptotrichia buccalis

Bacterium JGI-4

Phycisphaera mikurensis

Dictyoglomus thermophilum

Leptospirillum ferriphilum

Thioalkalivibrio sulfidiphilus

Aminobacterium colombiense

Desulfurobacterium thermolithotrophum

Chloracidobacterium thermophilum

Candidatus Fibromonas termitidis

Chlorobium tepidum

Calditerrivibrio nitroreducens

Sphaerochaeta globosa

Planctopirus limnophila

Thermanaerovibrio acidaminovorans

Melioribacter roseus

Anaeromyxobacter dehalogenans

Thermotoga maritima

Chloroherpeton thalassium

Akkermansia muciniphila

Candidate division TA06 bacterium SM1_40

Thermodesulfovibrio yellowstonii

Terriglobus roseus

Cyanobacteria

Dictyoglomi

Deinococcus-Thermus

Thermotogae

Synergistetes

Armatimonadetes

Fusobacteria

Spirochaetes

Elusimicrobia

Planctomycetes

Omnitrophica

Chlamydiae

Lentisphaerae

Verrucomicrobia

Cloacimonetes

Gemmatimonadetes

Zixibacteria

Fibrobacteres

Ignavibacteriae

Chlorobi

Bacteroidetes

Epsilonproteobacteria

Aquificae

Acidobacteria

Deferribacteres

Chrysiogenetes

Nitrospinae

Nitrospirae

Alphaproteobacteria

Zetaproteobacteria

Gammaproteobacteria

Deltaproteobacteria/
Oligoflexia/

Dadabacteria

Thermodesulfobacteria

Betaproteobacteria

Aerophobetes

Acetothermum
Coprothermobacterota

Atribacteria

Actinobacteria

CPR

Chloroflexi

Poribacteria

Aminicenantes

Calescamantes/Hydrothermae

Dependentia

Caenarcanum bioreactoricola
bacterium Ga0077546
Obscuribacter phosphatis
Vampirovibrio chlorellavorus
Melainabacteria bacterium ACD20
Melainabacteria bacterium B1
Gastranaerophilus phascolarctosicola

Candidate division TA06

Melainabacteria

Candidatus Aerophobus profundus SCGC AAA252-L23
Aerophobetes bacterium SCGC AAA255-F10
Aerophobetes bacterium AeroCD12-1

Candidatus Acetothermus autotrophicum
Acetothermia bacterium 64 32
Coprothermobacter proteolyticus
Coprothermobacter platensis

Atribacteria bacterium
Candidatus Caldatribacterium californiense
Candidatus Caldatribacterium saccharofermentans
Amycolatopsis mediterranei
Mycobacterium tuberculosis
Cellulomonas fimi
Bifidobacterium bifidum
Kribbella flavida
Streptomyces griseus

candidate division CPR1 bacterium GW2011 GWA2 42 17
candidate division WS6 bacterium GW2011 GWA2 37 6
candidate division WS6 bacterium GW2011 GWF2 39 15
candidate division WS6 bacterium GW2011 GWC1 36 11
candidate division WS6 bacterium GW2011 GWB1 33 6
candidate division WS6 bacterium GW2011 GWC1 33 20
candidate division WS6 bacterium GW2011 GWD1 35 594
candidate division CPR1 bacterium GW2011 GWC1 49 13
candidate division WWE3 bacterium GW2011 GWB1 42 6
candidate division WWE3 bacterium GW2011 GWF1 42 14
candidate division WWE3 bacterium RAAC2 WWE3 1
candidate division WWE3 bacterium GW2011 GWA1 41 8
candidate division WWE3 bacterium GW2011 GWC1 41 7
candidate division WWE3 bacterium GW2011 GWB1 41 6
candidate division CPR3 bacterium GW2011 GWE2 35 7
candidate division CPR3 bacterium GW2011 GWF2 35 18
Candidatus Daviesbacteria bacterium GW2011 GWA1 36 8
Candidatus Curtissbacteria bacterium GW2011 GWA1 41 11
Candidatus Gottesmanbacteria bacterium GW2011 GWA2 43 14
Candidatus Levybacteria bacterium GW2011 GWA1 39 11
Candidatus Roizmanbacteria bacterium GW2011 GWA2 35 19
Candidatus Pacebacteria bacterium GW2011 GWA1 46 10
Candidatus Beckwithbacteria bacterium GW2011 GWC1 49 16
Candidatus Collierbacteria bacterium GW2011 GWB2 44 22
Candidatus Amesbacteria bacterium GW2011 GWA1 44 24
Candidatus Shapirobacteria bacterium GW2011 GWE1 38 10
Candidatus Woesebacteria bacterium GW2011 GWF1 31 35
Berkelbacteria bacterium GW2011 GWA1 36 9
candidate division Kazan bacterium GW2011 GWB1 45 10
candidate division Kazan bacterium GW2011 GWA1 44 22
candidate division Kazan bacterium GW2011 GWC1 52 13
candidate division Kazan bacterium GW2011 GWA1 50 15
candidate division Kazan bacterium GW2011 GWB1 52 7
Berkelbacteria bacterium GW2011 GWA2 38 9
Berkelbacteria bacterium GW2011 GWA2 35 9
Berkelbacteria bacterium GW2011 GWA2 46 7
Berkelbacteria bacterium GW2011 GWE1 39 12
Berkelbacteria bacterium GW2011 GWB1 38 5
candidate division CPR2 bacterium GW2011 GWC2 39 10
candidate division CPR2 bacterium GW2011 GWC1 39 9
candidate division CPR2 bacterium GW2011 GWD1 39 7
candidate division CPR2 bacterium GW2011 GWC2 39 35
candidate division CPR2 bacterium GW2011 GWC1 41 48
candidate division CPR2 bacterium GW2011 GWD2 39 7
Candidatus Saccharibacteria bacterium GW2011 GWA2 46 10
Candidatus Saccharibacteria oral taxon TM7x
Candidatus Saccharimonas aalborgensis
Candidatus Saccharibacteria bacterium GW2011 GWC2 44 17
Candidatus Saccharibacteria bacterium RAAC3 TM7 1
Candidatus Saccharibacteria bacterium GW2011 GWC2 48 9
Gracilibacteria bacterium JGI 0000069-K10
candidate division SR1 bacterium Aalborg AAW-1
candidate division SR1 bacterium RAAC1 SR1 1
candidate division SR1 bacterium MGEHA
Candidatus Altimarinus pacificus JGI 0000068-E11
Peregrinibacteria bacterium RIFOXYB2 FULL PER-ii 58 17
Candidatus Peribacteria bacterium GW2011 GWC2 54 8
Candidatus Peregrinibacteria bacterium GW2011 GWF2 33 10
Candidatus Peregrinibacteria bacterium GW2011 GWC2 39 14
Candidatus Peregrinibacteria bacterium GW2011 GWA2 44 7
Candidatus Peregrinibacteria bacterium GW2011 GWC2 33 13
Candidatus Kuenenbacteria bacterium GW2011 GWA2 42 15
Candidatus Falkowbacteria bacterium GW2011 GWD2 38 42
Candidatus Magasanikbacteria bacterium GW2011 GWC2 42 27
Candidatus Uhrbacteria bacterium GW2011 GWF2 41 16
Candidatus Yanofskybacteria bacterium GW2011 GWA2 44 9
Candidatus Moranbacteria bacterium GW2011 GWE1 35 17
Candidatus Azambacteria bacterium GW2011 GWB2 46 37
Candidatus Jorgensenbacteria bacterium GW2011 GWB1 49 9
Candidatus Wolfebacteria bacterium GW2011 GWB1 47 1
Candidatus Giovannonibacteria bacterium GW2011 GWA2 44 26
Candidatus Nomurabacteria bacterium GW2011 GWA1 46 11
Candidatus Campbellbacteria bacterium GW2011 OD1 34 28
Candidatus Kaiserbacteria bacterium GW2011 GWC2 52 8b
Candidatus Adlerbacteria bacterium GW2011 GWC1 50 9
Dehalococcoides mccartyi
Dehalogenimonas lykanthroporepellens
Caldilinea aerophila
Ardenticatena maritima
bacterium SM23 57
Anaerolinea thermophila
Thermanaerothrix daxensis
Ktedonobacter racemifer
Thermogemmatispora carboxidivorans
Thermomicrobium roseum
Sphaerobacter thermophilus
Chloroflexus aurantiacus
Roseiflexus castenholzii
Kouleothrix aurantiaca

Candidatus Poribacteria sp. WGA-4E
Candidatus Poribacteria sp. WGA-4C
Poribacteria bacterium WGA-3G

Candidatus Omnitrophus fodinae SCGC AAA011-A17
Omnitrophica bacterium SCGC AAA257-O07
Omnitrophica WOR 2 bacterium SM23 72 2
Omnitrophica WOR 2 bacterium SM23 29 2

Latescibacteria bacterium SCGC AAA257-K07
Candidatus Latescibacter anaerobius SCGC AAA252-E07
Latescibacteria bacterium SCGC AAA252-D10
Latescibacteria bacterium SCGC AAA252-B13

Latescibacteria
Marinimicrobia bacterium SCGC AAA003-L08
Marinimicrobia bacterium JGI 0000113-D11
Marinimicrobia bacterium SCGC AB-629-J13
Marinimicrobia bacterium SCGC AAA298-D23
Marinimicrobia bacterium JGI OTU-2

Marinimicrobia

candidate division TM6 bacterium GW2011 GWA2 36 9
candidate division TM6 bacterium GW2011 GWF2 36 131
candidate division TM6 bacterium GW2011 GWE2 36 25
candidate division TM6 bacterium GW2011 GWF2 28 16
candidate division TM6 bacterium GW2011 GWF2 37 49
candidate division TM6 bacterium GW2011 GWE2 31 21

Calescamantes bacterium T3.1
Candidatus Calescibacterium nevadense OTU 1
EM3 bacterium JGI 0000106-B10

Aminicenantes bacterium SCGC AAA252-K06
Aminicenantes bacterium SCGC AAA255-E10
Candidatus Aminicenans sakinawicola
Aminicenantes bacterium SCGC AAA252-O11
Aminicenantes bacterium JGI OTU-2
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mlaE mlaD lpxB skp lptC kdsB

kdsD kdsC lptC lptA lptBbamA skp lpxD fabZ lpxA lpxBflgF flgG flgH flgI flgJ mlaE mlaD tolC

mreB lpxA fabZ

msbA lpxK_waaA kdsBflgF flgG flgA flgH flgI skp lpxD fabZ lpxA lpxB mlaD mlaE kdsD kdsC lptC lptA lptB
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bamA skp fabZ lpxA lpxI lpxBflgF flgG flgA flgH flgI flgJ

fabZ lpxA lpxIflgF flgG flgA flgH flgI flgJ

kdsA kdsC lptC lptA lptBbamA skp lpxD fabZ lpxA lpxI lpxB lpxK_waaA

bamA lpxD fabZ lpxA lpxI lpxBflgF flgG flgA flgI flgH lptC lptA lptB

mlaD mlaE kdsD kdsC lptC lptA lptBbamA skp lpxD fabZ lpxA lpxBflgF flgG flgH flgI flgJ

flgA flgH flgI flgJ

flgA flgH flgI flgJ

flgIflgHflgAflgF flgGmreB

flgF flgG flgA flgH flgI flgJ bamA skp lpxD kdsC lptC lptB

bamA skp lpxD lpxC lpxA lpxI kdsA kdsD lptC lptC lptB

skp lptC kdsB

skp lptC kdsB

murA tamB tamB bamA bamA skp skp lpxD lpxC fabZ lpxA lpxB lpxB msbA lptB DUF3084

bamA skp lpxD fabZ lpxA lpxI lptC lptA lptBmlaE mlaD tolC

bamA skp lpxD fabZ lpxA lpxB kdsD kdsC lptC lptA lptB

bamA skp lpxDflgF flgG flgA flgH flgI flgJ

flgF flgG flgA flgH flgI flgJ lptC lptA murA lptFGbamA skp lpxD

murA tamB bamA bamA skp skp lpxD lpxC fabZ lpxA lpxB lpxB msbA lptB DUF3084

mreB lpxA fabZ

tolC lpxK_waaA waaMmurA mlaD mlaE bamA skp lpxD fabZ lpxA lpxBflgF flgG flgH flgI flgJ msbA lpxK_waaA kdsB

bamA skp lpxD fabZ lpxA lpxI lpxB lptC lptA lptB

flgF flgG flgA flgH flgI flgJ bamA skp lpxD fabZ lpxA lpxB msbA waaM lpxK_waaA lpxK_waaA kdsB kdsA kdsD kdsC lptC lptA lptB

flgF flgG flgH flgI flgJ fabZ lpxA lpxI

lpxC fabZ lpxA lpxI lpxBtamB bamA lpxD

skp lpxC lpxA lpxI lpxD bamA lpxK_waaAflgF flgG flgA flgH flgI flgJ

mreB flgF flgG flgA flgH flgI flgJ bamA lpxD lpxC fabZ lpxA kdsC lptFG lpxI lpxB msbA lpxK_waaA kdsB kdsA kdsD lpxK_waaA

kdsB kdsC lptC lptA lptBmurA bamA skp lpxD fabZ lpxA lpxIflgF flgG flgA flgH flgI flgJ

mreB DUF3084 skp kdsC bamA lpxD lpxC fabZ lpxA kdsC lptFG lpxI lpxB lpxB msbA lpxK_waaA kdsA kdsD lpxK_waaA kdsB

bamA skp lpxD

mreB S55_peptidase lpxC fabZ lpxA lpxB msbA

lpxD lpxC fabZ lptC lptA lptB

flgF flgG flgA flgH flgI kdsB kdsD kdsCbamA skp lpxA lpxB lpxK_waaA waaM

lptC lptA lptB ruvCbamA skp lpxD lpxC fabZ lpxA lpxI lpxB msbA

flgH flgI flgJ murA bamA skp lpxD fabZ lpxA lpxI kdsB kdsA kdsD kdsC lptA lptA lptB

murA kdsD kdsC skp lpxC lpxA

kdsA kdsB kdsD kdsC lptC lptA lptBbamA skp lpxD fabZ lpxA lpxI

kdsC lptC lptA lptBbamA skp lpxDflgF flgG flgA flgH flgI flgJ

mreB lpxA fabZ mlaD mlaE

mreB fabZ lptFG

skp lpxD fabZ

lptC lptA lptB

bamA skp lpxD kdsC lptC lptA lptBflgF flgG flgA flgH flgI flgJ

lpxD lpxC lpxA

skp lpxC lptBflgF flgG flgA flgH flgI flgJ

lpxC fabZ lpxAbamA skp lpxD

mreB lpxD lpxC fabZ lpxA lpxB msbA

flgF flgG flgA flgH flgI flgJ kdsA kdsC lptC lptA lptBlpxD fabZ lpxA lpxI lpxB

mlaE mlaD fabZ lpxA lpxI lpxB kdsA kdsC lptCflgJflgIflgHflgAflgGflgF

kdsB kdsA kdsD kdsC lptC lptA lptBmurA bamA skp lpxD fabZ lpxA lpxI

lptC lptA lptBbamA skp lpxD fabZ lpxA lpxI lpxB lpxB msbA lpxK_waaAlpxK_waaAlpxK_waaA waaM kdsB kdsA kdsD kdsCflgF flgG flgA flgH flgI flgJ

fabZ lpxA lpxI

bamA lpxD lpxC fabZ lpxA kdsC lptFG lpxI lpxB lpxB msbA lpxK_waaA kdsB kdsA kdsD lpxK_waaAmreB flgF flgG flgA flgH flgI flgJ

flgF flgG flgA flgH flgI flgJ kdsA kdsC lptC lptA lptBbamA skp lpxD fabZ lpxA lpxI

murA lptB ompM kdsB kdsA kdsD

lptC lptA lptB

bamA skp skp lpxD lpxC lpxA lptB

flgF flgG flgH flgI flgJ

kdsA kdsD lptC lptA lptBflgF flgG flgA flgH flgI flgJ

kdsA kdsC kdsD lptA lptBbamA skp skp lpxD lpxC lpxAflgF flgG flgA flgH flgI flgJ

kdsD kdsB kdsA kdsCbamA lpxC fabZ lpxA lpxB lptA lptB lptFG

bamA lpxC fabZ lpxA lpxB

flgJflgIflgHflgAflgGflgFmreB

mreB lpxD lpxC fabZ lpxA lpxB msbA

flgF flgG flgA flgH flgI flgJ bamA skp lpxD lpxC lpxA lpxB kdsB kdsC kdsD lptC lptA lptB

bamA skp skp lpxD lpxC DUF3084 fabZ lpxA lpxB

kdsB kdsA kdsC waaM lptC lptA lptBtamB bamA skp lpxD lpxC lpxA lpxA lpxI lpxB msbA msbA

bamA skp lpxD fabZ lpxA lpxBflgF flgG flgH flgI flgJ

flgFG flgA flgH flgI bamA skp lpxD lpxC lpxA lpxB lpxK_waaA kdsB kdsA kdsC kdsD lptC lptA lptB

lptC lptA lptBflgF flgG flgA flgH flgI flgJ kdsB kdsA kdsDbamA skp skp fabZ lpxA lpxI lpxB msbA lpxK_waaA lpxK_waaA

lpxC lpxA kdsD kdsA lptA lptBbamA skp lpxD

flgF flgG flgA flgH flgI flgJ kdsA kdsC kdsD lptC lptA lptBbamA skp lpxD lpxC lpxAtolC lpxB kdsC

mlaD mlaE kdsD kdsC lptC lptA lptBflgF flgG flgH flgI flgJ msbA lpxK_waaA kdsBbamA skp lpxD fabZ lpxA lpxB

skp lpxD lpxC lpxA kdsA kdsC lptC lptA lptB

flgF flgG flgA flgH flgI flgJ bamA skp skp

bamA skp lpxD lptC lptA lptB

lptC lptA lptBbamA skp lpxD

nlpD kdsD kdsC lptC lptA lptBbamA lpxD fabZ lpxA lpxI lpxB flgFG flgFG flgA flgH flgI flgJ

tolC bamA skp lpxB lpxA fabZ lpxC lptAflgF flgG flgA flgH flgI flgJ

lpxD lpxC lpxA

lptC lptA lptBflgF flgG flgA flgH flgI flgJ kdsB kdsA kdsDbamA skp skp fabZ lpxA lpxI lpxB msbA lpxK_waaA lpxK_waaA

mreB flgF flgH flgI flgJ

lpxD lpxC lpxA

mlaE tamB bamA bamA skp lpxD kdsA lptC lptBlpxC fabZ lpxA

bamA skp lpxD lpxC fabZ lpxA

murA bamA skp lpxD fabZ lpxA

mreB lpxA fabZ

lptC lptA lptB lptFG DUF3084 ruvCflgF flgG flgA flgH flgI flgJ bamA skp lpxD lpxC fabZ lpxA lpxB msbA

bamA skp fabZ lpxA lpxI lpxBflgF flgG flgA flgH flgI kdsD lpxD kdsB
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Clostridium acetobutylicum EA 2018

Firmicutes bacterium UBA5449

Megamonas sp. UBA1796

Desulfitobacterium hafniense DCB-2

Acetonema longum DSM 6540

Centipeda periodontii DSM 2778

Acidaminococcus fermentans DSM 20731

Firmicutes bacterium UBA5473

Sporomusaceae bacterium UBA1887

Ureibacillus thermosphaericus str. Thermo-BF

Megasphaera genomosp. type 1 str. 28L

Veillonellaceae bacterium DNF00626

Selenomonas sputigena ATCC 35185

Propionispira raffinosivorans DSM 20765

Tumebacillus flagellatus

Jeotgalibacillus alimentarius

Halanaerobium kushneri

Dolosigranulum pigrum ATCC 51524

Clostridium baratii str. Sullivan

Desulfotomaculum arcticum DSM 17038

Listeria monocytogenes serotype 4b str. F2365

Sporosarcina newyorkensis 2681

Veillonella sp. oral taxon 780 str. F0422

Firmicutes bacterium UBA5293

Peptococcaceae bacterium BRH c4b

Desulfitibacter sp. BRH c19

Oceanobacillus iheyensis HTE831

Blautia sp. YL58

Pelotomaculum thermopropionicum SI

Firmicutes bacterium UBA5301

Acidaminococcus timonensis

Firmicutes bacterium UBA3918

Negativicoccus succinicivorans DORA 17 25

Selenomonadaceae bacterium UBA7286

Dendrosporobacter quercicolus

Firmicutes bacterium UBA5253

Planococcus antarcticus DSM 14505

Selenihalanaerobacter shriftii

Halothermothrix orenii H 168

Ethanoligenens harbinense YUAN-3

Sediminibacillus halophilus NSP9.3

Selenomonadaceae bacterium UBA7260

Ammonifex degensii KC4

Firmicutes bacterium UBA4881

Desulfitobacterium dichloroeliminans LMG P-21439

Veillonella tobetsuensis

Candidatus Desulforudis audaxviator MP104C

Firmicutes bacterium UBA4939

Caldanaerobacter subterraneus subsp. tengcongensis MB4

Firmicutes bacterium UBA5516

Desulfotomaculum aeronauticum DSM 10349

Firmicutes bacterium UBA3899

Pelosinus fermentans UBA6563

Saccharibacillus kuerlensis DSM 22868

Orenia marismortui DSM 5156

Firmicutes bacterium UBA5499

Moorella thermoacetica ATCC 39073

Megasphaera cerevisiae DSM 20462

Sporolituus thermophilus DSM 23256

Acidaminococcaceae bacterium UBA2812

Oenococcus kitaharae DSM 17330

Firmicutes bacterium UBA7641

Megamonas hypermegale UBA1814

Firmicutes bacterium UBA4981

Megasphaera paucivorans

Mitsuokella sp. UBA4253

Firmicutes bacterium UBA3914

Selenomonadales bacterium UBA3815

Firmicutes bacterium UBA5362

Firmicutes bacterium UBA4891

Halothermothrix sp. UBA3952

Clostridium pasteurianum BC1

Desulfosporosinus meridiei DSM 13257

Acidaminococcus fermentans UBA1700

Megamonas sp. UBA1792

Allisonella histaminiformans

Firmicutes bacterium UBA2557

Firmicutes bacterium UBA4976

Acetobacterium woodii DSM 1030

Megasphaera sp. BV3C16-1

Firmicutes bacterium UBA5289

Allofustis seminis DSM 15817

Firmicutes bacterium UBA5388

Streptococcus pneumoniae R6

Acidaminococcus intestini DSM 21505

Terribacillus aidingensis

Marinococcus halotolerans DSM 16375

Phascolarctobacterium sp. CAG 207

Megasphaera elsdenii UBA3716

Desulfotomaculum thermosubterraneum DSM 16057

Thermicanus aegyptius DSM 12793

Veillonella seminalis ACS-216-V-Col6b

Desulfitobacterium metallireducens DSM 15288

Halanaerobium saccharolyticum subsp. saccharolyicum DSM6643

Megasphaera sp. UBA5897

cellulosolvens 6

Orenia metallireducens

Aneurinibacillus aneurinilyticus ATCC 12856

Dialister invisus DSM 15470

Succiniclasticum ruminis

Heliobacterium modesticaldum Ice1

Lactobacillus casei ATCC 334

Faecalibacterium prausnitzii L2-6

rectale DSM 17629

Megasphaera sp. UBA1696

cellulolyticum H10

Acidaminococcus fermentans UBA7757

Megamonas sp. UBA1799

Dialister succinatiphilus YIT 11850

Facklamia languida CCUG 37842

Desulfotomaculum geothermicum DSM 3669

Desulfotomaculum nigrificans CO-1-SRB

Firmicutes bacterium UBA2560

Shimazuella kribbensis DSM 45090

Megasphaera sp. MJR8396C

Firmicutes bacterium UBA5268

Veillonella sp. oral taxon 158 str. F0412

Paenibacillus polymyxa SC2

Firmicutes bacterium UBA5324

Megamonas hypermegale DSM 1672

Sporomusaceae bacterium UBA7701

Firmicutes bacterium UBA5237

Schwartzia succinivorans DSM 10502

Caldisalinibacter kiritimatiensis

Firmicutes bacterium UBA4882

Salsuginibacillus kocurii DSM 18087

Clostridium perfringens SM101

Mitsuokella multacida DSM 20544

Pelosinus fermentans DSM 17108

Candidatus Arthromitus sp. SFB-mouse-Japan

Limnochorda pilosa

Alloiococcus otitis ATCC 51267

Mitsuokella sp. oral taxon 131 str. W9106

Thermoanaerobacter brockii subsp. finnii Ako-1

Effusibacillus pohliae DSM 22757

Megasphaera sp. UBA6440

Dialister sp. UBA7295

Negativicoccus massiliensis

Thalassobacillus devorans MSP14

Gemella bergeriae ATCC 700627

Acetohalobium arabaticum DSM 5501

Blautia obeum A2-162

Firmicutes bacterium UBA5275

Dialister sp. UBA1703

Firmicutes bacterium UBA4980

Caldibacillus debilis DSM 16016

Pediococcus claussenii ATCC BAA-344

Kyrpidia tusciae DSM 2912

Salimicrobium jeotgali

Syntrophomonas wolfei subsp. wolfei str. Goettingen G311

Selenomonas ruminantium subsp. lactilytica TAM6421

Dehalobacter sp. TeCB1

Phascolarctobacterium succinatutens YIT 12067

Megasphaera sp. UBA4233

Halanaerobium praevalens DSM 2228

Desulfosporosinus sp. OL

Granulicatella adiacens ATCC 49175

Sporomusaceae bacterium UBA5989

Macrococcus caseolyticus JCSC5402

Veillonella parvula DSM 2008

Sporomusa ovata DSM 2662

Firmicutes bacterium UBA5389

Sulfobacillus acidophilus DSM 10332
Symbiobacterium thermophilum IAM 14863

Catellicoccus marimammalium M35 04 3

Clostridium kluyveri NBRC 12016

Bavariicoccus seileri DSM 19936

Firmicutes bacterium UBA5322

Firmicutes bacterium UBA3919

Succinispira mobilis DSM 6222

Selenomonadaceae bacterium UBA2897

Leuconostoc carnosum JB16

Firmicutes bacterium UBA3928

Selenomonas artemidis F0399

Firmicutes bacterium UBA3915

Firmicutes bacterium UBA5435

Acidaminococcus sp. UBA7736

Kurthia huakuii LAM0618
Solibacillus silvestris StLB046

Sporomusa sphaeroides DSM 2875

Clostridium novyi NT

Halanaerobium hydrogeniformans

Murdochiella sp. Marseille-P2341
Ezakiella massiliensis

Parvimonas micra
Finegoldia magna ATCC 53516

Jeotgalicoccus marinus DSM 19772

Firmicutes bacterium UBA5474

Firmicutes bacterium UBA6811

Ruminococcus bromii L2-63

Firmicutes bacterium UBA5420

Thermoanaerobacterium thermosaccharolyticum DSM 571

Lachnoclostridium phytofermentans ISDg

Weissella ceti

Firmicutes bacterium UBA4953

Abiotrophia defectiva ATCC 49176

Sporomusaceae bacterium UBA864

Firmicutes bacterium UBA5292

Lactococcus garvieae Lg2

Clostridium botulinum A2 str. Kyoto

eligens ATCC 27750

Veillonella magna DSM 19857

Thermincola ferriacetica

Megasphaera sp. UBA4382

Thermaerobacter subterraneus DSM 13965

Acidaminococcaceae bacterium UBA7746

Desulfotomaculum acetoxidans DSM 771

Eubacterium limosum KIST612

Halobacteroides halobius DSM 5150

Sporolactobacillus laevolacticus DSM 442

Enterococcus faecium DO

Anaerobacillus macyae

Megamonas rupellensis DSM 19944

Selenomonas sp. oral taxon 920

Megasphaera sp. UBA4708

Firmicutes bacterium UBA4862

Selenomonas noxia F0398

Propionispora vibrioides

Desulfosporosinus acidiphilus SJ4

Bacillus subtilis subsp. subtilis str. 168

Sulfobacillus thermosulfidooxidans DSM 9293

Dialister sp. UBA2909

Butyrivibrio proteoclasticus B316

Syntrophothermus lipocalidus DSM 12680

Syntrophobotulus glycolicus DSM 8271

Anaerovibrio lipolyticus LB2005

Veillonellaceae bacterium UBA5809

Dialister micraerophilus DSM 19965

Ornithinibacillus scapharcae TW25

Oscillibacter valericigenes Sjm18-20

Acidaminococcaceae bacterium UBA2873

Firmicutes bacterium UBA5493

uncultured Megasphaera sp.

Halanaerobium salsuginis

Caldicellulosiruptor obsidiansis OB47

Pontibacillus halophilus JSM 076056 = DSM 19796

Ruminiclostridium thermocellum AD2

Brevibacillus brevis NBRC 100599

Phascolarctobacterium sp. CAG 266

Acidaminococcaceae bacterium UBA2842

Selenomonas sp. oral taxon 138 str. F0429

Halarsenatibacter silvermanii

Halobacteroidaceae bacterium T328-2

Mitsuokella sp. UBA4225

Aerococcus urinae ACS-120-V-Col10a

Mahella australiensis 50-1 BON

Firmicutes bacterium UBA5486

Veillonella atypica

Lentibacillus jeotgali

Selenomonas flueggei ATCC 43531

Dialister sp. UBA7259

Firmicutes bacterium UBA4971

Acidaminococcus sp. UBA2733

Desulfosporosinus lacus DSM 15449

Atopococcus tabaci DSM 17538

Desulfosporosinus sp. OT

Selenomonas bovis DSM 23594

Selenomonadales bacterium UBA7018

Megasphaera micronuciformis F0359

Firmicutes bacterium UBA3956

siraeum 70/3

Firmicutes bacterium UBA5447

Halanaerobium congolense

Thermobacillus composti KWC4

Selenomonas ruminantium AB3002

Desulfotomaculum hydrothermale Lam5 = DSM 18033

Megasphaera sp. UBA4264

Dialister pneumosintes

Selenomonas sp. oral taxon 136

Anaerosporomusa subterranea

Megasphaera elsdenii DSM 20460

Thermaerobacter marianensis DSM 12885

Pelosinus fermentans JBW45

Staphylococcus aureus subsp. aureus NCTC 8325

Sporomusa acidovorans

Thermosinus carboxydivorans Nor1

Desulfosporosinus sp. I2

Amphibacillus xylanus NBRC 15112

Selenomonas ruminantium UBA3715

Fructobacillus fructosus KCTC 3544

Eremococcus coleocola DSM 15696

Tepidanaerobacter acetatoxydans Re1

Geobacillus stearothermophilus 10

Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446

Tuberibacillus calidus DSM 17572

Peptococcaceae bacterium CEB3

Veillonella montpellierensis DSM 17217

Succiniclasticum ruminis DSM 9236

Carnobacterium maltaromaticum LMA28

Desulfotomaculum copahuensis

Clostridium lentocellum DSM 5427

Thermincola potens JR

Halanaerobium sp. T82-1

Halonatronum saccharophilum DSM 13868

Firmicutes bacterium UBA3943

saccharolyticum WM1

Firmicutes bacterium UBA4996

Carboxydothermus hydrogenoformans Z-2901

Firmicutes bacterium UBA1393

Exiguobacterium antarcticum B7
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spoIID nlpD spoIIID mreB flgFG flgFG flgJ fabZ

murA spoIID spoIIID mreB

mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA spoIID nlpDspoIIID mreB flgFG flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ompM ruvC ompM ompM ompM

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG

murA spoIID spoIIID mreB flgFG flgFG fabZ

murA mreB S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC ompM

murA spoIID spoIIID fabZ

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA spoIID spoIIID mreB flgFG flgFG fabZ

ruvCDUF3084lptFGlptAlptCwaaMkdsCkdsDkdsAkdsBlpxK_waaAlpxBlpxIlpxAfabZlpxCwaaMlpxDbamAtamBtolCNAGPAmreBmurAompM

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA spoIID nlpD spoIIID mreB flgFG flgFG

murA S55_peptidase NAGPA flgJ flgI flgH flgA flgFG flgFG mreB tolC tamB bamA lpxD waaM ompM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA spoIID spoIIID mreB flgFG flgFG

spoIIID mreB flgFG flgFG fabZ

spoIIID mreB flgFG flgFG fabZ

murA mreB flgFG flgFG fabZ

lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA NA spoIID spoIIID mreB flgFG flgFG fabZ slh slh tolC slh slh slh

murA spoIID nlpD spoIIID flgF flgG flgA flgH flgI flgJ S55_peptidase tamB bamA lptFG lptFG lptC lptA lpxC fabZ lpxA lpxI lpxB kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

mreB flgFG flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

spoIID spoIIID mreB flgFG flgFG fabZ slh slh

nlpDspoIIID mreB flgFG flgFG fabZ slh slh slh slh

murA spoIID spoIIID mreB

murA spoIID spoIIID mreB slh

murA spoIID spoIIID mreB

murA spoIID spoIIID mreB fabZ

murA S55_peptidase tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptFG DUF3084 ruvC

murA mreB S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC ompM ompM ompM ompM ompM

spoIID spoIIID mreB flgFG flgFG flgJ slh

murA spoIID spoIIID mreB flgFG flgFG fabZ

murA spoIID nlpD spoIIID mreB

nlpD spoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase bamA lpxD lpxC lpxA lpxI lpxB lptFG DUF3084 slh ruvC slh

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC slh

murA mreB S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

mreB flgFG flgFG flgA flgH flgI flgJ NAGPA mreB waaM lpxD bamA tamB tolC lpxC lpxA tolC ruvC fabZ lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

flgF flgG flgA flgH flgI flgJ lpxK_waaA waaM kdsD kdsA kdsB mreB S55_peptidase bamA lpxD lpxC fabZ lpxA lpxI lpxB lptC lptA lptFG DUF3084 ruvC

murA spoIID nlpD spoIIIDflgF flgG flgA flgH flgI flgJ S55_peptidase lpxC fabZ lpxA lpxI lpxB kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC slh ompM lptA lpxK_waaA lpxK_waaA

murA spoIID nlpDspoIIID mreB flgFG flgFG flgA flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ompM ruvC ompM

spoIID nlpD spoIIID mreB

murA spoIID spoIIIDflgF flgG flgA flgH flgI flgJ S55_peptidase tamB bamA lpxD lptFG lptFG lptC lpxC fabZ lpxA lpxI lpxB kdsB kdsA kdsD waaM lptC lptA lptFG DUF3084 ruvC

murA spoIID spoIIID mreB

murA S55_peptidase tolC tamB lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC lptC lptFG DUF3084 ruvC

mreB flgFG flgFG flgA flgI flgJ NAGPA tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA spoIID nlpDspoIIID mreB

murA spoIID nlpDspoIIID mreB flgFG flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ompM ruvC ompM ompM

murA spoIID nlpD spoIIID mreB flgFG flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 slh ruvC ompM ompM

murA spoIID NAspoIIID mreB S55_peptidase bamA lptFG lptC lptC DUF3084 slh ruvC

kdsC waaM lptC lptA

mreB flgFG flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsC waaM lptC lptA lptFG DUF3084 ruvC

mreB flgFG flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB S55_peptidase tolC tamB bamA lpxD waaM

tamB bamA lpxD waaM lpxC ompM fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

spoIID nlpD spoIIID mreB flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC lptFG DUF3084 ompM ruvC ompM ompM ompM

murA spoIID nlpD spoIIID mreB S55_peptidase lpxI lpxA fabZ lpxC lptC lptFG

murA spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lpxD lptFG lptC lpxC fabZ lpxA lpxI lpxB lptC lptA lptFG DUF3084 ompM slh

murA mreB mreB S55_peptidase tolC tamB lpxD lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA S55_peptidase NAGPA flgJ flgI flgH flgA flgFG flgFG mreB tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC ompM ompM ompM ompM

murA S55_peptidase NAGPA flgFG flgA flgH flgI flgJ ompM bamA tamB tolC tolC tolC lpxB lpxC fabZ lpxA lpxI kdsB kdsA kdsD kdsC waaM lptC lptA lptFG

murA spoIID NA spoIIID mreB S55_peptidase lptFG lptC DUF3084 slh

murA spoIID nlpD spoIIID mreB S55_peptidase flgF flgG flgA flgH flgI flgJ NAGPA lpxK_waaA waaM kdsD kdsA kdsB bamA lpxD lptFG lptA lpxC fabZ lpxA lpxI lpxB lptC slh slh lptA ruvC DUF3084

spoIID nlpD spoIIID mreB flgF flgG flgA flgH flgI flgJ nlpD S55_peptidase tamB bamA lpxD lptFG lptC lptA kdsB kdsA kdsD waaM kdsC lpxC fabZ lpxA lptC lptFG DUF3084 ruvC

spoIIIDflgF flgG flgH flgI flgJ S55_peptidase bamA lpxD lptFG lptC lptC lpxC fabZ lpxA lpxI lpxB lptFG DUF3084 slh ruvC

flgF flgG flgA flgH flgI flgJ nlpDspoIIID mreB S55_peptidase bamA lpxD lptFG lptC lpxC fabZ lpxA lpxI lpxB lptFG slh

nlpD spoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase bamA lptFG lptC fabZ lpxB DUF3084 slh ruvC

murA mreB S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

nlpDspoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase bamA lptFG lptC lpxB DUF3084 slh

nlpDspoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase bamA lptFG lptC lpxB DUF3084 slh

murA mreB S55_peptidase tolC tamB bamA lpxD waaM

murA S55_peptidase NAGPA mreB ompM ompM ompM ompM tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA S55_peptidase NAGPA mreB ompM ompM ompM ompM tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

nlpDspoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase bamA lptFG lptC fabZ lpxB DUF3084 slh ruvC

murA spoIID nlpD nlpD spoIIID mreB S55_peptidase flgF flgG flgA flgH flgI flgJ bamA lptFG lptC mreB murA DUF3084 slh

spoIIIDflgF flgG flgA flgH flgI flgJ S55_peptidase tamB lpxD lptFG lptC lptA lpxC fabZ lpxA lpxI lpxB lptFG DUF3084 slh ruvC

spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lptFG lptC nlpD DUF3084 ruvC

flgF flgG flgA flgH flgI flgJ murA spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lpxD lptFG lptC lpxC fabZ lpxA lpxI lpxB

flgF flgG flgA flgH flgI flgJ murA spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lptC lptC lpxC fabZ lpxA lpxI lpxB lptC lptA lptFG DUF3084 ompM slh

nlpD spoIIID mreB flgF flgG flgA flgH flgI flgJ kdsB kdsA kdsD kdsC S55_peptidase tamB bamA lpxD lptFG lptC lptA lpxC fabZ lpxA lpxI lptC lptA lptFG DUF3084 ruvC

spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lptFG lptC DUF3084 mreB ruvC

spoIIIDflgF flgG flgA flgH flgI flgJ S55_peptidase tamB bamA lpxD lptFG lptC lptA lpxC fabZ lpxA lpxI lpxB lptFG DUF3084 slh ruvC

spoIID nlpD spoIIID mreB S55_peptidase tamB bamA nlpD DUF3084 ruvC kdsC slh

spoIID nlpD spoIIID mreB tamB bamA lptFG lptC lptC DUF3084 ruvC

murA mreB S55_peptidase tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

spoIID nlpD spoIIID mreB nlpD S55_peptidase tamB bamA

flgF flgG flgA flgH flgI flgJ NAGPA S55_peptidase lpxA lpxI lpxB lpxK_waaA waaM kdsC kdsA kdsB nlpDspoIIID mreB kdsA flgFG lptFG lpxC fabZ lpxA lpxI lpxB lptA lptFG DUF3084 slh ruvC

murA spoIID spoIIID mreB S55_peptidase flgF flgG flgA flgH flgI flgJ bamA lptFG lptC DUF3084 slh ruvC

nlpD spoIIID mreB flgF flgG flgA flgH mreB lptC lpxI lpxA fabZ lpxC lpxK_waaA lpxK_waaA waaM kdsB kdsA kdsD kdsC S55_peptidase tamB bamA lpxD lptFG lptC lptA lptFG DUF3084 ruvC

flgF flgG flgA flgH flgI flgJ DUF3084 slh ruvC

flgH flgI flgJ lpxC fabZ lpxA lpxI lptFG DUF3084 slh ruvC

nlpDspoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase lptC murA fabZ lpxB DUF3084 slh

flgF flgG flgA flgH flgI flgJ murA spoIID nlpDspoIIID mreB S55_peptidase bamA lptFG lptC DUF3084 slh ruvC

flgF flgG flgA flgH flgI flgJ murA spoIID nlpDspoIIID mreB S55_peptidase bamA lptFG lptC DUF3084 slh ruvC

nlpD spoIIID mreB flgF flgG flgA flgH flgI flgJ lpxC fabZ lpxA lpxI lptC S55_peptidase tamB bamA lpxK_waaA lpxD lptFG lptC lptA kdsB kdsA kdsD kdsC lptFG DUF3084 ruvC

nlpD spoIIID mreB flgF flgG flgA flgH flgI flgJ lpxC fabZ lpxA lpxI lptC kdsB kdsA kdsD kdsC lpxD lptFG lptC lptA lptFG DUF3084 ruvC

spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lptFG lptC lptA

murA spoIID nlpD spoIIID mreB flgFG flgFG flgA flgH flgI flgJ NAGPA S55_peptidase tolC tamB bamA lpxD lpxC fabZ lpxA lpxI lpxB kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ompM ruvC ompM ompM slh

murA spoIID nlpDspoIIID mreB S55_peptidase flgF flgG flgH flgI flgJ bamA lptFG lptC DUF3084 slh ruvC

mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxA fabZ lpxC lptA kdsB kdsA kdsD kdsC waaM lptC lptA kdsC

nlpDspoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase bamA lptFG lptC fabZ lpxB DUF3084 slh ruvC

nlpDspoIIID mreB flgF flgG flgH flgI flgJ NAGPA S55_peptidase bamA lptFG lptC fabZ lpxB DUF3084 slh ruvC

flgF flgG flgA flgH flgI flgJ murA spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lpxD lptFG lpxB lpxI lpxA fabZ lpxC lptC lptC lptFG DUF3084 murA slh ompM ruvC

nlpD spoIID mreB flgF flgG flgA flgH flgI flgJ fabZ lpxA lpxI lpxB lptFG DUF3084 slh

spoIID nlpD spoIIID mreB S55_peptidase flgF flgG flgA flgH flgI flgJ tamB bamA lpxD lpxC fabZ lpxA lpxB lptC lptA lptFG DUF3084 ompM ruvC

flgF flgG flgA flgH flgI flgJ murA spoIID nlpDspoIIID mreB S55_peptidase tamB bamA lpxD lptFG lptC lptC lpxC fabZ lpxA lpxI lpxB lptC lptA lptFG DUF3084 ompM ompM ruvC slh

spoIID nlpD spoIIID mreB flgF flgG flgA flgH flgI flgJ S55_peptidase tamB bamA lpxD lptFG lptC lptA lpxC fabZ lpxA lpxI lptC lptA lptFG ruvC

flgF flgG flgH ruvC lpxA

spoIIIDflgF flgG flgA flgH flgI flgJ S55_peptidase tamB bamA lpxD lptFG lptC lptA lpxC fabZ lpxA lpxI lpxB lptFG DUF3084 slh ruvC

murA spoIID nlpD spoIIID mreB flgFG flgFG flgA flgH flgI flgJ tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ompM

murA mreB S55_peptidase lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

bamA spoIID lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084

murA S55_peptidase NAGPA flgFG flgA flgH flgI flgJ ompM tolC tamB bamA lpxC fabZ lpxA lpxI kdsB kdsA kdsD kdsC waaM lptC lptA lptFG

flgF flgG flgA flgH flgI flgJ murA spoIID nlpD spoIIID mreB S55_peptidase tamB bamA lpxC fabZ lpxA lpxI lpxB lptFG DUF3084 slh slh

lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA S55_peptidase NAGPA flgJ flgI flgH flgA flgFG flgFG tolC tamB bamA lpxD waaM lpxA lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA S55_peptidase NAGPA flgJ flgI flgH flgA flgFG flgFG lpxC fabZ lpxA lpxI lpxB tolC tamB bamA ruvC lpxD DUF3084 waaM lptFG lptA lptC waaM kdsC kdsD kdsA kdsB lpxK_waaA

murA ompM kdsA lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC fabZ lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC

murA mreB NAGPA S55_peptidase tolC tamB bamA lpxD waaM lpxC lpxA lpxI lpxB lpxK_waaA kdsB kdsA kdsD kdsC waaM lptC lptA lptFG DUF3084 ruvC ompM ompM ompM ompM
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Supplementary figure 3: Organization of OM clusters in Bacteria. Related to Figure 4.  

OM clusters are listed for all taxa in DB BACTERIA and DB SMALL Firmicutes. Phyla in gray are 

diderm, those in white are monoderm. Color codes are as in Figure 5.  
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Supplementary figure 4: Phylogeny of OM cluster components including flagellar 

proteins. Related to Figure 5. 

Maximum likelihood tree based on concatenation of 17 proteins (FabZ, KdsA, KdsB, KdsC, KdsD, 

LptB, LpxA, LpxB, LpxC, LpxD, LpxK, FlgF, FlgG, FlgA, FlgH, FlgI and FlgJ) comprising 122 taxa 

and 3,705 amino acid positions, inferred with IQ-TREE 1.4.4 using the model LG+C60+F+G and 

ultrafast bootstrap (UFB) supports calculated on 1000 replicates of the original dataset. UFB higher than 

70% are displayed. The scale bar corresponds to the average number of substitutions per site. 
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