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Culture Conditions. C. crescentus CB15N cells were grown at 30 °C
in peptone yeast extract medium (1) to log phase. Two milliliters
of the cell suspension was pelleted for 5 min at a relative
centrifugal force (rcf) of 1,500. The pellet was rinsed in M2 salt
solution (1) and then re-suspended in 30 to 50 �L of fresh M2
solution.

E. coli (RP437 and MG1655) was grown to saturation over-
night at 30 °C in T-broth (10 g bacto tryptone and 5 g NaCl in
1 L); 0.1 mL of this culture was used to inoculate 10 mL S
medium (T-broth, 0.1% MgSO4, 12% sucrose, 0.1 mg thiamine/
100 mL, sterilized by filtration) and grown for 4.5 h at 30 °C to
log phase; and 3.3 mL of this culture was added to 6.6 mL
S-medium containing 700 IU/mL penicillin G potassium salt and
incubated for approximately 60 min at 30 °C (2).

T. maritima (MSB8; DSM 3109) was grown at 80 °C overnight
under strictly anaerobic conditions in a slightly modified Mu-
rashige and Skoog medium as described (3). After cooling the
cell culture to room temperature, several milliliters were spun
down at 4 °C for 5 min at 18,000 � g and resuspended in a few
hundred microliters of supernatant.

For polymyxin B treatment, 10 mL of cell culture were spun
down at 4 °C for 5 min at a speed of 18,000 � g. The pellet was
resuspended in 2 mL fresh medium on ice. After adding 2 mg
polymyxin B, the cells were incubated at 4 °C for 10 h before
being plunge-frozen onto EM grids.

V. cholerae TRH7000 cells, containing a pMMB67 plasmid
overexpressing MreB-GFP or GFP-MreB, were grown in M9
growth medium [M9 minimal salts (Difco), 0.4% glucose, 0.4%
casamino acids, 1.0 mM MgSO4, 0.1 mM CaCl2, 0.1 mg/mL
thymine] at 37 °C until they reached log phase (OD600 � 0.3).
Both induced and un-induced cells were imaged and analyzed.

M. magneticum sp. AMB-1 cultures were grown in MG
medium as described previously (4).

H. hepaticus (ATCC 51449) was grown on trypticase soy blood
agar plates for 3 d, with all 3 days or just the final day being in
the presence of added gut epithelial host cells. Cells were scraped
off the plate and centrifuged at 7,000 rcf for 5 to 10 min to
separate host cells from bacteria.

C. jejuni (ATCC 29428) was initially grown on plates with
Brucella growth medium supplemented with 5% sheep blood at
37 °C, an O2 concentration of 1.5%, and a CO2 concentration of
10%. A colony was then transferred into liquid medium and
grown overnight in brain heart infusion broth plus 5% fetal
bovine serum at 37 °C and 1.5% O2.

R. sphaeroides (NCIB 8253) was grown aerobically at 30 °C
overnight in LB media.

Borrelia burgdorferi B31 cells (ATCC 35210) were grown to
late log phase in Barbour-Stoenner-Kelly II medium with 6%
rabbit serum at 35 °C (5). One milliliter of the cell suspension
was pelleted for 5 min at 1,500 rcf and resuspended in 400 �L
supernatant.

Listeria monocytogenes strain 10403S (serotype 1/2a) that has
defined, in-frame deletions in the actA and plcB genes for safety
purposes was grown in BHI broth overnight (6). One milliliter
cell culture was pelleted for 5 min at 1,500 rcf and resuspended
in approximately 50 �L supernatant.

A. longum APO-1 (DSM 6540) and T. primitia strain ZAS-2
were grown at 23 °C in sealed culture tubes containing 4YACo
medium under an atmosphere of 80% H2 and 20% CO2 as
described previously (7). Cells were harvested during log-growth
at an OD600 of approximately 0.6.

H. neapolitanus C2 (ATCC 23641) cells were grown in flasks
or bio-reactors in the laboratory of Gordon Cannon (University
of Southern Mississippi, Hattiesburg, MS) under previously
described conditions (8, 9).

EM Sample Preparation, Data Collection, and Image Processing. EM
R2/2 copper/rhodium Quantifoil or lacy carbon grids were
glow-discharged and coated with a 3�-concentrated solution of
10-nm colloidal gold particles (Ted Pella). A 5�-concentrated
solution of 10-nm colloidal gold was added to the cells imme-
diately before plunge freezing. A 4-�L droplet of the sample
solution was applied to the EM grid, then automatically blotted
and plunge-frozen into liquid ethane (10) or into a liquid
ethane-propane mixture (11) using a Vitrobot (FEI Company)
(12) or in-house plunger. The grids were stored under liquid
nitrogen until data collection.

EM images were collected using a Polara 300-kV FEG trans-
mission electron microscope (FEI Company) equipped with an
energy filter (slit width 20 eV; Gatan) on a 2k � 2k Ultrascan
CCD camera or, later, a lens-coupled 4k � 4k UltraCam
(Gatan). Pixels on the CCD represented between 0.64 nm and
1.26 nm on the specimen. Typically, tilt series were recorded
from -60° to 60° with an increment of 1° semi-automatically
around 1 or 2 axes (13) at 10 and 12 �m under-focus using the
predictive UCSF-Tomo package (14) or Leginon (15). A cumu-
lative dose as high as 200 e-/Å2 was used. The data from T.
maritima were collected in the laboratory of Wolfgang Baumeis-
ter (Max Planck Institute for Biochemistry, Martinsried, Ger-
many) using a Philips CM 300 transmission electron microscope
equipped with a field emission gun and a GIF 2002 energy filter
(Gatan).

Three-dimensional reconstructions were calculated using the
IMOD software package (16). The T. maritima reconstructions
were generated by weighted back-projection with the EM soft-
ware package (17). A median filter was applied to noisier data
sets to enhance the signal-to-noise ratio (16).

MCP Classification. MCPs were assigned to signaling classes and
membrane topology types as previously described (18, 19).
Briefly, each sequence was matched to HMM models of the
established MCP signaling classes using HMMER. Sequences
that did not match any established signaling class were left
unclassified (‘‘unc’’ in Table 1). To determine the MCP mem-
brane topology type, each sequence was scanned with the
SignalP (20) and DAS (21) programs to reveal the signal peptide
and transmembrane regions (TMs), respectively. The Phobius
package (22) was used to independently verify TM predictions
with the TMHMM2 algorithm. The often under-predicted sec-
ond TM (TM2) in MCP topology type I receptors was further
confirmed by aligning HAMP domain models from SMART
(23) and Pfam (which contains an overlapped TM2) databases.

Phylogenetic Tree Construction. All bacterial species for which at
least one complete genome sequence was publicly available at
the time the analysis began were included (�500). Before
building the phylogenetic tree, redundant species whose rRNA
and ribosomal protein sequences were nearly identical [e.g., B.
pertussis and B. parapertussis (24)], but which have different
species names for phenotypic reasons, were identified and
excluded. To do this, a multiple sequence alignment of the L5
ribosomal sequences was built and then used to construct a
distance matrix using the JTT amino acid substitution matrix and
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default parameters of Protdist in the Phylip package (25) (align-
ment method described later). Groups of sequences for which
pair-wise distances among all members were less than 0.023 were
identified. These groups corresponded to clades within a neigh-
bor-joining tree built from the distance matrix using Neighbor
from the Phylip package (25) with default parameters. Of these
clades, only one member was chosen to represent the organism
group in the final sequence set (Fig. S2). The 0.023 cutoff was
chosen to ensure the exclusion of only highly related organisms
because higher cutoffs resulted in sequence groups that partially
span multiple clades. The final set of bacterial species included
in the tree comprised 403 completely sequenced genomes plus
the draft genomes of organisms studied in this work (A. longum,
T. primitia, and H. neapolitanus). For the draft genomes, the
contigs were subjected to the GeneMark gene finding program
(26) to obtain the translated sequences.

Ribosomal protein sequences L3, L5, L11, L13, L14, S3, S5, S7,
S8, S9, S11, and S17 were retrieved from the set of 406 genomes by
using the Pfam domain models Ribosomal�L3, Ribosomal�L5�C,
Ribosomal�L11, Ribosomal�L13, Ribosomal�L14,

Ribosomal�S3�C, Ribosomal�S5�C, Ribosomal�S7,
Ribosomal�S8, Ribosomal�S9, Ribosomal�S11, and
Ribosomal�S17, respectively, and the HMMER software pack-
age (27). In rare instances in which multiple copies of a protein
were encoded in the same genome, the copies were found to
be identical or virtually identical and only one was collected for
further analysis.

The 12 ribosomal sequence sets were individually aligned
using the l-ins-i algorithm of MAFFT (28). The alignments were
concatenated, and poorly conserved positions in the alignment
were eliminated using Gblocks (29) with a maximum of 8
contiguous non-conserved positions, a 10-length minimum for a
block, allowed positions with a gap for less than 50% of the
sequences, and a 50% minimum number of sequences for a
conserved or flanking position. The resulting alignment was used
to build a LG��4�F maximum likelihood tree in PhyML 3.0
(30) with a sub-tree pruning and re-grafting topology search. For
the genomes not analyzed by cryo-tomography, MCP sequences
were identified using queries for the Pfam MCPsignal domain in
the MIST database (31).
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Fig. S1. MCP topology and architectural types. (A) Schematic representation of MCP topology type I. Two transmembrane regions (TM1 and TM2) anchor the
receptor in the membrane. The extracellular (periplasmic) ligand-binding domain is shown in light gray. The cytoplasmic portion of the receptor consists of the
HAMP domain, linker, and the signaling domain, which, in turn, is comprised of 3 sub-domains: methylation regions (MR1 and MR2, white), the flexible bundle
sub-domain (FH1 and FH2, light gray), and the signaling sub-domain (SR1 and SR2, dark gray). In the E. coli Tsr receptor, Gly-340 and Gly-439 comprise the glycine
‘‘hinge’’ in the flexible bundle sub-domain, and the receptor hairpin is Gly-390. The ‘‘cytoplasmic’’ sequence length plotted on Fig. 3 was measured from the
middle of TM2 to Gly-390 in the hairpin. (B) MCP signaling domain length classes (19) observed in the study. Light and dark gray blocks correspond to heptads
(7 aa) for each class (i.e., there is a total of 34 heptads in the 34H MCP signaling domain). (C) The three different domain architectures of MCP topology type
I receptors appearing in Fig. 3B. Red circles, predicted signal peptides; blue rectangles, predicted transmembrane regions; HAMP, predicted HAMP domains;
linker, predicted linker region; MCPsignal, predicted signaling domains. The domain architecture at the top is most common. Receptor classes with the top,
middle, and bottom domain architectures are identified by black, blue, and red labels in Fig. 3B, respectively.
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Fig. S2. Maximum likelihood phylogenetic tree of 406 representative bacteria. Organisms that encode one or more MCPs within their genomes are shown in
red. Phyla are shown at the right (proteobacteria are further subdivided into classes) with the exception of unique organisms that are sole representatives of
their phyla. Red circles and their associated lines show the placement of organisms examined in this study. The Firmicutes clade was used to root the tree, because
it is currently considered to be the oldest phylum (32, 33). Note that the electronic (PDF) version of this figure located in SI Appendix can be enlarged sufficiently
so that the individual species’ names become readable.
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