
Outside-in: intracellular vesicles in giant sulfur bacteria contain peptidoglycan  1	

Beverly E. Flooda*, Dalton J. Lepricha, Ryan C. Hunterb, Nathalie Delherbea#, Barbara 2	

MacGregora, Michael Van Nieuwenhzec, Jake V. Baileya* 3	

 4	

a University of Minnesota, Department of Earth and Environmental Sciences, Minneapolis, 5	

Minnesota, USA 6	

b University of Minnesota, Department of Microbiology and Immunology, Minneapolis, 7	

Minnesota, USA 8	

c Department of Biology, Indiana University, Indiana, USA 9	

#Current address: Department of Biology, San Diego State University, San Diego, CA, 10	

92182, USA. 11	

 12	

Running Head: Intracellular Vesicles in Ca. Thiomargarita spp.  13	

 14	

*Corresponding authors 15	

Email: Jake V. Bailey, baileyj@umn.edu and Beverly E. Flood, beflood@umn.edu 16	

  17	

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.11.487978doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.11.487978
http://creativecommons.org/licenses/by/4.0/


Abstract  18	

Until recently, the cellular envelopes of bacteria were regarded as static and rigid relative 19	

to those of eukaryotes. While investigating peptidoglycan synthesis in populations of giant 20	

sulfur bacteria, Candidatus Thiomargarita spp., we observed internal vesicle-like features 21	

(VLFs). VLFs, as imaged following the active incorporation of D-amino acids, appear to 22	

begin as invaginations and delaminations of the cellular envelope. Staining with wheat 23	

germ agglutinin confirmed the presence of peptidoglycan in VLFs, while polymyxin B 24	

revealed that the outer membrane is present in some VLFs. Transmission electron 25	

microscopy revealed a complex network of interconnected VLFs. Genomes of Ca. 26	

Thiomargarita nelsonii lack a canonical divisome, while possessing homologs to genes 27	

such as actin, membrane scaffolding proteins, and dynamins that are associated with 28	

phagocytosis in eukaryotes. The physiological role of VLFs remains unclear, but the 29	

presence of sulfur globules in some suggests compartmentalization of metabolism and 30	

energy production. This is the first report of peptidoglycan and outer membrane bound 31	

intracellular vesicles within prokaryotic cells. These findings transform the canonical view 32	

of the inflexible bacterial cell envelope and further narrow the divide between prokaryotes 33	

and eukaryotes. 34	

Introduction  35	

Members of the Beggiatoaceae are sulfur-oxidizing bacteria that are some of the largest 36	

bacteria in the world. Morphologically, these bacteria resemble cyanobacteria, a 37	

phylogenetically-distant group with which they have undergone substantial horizontal gene 38	
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transfer [1-4]. Ca. Thiomargarita spp. include the largest known bacteria, with individual 39	

cells reaching up to a millimeter in diameter [5-8], (Fig 1). Ca. Thiomargarita cells appear 40	

hollow, with a single central vacuole occupying the majority of the cell volume [7, 8]. Like 41	

diverse marine eukaryotic phyla [9] and some sister marine Beggiatoaceae [10], Ca. 42	

Thiomargarita stores nitrate in a large central vacuole at high concentrations relative to the 43	

surrounding seawater [7, 11]. Nitrate serves as a terminal electron acceptor for the 44	

oxidation of sulfide in the absence of sufficient oxygen. The central vacuole may also store 45	

additional substrates and provide additional function(s) [12] but investigative studies are 46	

lacking. Ca. Thiomargarita spp. also have the capability of carrying out other types of 47	

lithotrophic and heterotrophic metabolism [7, 8, 13-16]. They store abundant inclusions of 48	

elemental sulfur, polyphosphate, and glycogen in the cytoplasm surrounding the vacuole, 49	

along with genetic material that is thought to include thousands of copies of a cell’s 50	

chromosome, reviewed by [8].  51	

 52	

Fig 1. Examples of Ca. Thiomargarita spp. used in this study. (a) Ca. Thiomargarita 53	

spp. on collection along the Namibian margin exhibit abundant cells in various stages of 54	

division and diversity of cell shape and size. (b) Ca. Thiomargarita nelsonii attached to a 55	
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Provannid gastropod collected from Hydrate Ridge, Pacific Ocean.  A genome of this strain 56	

was included in genome analyses.  Scale bar is 600 µm for both images. 57	

Despite their macroscopic size, Ca. Thiomargarita have yet to be cultivated as isolates in 58	

the laboratory. But, some strains of Ca. Thiomargarita can remain viable in the laboratory 59	

for more than two years under refrigeration in their host sediments. Two genomes produced 60	

for Ca. T. nelsonii, as well as labeling experiments for oxidoreductase activity and 61	

microsensor measurements, suggest that these organisms have diverse metabolic potentials 62	

and are metabolically active following collection [11, 13-15]. Previously, a maintenance 63	

medium containing vitamins and trace metals along with lithotrophic or heterotrophic 64	

electron donors was shown to support metabolic activity in Ca. Thiomargarita spp. [11, 65	

15]. Here, we incubated Ca. Thiomargarita with fluorescently-labeled D-amino acids 66	

(FDAAs) to visualize active peptidoglycan synthesis [17-19]. Peptidoglycan (PG), which 67	

provides mechanical strength to the cell ultrastructure, is composed of glycan strands 68	

linked by peptide chains containing D-alanine and D-glutamine [20, 21]. Fluorescently-69	

labeled D-alanine [22] has been used in a variety of studies to facilitate the understanding 70	

of the formation and structure of PG, bacterial growth patterns, and how morphologically 71	

complex cells modulate their growth patterns (reviewed by [19]. Importantly, incorporation 72	

of labeled D-alanine is specific to PG, which is not labeled with the fluorescent enantiomer 73	

L-3-amino-L-alanine [18].  74	

In this study, FDAA labeling was initially employed to better understand the rate of 75	

metabolic activity in Ca. Thiomargarita spp.. We hypothesized that due to their native 76	

habitat and the lack of observed growth in vitro [8], long incubation periods with FDAAs 77	

would be necessary because Ca. Thiomargarita are extremely slow growing. Furthermore, 78	
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we hoped to observe how PG synthesis contributed to their morphology and modes of cell 79	

division (reviewed by [4]). Two previous Ca. T. nelsonii genomes [13, 14, 23] and two 80	

genomes produced for this study revealed that they possess the canonical genetic potential 81	

to synthesize PG, with the exception of a candidate gene for the key penicillin-binding 82	

protein 3 (ftsW). However, Ca. Thiomargarita lacks most of the canonical genetic repertoire 83	

for cell division, except a candidate gene for the septal ring tubulin homologue FtsZ. As 84	

such, we hypothesized that Ca. Thiomargarita spp. undergoes observable non-canonical 85	

cellular division.   86	

Results 87	

FDAA-labeling reveals active incorporation of PG along 88	

division planes 89	

PG synthesis is required for cell wall elongation and the formation of the division septum. 90	

We observed incorporation of FDAAs into the Ca. Thiomargarita spp. ultrastructure as a 91	

weak but specific fluorescent signal along the cell margins, as well as an intense 92	

fluorescence signal localized at the division septum. FDAA incorporation at the division 93	

plane was observed in both cell trichomes (Fig 2b-c) and individual dividing cells (Fig 2a). 94	

Observable label was present in as little as fifteen minutes, suggesting very active 95	

metabolism (Figs 2b-c, S1 Movie). Label localization was similar to that observed in 96	

FDAA-stained bacteria in earlier studies, e.g. [17]. Labeling experiments conducted for 97	

one week revealed that dead cells do not incorporate FDAA. These observations show that 98	

FDAAs do not exhibit non-specific binding in dead cells, (S1 Fig). 99	
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 100	

Fig 2. Ca. Thiomargarita spp. preferentially incorporate FDAAs along the division 101	

septum. (a) Cells incubated for 1 week under anoxic conditions with formate as an electron 102	

donor exhibited evidence of active cell division. (b) Confocal slice of cells exposed to 103	

FDAAs in the laboratory for 15 minutes, cells that appear to be dividing exhibit a 104	

preferential incorporation of FDAAs along the division septum (arrows) suggesting active 105	

PG synthesis associated with cell division. (c) Confocal slice of cells incubated with 106	

FDAAs for 15 minutes revealed reductive division. 107	

FDAA labeling reveals incorporation of peptidoglycan in VLFs 108	

originating from the cellular envelope 109	

Active incorporation of FDAA into PG revealed that in some Ca. Thiomargarita cells, the 110	

cellular envelope budded inward to produce intracellular “pockets” (Figs 3 and 4). The 111	

cellular envelope surrounding the budding vesicles also exhibited active incorporation of 112	

the FDAAs (Figs 3a-b). In some cases, these pockets appeared to completely bud off from 113	

the cell envelope and became independent intracellular VLFs, (Fig 4a-c). Some unattached 114	

intracellular VLFs also exhibited active incorporation of FDAAs and were located either 115	
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in the cytoplasm, or in the vacuole as observed in 3D reconstructions from confocal z-116	

stacks (Fig 4d, S2 and S3 Movies). 117	

 118	

Fig 3. FDAA labeling of PG reveals intracellular vesicles form from the cellular 119	

envelope. The incubation time with the labels was 15-30 minutes. Dark intracellular 120	

spheres are sulfur granules. (a) A confocal microscopy slice through a Ca. Thiomargarita 121	

cell revealed the invagination of the cellular envelope producing an internal pocket/vesicle 122	

(white arrow) that has almost completely detached from the cell wall. (b) The same Ca. 123	

Thiomargarita cell as in (a) but a confocal microscopy slice closer to the surface of the cell 124	

revealed that there was active incorporation of FDAA in the cellular envelope surrounding 125	

the internal vesicle formation (white arrow). Note the base of the vesicle and a distal ring 126	

of PG around it exhibit the highest amount of incorporation of the FDAA. 127	
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 128	

Fig 4. Vesicle-like features bounded by PG are actively maintained even after 129	

detaching from the cellular envelope. (a-c) Views along three axes of a confocal z-stack 130	

of FDAA-labeled Ca. Thiomargarita cells undergoing cell division. Invaginations and 131	

vesicles are indicated with white arrows. (d). A maximum intensity projection 3-D 132	

rendering of the cells in (a-c) showing the vesicles as spheres apparently translocated from 133	

the ultrastructure into the vacuole.  Scale bar for all is 10 µm. 134	

Wheat germ agglutinin labeling for PG 135	

Ca. T. nelsonii has the genetic potential to produce metabolites lacking L-stereo-specificity 136	

via non-ribosomal peptide synthetases. We considered the possibility that the vesicle-like 137	
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features are the products of D-amino acid incorporation by peptides synthesized outside 138	

the ribosome, or by other molecules not previously known to incorporate FDAAs. Wheat 139	

germ agglutinin (WGA) binds specifically to N-acetylglucosamine, a major structural unit 140	

of PG, so this test provides a chemically distinct line of evidence for PG bounding the VLF. 141	

Additionally, while FDAA labeling only reveals active PG synthesis, WGA staining 142	

provides visualization all PG within the cells. The results of the WGA staining were 143	

consistent with FDAA-labeling, and revealed some additional cellular features (Figs 5a-b). 144	

In some cases, we observed multiple layers within the cellular envelope that stained for N-145	

acetylglucosamine and sometimes appeared to be delaminating. Additionally, sulfur 146	

globules appear to be bound within PG bearing vesicles and vesicular masses (Fig 5c and 147	

S4 Movie). Counterstaining with DAPI revealed that most DNA is located within a thin 148	

region near the cellular envelope, but some DNA is located surrounding large vesicles (Fig 149	

6 and S5 Movie).   150	

 151	

Fig 5. Whole cell staining with WGA revealed additional PG bearing features. V = 152	

vacuole. (a) Confocal microscopy slice through a Ca. Thiomargarita spp. cell revealed 153	

possible delamination of PG layer. (b) Increased magnification of cell in (a) revealed 154	

multiple layers and possible delamination, Sh = sheath with epibiont bacteria. (c) Confocal 155	

microscopy z-stack revealed PG bearing accumulating vesicles with some containing 156	
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sulfur granules within them (dark masses within green), S0 = sulfur granules, W = PG wall, 157	

N = neighboring cell.   158	

 159	

Fig 6. DAPI staining of thin sections reveal DNA predominantly in the cytoplasm but 160	

also associated with vesicles. V= vacuole, Sh = sheath with epibiont bacteria, scale bar = 161	

20 µm. 162	

Fluorescent labeling of thin sections revealed other features of 163	

VLFs  164	
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Co-staining of thin sections with polymyxin B, which binds specifically to lipid A in the 165	

outer membrane, and FM 4-64, a general lipid counterstain, revealed that outer membrane 166	

lipids are also present in some but not all intracellular vesicles (Figs 7a-b). The optical 167	

resolution of light microscopy was insufficient to confirm that outer membrane lipids were 168	

inside the vesicles, but the fluorescence of polymyxin B did encroach further into the 169	

vesicles than that of WGA, which supports the possibility that they are inside as would be 170	

predicted if the entire ultrastructure inverted during infolding.  171	

 172	
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Fig 7. Thin sections of Ca. Thiomargarita spp. reveal that vesicles sometimes include 173	

outer membrane material. (a) lipid A stained with polymyxin B (b) lipids as stained with 174	

FM4-64, E = envelope, V = vacuole. 175	

Transmission electron microscopy  176	

Two distinct fixation and staining methods were employed to address challenges with 177	

preserving the cellular structure of such large cells with vast aqueous interiors that are 178	

prone to collapse e.g. (S2 Fig). TEM revealed VLFs, as observed with light microscopy, 179	

as well as additional features (Fig 8 and S2 Fig). The VLFs varied in size from sub-micron 180	

to more than 50 µm in diameter. While sometimes the VLFs contained sulfur, often they 181	

contained other storage products such as electron-dense inclusion bodies, DNA, and 182	

ribosomes, but most appeared devoid of material that stained with contrast agents. In 183	

general, the cytoplasmic region containing the VLFs appeared as a highly disordered 184	

network of interconnected vesicles of varying sizes. Some of these “networks” were 185	

detached from the main cytoplasmic region. The cellular envelopes, which were 186	

approximately 100 nm thick, consisted of at least five layers. The darkest and thickest stain 187	

layer, presumably PG, was the second observed layer from the interior. The PG layer was 188	

6-10 nm in thickness, which is thicker than some bacteria [24]. Occasionally, VLF 189	

envelopes were contiguous with the cellular envelope or appeared contiguous with 190	

envelope delaminations. The thickness and electron density of VLFs were highly variable. 191	

Some VLFs envelopes appeared somewhat disordered and spongy, while other envelopes 192	

were well-defined layers. A second, thinner layer was sometimes observed interior to the 193	
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PG-like layer of the VLF. Lastly, we also observed extracellular bilayer vesicles which 194	

were distinctly different in morphology from the VLFs, (S3 Fig).  195	

 196	

Fig 8 Additional evidence for PG in vesicle-like features was provided by TEM. (a) 197	

TEM section demonstration heterogenicity in vesicles. Some vesicles contain sulfur 198	

granules (S) but most do not. (b) The cellular envelope (E) is complex consisting of five or 199	

more layers and is almost 100 nm thick.  (c) The vesicles envelopes are sometimes on 200	

contiguous with the cellular envelope and can consist of two or more layers.  Here vesicles 201	

are sometimes surrounding polyphosphate granules (P) but not always. B = epibiont 202	

bacteria, E = envelope, P = polyphosphate Sh = sheath, and V = vacuolar region. Images 203	

(a) and (b) were samples processed via TEM method #2 and (c) method #1. 204	

Genome analyses 205	

Four Ca. T. nelsonii genome bins, two of which were produced herein, were examined for 206	

the genetic potential to synthesize outer membrane lipopolysaccharides, a tethered outer 207	

membrane (Tol-Pal System) [25, 26], meso-diaminopimelate-containing PG, a division 208	

septum, and to carry out cellular elongation [27]. But all genomes lack nearly all canonical 209	

genes associated with Z-ring formation, including those for septal PG synthesis (ftsIW) and 210	
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proteins anchoring FtsZ to the cellular envelope (ftsABEKLNQX, zipA) (S1 Data). Given 211	

our unusual evidence for PG and OM present in some intracellular vesicles, we expanded 212	

our search to other potential cytoskeletal genes found in morphologically complex bacteria 213	

and their known associated genes, as well as with membrane remodeling and vesicle 214	

formation in eukaryotes. A complete account of genes queried are presented in S2 Data, 215	

with select results potentially related to VLF formation discussed below.  216	

Discussion 217	

This project was initiated to investigate whether Ca. Thiomargarita spp. were metabolically 218	

active and undergoing cell division in vitro. Since we have not witnessed a single dividing 219	

cell exhibit notable changes in cell division in any of our lab’s periodic attempts to cultivate 220	

Ca. Thiomargarita spp. from our sampling sites off the coast of Namibia over the past 10 221	

years, our initial hypothesis was that we would not see incorporation of FDAAs in short 222	

incubation periods as seen in classic laboratory strains [17, 18]. However, we detected 223	

incorporation of the FDAAs in as little as ten minutes, including localization along the 224	

septal plane. Thus, we conclude that Ca. Thiomargarita spp. are actively growing and 225	

dividing within refrigerated samples of their host sediments. Although artificial enrichment 226	

and cultivation attempts tested thus far have been inhibitory to complete cell division and 227	

long-term viability, our previous work using redox-sensitive dyes indicate that the cells are 228	

metabolically active for months to years following collection [15]. We also recently 229	

discovered that Ca. Thiomargarita hosts a large number of host-specific epibionts [28]. 230	

Consideration of these microorganisms, in addition to Ca. Thiomargarita-specific 231	

metabolic attributes, may be important in successful cultivation of Ca. Thiomargarita.  232	
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We were surprised to find that the labeling experiments revealed internal vesicle formation 233	

that included PG and sometimes the outer membrane. The co-occurrence of FDAAs in an 234	

attached vesicle and the neighboring cellular envelope (Fig. 2a-b) suggests that perhaps 235	

structural remodeling of the cellular envelope and/or overproduction of constituents of the 236	

envelope promotes vesicle formation. Internal compartmentalization derived from the 237	

cellular envelope in prokaryotes is not uncommon. But to our knowledge, no other 238	

intracellular bacterial vesicles have been shown to include PG or outer membrane 239	

constituents [29-31]; this includes several studies utilizing FDAAs on morphologically 240	

complex bacteria and those which produce intracellular vesicles, e.g. [32-40].   241	

Comparison of numerous TEM studies on the Beggiatoaceae [8, 41-51] suggests that both 242	

the cellular envelope and the intracellular environment of this clade is highly 243	

heterogeneous, even between strains within the same genus. Some strains, including Ca. 244	

Thiomargarita spp., have up to five layers in the cellular envelope, suggesting the presence 245	

of S-layers. Marine Beggiatoaceae strains tend to exhibit a spongy intracellular appearance 246	

surrounding a central aqueous vacuolar region that is devoid of structure. In general, many 247	

of the Beggiatoaceae appear to have an extremely disordered intracellular environment 248	

where membranes, vesicles, and electron-dense materials like DNA cluster in what appears 249	

to be a disordered fashion. Within the same cell, a VLF may surround carbon stores or 250	

polyphosphate stores, but in other locations in the same cell, storage granules are found 251	

outside of VLFs, and VLFs that possess no storage granules are common. In the 252	

Beggiatoaceae, sulfur globules are usually found within membrane-bound vesicles thought 253	

to be derived from the cytoplasmic membrane. Interestingly, sulfur granule envelopes in 254	

Beggiatoa alba B15LD have been observed to be composed of up to five layers [44]. In B. 255	
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alba B15LD the sulfur globule “envelope” was destroyed by lysozyme, which acts on PG 256	

[52]. But in most cases, multiple layers of ultrastructure were not observed in 257	

Beggiatoaceae sulfur globules envelopes or the surrounding membrane. The preparation 258	

for TEM can cause artifacts or loss of information in electron micrographs [53, 54]. Some 259	

researchers reported difficulty in preventing mechanical distortion of cells during TEM and 260	

in some cases, the problem of a “lack of differentiating materials” [41]. Others found that 261	

the method chosen for preparation of the sample resulted in the loss of information [43]. 262	

Indeed, we encountered all these issues with TEM preparation of Ca. Thiomargarita spp. 263	

and preserving intact cells using typical preparation approaches was a challenge, which is 264	

why we turned to microwave impregnation with low viscosity resin.  265	

Potential mechanisms for VLF formation 266	

It is possible that increased levels of microdomain lipid synthesis together with alterations 267	

in or detachment from the PG sacculus could alone drive vesicle formation, as for outer-268	

membrane derived extracellular vesicles (reviewed by [55, 56]). Indeed, L-form bacteria 269	

(a.k.a. cell wall-less bacteria) form both external and internal vesicles [57] and their 270	

replication is independent of an FtsZ-based septum [58]. Outer-membrane vesicles have 271	

been shown to contain PG, so the association of PG with vesicles is not without precedent 272	

[59]. PG was, until recently, thought to be a highly ordered crystalline substance. However, 273	

recent atomic force microscopy imaging shows that different bacterial morphotypes can 274	

have differing degrees of ordering to the cell wall, including differences in the length and 275	

orientation of PG [60]. Short glycan chain lengths may increase the flexibility of the PG 276	

sacculus [24, 55], which may permit folding of the cellular envelope.  277	
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Cardiolipin, a non-bilayer anionic phospholipid, generates a large curvature and tends be 278	

concentrated at the division septum and poles of bacteria, and is also enriched in the highly-279	

invaginated inner membrane of mitochondria [61, 62]. Cardiolipin is thought to be inserted 280	

into the inner membrane leaflet, where it can bind to proteins. Cardiolipin has roles in 281	

controlling membrane fluidity, lipid bilayer remodeling, and deformation. But cardiolipin 282	

is ubiquitous in bacteria and VLFs are rare.  283	

Recent work has shown that outer membrane vesiculation can be mediated by curvature-284	

inducing proteins [63]. While periplasmic turgor pressure can provide for outer membrane 285	

blebbing, as in Fig. S3, it seems unlikely that an external force would supply the mechanical 286	

force needed to induce envelope infolding to form VLFs. Vesiculation in the formation of 287	

chromatophores of purple bacterium Rhodobacter sphaeroides is thought to be driven by 288	

CM lipid synthesis and remodeling, but these vesicles do not contain PG [64]. It is hard to 289	

imagine that lipid enrichment alone could be responsible for making large symmetrical PG-290	

containing vesicles capable of completely detaching from the envelope. 291	

Ca. T. nelsonii has the genetic potential for endocytosis-like VLF 292	

formation 293	

Eukaryotic endocytosis is not a passive process whereby lipid dynamics alone drive vesicle 294	

formation, reviewed by [65-67]. These mechanisms in eukaryotes are far too diverse and 295	

often not sufficiently-well understood to fully discuss herein, but key steps include: 1) 296	

localized changes in membrane fluidity and tension involving both lipids and membrane 297	

scaffolding proteins; 2) actin or dynamins pinching off large vesicles from the envelope; 3) 298	
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regulation of these processes by small GTPases. Importantly, homologues of genes 299	

involved with endocytosis are known to occur in bacteria, reviewed by [68]. 300	

 301	

The dynamics of alterations of the membrane tension and fluidity in clathrin-independent 302	

endocytosis are not well understood, particularly the importance of different drivers. In 303	

general, membrane fluidity can be increased by packing the membrane with lipids such as 304	

phosphatidylserine, which increases the charge density. In Ca. T. nelsonii this may involve 305	

varying ratios of the long-tail fatty acids, phospholipids, and cardiolipin. To elucidate the 306	

role of membrane lipids in vesicle formation, an examination of the KEGG maps [69] for 307	

the biosynthesis of glycerophospholipids revealed Ca. T. nelsonii lacks the genetic 308	

potential to make choline and inositol phospholipids. Instead, they may make 309	

phosphatidylserines, phosphatidylethanolamines, and phosphatidylglycerols (although the 310	

final enzymatic phosphatase is missing, other genes of similar function can occur, e.g. 311	

[70]).  312	

 313	

In eukaryotes, membrane tension resulting from lipid rafting is mediated by cholesterol 314	

and sphingolipids, and perhaps scaffolding proteins such as flotillin [71]. Lipid rafting was 315	

until recently thought to be restricted to the eukaryotes, but more recently it has also been 316	

demonstrated in model bacterial strains, reviewed by [72-74]. Bacterial lipid rafting may 317	

be mediated by sterols or other isoprenoids such as hopanoids and carotenoids, cardiolipin, 318	

and bacterial homologues to flotillin. The steroid and terpenoid biosynthesis KEGG maps 319	

revealed the genetic potential to synthesize cardiolipin, squalene, terpenoids, and perhaps 320	
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sterols. Ca. T. nelsonii possesses two orfs encoding squalene synthases, two sterol 321	

desaturases/sphingolipid hydroxylases, and multiple orfs encoding putative sterols. Indeed, 322	

not all sterol synthesis genes are known [75] and new or alternative ones are regularly being 323	

discovered, e.g.[76]). The sterol identified in sister marine vacuolated taxon Ca. 324	

Marithioploca was cyclolaudenol, a C31 sterol which is found in a few plants and has not 325	

been reported in other bacteria nor in the marine environment [77]. We also found 1 flotillin 326	

and 13-14 flotillin-like orfs, including bacterial membrane scaffolding genes hicCKX [78]. 327	

The role of flotillins in endocytosis is currently under debate [65, 66]. In bacteria, flotillins 328	

have been shown to be in microdomains where they play a role in protein secretion, signal 329	

transduction, and transport. In Bacillus subtilis, the flotillin-like protein YdjI has recently 330	

been shown to be key to localization of the inner-membrane remodeler phage shock protein 331	

A, for which there are two orfs in Ca. T. nelsonii genomes [79].  332	

There are many pathways for endocytosis that rely on the activities of actin, reviewed by 333	

[66]. For the sake of brevity, we focused our attention on the two mechanisms that can 334	

generate vesicles greater than 0.5 µm in size in eukaryotes, namely macropinocytosis and 335	

phagocytosis. In macropinocytosis, actin is responsible for making the vesicular cup via 336	

ruffling the plasma membrane [80]. Initially, a circular region rich in less-viscous lipids 337	

and containing a small signaling GTPase forms in the plasma membrane. Actin then 338	

polymerizes around the patch of fluid membrane, forming a ring capable of constriction. 339	

Macropinocytosis is unique among the types of actin-driven endocytosis because it does 340	

not always require dynamin to pinch off the vesicle, whereas phagocytosis does [81]. 341	

Another major difference between the two processes is that initiation of macropinocytosis 342	

is typically mediated by growth factors, whereas phagocytosis is mediated by external 343	
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particle recognition. In both cases, aspects of formation, maturation and regulation of these 344	

envelope-derived intracellular vesicles are not fully understood.   345	

A bacterial actin, MamK, has been implicated in intracellular vesicle formation to form 346	

magnetosomes in magnetotactic bacteria [82, 83] and a mamK-like orf has been previously 347	

identified in other Beggiatoaceae [23]. We found a mamK homologue in three of the Ca. 348	

Thiomargarita genomes. In some Ca. T. nelsonii genomes, the actin homologue mamK 349	

directly neighbors a flotillin-like homologue (pfam01145 Band 7). We also identified many 350	

orfs that contain uncharacterized heat shock protein 70 (hsp70) domains that belong to the 351	

actin superfamily. Hsp70 chaperone proteins are known to insert in negatively charged 352	

lipid-containing membranes (e.g. cardiolipin) and play a role in endocytosis among many 353	

other functions [84, 85], including membrane remodeling [86-88]. The hsp70 domain-354	

containing orfs were particularly prevalent in the genome of the Ca. T. nelsonii strain from 355	

methane seeps that attaches to substrates, elongates, and buds new cells at the terminal end 356	

[5, 14]. With the exception of dnaK and hscAC, other actin homologues (e.g. parM [89]) 357	

were not found. 358	

Dynamins are large GTPases that assemble into helical polymers that wrap around 359	

membrane tubes and contract upon GTPase activity. A bacterial dynamin was recently 360	

found to mediate membrane remodeling in vitro [90, 91], including membrane fusion. 361	

Dynamins have also been shown to stabilize FtsZ [92] and in some cases, also interact with 362	

a flotillin [93]. We found up to three dynamin-family protein encoding orfs in the Ca. T. 363	

nelsonii genomes. Thus, homologues of the key agents for completing vesicle formation in 364	

eukaryotic phagocytosis, actin and dynamin, are found in Ca. T. nelsonii genomes.  365	
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In both macropinocytosis and phagocytosis, a small Ras superfamily GTPase, pfam00071, 366	

regulates the actin. A Ras domain gene (pfam00071) occurs in all Ca. T. nelsonii genomes, 367	

where it resides on a possible operon containing a gene for ribosomal large subunit 368	

pseudouridine synthase B, a putative outer membrane/PG-binding encoding gene, and an 369	

orf of unknown function. In Ca. T. nelsonii Bud S10, from a Hydrate Ridge methane seep 370	

[14], this potential operon is adjacent to predicted genes for PG and ftsZ. Genes coding for 371	

proteins assigned to the Ras superfamily GTPase (pfam00071) appear to be uncommon in 372	

bacteria (361 of >7800 species in the pfam database) and archaea (38 of >300 species), but 373	

common in eukaryotes (989 of >1500 species). We also identified another small GTPase, 374	

pfam08477 and pfam16095, tentatively identified as “Roco” or “Rup” group ATPases [94]. 375	

This small GTPase is also uncommon in bacteria (177 species) and archaea (1 species) and 376	

is thought to be homologous to eukaryotic Ras proteins. In addition, we identified other 377	

potential small GTPases that could potentially function in cytoskeletal remodeling.  378	

Ca. T. nelsonii also has bacterial homologues to other eukaryotic 379	

cytoskeletal proteins 380	

The genomes of Ca. T. nelsonii contain orfs encoding homologues for the cytoskeletal 381	

proteins tubulin [89, 95, 96] and intermediate filaments (IFs). Homologues of a-tubulin 382	

and b-tubulin were previously identified in sister taxa Beggiatoa sp. SS [96], but were not 383	

found in Ca. T. nelsonii. Instead, the tubulin homologue was of the ftsZI1 family 384	

(pfam13809), which has been hypothesized to be involved with membrane remodeling 385	

[95]. Intermediate filaments (IF) differ from actins and tubulins in that they are more 386	

deformable and elastic [97]. They self-assemble and do not bind a nucleoside triphosphate. 387	
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The structural composition of IFs is highly variable, but a coil-coil domain is essential for 388	

monomers to assemble laterally. Homologues to the heteropolymer-forming IFs ZicK and 389	

ZacK, recently discovered in the cyanobacterium Anabaena spp. [98], are also present in 390	

the Ca. T. nelsonii genomes. In Anabaena spp., ZicK and ZacK interact with MreB and 391	

cyanobacterial proteins SepJ [33, 99] and SepI [34], which are not found in Ca. T. nelsonii 392	

genomes. In Anabaena sp. PCC 7120 the heteropolymers span the length of the cell, 393	

longitudinal to the division septum, and are likely anchored to the poles. They contribute 394	

cell shape but not division. The model strain for colorless sulfur bacteria, Allochromatium 395	

vinosum, possesses an IF-like protein associated with sulfur globules, SgpG [100]. 396	

Homologues were not detected in Ca. T. nelsonii’s genomes nor did we find homologues 397	

to other known bacterial IFs [101-115]. The homopolymer bactofilin, CcmA (pfam04519), 398	

an alternative to IFs in bacteria [116], has been found broadly across bacteria and is present 399	

in Ca. T. nelsonii genomes. We speculate that tubulin or IFs or both may play some role in 400	

VLF formation. 401	

Is intracellular PG-bound vesicle formation unique to the Ca. 402	

Thiomargarita spp. and possibly the Beggiatoaceae?  403	

Recently, a strain of Planctomycetes, Ca. Uab amorphum, was found to be capable of both 404	

locomotion and phagocytosis similar to that of some amoeba [117]. The authors attributed 405	

the behaviors to a eukaryotic or archaeal-like actin and demonstrated actin-like fibrous 406	

regions within the cell via TEM. We have not observed such structures in Ca. 407	

Thiomargarita spp. during our TEM investigations even though Ca. T. nelsonii possess an 408	
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actin homologue. But presumably, phagocytosis by this strain of Planctomycetes involved 409	

deformation of the PG sacculus.  410	

The surgeonfish gut symbiont, Epulopiscium spp., can approach the size of Ca. 411	

Thiomargarita spp.. A member of the Clostridales, Epulopiscium is unusual in that its 412	

envelope lacks a thick PG layer and it can produce multiple endospores. Furthermore, some 413	

cells have extensive and broken invaginations of the inner membrane that contain 414	

numerous nucleoids [118, 119]. This dense network of fibrous and membranous materials 415	

may function similar to a cell wall in providing structure [118] and may facilitate transport, 416	

overcoming limitations of diffusion for a large cell [120]. The function and molecular 417	

composition of this network is currently unknown [121]. The largest morphotype of 418	

Epulopiscium also possess a zone of “coated” vesicles hypothesized to be similar to 419	

eukaryotic clathrin-coated vesicles and excretionary in nature [118]. Unfortunately, the 420	

mechanism(s) for forming these intracellular vesicles is not known, nor are there suitable 421	

genomes to interrogate.  The electron-dense VLFs in Ca. Thiomargarita spp. have a 422	

roughly similar appearance to vesicles observed within the cortex of the Epulopiscium, 423	

except that the VLFs in Ca. Thiomargarita spp. are primarily spherical, whereas 424	

Epulopiscium contains a layer of small spherical vesicles superjacent to a zone of 425	

irregularly-shaped vesicle-like features with electron dense boundaries [118]. The 426	

similarity in appearance between the VLFs in Ca. Thiomargarita spp. and Epulopiscium 427	

suggests the possibility that vesicles in Epulopiscium may also be bounded by PG and that 428	

PG-bounded VLFs may be a common feature of giant bacteria. 429	

Conclusion 430	
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This report represents an accumulation of data collected over of six years on Ca. 431	

Thiomargarita spp. from Namibian upwelling sediments. Their large size may be facilitated 432	

by the lack of the canonical cell division pathway. More importantly, we have learned that 433	

these extraordinarily large bacteria have the potential to bring the outside milieu inside 434	

their cells, as in eukaryotic endocytosis. However, the thick sheath and S-layer(s) of the 435	

envelope likely prevent most large particles and microorganisms from being drawn into 436	

the VLFs. We posit that one potential role of VLFs may be related to sequestering sulfur 437	

and other storage granules from the cytoplasm and from other vacuolar contents, although 438	

most vesicles do not contain inclusions. In particular, redox intermediates of sulfur 439	

oxidation, such as thiols [122], can react with reactive species generated by denitrification 440	

[123], which are found at high concentration in the Ca. T. central vacuole. Furthermore, in 441	

a sister taxon to Ca. Thiomargarita spp., Ca. Allobeggiatoa halophila, the central vacuole 442	

contains active electron transport chains that maintain the acidity of the vacuole by proton 443	

motive force while conserving cellular energy [124]. Thus, the VLFs in Ca. Thiomargarita 444	

spp., may function like cells within a cell, where cellular regulation and activity is localized 445	

and depends on the VLF’s internal content. DAPI staining indicates that DNA is associated 446	

with the vesicles, suggesting the possibility of locally-regulated gene expression. Such 447	

“nodes” of electron transport chain-mediated phosphorylation may prove beneficial in 448	

powering such a large cell. A third potential benefit to forming VLFs is to increase “surface 449	

to volume” ratios such that there is an increased number of energy-producing reaction 450	

centers to fuel the cell, as for thylakoids and chromatophores. Finally, another possible 451	

function of the VLFs may be to recycle outer membrane constituents, which would not 452	

otherwise be possible. Regardless of their metabolic function(s), the dynamic remodeling 453	
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of the cell ultrastructure required to produce these features extends the boundaries of 454	

typical bacterial cell wall plasticity, adding to the growing list of unique features possessed 455	

by the largest of all bacteria. 456	

Methods 457	

Sample collection.  458	

Ca. Thiomargarita spp. were collected using a multi-corer on board the R/V Mirabilis. 459	

Cores were taken from organic-rich sediments on the Atlantic shelf, near Walvis Bay, 460	

Namibia (23°00.009' 14°04.117') on yearly expeditions from 2016-2019. All cells used in 461	

the experiments were collected from a depth of 1-3 cm depth beneath the sediment/water 462	

interface. Ca. Thiomargarita sp. cells were stored in their host sediments with overlying 463	

core-top water in closed 50 ml centrifuge tubes at 4oC and protected from direct light in 464	

advance of labeling experiments and TEM observations. For experimentation, individual 465	

chains of Ca. Thiomargarita spp. are separated from their host sediment in sterilized Instant 466	

OceanÒ in a 35 mm sterile petri dish via pipet while observing them on an Olympus SZX-467	

16 stereomicroscope. 468	

Peptidoglycan labeling.  469	

Ca. Thiomargarita cells were incubated in the incubation medium described in [15] or in 470	

sterilized Instant OceanÒ, along with 1 mM fluorescently-labeled amino acids and 1% 471	

dimethyl sulfoxide to improve the solubilization of the FDAAs [17]. The FDAA used in 472	

these experiments was BADA (4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-473	
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Indacene-3-Propionic Acid-3-amino-D-alanine) EX 503 nm; EM 512 nm) Color 474	

Green/FITC [17, 22]. The cells were incubated in the FDAA media for 15 minutes to 1 475	

hour in a sterile glass bottom petri dish prior to imaging. The cells in figure 1B-C were 476	

imaged using an Olympus IX-81 inverted microscope equipped with a long working 477	

distance (WD 2.7-4.0) 40x objective (NA-0.6), a DP73 camera and CellSens Dimension 478	

(Olympus, Japan). Other light microscope stacks were collected using a Nikon TiE inverted 479	

microscope equipped with an A1Rsi confocal scan head and lasers (405, 488, 561, 640 nm) 480	

with 20x (NA-0.75, WD 1.0), 40x (NA-0.6, WD 0.14 mm), and 60x (NA-1.27, WD 481	

0.27mm) objectives. Image acquisition and maximum intensity projections were 482	

performed using Nikon NIS-Elements v. 5.1 software. Note: the large size of the cells 483	

precludes true super resolution microscopy. Many of the FDAA experiments were imaged 484	

on a Zeiss Axio Observer SD spinning disk confocal with 10x (NA-0.30, WD 3.2), 40x 485	

(NA-0.75, WD 0.71), 63X (NA-1.2, WD 0.28) and 63X (NA-1.4, WD 0.19) objectives 486	

with a 488 nm laser. Images were captured using Zen 2 2.0 software. Adjustments to 487	

brightness and contrast of confocal stacks was performed in Fiji [125] and of slices/stills 488	

in Photoshop. 3D rendering, surface reconstruction, and movie generation for Video 3 were 489	

done with Imaris 9.5 (Bitplane). To confirm the types of observations in cellular structure 490	

observed during FDAA labeling, additional cells were labeled with WGA with an Alexa 491	

Fluor™ 488 conjugate (Life Technologies) and DAPI. 492	

Co-staining of thin sections for vesicle constituents.  493	

Approximately 100 Ca. Thiomargarita spp. chains were pooled and fixed with 2% 494	

paraformaldehyde in cold PBS with 6.8% sucrose overnight. The cells were dehydrated 495	
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using a very slow dehydration series with cold ethanol, and the final step using pure ethanol 496	

was repeated in triplicate. Then the dehydrated cells were embedded in Technovit® 8100 497	

(Kulzer Technique) and sectioned on a Leica EM UC6 Ultramicrotome producing slices 5 498	

µm in thickness. Individual slices were subjected to different staining procedures. The 499	

outer membrane was stained first using polymyxin B labeled with horseradish peroxidase, 500	

a 1:50 dilution and incubated overnight [126]. The slides were then wash in PBS wash 501	

buffer for 15 minutes and incubated with Alexa Fluor™ 488 Tyramide at 1:100 dilution 502	

for 1 hour. Then the slides were washed with both a PBS wash, and H2O wash before 503	

counterstaining with FM 4-64 for all lipids. Alternatively, thin sections were stained with 504	

DAPI. Image analyses as above on an Olympus BX61 equipped with a UPlanFL N - 100X 505	

objective - 1.30 NA Oil Ph3 running CellSens V1.18. 506	

Transmission electron microscopy method #1.  507	

Since, Ca. Thiomargarita spp. are essentially a hollow aqueous vacuole for much of the 508	

total cell volume, we chose to perform longer fixation steps than typically employed for 509	

bacteria. Pooled chains of Ca. Thiomargarita spp. cells were fixed in 2% paraformaldehyde 510	

in 3.5% NaCl for 24 hours and then were suspended in 2.5% glutaraldehyde, 1M HEPES 511	

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and 3.5% NaCl for two days. Then 512	

the cells were washed in Instant OceanÒ three times and were then resuspended in 2% 513	

OsO4 and 3.5% NaCl for two hours. Cells were then washed in HEPES and suspended in 514	

1% uranyl acetate in 3.5% NaCl for one hour followed by another wash series. Cells were 515	

then dehydrated through a graded ethanol series (25%, 50%, 75%, 95% and 100% x 3) and 516	

were resuspended in a 50:50 mixture of LR White Resin and anhydrous ethanol at 4ºC. 517	
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After an overnight incubation, the cells were then resuspended in 100% LR White Resin 518	

for one hour prior to being placed in gelatin capsules filled with LR White Resin and 519	

incubated for one hour at 60°C for polymerization. 40 nm thin sections generated by a 520	

Reichert UltraCut S Ultramicrotome.  The sections were post-stained with 2% uranyl 521	

acetate prior to imaging on a Tecnai™ G2 Spirit BioTWIN transmission electron 522	

microscope at an operating voltage of 120 kV. Images were acquired with an Eagle 4 523	

megapixel CCD camera. 524	

Transmission electron microscopy method #2.   525	

Chains of Ca. Thiomargarita spp. were transferred three times into petri dishes containing 526	

filter-sterilized Instant Ocean, pH 7.8, to remove external debris.  Then the chains were 527	

pooled and transferred into a 1.5 mL centrifuge tube containing 0.1M cacodylate buffer 528	

(pH: 7.4), 2.5% glutaraldehyde, and 2% paraformaldehyde with 5% dimethyl sulfoxide 529	

(DMSO) for 15 minutes. The chains were subsequently transferred to fresh buffer and 530	

fixative three additional times with 15 minutes intervals to remove residual salts and then 531	

were stored at 4°C for 3 hours.  The pooled chains were then transferred to the same fixative 532	

solution but without DMSO for two weeks and then were shipped to Ohio State University 533	

Campus Microscopy & Imaging Facility for processing and imaging.  Individual chains of 534	

Ca. Thiomargarita spp. were transferred to an aqueous room temperature solution of 1% 535	

osmium tetroxide and were placed in a Pelco Biowave microwave tissue processing system 536	

under vacuum (20” Hg).  Each chain was microwaved for two minutes three times with 537	

two minutes of rest in-between and then were cooled in an ice bath if the temperature 538	

appeared above 27°C.  The microwave processing and cooling was repeated two additional 539	
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times but with only two rounds of microwaving in each series. Then the chains of cells 540	

were dehydrated in a graded ethanol series within the microwave at 150 W power. Room 541	

temperature 50%, 70%, and 90% ethanol solutions were prepared in sodium acetate to 542	

achieve an osmolarity equivalent to seawater (1.16 osmole/L) and an ~100% ethanol 543	

solution was prepared in sodium acetate at an osmolarity of 0.1 osmole/L. Microwave times 544	

of 40 seconds each were employed for each increasing concentration of ethanol with the 545	

final dehydration step of ~100% ethanol repeated a second time.  The chains were 546	

infiltrated with freshly made low viscosity Spurr’s resin in the microwave under vacuum 547	

at 200 W.  In 5 minutes rounds, the chains were infiltrated with a 1:1 solution of 548	

acetone:resin, then by 100% resin for two consecutive rounds followed by cooling at room 549	

temperature before a final microwave step with 100% resin.  The samples were kept under 550	

vacuum for 72 hours and then were transferred to a BEEM capsule containing 100% 551	

Spurr’s resin for polymerization in an oven at 65°C for 24 hours.  Ultrathin sections were 552	

cut by a Leica EM UC6 ultramicrotome and collected on a copper grid. Reynold’s lead 553	

citrate and 2% uranyl acetate was utilized for post en bloc staining.  Images were acquired 554	

with an FEI Technai G2 Spirit transmission electron microscope (FEI), and Macrofire 555	

(Optronics) digital camera and AMT image capture software.  556	

Metagenomics and genome analyses.  557	

Two Ca. T. nelsonii chains from marine station 23020 sediments stored at 4°C were 558	

individually rinsed in sterile seawater and then transferred to UV-treated PBS.  559	

TruePrime™ Single Cell Whole Genome Amplification kit (Sygnis) [127] was used to 560	

amplify the genomes of Ca. Thiomargarita spp. and their microbiomes. Both samples were 561	
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incubated in 1,4-dithiothreitol for 5 minutes at 25°C followed by 1 minutes at 95°C and 562	

then the manufacturer’s instructions were followed. All of the reagents, disposables and 563	

equipment were cleaned with DNA-OFF™ (Takara Bio, Inc.) and/or UV sterilized as 564	

appropriate [128] prior to amplification. Illumina DNA sequencing libraries were 565	

generated using a TruSeq DNA Nano library kit and then the samples were multiplexed 566	

with 13 other samples on four lanes of a HiSeq 2500 high output flow cells running v4 567	

chemistry. The resulting number of raw 125x2 reads (550 bps insert) for Sample 1 (aka. 568	

ENDO3) was 17,854,737 total paired end reads and for Sample 2 (aka. ENDO5) was 569	

40,206,931 total paired end reads. Residual adapters and phiX were removed with BBDuk 570	

version 36.64 [129].  Khmer version 2.0+713.g54c7de6 [130] was then employed to 571	

remove low abundance k-mers and PrinSeq-lite 0.20.4 [131] removed low complexity 572	

reads and duplicate reads. Both metagenomes were assembled with (meta-)SPAdes-3.10.0 573	

using the k-mers 21,33,55,77 [132]. Genome binning was performed using MyCC using 574	

penta-nucleotides and palindromes of hexa-nucleotides [133] on contigs greater than 2000 575	

bps. Complete metagenome assemblies and Ca. T. nelsonii bins were submitted to IMG/ER 576	

[134] for annotation.  Genes of interest were queried against the National Center for 577	

Biotechnology Information non-redundant protein sequences database via Blastp with 578	

default setting to search for potential associated homologues and examined conserved 579	

domain gene regions.   580	

Data availability. Both the metagenomes (Ga0216254, Ga0216256) and Ca. T. nelsonii 581	

bins (Ga0309624, Ga0259525) are available at IMG/M. The fastq files are available at 582	

https://conservancy.umn.edu/handle/11299/208858.   583	
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S1 Fig. Evidence that FDAAs do not nonspecifically bind cellular material. Ca. 1111	

Thiomargarita sp. Incubated for 1 week with FDAAs.  Dead cells, arrows, do not 1112	

incorporate the FDAAs. 1113	

 1114	

S2 Fig. Transmission electron microscope micrograph of clusters of VLFs in Ca. 1115	

Thiomargarita spp.. As depicted here, some clusters of VLFs can become detached from 1116	

the cellular envelope.  Some large VLFs contain sulfur (S) but many do not. Some 1117	

deformation of vesicles, particular large vesicles, occurred during the infiltration of resin. 1118	

Some dark matter, like DNA and RNA, are within vesicles but some were not. Note, the 1119	

lines across the micrograph are from the imperfections in the sectioning blade.   1120	
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 1121	

S3 Fig. Transmission electron microscopy images of the cellular envelope of Ca. 1122	

Thiomargarita spp. revealing the production of outer membrane vesicles exterior to 1123	

the outermost layer (S-layer). (a) Outer membrane vesicles appear smaller in size to 1124	

intracellular vesicles.  (b) Outer membrane vesicles appear to have bi-layered walls. E = 1125	

envelope and Sh = sheath. 1126	

S1 Movie. Confocal Z-stack of a chain Ca. Thiomargarita spp. incubated with FDAAs 1127	

for 30 minutes revealed reductive cell division as seen in Figure 2c.  1128	

S2 Movie. Confocal Z-stack of a Ca. Thiomargarita spp. cell undergoing cell division, 1129	

as seen in Fig. 4, reveal PG bound vesicles detached from the envelope. 1130	

S3 Movie. 3D rendering and surface reconstruction of cell, featured in Fig. 4 and S2 1131	

Movie, explores the division plane and intracellular environment. 1132	

S4 Movie. Confocal Z-stack of a Ca. Thiomargarita spp. cell, featured in Fig. 5a-b 1133	

stained with wheat germ agglutin.  1134	
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S5 Movie. Confocal Z-stack of a Ca. Thiomargarita spp. cell, featured in Fig. 5a-b and 1135	

S4 Movie, stained with DAPI. 1136	

S1 Data. Putative genes in genomes Ca. T. nelsonii pertaining to chromosome 1137	

partitioning, outer membrane, cell division, PG synthesis and degradation and cell 1138	

elongation. 1139	

S2 Data. Putative genes in genomes Ca. T. nelsonii pertaining to membrane lipids, 1140	

cytoskeletal proteins, flotillins, small GTPases, as well as other genes queried for in 1141	

the genomes. 1142	
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