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Abstract. Bacterial motility is essential for chemo-
taxis, virulence and complex social interactions lead-
ing to biofilm and fruiting body formation. Although
bacterial swimming in liquids with a flagellum is well
understood, little is known regarding bacterial move-
ments across solid surfaces. Gliding motility, one such
mode of locomotion, has remained largely mysterious
because cells move smoothly along their long axis in
the absence of any visible organelle. In this review, I
discuss recent evidence that focal adhesion systems
mediate gliding motility in the social bacterium

Myxococcus xanthus and combine this evidence with
previous work to suggest a new working hypothesis
inspired from knowledge in apicomplexan parasites. I
then propose experimental directions to test the
model and compare it to other pre-existing models.
Finally, evidence on gliding mechanisms of selected
organisms are presented to ask whether some features
of the model have precedents in other bacteria and
whether this complex biological process could be
explained by a single mechanism or involves multiple
distinct mechanisms.

Keywords. Gliding motility, bacterial cytoskeleton, focal adhesion, molecular motor, Myxococcus xanthus, cell
polarity.

Introduction

The ability of cells to move across solid surfaces is
central to a broad diversity of biological processes. For
example, directed cell migration is essential for
development of the embryo, the central nervous
system, and basic mechanisms of immunity in higher
mammals but it is also the basis for biofilm formation
and fruiting body formation in bacteria and unicellu-
lar eukaryotes. Indeed, research on cell motility has
established the principles of eukaryotic cellular mo-
tion in exquisite detail. Although, the identities of the
molecules involved can be species and cell type
specific, the underlying principles of motility seems
to be common. The recurring theme is that cellular
motion is powered at focal adhesion sites where cell-
surface ligands that provide anchor points with the

extracellular matrix are connected intracellularly to
the actin cytoskeleton (for a review see [1]). Motion is
produced because focal adhesion sites contain motor
proteins such as myosin that exert traction on actin
fibers and thus “pull” the cell forward relative to the
immobilized adhesion complex. Focal adhesions dy-
namics are highly regulated as sites can mature from
sites of active traction to sites of passive adhesion.
Thus, focal adhesion sites contain structural proteins
but also multiple regulatory proteins that modulate
their activity and integrate the action of multiple sites
[2]. As the result of this, cell motility proceeds by
coordinated cycles of actin polymerization-driven
edge protrusions, adhesion and retraction.
In bacteria, microscopy has been very effective in
identifying motility mechanisms that involve obvious
extracellular structures such as flagella and type-IV
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pili. For example, how chemotaxis-dependent signal
transduction affects rotation of the flagellar motor to
achieve movement towards or away from chemo-
attractants/repellants in a liquid environment has
been characterized in depth (for a review see [3]). It
is also known that bacteria can use extracellular
appendages to move across solid surfaces. On a moist
surface, bacteria may become hyperflagellated and
swarm as a group [4]. This surface motility, a case of
adapted swimming, is dependent on flagella and the
wetness of the surface [5]. How flagella actually power
swarming is not understood; however, it is clear that
they are the engine involved in this motility (for a
review see [6]). Another example is type-IV pili-
dependent motility (twitching motility). Early on,
Kaiser [7] correlated Myxococcus xanthus social
motility to the presence of polar pili. Studies in several
systems including Neisseria gonorrhoeae, Pseudomo-
nas aeruginosa and M. xanthus directly established
that the type-IV pilus can be a motility engine: motion
is produced by cycles of pilin fiber extension, binding
on the substratum and retraction [8–10].
In many other cases, bacteria are able to translocate
smoothly on solid surfaces along their long axis in the
absence of visible organelles. Such locomotion,
termed gliding motility, is defined by “a translocation
along solid bodies […] during which no wriggling,
contraction or peristaltic alterations are visible, the
change of shape being restricted to bending […].
Gliding movements are not always regular, but
intermittent and hesitant, with frequent changes of
direction.” [11]. Gliding motility is observed in very
diverse phylogenetically unrelated bacterial groups
among which and non-exhaustively are the myxobac-
teria, the mollicutes, cyanobacteria and the Cytopha-
ga/Flavobacterium group, which comprises bacteria of
the bacteroidetes phylum such as Flavobacterium,
Cytophaga and Flexibacter sp, discussed in this article.
The mechanism of gliding remains largely mysterious:
except for myxobacteria and cyanobacteria for which
a common model has been proposed to explain gliding
motility [12], studies in various systems have favored
multiple mechanisms rather than a universal mecha-
nism for bacterial gliding motility. However, most
models lack molecular support and it is possible that
apparently different modes of movement may actually
use similar but adapted mechanisms.
In this review, I discuss gliding motility in the model
organism M. xanthus in light of recent findings on
periodic adhesion sites. I suggest a model whereby an
internal engine pushes against focal adhesions to
power movement, as in eukaryotic cell systems, and
integrate it to available data and previously pub-
lished models. Finally, I compare the M. xanthus
model to other selected examples of bacterial

motility in an attempt to extract common principles
and differences.

M. xanthus utilizes two independent motility systems

M. xanthus is a Gram-negative rod-shaped bacterium
characterized by a complex developmental lifestyle.
Starved cells aggregate into distinct mounds that
ultimately form dome-shaped fruiting bodies in which
the cells differentiate into spores. This developmental
cycle depends both on signal-induced differential gene
expression and the ability of cells to exhibit surface
motility [13, 14]. Hodgkin and Kaiser [15] showed that
M. xanthus uses two independent motility systems that
can be genetically separated. Cells only become
completely non-motile when both motility systems
are simultaneously inactivated.
Cells lacking social motility (S-motility) do not swarm
efficiently at low cell density and show impaired group
movements (Fig. 1a). The S-motility system can only
power single cell movements under very specific
conditions such as when the cells are overlaid with
viscous media such as methyl cellulose [10]. S-motility
is a form of twitching motility: it depends on polar
retractile type-IV pili (Fig. 1b). Coordinated move-
ment of large groups of cells may be produced as
extruded pili bind neighboring cells and retract [16].
Accordingly, S-motility depends on cell surface poly-
mers such as the extracellular matrix fibrils and LPS
O-antigen [17, 18]. Recently, it was shown conclu-
sively that the polysaccharide portion of the fibrils
binds and triggers retraction of the pilus, providing a
potential explanation for the contact dependence of S-
motility [16].
Adventurous motility (A-motility) can power move-
ment of single cells under most conditions, provided
that the substratum is firm enough (Fig. 1a, [19]). The
exact nature of the A-engine remains unknown and
several models have been proposed. Recently, focal
adhesion complexes were suggested to power A-
motility (Fig. 1b). Also, moving cells deposit slime
trails that resemble mucus laid by snails (Fig. 1b).
Slime secretion is thus probably also linked to A-
motility. This review discusses the proposed mecha-
nism(s) of A-motility.

Focal adhesion complexes in M. xanthus A-motility

Fixed protein complexes in M. xanthus moving cells
Genetic approaches to study A-motility have so far
failed to reveal its exact mechanism [20, 21]. In fact,
genes known to be required for A-motility encode
multiple potential functions that are difficult to assign
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to a conspicuous molecular machine. This is in fact
only mildly surprising as global genetic screens that
investigated M. xanthus type-IV pilus-based S-motil-
ity did isolate mutations in pilus structural genes but
they also revealed a large number of other genes
whose relationship with the pili is not obvious [22]. An
alternative approach was therefore necessary to
investigate the molecular basis of A-motility. Recent
cytological studies revealed that the dynamic behavior
of a yellow fluorescent protein (YFP)-tagged A-
motility protein (AglZ, [23]) could be correlated to
movement in a live cell system: AglZ-YFP condensed
at the leading cell pole when the cell paused but
localized to clusters distributed along the cell body
when movement resumed [24]. Remarkably, analysis
of AglZ-YFP clusters during movement showed that
these clusters remained at fixed positions relative to
the substratum as the cell moved forward (Fig. 2a).
The clusters were assembled at the leading pole and
dispersed when they reached the rear of the cell
(Fig. 2a).

The AglZ-YFP clusters display characteristics of
eukaryotic focal adhesions
These results suggested that A-motility could be
powered at focal adhesion complexes as in eukary-
otic cells. Several lines of evidence suggest that both
adhesion and traction are likely to occur at the sites
where AglZ-YFP accumulates. First, focal adhe-
sions might explain flexing during motility because
the AglZ-YFP clusters were localized at the sites
where cells bent. Also, when a cell is fortuitously
stuck on the substratum at the leading end, it
undergoes characteristic “flailing” motions as the
A-motor pushes against the flexible cell wall [25,
26] . In these cells, the AglZ-YFP clusters localized
between the bends and cell shape transitions were
mirrored by dispersal of the complexes suggesting
that adhesion occurs at these clusters and that cell
shape transitions occurs when the clusters are
removed [24] . Second, in artificially elongated
cells the clusters were localized in the front half of
the cells. In these cells, the number of clusters was
not related to cell length but directly proportional to
the drag force overcome (i.e. , the force necessary to
power the motility of a cell of given length and

Figure 1. Myxococcus xanthus utilizes two independent motility systems. (a) Motility phenotypes of strains carrying mutations in either
motility systems. The hard (1.5%) and soft (0.5%) agar assays test for adventurous motility (A-motility) and social motility (S-motility),
respectively. Awild-type (WT) strain (A+S+) moves efficiently on both substrates. An A+ S– mutant shows almost normal motility on hard
agar but fails to make radial swarms on soft agar. In contrast, an A–S+ mutant is proficient of soft agar but shows almost no individual motile
cells at the edges of colonies in the hard agar assay. Note the change in scale in the hard agar (scale bar 180 mm) and soft agar assays (scale
bar 1 mm). (b) Cartoon representation of M. xanthus A- and S-motility systems. Type-IV pili (S-motility) located at the leading pole extend
and retract to pull the cell body forward. The A-motility system involves periodic focal adhesion sites assembled from the leading pole (gray
ellipses). The secretion of slime through pores (black dots) along the cell body and at the rear may also participate in A-motility either by
actively powering locomotion, or by providing a substratum to glide on, or both.
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velocity), suggesting that locomotion is produced at
the AglZ-YFP sites [24] . To remain stationary
relative to the substratum the AglZ-YFP clusters
must be moving opposite to the direction of the cell
and at the same velocity. Such dynamics are what
one would expect for a molecular motor complex
(AglZ only being one of its components) because
the energy cost could certainly be translated into
locomotion power. Together, these observations
suggest that the AglZ-YFP clusters share character-
istics with eukaryotic focal adhesions and could
represent A-motility motor units. Also, A-motility
is much more efficient on firm and dry surfaces than

on soft and wet surfaces [19] , a requirement for a
focal adhesion-based motility system.

The AglZ-YFP clusters are periodic
The analogy between the AglZ-YFP clusters and
eukaryotic focal adhesion complexes suggests that a
molecular motor within these clusters exerts traction
on a potential M. xanthus cytoskeleton. Evidence for
such motor is lacking but the existence of a cytoske-
leton in M. xanthus is very likely: the bacterial actin-
like gene mreB is present in the M. xanthus genome
[27] and early electron microscopy (EM) studies
revealed intracellular filament bundles close to the

Figure 2. Focal adhesions in M. xanthus motility. (a) Fixed AglZ-YFP clusters in moving cells. AglZ-YFP localization in a cell moving at
constant velocity. Overlay of the phase and YFP (magenta, artificially colored for improved clarity) images captured every 30 s are shown.
Scale bar 2 mm. Arrowheads highlight selected bright fluorescence clusters. (b) Twisted morphology of M. xanthus gliding cells. Helical
twists in a single cell observed by atomic force microscopy. Image adapted from [35] with permission (Copyright 2003, National Academy
of Sciences, USA). Scale bar 2.5 mm. (c) Straight intracellular filament bundles. Longitudinal section of an M. xanthus cell showing
submembrane filament bundles (arrowheads). Electron microscopy image adapted from [28]. (d) Focal adhesion-based model of M.
xanthus A-motility. Following assembly at the front of the cell, a motor complex (green) connects the intracellular cytoskeleton (red
filament) with extracellular adhesion tracks (purple). The motor moves along the cytoskeleton resulting in forward movement and rotation
of the cell body. Transient contacts between the motor and the adhesion track ensure that only the motor complex remains fixed relative to
the substratum. The motor complex is assembled from the front of the cell and disassembled when it reaches the rear. Based on knowledge
of the cytoskeleton in other bacteria the internal cytoskeleton is shown helical, but note that the periodicity of the AglZ-YFP clusters would
also be accounted for (through interaction with the external helical bands) if the internal fibers are linear, which was suggested in [28]. (e)
Front view of assembled A-motility apparatus. A complex (green rod) spanning the inner membrane (IM) and cell wall and periplasmic
space (P) links the outer membrane (OM) adhesion sites to the motor (green circle). Physical linkage between the motor and the adhesion
track could be regulated at the level of the transmembrane complex (green rod). The arrowhead shows the focal point where adhesion with
the substratum is occurring.
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inner membrane in M. xanthus cells (Fig. 2c; [28]). The
spatial distribution of the AglZ-YFP clusters shows a
clear periodicity of ~470 nm [24]. This pattern could
be explained by periodic kinetics of assembly at the
leading cell pole. However, this is unlikely because the
number of clusters per cell is not related to velocity,
but dependent on cell length in normal cells (as
opposed to artificially elongated cells). Therefore, the
distribution of the AglZ-YFP clusters is best ex-
plained by proposing that the clusters are anchored
along a periodic structure such as an intracellular
helix. Consistent with this, the measured pitch of the
MreB helix in E. coli and B. subtilis matches the
periodicity of the AglZ-YFP clusters [29, 30]. Further
work is needed to determine whether M. xanthus
MreB has a role in positioning the AglZ-YFP clusters.

A focal adhesion model for A-motility
Based on these results, I suggest a working model
whereby A-motility is powered by focal adhesion
complexes that link adhesion to the substratum to an
internal cytoskeleton via a molecular motor (Fig. 2d,
e). According to this model, the motor complexes are
assembled at the front of the cell and remain fixed as
they adhere to the substratum; traction exerted on a
continuous cytoskeleton moves the cell forward. The
adhesions are removed when they reach the rear of the
cell.
The proposed mechanism is analogous to the mech-
anism of gliding motility in apicomplexan parasites
[31, 32]. Apicomplexans use an adhesion-based mo-
tility system to invade their host cells. Transmembrane
adhesins at the apical end of the parasite ensure a
direct connection between the host cell surface and
the internal actin cytoskeleton. A complex containing
a myosin then translocates the adhesin-actin complex
rearward thus propelling the parasite forward. Con-
tinuous forward movement results from a proteolytic
event that breaks the interaction between the adhesin
and the substratum [31, 32]. Likely, the molecular
components of M. xanthus gliding differ from those of
apicomplexans but the principles at work may be very
similar. M. xanthus outer membrane adhesins may
connect the intracellular cytoskeleton through an
inner membrane platform where a molecular motor is
localized (Fig. 2d, e). As for Apicomplexans, removal
of the adhesion sites would be critical for the cell to
maintain forward movement and this would be
achieved through transient connection with the
motor complex (Fig. 2d, e). I also suggest that distinct
polar systems, each responsible for assembly and
disassembly of the complexes, are present at the
leading and lagging poles.
A difficulty with the model is to understand how the
multilayered Gram-negative cell envelope would

“flow” through fixed adhesion complexes. To explain
this, it could be hypothesized that only the cytosolic
part of the complex (i.e. , the molecular motor where
AglZ-YFP localizes) actually remains fixed relative to
the substratum by moving opposite to the cell and at
the same speed, leading the cytoskeleton and adhe-
sion complexes to “treadmill” as the motor pulls on
the first, and establishes transient interactions with the
latter (Fig. 2d, e). How might this be organized
structurally? Periodic chain-like aggregates were
observed in the periplasm of M. xanthus cells [33].
These chains may well be organized helically because
the cell surface is not smooth but appears twisted
along its long axis (Fig. 2b; [34, 35]). Helical surface
bands are assembled by an active process that can be
blocked by treatment of the cells with sodium azide,
suggesting that they are active parts of the motility
apparatus [34, 35]. Helices running in the periplasm
have been observed in other bacteria [36]. In partic-
ular, one such helical structure seems to be an active
component of the Cytophaga/ Flavobacterium gliding
machine [37]. Thus, the intracellular motor could be
connected to adhesion surface tracks and pull on a
rigid cytoskeleton at the interior of the cell (Fig. 2d, e).
Note that the adhesion sites themselves would remain
fixed relative to the cell envelope, a fundamental
difference with the proposed gliding mechanism in
Cytophaga/Flavobacterium (discussed below).

Predictions and future perspectives
The proposed model makes several mechanical pre-
dictions that can be readily tested experimentally.
Direct biophysical measurements are needed to con-
firm that traction and adhesion are produced at the
AglZ-YFP sites. Atomic force microscopy using an
appropriate cantilever could address these questions.
The proposed connection between the motor complex
and helical structures predicts that the cell rotates
along its long axis during gliding. Although, rotation
of the cell body has been shown in several gliding
bacteria [38, 39], there is currently no evidence that M.
xanthus cells rotate during movement, except for the
fact that gliding cells are morphologically twisted [34,
35]; observing such rotation would provide strong
mechanical support to models involving continuous
helical assemblies.
The model needs to be supported by molecular
evidence through characterization of the components
involved in adhesion, transmission, power generation
and cytoskeleton. Also, how are the adhesion sites
assembled at the front of the cell and disassembled at
the back? To answer these questions it may be
interesting to re-visit the lists of A-motility genes in
light of the new hypothesis [20, 21] and search for
potential candidates for each component. For exam-
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ple, A-motility genes encoding membrane proteins
are potentially involved in complexes that connect the
adhesion sites to the cytoskeleton [22]. Interestingly,
TonB- and Tol-like systems are over-represented [22]
and, although such systems may be involved in general
envelope metabolism, they could be specific parts of
the A-engine. As already mentioned, mreB could have
a role in A-motility. It is actually not surprising that
mreB was not found in motility screens because it is
likely an essential gene as in other bacteria [40].
However, as bacteria contain several actin-like and
non-actin-like filaments, other filaments might be
involved [41]. Finally, the model suggests that A-
motility is powered by myosin-like proteins. Despite
extensive searches, molecular motors that track on the
bacterial cytoskeleton have so far not been identified,
questioning their existence in prokaryotes. Such
motors may exist in M. xanthus but are not readily
identified with bioinformatics [42]. It is possible that
bacteria evolved distinct ways to power cytoskeleton-
mediated processes (such as the use of the proton
motive force). Clearly, the molecular nature of the A-
engine remains completely elusive but studying the
localization pattern of A-motility proteins such as
AglZ could now provide solid clues towards its
elucidation.

Comparison with other A-motility models
In the past, several other models have been proposed
to explain A-motility. Can the AglZ-YFP dynamics fit
with these models and can we suggest a composite
model unifying the different hypotheses?

Surface tension
Surface tension is an effect within the surface layer of a
liquid that causes that layer to behave as an elastic
sheet. An object suspended in this interface is
subjected to an equal “pull” in all directions. Surfac-
tants that tend to accumulate in the interface lower the
surface tension. Thus, it was suggested that localized
secretion of a surfactant at the rear of the cell could
create a gradient of surface tension resulting in net
directional forces that would propel the cell forward
[43, 44]. Accordingly, addition of molecules with
surfactant properties inhibited motility as would be
expected if the gradient were disrupted [43]. Also,
gliding cells were observed to produce surfactants
[43]. This model is probably too simplistic: surface
tension may only play an accessory role in A-motility
on agar because this motility is very efficient on dry
hard surfaces, for example glass, where such effects
cannot take place. Also, the surface tension gradient
could hardly explain complex flexing motions, the
movement of artificially elongated cells and the
requirement of periodic adhesions [24, 45].

Inchworm contractions
It was proposed that A-motility could result from the
ability of cells to elongate under mechanical contrac-
tion (Fig. 3a). This would result in forward propulsion
because the slime secreted at the back of the cells
would act like a ratchet and prevent them from
moving backward [46]. This model was inspired by the
previously mentioned helical structures wrapping the
M. xanthus cell body. The filaments appeared in two
conformational states [34], which suggested that they
could exert circumferential stress to squeeze the cell
body thus making it elongated. This model has not
been supported by high-resolution video microscopy,
which provided no evidence for changes in cell shape
and elongation during motility [25]. Similarly, in-
chworm contractions have been suggested for other
gliders such as Oscillatoria and Archangium but were
also not supported by microscopy [47]. It could be
argued that the changes in cell length could be very
discrete and thus not captured by optical microscopy.
However, in this particular case, the anchor points
should be extremely close to one another, which is not
supported by the spacing of the AglZ-YFP clusters.

Periplasmic engine
Another model suggested that a molecular motor is
anchored to the cell wall and exerts force in the
direction of the long axis to move outer membrane
adhesion sites (Fig. 3b; [48]). This model would be
consistent with a role for TonB- and Tol-like com-
plexes in powering locomotion by harvesting the
proton motive force to establish transient contacts
with outer membrane adhesions. However, such
periplasmic engine supposes stationary sites (relative
to the substratum) in the periplasm and not in the
cytosol where the fixed AglZ-YFP clusters are located
(Fig. 3d). In fact, an analogous periplasmic engine is
likely to power gliding in the Cytophaga/Flavobacte-
rium group where there is evidence for treadmilling of
outer membrane adhesions (discussed below). The
focal adhesion hypothesis integrates parts of this
model because physical linkage between the putative
intracellular motor and the adhesion track could be
regulated at the level of the inner membrane complex.

Slime secretion
By far the most discussed model for A-motility is the
“slime gun” hypothesis. It was suggested that M.
xanthus cells are directly propelled by slime secretion
through pore complexes (nozzles) observed in the cell
envelopes, running along the cell body and seemingly
enriched at the cell poles (Fig. 3d; [12]). The diameter
of the observed pores was somewhat similar to that of
cyanobacterial nozzles, hypothesized to be motor
units underlying gliding motility in cyanobacteria
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(see below, [49]). Assuming that the myxobacterial
and cyanobacterial nozzles are the same molecular
machine and that slime has the properties of a
polyelectrolyte gel, it was computed that the swelling
of slime could produce enough force to push the cell
body forward at the measured velocities, when
hydrated upon secretion (Fig. 3e; [12]). Slime jets
powering cell movements are thus theoretically pos-
sible, but, although the model is elegant, it still lacks
molecular evidence to support it. Electron microscopy
of cells gliding directly on grids showed ribbons at the
back of the cell suggesting that slime is indeed secreted
from the observed pores. Alternatively, it could be
argued that these ribbons are formed underneath the

cell body (pores are also found along the cell body) as
slime is secreted and shaped by surface tracks. As
already mentioned, there is evidence for the existence
of such tracks at the surface of M. xanthus cells and
helical arrays of the Oscillin protein were suggested to
organize slime ribbons at the cyanobacterial cell
surface (discussed below, [50]).
Slime propulsion from the lagging pole is not in
agreement with an earlier study by Sun et al. [45]: A-
motility was not significantly affected when cells were
artificially elongated up to ten times their natural
length with the antibiotic Cephalexin, which suggest-
ed that the motor is evenly distributed along the cell
body rather than localized at a cell pole. Accordingly,

Figure 3. Proposed models for A-motility. (a) Inchworm-like contraction model. The propulsive cycle is built on the ability of helically
wound filaments to constrict and elongate the cell body. Slime extruded from posterior pores acts like a ratchet and prevents the rear from
moving backward, thus filament contraction pushes the front forward. Note that changes in cell dimensions, diameter and length, are
expected as a result of the contraction cycle. Upon relaxation of the filaments, the turgor pressure restores the cell�s original length and
width. Adapted from [46]. (b) Periplasmic engine model. Close up of the interface of the surface of the cell and the substratum showing
mechanical cycle of a single motor unit. A periplasmic force generator (motor, purple) is anchored to the cell wall (yellow) and binds an
outer membrane adhesion complex. An energy transducer (purple) coupled to the motor harvests the proton motive force and leads to a
conformational change of the motor corresponding to a stroke moving the adhesion site to the right. Following relaxation the motor
engages a new adhesion complex (pink). Compiled from [48, 55]. (c) Cartoon of the ventral side of the bacterium depicted in (b). Action of
engine units anchored in the cell wall results in treadmilling of helical adhesion bands in the outer membrane. The same color code applies.
(d) Geometry of the slime nozzle. Average from side-view projections of the Phormidium nozzle. Similarly, The M. xanthus nozzles are
proposed as a twofold symmetric open complexes with a central hole of variable diameters ranging between 8 and 14 nm. Reprinted from
[12] with permission (Copyright Elsevier, 2002). (e) Slime gun model. Slime is a polyelectrolyte gel incorporated in its dehydrated or
deswelled state inside the nozzle by an unknown mechanism. The nozzle is an impermeable barrel assumed to hydrate only through the
nozzle exit where water flows so that a hydration gradient is established along the nozzle. The swelling of slime is therefore directed toward
the nozzle opening. The model computes that this expansion generates sufficient force to propel M. xanthus but also cyanobacteria such as
Phormidium at the observed speeds [12].
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the velocity of cells moving with a polar engine (type-
IV pili) was strongly and linearly affected by cell
elongation [45]. This analysis favors a model predict-
ing distributed motor units such as the focal adhesion
model. Thus, if slime propulsion powers gliding, this
must be happening along the cell body, possibly at the
observed AglZ-YFP adhesion sites. While there are
no data against such a model, it is difficult to conceive
how force would be applied parallel to the cell body
and opposite to the direction of movement. For this,
the secretory organelle would have to be somehow
“tilted” tangentially to the substratum, which seems
difficult to achieve structurally and is not consistent
with the described structure of the nozzles [49].
Several composite models involving slime secretion
and focal adhesions may be proposed. Any model
favoring slime secretion as the active force for gliding
motility now has to integrate the critical role of focal
adhesions. It could be envisaged that slime secretion
powers locomotion, which, combined to distributed
adhesion sites, lead to smooth gliding. A prediction,
however, would be that mutants lacking the adhesion
sites would still display some detectable motility.
However, AglZ, which seems to be a component of
the focal adhesion complexes is absolutely required
for gliding motility [23, 24]. It may also be expected
that Cephalexin-elongated cells display aberrant mo-
tility patterns resulting from the action of both the
back motor and the restriction of the adhesion sites at
the front end of the cell (the back of elongated cells is
largely depleted in AglZ-YFP clusters). Alternatively,
both slime secretion and traction at focal adhesion
points could contribute to locomotion. Again, one
would expect some motility in an aglZ mutant;
although the argument is not as strong in this case
because detectable locomotion may require both
systems to contribute power. Finally, locomotion
could be produced solely at the focal adhesion sites
and slime secretion would passively facilitate gliding.
A definitive discrimination between these possible
models will require testing whether or not slime
secretion can produce force. So far, this has proven
difficult because A-motility mutants that fail to
secrete slime have not been isolated. Recently, Yu
and Kaiser [21] observed that motility mutants
apparently secreted slime from both cell poles and
suggested that the complete lack of motility resulted
from opposing forces. It is not to be expected that all
mutations that inactivate A-motility would necessa-
rily impair proper polarization of the engine. For this,
components of the engine itself would have to be
essential [21], which appears unlikely. Also, cells with
bipolar motor activity would be expected to exhibit
small back and forth displacements, a “jerky” behav-
ior that was originally described for a regulatory

mutant such as mglA [51]. The complete lack of
motion supposes that cells exert exactly synchronized
even forces at each poles at all times, a possibility that
is not suggested by the fact that the bipolar slime trails
are curved and not symmetrical [21]. Rather, I suggest
that bipolar secretion of slime observed in the A-
motility mutants results from entropic organization in
curved trails as it “overflows” from beneath the cell
body where it is continuously secreted. According to
this view, slime secretion would mostly play a passive
role in motility. Slime may provide a specific substra-
tum (like ski wax) for cells to glide on. M. xanthus cells
exhibit motility on a large number of substrata such as
agar, plastic and glass possibly because slime provides
ligands to the adhesion surface complexes. Thus, M.
xanthus cells would virtually glide on all surfaces
where slime can attach. In support of this view, cells
follow preferentially previously laid down slime trails
[52].

Multiple mechanisms for bacterial gliding motility

In our current state of knowledge, the focal adhesion
model proposed here may only be realistically sug-
gested for M. xanthus. Unfortunately, the comparison
with other organisms is frustrated by the lack of
molecular data, and it is impossible to propose a single
mechanism for bacterial gliding motility. In fact,
various models were suggested to explain gliding
motility including rotating disks, waves of compres-
sion, fibrillar bending and moving adhesion tracks (for
a review on these see [47]). Thus, the available
experimental data argues that there may be multiple
mechanisms for gliding motility. However, there may
be common “accessories” to the various systems, for
example through adapted use of focal adhesions, the
potential involvement of internal cytoskeletons and
the secretion of slime.

Focal adhesions
Studies from the early 1980 s already suggested that
focal adhesion systems are involved in gliding bacteria
of the Cytophaga/Flavobacterium complex [53, 54].
Pretreatment of the cells with beads inhibited the
binding of cells to glass, suggesting that beads titrated
specific adhesion sites. These beads were propelled
such that a single sphere may move one cell length,
proceed around the pole and migrate down the
opposite side. Multiple bound spheres may follow
the same path but also move in opposite directions.
Attached-sphere movements are likely the conse-
quence of the active gliding machinery because
spheres were observed to move at speeds comparable
to cell velocity and bead movement was disrupted in
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the absence of oxygen [54]. Also, in Flavobacterium
johnsoniae most motility mutants are unable to propel
spheres at their surface [55]. Ring-like structures
extracted from the envelopes of F. johnsoniae and
Flexibacter were initially proposed to propel bead
movements. Such rotary assemblies were absent from
a non-gliding mutant [56], which initially led to the
suggestion that they may act like wheels [56]; in fact,
these structures could be secretion organelles because
their dimensions are somewhat similar to those of the
M. xanthus nozzles [12]. The spheres could instead be
moved by helical closed bands of adhesions, the kind
of which are suggested here for M. xanthus. The cell
surface is also twisted helically in Cytophaga/Flavo-
bacterium [34] and there is evidence for a periplasmic
helix of the gliding lipoprotein GldJ in F. johnsoniae
[37]. Processive movement of helical bands of adhe-
sion sites could explain cell rotation during gliding and
opposite movement of surface beads (Fig. 4; [39, 54]).
However, this interpretation is most likely over-
simplistic because the beads displayed complex be-
haviors that cannot be recapitulated by a regular
continuous network of adhesion: they could move in
opposite directions on the same side of the cell and in
other cases, stop at mid-cell before resuming move-
ment in opposite direction [54]. Therefore, several
tracks may coexist at the cell surface and these tracks
may have irregular topologies (Fig. 4). In fact, com-
plex surface helical patterns is suggested by EM
showing that cell parts can be devoid of helical
features and that the distance between the nodes
resulting from the antiparallel strands can be highly
variable [34].
The structural organization of outer membrane adhe-
sion sites may be similar in Cytophaga/Flavobacterium
and M. xanthus. However, for gliding in Cytophaga/
Flavobacterium, the motor complex is probably ex-
posed in the periplasm and no internal cytoskeleton
needs to be invoked for locomotion (here, the cell wall
would provide the necessary rigid scaffold). Consis-
tent with this, interference reflection microscopy
showed that adhesion zones between Cytophaga/
Flavobacterium cells and their substrate moved rela-
tive to the substratum [39]. The gliding machinery
may involve as little as 12 gld genes all encoding
potential envelope components such as an ABC
transport system and exported lipoproteins [57]. The
presence of secretory genes suggested that secretion
of a polymer material could produce locomotion [55].
However, whereas slime is generally detected in
gliding Cytophaga/Flavobacterium, Cytophaga U67
glides very efficiently in the absence of any detectable
slime, favoring a focal adhesion-based model [54].
Only a few gld genes have homologues in the M.
xanthus genome [57], further suggesting that myxo-

bacteria and Cytophaga/Flavobacterium evolved dis-
tinct mechanisms to power focal adhesion-based
motility. Such differences could explain how Cyto-
phaga/Flavobacterium cells glide 50–100-fold faster
than M. xanthus cells (2–4 mm/s vs 1.5–6 mm/min; [25,
58]).

Cytoskeleton
The notion that an internal cytoskeleton may be
involved in some cases of bacterial gliding motility was
suggested long before the actin-like cytoskeleton was
discovered in bacteria [47]. Early searches for organ-
elles involved in gliding motility revealed numerous
organized structures reminiscent of cytoskeletal ele-
ments: filament bundles in the cytosol of M. xanthus,
Anabaena and Chondromyces [28, 59, 60], and 20–30-
nm-long tubular structures with a central channel,
coined “rhapidosomes”, observed in disrupted cells of
a variety of gliding bacteria [61]. Experimental
evidence showing that these assemblies are involved
in gliding is still lacking. It was postulated that they
may represent bacterial actomyosin-like complexes
but experimental attempts to prove this assumption
were not met with success [47]. However, most
experiments used F-actin-sensitive approaches now
proven to be ineffective of the bacterial actin MreB
[62] and, as already mentioned, the existence of
myosin-like motors in bacteria is still an open ques-
tion.

Figure 4. Suggested explanation for observed bead movements in
Flexibacter and Cytophaga/Flavobacterium. Upon encounter with
strands of closed helical adhesion tracks that move in the outer
membrane, beads may go up and down the sides of a same cell and
turn around the cell poles. In an attempt to explain the complex
bead motions observed, the distances between the nodes of the
helical continuum are pictured as being variable, consistent with
EM images [34].
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A cytoskeletal organelle for gliding motility has been
suggested in Mycoplasma pneumoniae, small parasitic
bacteria that lack a peptidoglycan [63]. Mycoplasma
cells show remarkable cell shape complexity: they are
pear shaped with a thinner projection that is always
the leading end of moving cells. This structure termed
the terminal organelle has been linked with adhesion
to the respiratory epithelium and gliding motility [64].
EM of M. pneumoniae cells revealed a complex
macromolecular assembly in the terminal organelle
[65]. This finding was recently unambiguously con-
firmed by cryo-electron tomography of cells in their
near native state [66]. Membrane protein layers
clustered at the terminal button were found connected
to a mysterious “bowl” complex by an electron-dense
core. The electron-dense core consisted of two main
rods of distinct thickness with multiple contact points.
The overall structure appeared segmented and
showed extensive conformational flexibility. Hender-
son et al. [66] suggested that motility is powered by
cycles of extensions and retractions of the electron-
dense core. According to their model, the cycle would
start when adhesion proteins at the tip bind a substrate
with the core in a fully relaxed state (Fig. 5). The core
would then contract and bring the bowl complex
closer to the tip to provide resistance when the core
relaxes and pushes the tip further. This would engage

new adhesions at the tip and the cycle would resume.
Although this model is hypothetical, it is attractive
because there is precedence in eukaryotic lamellipo-
dia where cycles of actomyosin contractions produce
cell edge protrusion [67]. In the terminal organelle, it
is tempting to speculate that the contact points
between the rods contain a motor activity allowing
the rods to slide relative to one another and thus
produce extension-contraction cycles. Note that this
model may not apply for another mollicute, Myco-
plasma mobile, for which there is no evidence for an
electron-dense core in the terminal organelle, ques-
tioning a cytoskeleton-based process in this organism
[68]. In fact, in M. mobile motility was suggested to
result from repeated binding of surface proteins to the
substratum driven by ATPase cycles, a mechanism
that would be fundamentally different from that of M.
pneumoniae (Fig. 5, [69, 70]).
Experimental means of testing the M. pneumoniae
model may soon be available because it was recently
shown that the terminal organelle is indeed the site
where the molecular engine is located. In a mutant
lacking P41, a protein anchored at the base of the
electron-dense core, terminal organelles detached
and moved away from the mother cell showing
unambiguously that they contain the motility engine
[71]. This finding opens exciting perspectives: com-

Figure 5. Gliding motility in Mycoplasma. M. pneumoniae and M. mobile are both pear-shaped cells with a leading terminal organelle.
However, studies in these organisms point to fundamentally different mechanisms for gliding motility. In the M. pneumoniae terminal
organelle, a bowl structure seems connected to envelope adhesion molecules (white circles) by a complex cytoskeletal network (rods). In a
process analogous to actomyosin contractions, rods could slide relative to one another through the action of a putative motor (black dots) to
bring the bowl complex closer to the tip. As the bowl complex provides resistance against the substratum the systems relaxes back to its fully
elongated conformation pushing the adhesive front forward. Model compiled from [66]. In M. mobile there is no evidence for a cytoskeletal
network in the terminal organelle. Rather, unusually large proteins localized at the “neck” of the terminal organelle are hypnotized to act
like legs to power motility. According to that model, the Gli349 protein is the leg that binds to the substratum (white). Connection to the
Gli521 protein (light gray) would allow force transmission from the putative motor protein, the ATPase P42 (dark gray). ATP hydrolysis
would lead to cycles of attachments and strokes by the Gli349 leg. The action of multiple such machineries localized at the “neck” would
thus lead to efficient locomotion. Model compiled from [70, 77–79].
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bined proteomic and tomographic analysis of puri-
fied “independent” walking organelles should allow
characterization of the individual structural compo-
nents, the putative cytoskeleton, the enigmatic bowl
complex and the molecular motor that fuels motility
[72].

Slime
The production of extracellular slime is a character-
istic of most gliding bacteria [47]. In fact, the idea that
slime secretion propels movement was suggested a
long time ago but was revived by EM observations of
the potential secretory machine in the gliding cyano-
bacteria, Phormidium and Anabaena [49]. In these
bacteria, multiple pore complexes (nozzles) were
found on both sides of the junctions between cells
within a filament ([49]). These nozzles were suggested
to be the sites of slime secretion because India ink
stained slime originated mostly from the cross walls in
the filament, precisely where the pores are enriched.
Partial purification of the nozzles revealed a symmet-
ric hollow organelle, confirming their potential role as
a secretion apparatus. Two main arguments were put
forward to suggest that slime secretion through the
nozzle provides the driving force for gliding motility:
First, the rate of slime secretion seemed to match the
measured gliding velocities. However, technical lim-
itations did not allow precise measurement of the rate
of elongation of the slime bands, therefore, this
potentially strong argument would need to be
strengthened by more quantitative measurements.
Second, slime secretion occurred perpendicularly to
the long axis of moving Anabaena filaments, parallel
and opposite to the direction of movement [49]. As
discussed for M. xanthus, this observation does not
prove an active role for slime secretion because
passive secretion of slime during movement would
also result in slime trails at the back of the cells,
parallel to the direction of movement.
The M. xanthus “slime gun” model postulates that
force is produced as water flows into the nozzles and
causes slime to swell upon exit (Fig. 3e; [12]). Slime
could also promote motility by pushing the cell as it
adheres to the substratum much like pathogenic
bacteria polymerizing actin comet-tails to spread
inside their host cell [73]. In fact, an earlier finding
showed that the surface extrusion of adhering micro-
fibrillar cellulose ribbons could propel an otherwise
non-motile Acetobacter xylinum [74], suggesting that
slime secretion could account for locomotion of the
slower gliders (in the mm/min range). However, for
bacteria gliding at mm/s speeds such as cyanobacteria
and Cytophaga/Flavobacterium such a mode of loco-
motion supposes a tremendous energy cost. The
synthesis of such slime would likely involve ATP but

experiments with metabolic poisons favor a promi-
nent role of the proton motive force rather than ATP
in most studied species [47, 58].
It could also be that slime facilitates motility passively
in most systems. In invertebrates, mucous secretions
are involved in locomotion but also in other functions
such as navigation, defense against predators, resist-
ance to desiccation, food production and structural
support [75]. Likewise, multiple roles for bacterial
slime have also been suggested [6].

Conclusions

It is now widely accepted that the bacterial cell is a
highly organized compartment where proteins are
sorted to specific locations to exert their function.
Interestingly, early studies on bacterial gliding motil-
ity already pointed out that complex cellular struc-
tures and cytoskeletons could exist in bacteria, but in
the absence of molecular characterization they may
have been discarded as specific features of “exotic”
bacteria. The M. xanthus A-motility periodic adhesion
sites suggest an extremely complex underlying archi-
tecture because they must be considered in light of the
Gram-negative multilayered cell envelope. Thus,
whether or not they are connected to an internal
cytoskeleton, the M. xanthus focal adhesion sites may
also contain multiple components undergoing com-
plex spatial regulations. Therefore, investigating this
mechanism of gliding motility is also of interest to
understand general processes in bacteria. In this
review, I have attempted to suggest new directions
to investigate A-motility. The focal adhesion model
still has numerous black boxes but it makes several
predictions that are readily testable. Validation will
depend on the characterization of the putative cytos-
keleton as well as that of the molecular motor. A role
for the cytoskeleton seems reasonable and is suggest-
ed by the periodicity of the adhesion sites, EM
observations and accumulating evidence that the
bacterial cytoskeleton is involved in many essential
processes such as the establishment of cell shape, cell
division, chromosome segregation, the establishment
of cell polarity and recently the positioning of intra-
cellular organelles [40, 76]. Further molecular char-
acterization of A-motility may also reveal whether it
evolved as a myxobacterial-specific trait or whether
some of its features are general to other gliding
bacteria.
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