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ABSTRACT Electron cryotomography (ECT) can reveal the native structure and arrange-
ment of macromolecular complexes inside intact cells. This technique has greatly ad-
vanced our understanding of the ultrastructure of bacterial cells. We now view bacteria
as structurally complex assemblies of macromolecular machines rather than as undiffer-
entiated bags of enzymes. To date, our group has applied ECT to nearly 90 different
bacterial species, collecting more than 15,000 cryotomograms. In addition to known
structures, we have observed, to our knowledge, several uncharacterized features in
these tomograms. Some are completely novel structures; others expand the features
or species range of known structure types. Here, we present a survey of these un-
characterized bacterial structures in the hopes of accelerating their identification and
study, and furthering our understanding of the structural complexity of bacterial
cells.

IMPORTANCE Bacteria are more structurally complex than is commonly appreciated.
Here we present a survey of previously uncharacterized structures that we observed
in bacterial cells by electron cryotomography, structures that will initiate new lines
of research investigating their identities and roles.

KEYWORDS bacteria, electron cryotomography, bacterial ultrastructure,
uncharacterized structures, electron microscopy

he history of cell biology has been punctuated by advances in imaging technology.

In particular, the development of electron microscopy (EM) in the 1930s produced
a wealth of new information about the ultrastructure of cells (1). For the first time, the
structure of cell envelopes, internal organelles, cytoskeletal filaments, and even large
macromolecular complexes like ribosomes became visible. A further advance came in
the 1980s and 1990s with the development of electron cryotomography (ECT) (2),
which allows small cells to be imaged intact in 3D in a near-native, “frozen-hydrated”
state to “macromolecular” (~5 nm) resolution, without the limitations and artifacts of
more traditional specimen-preparation methods (3).

ECT has helped reveal the previously unappreciated complexity of “simple” bacterial
cells. Our group has been using ECT to study bacteria for more than a decade,
generating more than 15,000 tomograms of 88 different species. These tomograms
have revealed new insights into, among other things, the bacterial cytoskeleton (4-7),
cell wall architecture (8, 9), morphogenesis (10), metabolism (11), motility (12-15),

September 2017 Volume 199 Issue 17 e00100-17 Journal of Bacteriology

RESEARCH ARTICLE

L)

Check for
updates

Received 10 March 2017 Accepted 27 May
2017

Accepted manuscript posted online 12
June 2017

Citation Dobro MJ, Oikonomou CM, Piper A,
Cohen J, Guo K, Jensen T, Tadayon J,
Donermeyer J, Park Y, Solis BA, Kjaer A, Jewett
Al, McDowall AW, Chen S, Chang Y-W, Shi J,
Subramanian P, lancu CV, Li Z, Briegel A,
Tocheva El, Pilhofer M, Jensen GJ. 2017.
Uncharacterized bacterial structures revealed
by electron cryotomography. J Bacteriol
199:e00100-17. https://doi.org/10.1128/JB
.00100-17.

Editor Thomas J. Silhavy, Princeton University

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Grant J. Jensen,
jensen@caltech.edu.

jb.asm.org 1

Aleiqi snaeepn Aq 2T0Z ‘T Joqwiadaq uo /Bio wse:ql//:dny wody papeojumod


http://orcid.org/0000-0003-1556-4864
https://doi.org/10.1128/JB.00100-17
https://doi.org/10.1128/JB.00100-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:jensen@caltech.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JB.00100-17&domain=pdf&date_stamp=2017-6-12
http://jb.asm.org
http://jb.asm.org/

Dobro et al.

chemotaxis (16), sporulation (17), cell-cell interactions (18), and phage infection (19) (for
a summary with more references from our and others’ work, see reference 20).

A major hurdle in such studies is identifying the novel structures observed in
tomograms. In some cases, we have identified structures by perturbing the abundance
(either by knockout or overexpression) of candidate proteins (21). In others, we have
used correlated light and electron microscopy (CLEM) to locate tagged proteins of
interest (22, 23). In one striking example, we observed 12- and 15-nm-wide tubes in our
tomograms of Vibrio cholerae cells. Ultimately, in collaboration with John Mekalanos’
group, we identified them as type VI secretion systems (T6SS), which immediately led
to the insight that the bacterial T6SS functions as a phage-tail-like, contractile molecular
dagger (18).

Many other novel structures we have observed, though, remain unidentified. In
some cases, we have published papers describing the novel structures seen in a
particular species (e.g., references 24 and 25), but many have never been published. We
therefore conducted a visual survey of the tomograms collected by our group, curated
in the Caltech Tomography Database (26), as of 2015 and present here a catalog of
previously undescribed bacterial structures. Some structures are, to our knowledge,
completely novel; others belong to known types but present additional features or an
expanded species range. We hope that sharing these images will help spur their
identification and study, contributing to our expanding understanding of bacterial cell
biology. In addition, we look forward to a future in which custom microbes are
designed for diverse medical and industrial purposes; an expanded “parts list” of
structures to be repurposed will aid in this effort.

RESULTS AND DISCUSSION

We performed a visual inspection of approximately 15,000 tomograms of intact
frozen-hydrated cells belonging to 88 species and identified what we believed to be
novel structures. A summary of the results of this survey is shown in Table S1 in the
supplemental material, with features observed, species range, and frequency listed for
each structure type. For full tomographic (3D) views of each feature, see reference 27;
to view the figures in virtual reality, see reference 75.

Extracellular structures: external appendages. Prosthecobacter debontii is a bac-
terial species from the poorly studied phylum Verrucomicrobia. Each vibroid P. debontii
cell possesses an appendage (prostheca), similar to the stalk of Caulobacter crescentus
(28). In several tomograms of P. debontii, we observed novel extracellular appendages
along the prosthecae, apparently attached to the cell membrane. Individual cells
displayed up to 30 such appendages, which exhibited consistent sizes (~20 nm wide
and ~50 nm long) and shapes (Fig. 1A). Subtomogram averaging of 105 particles
revealed a distinctive structure. Extending outward from the cell membrane, five legs
were attached to a disc, which in turn connected to a smaller disc and a long neck
region (Fig. 1B and Q). Individual particles showed that the structure culminated in two
antenna-like filaments, which were likely lost in the average due to conformational
variability. The appendages were observed in multiple cultures of the strain. While it
remains unclear whether they originated intracellularly or extracellularly, no free-
floating appendages were ever observed in the extracellular space. They may represent
novel bacterial attachment organelles or appendages for nutrient acquisition, which
has been proposed for a similar structure, the Caulobacter stalk. Under phosphate-
limited conditions, Caulobacter grew elongated stalks (29). This increase in cell surface
area with respect to cell volume was hypothesized to allow increased phosphate
uptake (30). However, the presence of diffusion barriers challenges this view (31). The
appendages could also be a novel secretion system (though we might expect a cell
envelope spanning complex) or a novel bacteriophage (though there is a notable lack
of a capsid-like density).

We observed a different novel extracellular appendage in tomograms of cell poles
of Azospirillum brasilense, a plant growth-promoting bacterium of the Alphaproteobac-
teria class with a curved-rod morphology. Thin hooks were seen extending from the cell
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FIG 1 Novel Prosthecobacter debontii appendages. Multiple external appendages (arrowheads) were
observed by ECT on P. debontii prosthecae. (A) A central tomographic slice is shown, with a single
appendage enlarged in the inset. Subtomogram averaging revealed the structure in more detail. (B) Side
(top) and top (bottom) views show the characteristic disc-like densities and the five legs attaching to the
cell surface. The red box shows which view was used to rotate the image 90° for the bottom image. (C)
3D isosurface of the average, seen from the side and top (inset). Bars, 50 nm (A) and 20 nm (inset).

surface (Fig. 2). Individual cells exhibited dozens of hooks, each ~3 nm wide and ~75
nm long, associated with the outer membrane. The cells are large, and most tomo-
grams included only the cell pole region, so while hooks were observed only at the pole
region, they may also occur elsewhere on the cell. Hooks were seen in >90% of
wild-type cells as well as in a strain in which the operon encoding the Chel chemotaxis
system was deleted. They were seen in ~50% of cells in which the Che4 chemotaxis
system operon was deleted, and none were seen in cells lacking both the Chel and

FIG 2 Novel Azospirillum brasilense hooks. Many hook-like structures were observed on the surface of A.
brasilense cells. A central tomographic slice is shown, with arrowheads indicating hooks. A single hook
is shown enlarged at right. Bars, 50 nm.
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FIG 3 Strain JT5 fimbriae. Examples are shown from two cells of strain JT5 (related to the Dysgonomonas
genus) exhibiting abundant fimbrae at the cell pole. (A) Central slice revealing overall cell morphology;
(B to D) slices at progressive z-heights through a cryotomogram of a cell of strain JT5 (related to the
Dysgonomonas genus). Abundant fimbriae can be seen at the cell pole. Bars, 100 nm.

Che4 operons. A. brasilense is a well-studied plant growth-promoting bacterium. Cells
attach to plant roots through a two-step process (32), a rapid reversible adsorption,
thought to be mediated by the polar flagellum, and a slow irreversible anchoring,
thought to be mediated by an as-yet unidentified surface polysaccharide (33). A recent
study reported that mutants in components of the Che4 chemotaxis system are
defective in this root colonization (34). A. brasilense cells also attach to conspecifics in
the presence of elevated oxygen levels (35). Interestingly, it has been shown that
mutants in components of the Che1 chemotaxis system form such attachments more
rapidly than wild-type cells (36). The hooks we observed are vaguely reminiscent of the
grappling hook-like structures that an archaeal species uses to anchor itself in biofilms
(37), though those hooks were longer fibers with barbs. Those archaeal cells demon-
strated very strong adhesion to a variety of surfaces as well as to each other. It is
tempting, therefore, to speculate that the hooks shown here play a similar role in
adhesion, to either other A. brasilense cells or plant roots.

In cells of strain JT5 (a rod-shaped bacterium isolated from termite gut and related
to the Dysgonomonas genus), we observed abundant fimbriae concentrated at the cell
poles (Fig. 3). Fimbriae were also observed at the cell body but were much more
concentrated at the cell poles. They were present in cells grown on cellulose or xylan,
as well as under a starvation-inducing condition. Their width (~4 nm), apparent
flexibility, density on the cell envelope, and inhomogeneous distribution around the
cell is consistent with curli, functional amyloids secreted by the type VIII secretion
system that are involved in adhesion (38, 39). Curli systems are relatively divergent at
the sequence level but are remarkably widespread phylogenetically, and the genes
were reported to be present in Bacteroidetes (the phylum containing Dysgonomonas)
(40). The appendages we observed in strain JT5 may therefore play a role in adhesion
in the environment of the termite gut.
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FIG 4 Novel Vibrio cholerae nanospheres. Clusters of nanospheres were observed in two cryotomograms
of V. cholerae cells (central slices shown in panels A and C). “N” indicates nanospheres; “A” indicates
associated filament array. (B) Segmentation of the cluster seen in panel A, with outer and inner
membranes in magenta and cyan, respectively, and nanospheres in green. A clipping plane cuts through
the 3D segmentation revealing the thick walls and hollow centers of the nanospheres. Bars, 100 nm.

Intracellular structures. (i) Nanospheres. In two Vibrio cholerae cells (one from a
C6706 lacZ mutant [41] and one from a ActxA AtcpB strain [15]) we observed clusters
of nanospheres, hollow granules with thick walls (Fig. 4). The diameter of the nano-
spheres ranged from ~18 to 37 nm, and the walls were ~4 to 10 nm thick. They were
pleomorphic; most were roughly spherical, but some were oblong or comma shaped.
Each cluster contained about two dozen nanospheres. The clusters were observed at
the cell periphery, near the inner membrane (although the clusters were large enough
to extend to the center of the cell), and were always observed near a filament array
structure (discussed below).

(ii) Filaments, bundles, arrays, chains and meshes. One of the strengths of ECT
imaging is its power to resolve cytoskeletal elements in small bacterial cells. In addition
to those we have already identified, we observed many novel filamentous structures in
tomograms, including filament arrays, bundles, chains, and meshes (Fig. 5). In Hy-
phomonas neptunium, we observed long helical flament bundles in the prosthecae that
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(A) that
straightened when cells were treated with ethidium bromide (B). The right side of panel A shows a 3D segmentation of the
helical bundle, with side and top views of subtomogram averaged insets. Labeled dimensions are in nanometers. (C) Large
filament bundles in Helicobacter pylori. (D) A long mesh-like filament array in Vibrio cholerae, with segmentation at right. (E)
A more typical V. cholerae filament array. (F to J) Filament arrays in Thiomonas intermedia (F), Hyphomonas neptunium (G),
Hylemonella gracilis (H), Halothiobacillus neapolitanus c2 (I), and Mycobacterium smegmatis (J). (K) A chain in Prosthecobacter
vanneervenii. (L to M) Filament arrays in Prosthecobacter debontii. (N) A filament array in a starved Campylobacter jejuni cell.
Bars, 100 nm (A, B, D to J, L to N) and 50 nm (C and K).

connect dividing cells (Fig. 5A). The helix width was 9.5 = 1.5 nm, the spacing between
cross-densities 6.0 = 0.3 nm, and the helical pitch was ~26°. H. neptunium divides by
asymmetric budding (42), and the genome of the parent cell is passed to the daughter
cell through the narrow prostheca connecting the two cells (43). We observed that the
helical structure was straightened in cells treated with ethidium bromide (an interca-
lator known to unwind DNA [44]) (Fig. 5B). We therefore propose that the helix is
composed of supercoiled DNA, with each visible filament a DNA duplex connected to
adjacent duplexes by cross-densities formed by an unidentified protein.

In Helicobacter pylori cells, we observed extensive filament bundles. In one cell in an
early stage of lysis, such bundles were observed throughout most of the cell (Fig. 5C).
In V. cholerae we observed filament arrays resembling a honeycombed mesh (Fig. 5D).
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These arrays varied in length but were usually fairly short (~100 nm in length and
width), like the example shown in Fig. 5E. This is the structure we observed near the
nanosphere clusters. Filament arrays exhibited different morphologies in other
species. Thiomonas intermedia cells contained untwisted arrays that were ~48 nm
thick and ~30 nm wide (Fig. 5F). In addition to the prosthecal helix described
above, H. neptunium cells also contained a bundle of twisting filaments laddered by
cross-densities (Fig. 5G). These bundles were ~40 nm thick and ~75 nm wide. In a
Hylemonella gracilis cell we observed a helical bundle of filaments that varied in
width and could be related to the nucleoid (Fig. 5H). In Halothiobacillus neapolita-
nus c2 cells grown in limited CO, for several hours, we observed linear filament
arrays with prominent cross-densities spaced 7 £ 0.8 nm apart (Fig. 51). Mycobac-
terium smegmatis displayed straight arrays ~80 nm thick and wide, comprising
segments of pitched filaments (Fig. 5J). Filament arrays were also seen in multiple
species of Prosthecobacter; P. vanneervenii contained linear chains (Fig. 5K), and one
P. debontii cell contained a straight array similar to those observed in T. intermedia
(Fig. 5L), as well as mesh-like arrays spanning the width of the prostheca (Fig. 5M).

In starving Campylobacter jejuni cells, we observed regular filament arrays (Fig. 5N).
When subjected to environmental or cellular stress, some bacteria, including Escherichia
coli, have been shown to reorganize their DNA into protective crystalline arrays (45).
Since then, additional nucleoid associated proteins have been identified that organize
DNA into higher order structures in stationary-phase or stress conditions (46, 47). The
structures we observed in C. jejuni resemble those seen in E. coli cells overexpressing
the protective DNA binding protein Dps (45) and may, therefore, represent such a
nucleoprotein array.

Several other proteins have been shown to copolymerize with DNA into filaments
for various functions, including RecA (homologous recombination) (48) and MuB from
bacteriophage Mu (DNA transposition) (49). The width of such filaments in vitro (~10
nm) is similar to widths we observed in cells; it is possible that some of the structures
in Fig. 5 represent these DNA-related processes. Other bacterial proteins form filaments
to regulate their function, and it has been suggested that this property may have been
coopted in the evolution of the cytoskeleton (50). We previously observed such
filaments of CTP synthase in tomograms of C. crescentus cells (21). Another protein,
alcohol dehydrogenase, forms plaited filaments ~10 nm wide, called spirosomes, in
many bacteria capable of anaerobic metabolism (51, 52). It is possible that some of the
filament arrays and chains that we observed in tomograms were filaments formed by
these or other, yet uncharacterized, proteins.

In addition to filament arrays and bundles, we observed individual or paired
filaments in nearly every species imaged. Examples are shown in Fig. 6. (Note that due
to their ubiquity, statistics are not included in Table S1 in the supplemental material.)
Filaments were seen with various orientations in the cytoplasm (Fig. 6A to C), as well
as running alongside the membrane (Fig. 6D and E). Consistent with our previous work
(53), we did not observe any filaments immediately adjacent to the membrane as
predicted by some studies of MreB (e.g., references 54 and 55). (Note that we did
observe filaments corresponding to the known types of MamK [4, 56], FtsZ [5, 57], and
bactofilins [58] but we do not show them here since they have already been charac-
terized.) Paired filaments have been shown to function in plasmid segregation, so it is
possible that some paired filaments that we observed were such ParM or TubZ
structures (59, 60).

(iii) Tubes. In addition to the known types of tubes we reported earlier, such as
bacterial microtubules (6) and type VI secretion systems (18), we observed several novel
tubular structures in bacterial cells (Fig. 7). In Thiomicrospira crunogena we found large
tubes (18.6 = 1.8 nm in diameter) containing eight outer protofilaments surrounding
a central protofilament (Fig. 7A). H. neapolitanus c2 cells also contained large tubes
(16.7 = 0.7 nm in diameter) with a central filament (Fig. 7B). In several other species, we
observed hollow tubes of varying dimensions: 8.9 = 0.3 nm in diameter in Bdellovibrio
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FIG 6 Single and paired filaments. Tomographic slices showing paired filaments in Campylobacter jejuni (A) and
Thiomicrospira crunogena (B) and membrane-aligned filaments in Shewanella putrefaciens (C), Prosthecobacter
debontii (D), and Prosthecobacter fluviatilis (E) (the arrow shows a filament just under the inner membrane). Bars,
100 nm (A to D) and 50 nm (E).

bacteriovorus (Fig. 7C), 14.3 £ 1.7 nm in T. intermedia (Fig. 7D), and 8.3 = 0.5 nm in H.
neptunium (Fig. 7E). H. neptunium cells also contained many rings of similar diameter.
In fact, we observed rings in many species, which could be assembly or disassembly
intermediates of tubes.

In addition to isolated rings, in one case we observed an organized array of rings.
One slightly lysed (a condition that flattens the cell and increases image quality) H.
pylori cell contained a striking array of about two dozen evenly spaced rings near the
cytoplasmic membrane (Fig. 7F). Each ring was ~6 nm in diameter and ~20 nm
(center-to-center distance) from its neighbors in the square lattice.

)i
Bdellovibrio bacteriovorus (C), Thiomonas intermedia (D), and Hyphomonas neptunium (E). In each panel, tomo-
graphic slices show a side view (above) and a top view (bottom). (F) An array of rings observed in Helicobacter pylori.
Bars, 10 nm (A, C, and E), 20 nm (B and D), and 100 nm (F).
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FIG 8 Round and horseshoe-shaped vesicles. Tomographic slices showing examples of round vesicles in Escherichia
coli (A) (segmentation shown at right), Helicobacter pylori (B), Helicobacter hepaticus (C), Myxococcus xanthus (D),
Caulobacter crescentus (E), and Myxococcus xanthus overexpressing PilP-sfGFP (F). Examples of horseshoe-shaped
vesicles in Ralstonia eutropha (G) and Prosthecobacter fluviatilis (H), with 3D segmentations shown at right. In the
segmentation in panel A, outer and inner membranes are in magenta and cyan, respectively, and vesicles are in
green. Bars, 50 nm.

(iv) Vesicles. In contrast to eukaryotic cells, relatively little is known about membrane
remodeling in bacteria. Compartmentalized cells in the Planctomycetes-Verrucomicrobia-
Chlamydiae (PVC) superphylum have been shown to contain homologs of eukaryotic
membrane trafficking proteins (61) and exhibit endocytosis-like protein uptake (62). An
additional potential membrane-remodeling system based on FtsZ homologues is more
widespread across bacteria, but its function remains unknown (63).

Despite this limited evidence for membrane remodeling in bacteria, we observed
intracellular vesicles in nearly every species imaged. They exhibited various sizes,
shapes, membrane layers, and contents and were frequently found near the cytoplas-
mic membrane. Figure 8 shows examples of round and horseshoe-shaped vesicles.
Round vesicles were found in nearly every species imaged; therefore, no statistics for
them are compiled in Table S1 in the supplemental material. Most round vesicles were
empty (density similar to background [e.g., Fig. 8A to CJ]). One of these vesicles,
observed in a lysed cell (improving clarity by reducing cytoplasmic crowding), exhibited
regularly spaced protein densities around its exterior (Fig. 8C). Others were at least
partially filled with denser material (e.g., Fig. 8D to F). In two Myxococcus xanthus cells
overexpressing a fluorescent fusion of a periplasmic protein (PilP-sfGFP), we observed
round vesicles containing a dense amorphous core (Fig. 8F). These could be a novel
form of membrane-bound inclusion bodies, perhaps packaged from the periplasm. In
eight species, we observed horseshoe-shaped vesicles (Fig. 8G and H).
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FIG 9 Flattened and nested vesicles. Examples of flattened vesicles in Thiomonas intermedia (A), Caulobacter
crescentus (B to E), and Prosthecobacter debontii (F). Note storage granules in panels E and F, shown in orange in
the segmentation panel E (G to L). Examples of nested vesicles in Serpens flexibilis (G), Caulobacter crescentus (H),
Borrelia burgdorferi (1), Vibrio cholerae (J), Caulobacter crescentus with segmentation (K), and strain JT5 (L). (L, inset)
Shows an enlargement of central vesicle, and a 3D segmentation of the visible portion of the cell is shown below.
In segmentations, outer and inner membranes are shown in magenta and cyan, respectively, and vesicles are in
green. Bars, 50 nm.

Flattened vesicles (Fig. 9A to F) were less common than round vesicles, and were
usually observed near membranes or wrapping around storage granules (Fig. 9E),
suggesting a possible functional relationship. Flattened vesicles were usually empty.
One T. intermedia cell contained a stack of flattened vesicles (Fig. 9A). Flattened vesicles
were particularly prevalent in C. crescentus cells (Fig. 9B to E). P. debontii cells contained
flattened vesicles that neither ran along the membrane nor wrapped around granules
(Fig. 9F). Since the lowest energy shape of a liposome is a sphere, it is likely that the
vesicles were flattened by cytoplasmic pressure or some other constraint such as an
associated protein.

Many cells contained nested vesicles, with diverse sizes and shapes, as well as
subcellular locations (Fig. 9G to L). In some nested vesicles, densities were observed
bridging the inner and outer membranes (Fig. 8A and 9G and H). Cells of strain JT5
exhibited multiple nested vesicles of uniform shape and size (Fig. 9L).

We also observed periplasmic vesicles in many species (Fig. 10). They were typically
empty and exhibited great variability in size, shape, and abundance. In some cases, they
were even seen to form branching networks (Fig. 10A). As with cytoplasmic vesicles,
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FIG 10 Periplasmic vesicles. Examples of periplasmic vesicles in Caulobacter crescentus (A), Helicobacter pylori (B),
Brucella abortus (C), Thiomonas intermedia (D), Hyphomonas neptunium (E), Myxococcus xanthus (F), and Halothio-
bacillus neapolitanus c2 (G). In each panel, a central tomographic slice is shown, as well as a segmentation with
outer and inner membranes in magenta and cyan, respectively, and vesicles are in green. Bars, 50 nm (A to F) and
100 nm (G).

they were most abundant in cells showing signs of stress (rupture of inner or outer
membrane, separation of inner and outer membrane, lysis, or membrane blebbing).

Conclusions. Here we present the results of a survey of, to our knowledge, unchar-
acterized bacterial structures that we have observed in our work over the past 10 or
more years. We hope that further study will identify them and their functions. Already,
they signal the wealth of complexity still to be discovered in bacterial cells.

MATERIALS AND METHODS

Strains and growth. Unless otherwise noted, bacterial strains were wild type and grown in
species-standard medium and conditions to mid-log or early stationary phase. Azospirillum brasilense
cultures were switched to nitrogen-free medium for ~16 h prior to imaging to induce nitrogen fixation
and digestion of storage granules that decrease image quality. Predatory Bdellovibrio bacteriovorus cells
were cocultured with Vibrio cholerae strain MKW 1383. Helicobacter pylori cells were cultured with human
gastric carcinoma cells. Vibrio cholerae and Borrelia burgdorferi were grown according to conditions in
references 64 and 65). E. coli were grown according to conditions in references 16 and 66). Caulobacter
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crescentus were grown according to conditions in reference 67. Prosthecobacters were all grown
according to conditions in reference 6. Hyphomonas neptunium was grown according to conditions in
reference 68.

In all cases, samples of cells in growth medium were mixed with BSA-treated 10 nm colloidal gold

fiducials (Sigma), applied to glow-discharged EM grids (Quantifoil), and plunge-frozen in a liquid
ethane-propane mixture (69). Grids were maintained at liquid nitrogen temperature throughout storage,
transfer, and imaging.

Electron cryotomography. The references to growing conditions above also provide specific data

collection settings. Generally, plunge-frozen samples were imaged using either a Polara or Titan Krios 300
kV FEG transmission electron microscope (FEI Company) equipped with an energy filter (Gatan). Images
were recorded using either a lens-coupled 4,000 by 4,000 UltraCam CCD (Gatan) or a K2 Summit direct
electron detector (Gatan). Tilt-series were recorded from —60° to +60° in 1 to 2° increments, with defoci
of ~6 to 12 um and a cumulative dose of ~100 to 200 e~/A2. Tilt-series were acquired automatically
using either Leginon (70) or UCSF Tomography (71) software. Tomographic reconstructions were
calculated using either the IMOD software package (72) or Raptor (73). 3D segmentations and movies
were produced with IMOD (72). Subtomogram averages were calculated using PEET software (74).

SUPPLEMENTAL MATERIAL
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