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Electron microscopic observations of thin sections of Mvxococcus xatuthus
vegetative cells revealed the presence of cvtoplasmic bundles of 4- to 5-nm-
diameter filaments, running longitudinally below the cell membrane and
terminating in association with the envelope near one pole. Part of each bundle
demonstrated a herringbone-like periodicity (-12-nm spacing). This structure

was observed in cells from shake cultures and in gliding cells fixed by several
methods. It is proposed that the structure may be attached to the envelope near

both poles in gliding cells and that the motive force for motility may be
provided by its contraction and relaxation. In one of four nongliding mutants

examined, the periodicity was indistinct or lacking. In this mutant another
structure, comprised of linearly arrayed beads, was observed in association with
the filamentous bundle. Another structure, characterized by major, transverse
bands (-34 nm apart), occurred in patches that may traverse the diameter of
the wild-type cells in which the structure was observed.

The mechanism of gliding motility in procar-
votes is unknown (10, 17). Several investigators
have suggested cause-and-effect relationships
between movement and structures observed in
or on gliding cells. Fibrils have been observed
in the envelopes of Cvtophaga collumnaris,
Sporocvtophaga spp., and Oscillatorica priu ceps
(13-16, 21). The significance of these structures
in Cvtophaga has been questioned (5). Tubular
structures have been observed in a variety of
gliding procarvotes. Among these, rhapido-
somes are in dispute (e.g., 8, 9, 14, 20, 22).
Tubules, narrower than the microtubules of
eucarvotes, have been observed in the cyto-
plasm of various species of mvxobacteria and
of the blue-green bacterium Nostoc (1, 18, 25,
26). Recentlv, cup-shaped subunits (goblets)
have been observed on envelopes of Flexibacter
polvmnorphuls (23, 24). These may directionally
secrete mucilagenous fibrils, thereby propel-
ling the cells.
We initiated the fine-structure study re-

ported here with a view to determining
whether there is a structural correlate to the
observation that treatment of Mvlxococcus xata-
thuis with some proteolytic enzymes reversibly
inhibits gliding motility (4). In addition to
demonstrating a protease-induced morphologi-
cal change, electron microscopic observations
have revealed the presence of several unusual
structures in both treated and untreated bacte-
ria. These are described here.

MIATERIALS A.N 1) IETHOI)S
Bacterial strains. .ll. xatuthuis FB2 is similar in

its characteristics to strain FB (11). Strain RB4 is a
nongliding mutant, previously called NM (2).
Strains DK306, 310, and 314, also nongliding mu-
tants of MI. xatnth us, were provided by J. Hodgkin
and D. Kaiser.

Media. Bacteria were cultured in PT-1 broth or
on PTE agar at 30C (3).

Protease treatment. Bacteria were centrifuged
out of the culture medium (5,900 x g) and suspended
in 0.01 M tris(hvdroxvmethvl )aminomethane-hy-
drochloride (pH 7.4) containing subtilisin ( protease
type VIII, Sigma Chemical Co.; 100 ,ug/ml). They
were incubated at 37`C for 20 min.

Electron microscopy. Bacteria growing in shake
cultures were fixed by direct addition of glutaralde-
hyde to a final concentration of 1'. After 3 h at
4TC, the cells were washed three times with 0.1 M
s-collidine buffer (pH 7.5), postfixed with 3'7 OsO,
in 0.01 M s-collidine buffer-0.01 M CaCl. for 1 h,
dehydrated through an ethanol series, and embed-
ded in Spurr resin. Plate-grown bacteria were fixed
in situ with 1 or 4% cold glutaraldehyde in 0.01 M
s-collidine buffer, followed by 3%Ik OsO,.

Single sections were mounted on bare copper
grids (200/300 mesh). Serial sections were mounted
on Formvar- and carbon-coated, single-hole grids.
Sections were stained with uranvl acetate and lead
citrate.

Microscopy was performed on a Hitachi HU-12
electron microscope operated at 75 kV".

RESULTS
P'rotease-treated cells. Many of the cells
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treated with the protease subtilisin, which re-
versibly inhibits gliding (4), were characterized
by a localized expansion of the periplasmic
space or a separation of the protoplast from the
outer layers of the cell envelope (Fig. 1). The
significance of this morphological change is not
known; it may account for the inability of
treated cells to glide.

Intracellular structures. In longitudinal and
oblique sections of normal cells and of cells
treated with subtilisin, we observed 4- to 5-nm-
diameter filaments arrayed in 40-nm diameter
bundles running longitudinally and terminat-
ing subpolarly (Fig. 2). The bundles appeared
to be closely associated with the envelope (Fig.
2 and 3). Examination of a complete series of
sections through numerous cells indicated that
one end of the bundle may be associated with
or embedded in the cell envelope; the other end

FIG. 1. M. xanthus FB2 v1egetative cells after
treatment with subtilisin. Arrows indicate sites at
which the protoplast has separated from the outer
lavers of the envelope. This and all subsequent bars
represetnt 200 nm.

appears to fade out in the cytoplasm. We were
able to find the filamentous bundle by starting
with one section of a cell lacking the structure
and tracing that cell through a series to a
section containing it. The frequency of detec-
tion in such preparations was as high as 50%.
A herringbone-like periodicity (-12-nm spac-

ing) characterized at least part of each fila-
mentous bundle (Fig. 2 and 3). A through-focal
series of electron micrographs indicated that
the periodicity is not explicable as a positive
phase artifact.

This structure has been observed in cells
fixed while gliding on agar, in those grown in
shake cultures, and in cells fixed by other
methods (exposure to osmium tetroxide vapors
followed by the standard procedure; fixation
with a mixture of glutaraldehyde [2.5%] and
formaldehyde [2%]; and fixation with 5% acro-
lein plus 0.25% glutaraldehyde).

If this structure is involved in motility, it
may be expected to be absent or altered in
some nongliding mutants. Preliminary obser-
vations of four such mutants revealed that one,
Ml. xanthus DK306, contains a bundle of fila-
ments comparable to that present in the wild-
type. However, the periodicity is indistinct or
lacking (Fig. 4). Cells of this mutant strain
contain another structure generally observed
in association with the bundle of filaments
(Fig. 4B to D). It appears as a linear series of
electron-dense beads sandwiched between elec-
tron-dense bars. The beads are electron dense
in unstained sections also. The other nonmotile
forms demonstrate apparently normal struc-
tures.
We saw the structure depicted in Fig. 5

infrequently. The major transverse bands are
spaced approximately 34 nm apart. Alternating
minor bands are sometimes seen. Examination
of serial sections of a cell in which patches of
bands are evident indicates that the structure
may traverse the diameter of the cell (Fig. 6).

DISCUSSION
The bundle of filaments depicted in Fig. 2

and 3 may be an organelle of gliding motility.
If, for example, it were contractile and if it
were attached to the semirigid envelope at or
near both cell poles one could envision that
translocation might occur by an inchworm-like
process: the organelle and the cell alternately
contract and relax or extend. This model also
requires cycles of cell attachment to and release
from the substrate on which it is gliding, at or
near alternating poles. Although contractility
theories have been proposed, gliding cells dem-
onstrate no obvious contractions or changes in
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FIG. 3. Oblique section of an M. xanthus FB2 cell demonstrating ternlination2 of bundle of filaments at or
in the envelope. Filaments show partial periodicity. No subtilisin treatment.

cell morphology (10, 27). If our inchworm hy-
pothesis has any validity, gliding cells should
appear to contract and extend to some degree.
It may be that the frequency of this hypotheti-
cal contraction is high and/or its extent is
submicroscopic. We are examining these possi-
bilities at present.
To date we have been unable to clearly

resolve the attachment site of the bundle of
filaments to the envelope, possibly due in part
to the relative geometry of the structures. Since
the bundle runs almost parallel to the cell
membrane, it may make contact with the mem-
brane at a very shallow angle, or there may be
lateral attachments. Another problem with the
hypothesis is that we were not able to trace
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FIG. 4. Longitudinal and oblique sections of M. xanthus DK306. The bundle of filaments demonstrates
no obuious periodicity (A to C). The beaded structure (arrows) is observed to be associated with the bundle
in some cells (B and C). No subtilisin treatment.

the bundle of filaments to the second proposed
attachment site. It is possible that the structure
can only be visualized in a contracted (?) form
after detachment from one or both sites of
attachment. The proposed attachment site(s)
may be particularly labile and may thus be
affected by the preparative procedures we em-
ployed. This might account for the variation in
the frequency of detection of the structure
among our different preparations. If, in fact,
the filamentous bundles we examined have
detached from the site(s) of attachment, it is

not surprising that they appear to fade into
the cytoplasm.

If this structure were an organelle of gliding,
we would expect it to be detectable in other
gliding procaryotes and in an altered (or ab-
sent) form in some nongliding mutants. A sub-
stantial number of motility mutants have been
isolated (2, 7, 13, 19; and J. Hodgkin and D.
Kaiser, communicated at the Developmental
Biology of Myxobacteria Meeting, 1976 [in
press]). The structure in at least one of these
mutants is altered (Fig. 4). In addition to the
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FIG. 5. Longitudinal section of a subtilisin-treated M. xanthus FB2 cell containing a patch of regular,
transverse bands. Two of the major bands are indicated by arrows.

lack of periodicity in strain DK306, we observed
a beaded organelle in association with the
fibrils. Its significance is not known. Since
numerous genetic loci code for gliding-related
functions (Hodgkins and Kaiser, communicated
at the Developmental Biology of Myxobacteria
Meeting, 1976), it may not be surprising that
the other nonmotile mutants we examined
demonstrate an apparently unaltered bundle of
filaments.
We are reasonably certain that this structure

is not an artifact for the following reasons: (i)
cell fine structure, including the envelope, cy-
toplasm, and nuclear body, is well preserved
by the standards established in the literature;
(ii) we observed these structures in cells fixed
by other procedures, as indicated above.
With two possible exceptions, we are not

aware that this structure has been observed
before. Parallel arrays of 7.5- to 10-nm-diame-
ter filaments lying in the polar regions of
Chondromnyces crocatus cells have been re-
ported (18). Also, Schmidt-Lorenz and Kuhl-
wein described bundles of 13- to 15-nm-diame-
ter tubules that originate in granules located
in the cytoplasm, extend the length of the cell,
and emerge at one pole in M. xanthus and
other myxobacteria (25, 26). MacRae and Mc-
Curdy have also described 15- to 19-nm-diame-
ter tubules in C. crocatus cells (18). The struc-
ture we have described appears to be associated
with the cell envelope at or near at least one
pole. We did not observe terminal granules or
emergence through the envelope. Although

there is some similarity between the previously
described tubular structures and those de-
scribed here, we have no indication that the
bundles are comprised of tubules. However, we
observed short, 13- to 17-nm-diameter tubules
in debris of cells disrupted by several proce-
dures (Fig. 7).
The tubules described by Schmidt-Lorenz

and Kuhlwein were only observed in gliding
cells harvested from agar (26). The bundle of
filaments described above has been observed
in both agar- and liquid-grown cells. Since the
normal habitat of myxobacteria is terrestrial
(12), we would not expect these organisms to
have evolved a regulatory mechanism that
would turn off synthesis or stop assembly of
this organelle when they are grown in liquid
culture. Also, shake culture-grown cells can
glide on chloramphenicol (25 ,ug/ml)-containing
agar, although they can not grow on it (6).
Thus, they probably have an intact and func-
tional gliding mechanism (assuming it is a
proteinous structure). We cannot, however, ex-
clude the possibility of assembly of a gliding
organelle from preexistent subunits after the
cells contact a solid substrate.

Further characterization of the structures
described above should establish their function
in gliding bacteria.
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FIG. 6. Serial, oblique sections through an M. xanthus FB2 cell demonstrating patches of transverse
bands. In the second section, bands in one patch run diagonally (arrow). No subtilisin treatment.
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FIG. 7. Freeze-thaw disrupted M. xanthus FB2
cells fixed with 1% glutaraldehyde. Tubules (arrows)
are present in some of the envelope fragments.
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