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Summary

For many bacteria, motility is essential for survival, growth, virulence, biofilm formation and intra/

interspecies interactions. Since natural environments differ, bacteria have evolved remarkable 

motility systems to adapt, including swimming in aqueous media, and swarming, twitching and 

gliding on solid and semi-solid surfaces. Although tremendous advances have been achieved in 

understanding swimming and swarming motilities powered by flagella, and twitching motility 

powered by Type IV pili, little is known about gliding motility. Bacterial gliders are a 

heterogeneous group containing diverse bacteria that utilize surface motilities that do not depend 

on traditional flagella or pili, but are powered by mechanisms that are less well understood. 

Recently, advances in our understanding of the molecular machineries for several gliding bacteria 

revealed the roles of modified ion channels, secretion systems and unique machinery for surface 

movements. These novel mechanisms provide rich source materials for studying the function and 

evolution of complex microbial nano-machines. In this review, we summarize recent findings 

made on the gliding mechanisms of the myxobacteria, flavobacteria and mycoplasmas.
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Surfaces are natural habitats for many bacterial species. Some bacteria glide on surfaces without 

the aid of traditional flagella or pili. The mechanisms of gliding are not well understood. Recent 

advances revealed that gliding in different bacteria involves diverse motors and a broad spectrum 

of mechanisms. This review summarizes recent findings on the gliding mechanisms of the 

myxobacteria, flavobacteria and mycoplasmas.

Introduction

Surfaces are natural habitats for many bacterial species. Surfaces enable bacteria to 

cooperate with kin, compete with other microorganisms, construct complex biofilms, and 

interface with humans and other eukaryotic hosts (Persat et al., 2015). To move actively over 

surfaces, bacteria employ several behaviors including swarming, twitching, gliding, and host 

tissue interactions (Henrichsen, 1972, Dubreuil et al., 2002). Swarming occurs on soft and 

moist surfaces and cells are propelled by the rotation of flagella (Kearns, 2010). Twitching 

motility also functions on soft and moist surfaces and is powered by the extension of type IV 

pili; pilus retraction can subsequently pull cells forward (Li et al., 2003, Maier et al., 2002, 

Skerker & Berg, 2001, Chang et al., 2016). Gliding motility, on the other hand, usually 
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functions on firmer and drier surfaces. Because the motors for gliding were unknown and 

gliding bacteria have no obvious external structures associated with motility, gliding was 

traditionally defined by the motors that were not used (flagella and pili) rather than by the 

motors that were used. This unfortunate definition caused the presumption that the 

mechanism for gliding in diverse bacteria is likely to be similar.

In the past decade, genomic information has expedited the discovery of motors and motility-

related genes in many species. Additionally, the application of advanced electron 

microscopy (EM) techniques such as cryo-electron tomography (cryo-ET) has enabled the 

visualization of novel motility-related protein complexes. Furthermore, super-resolution 

fluorescence microscopy has enabled us to monitor the dynamics of motility-related proteins 

in live cells. These results revealed that gliding in different bacteria involves diverse motors 

and a broad spectrum of mechanisms. The aim of this review is to summarize recent findings 

on gliding in the myxobacteria, flavobacteria and mycoplasmas. Although our knowledge is 

still limited with many pieces missing, we can already take a peek at the beautiful dynamics 

of these molecular machineries.

Myxobacterial gliding is powered by modified flagella stator complexes that move rapidly 
within the membrane

Myxobacteria are Gram-negative δ-proteobacteria. In the order of Myxococcales, most 

species are rod-shaped soil bacteria that feature surface movements and fruiting body 

formation. Myxococcus xanthus, the best studied myxobacterium, is a model organism for 

studying surface motility, social behaviors, biofilm formation, and interspecies interaction 

such as predation (Zusman et al., 2007, Keane & Berleman, 2016). M. xanthus lacks flagella 

and is unable to swim in liquid culture. Instead, it employs two distinct mechanisms to move 

on surfaces: gliding and twitching (Nan & Zusman, 2011). Twitching motility in M. xanthus 
is based on the extension and retraction of type IV pili, similar to that of Pseudomonas and 

Neisseria (Wu & Kaiser, 1995, Chang et al., 2016). By contrast, gliding motility in M. 
xanthus appears to be unlike other characterized prokaryotic motility systems. Despite the 

identification of dozens of gliding-related genes (Hodgkin, 1979, Youderian et al., 2003), the 

search for the gliding motors lasted for decades. In 2011, two groups reported that a proton 

channel formed by three proteins AglR, AglQ and AglS is essential for gliding. Importantly, 

this proton channel/motor complex is homologous to the Escherichia coli flagella stator 

complex MotAB (AglR is a MotA homologue while AglQ and AglS are MotB 

homologues), suggesting that gliding is powered by proton motive force (PMF) (Nan et al., 
2011, Sun et al., 2011). This hypothesis was confirmed by the isolation of a point mutation 

in the putative proton-binding site in AglQ that completely abolished gliding (Sun et al., 
2011).

Since M. xanthus gliding does not depend on visible surface appendages, it is still an open 

question as to how motor proteins in the inner membrane can propagate mechanical force to 

the cell surface and propel the movement of the cell body. An important clue to this enigma 

came from a comparison of the MotB homologues from M. xanthus with the E. coli MotB: 

both AglQ and AglS from M. xanthus lack the C-terminal peptidoglycan attachment motif. 

Since the M. xanthus AglRQS stator complex, unlike its E. coli homologue, was untethered, 
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it could hypothetically be free to move within the membrane. This possibility was confirmed 

by direct observation of fluorescently tagged AglR and AglQ using super-resolution 

microscopy (Nan et al., 2013):

Super-resolution microscopy techniques, such as the single-particle tracking photoactivated 

localization microscopy (sptPALM), are capable of pinpointing the location of individual 

protein particles with sub-diffraction resolution (<100 nm), and to resolve real time 

molecular dynamics in live cells (Manley et al., 2008). To study the mechanism by which the 

AglRQS channel powers gliding, AglR and AglQ were labeled with photoactivatable 

fluorophores and their molecular dynamics studied at 100-ms time resolution using 

sptPALM (Nan et al., 2015, Nan et al., 2013). These studies found that single AglRQS 

channels move in helical trajectories at up to 3-5 μm/s, indicating that rather than being 

restricted in the membrane, the AglRQS channel functions as the core component in the 

gliding motor complex. Collectively, the motion of hundreds of motor complexes can appear 

as rotating helices inside each cell (Nan et al., 2015, Nan et al., 2013). Careful analysis of 

the molecular behavior of the AglR protein revealed a striking phenomenon: on a firm 

surface, the fast-moving motor complexes tend to slow down and accumulate at a few 

“traffic jam” sites on the ventral sides of cells, where the cells contact the gliding surface 

(Nan et al., 2013). These sites are dynamic as motor complexes continuously enter and leave 

the clusters. The clusters distribute evenly along the cell body due to helix periodicity and 

appear to remain near stationary as cells move forward (Nan et al., 2011, Nan et al., 2013) 

(Fig. 1A).

These results help to explain earlier data. By standard resolution microscopy, the 

fluorescently-labeled proteins, AglR, AglQ and the motor-associated proteins AgmU and 

AglZ all appeared as blurry fluorescent patches or clusters that change shape and 

localization constantly. Despite their different cellular localization (AglR and AglQ in the 

membrane, AgmU in periplasm and AglZ in cytoplasm), when cells were moving on a solid 

surface all four proteins showed a common feature: they tended to aggregate into a few 

fluorescent spots that evenly distributed along the long cell axes. Surprisingly, when cells 

moved forward, these protein clusters did not move along with the cells but remained at 

fixed positions with respect to the substratum (Mignot et al., 2007, Nan et al., 2013, Nan et 
al., 2011, Nan et al., 2010, Sun et al., 2011). In other words, the cells appeared to move 

through these spots, a behavior similar to the eukaryotic motilities that depend on focal 

adhesions (Smilenov et al., 1999) (Fig. 1A). When cells were placed in a liquid broth or in 

1% methylcellulose, the labeled proteins appeared to decorate a rotating helix; however, 

these cells could not move by gliding as they lacked a solid surface (Nan et al., 2013, Nan et 
al., 2011). Based on the above experimental observations, two models were proposed to 

interpret the aggregation of motor clusters and to explain the mechanism by which cells 

transform PMF from the inner membrane into mechanical forces on the cell surface.

The focal adhesion model interprets the aggregates of motor complexes as rigid focal 

adhesion clusters (FACs). According to this model, each locus contains multiple FACs that 

span the cell envelope and anchor to the substratum. The gliding motor complexes push 

against FACs, and thus transport these FACs linearly towards the posterior end of the cells. 

Since FACs and adhesins are proposed to anchor cells to the gliding surface, the backward 
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translocation of FACs would propel cells forward (Mignot et al., 2007, Sun et al., 2011) 

(Fig. 1A). The exact composition of the putative FACs is still unknown. However, dozens of 

proteins were found to associate with the gliding complexes, including cytoplasmic, 

periplasmic and integral membrane proteins and lipoproteins that attach to inner and outer 

membrane (Luciano et al., 2011, Nan et al., 2010, Jakobczak et al., 2015, Youderian et al., 
2003). A possible problem encountered by the focal adhesion model is breaching the cell 

wall barrier, as the FACs are proposed to repeatedly sever the rigid peptidoglycan layer in 

order to push the cell body forward. However, it is possible that cells have evolved a novel 

mechanism to circumvent the cell wall problem, which has not yet been recognized. Over 40 

genes have been reported as important for gliding motility in M. xanthus, but most of these 

genes have functions that have not yet been determined.

The helical rotor model proposes that the seemingly stationary fluorescence spots seen in 

gliding cells on surfaces are actually caused by the transient accumulation of motor 

complexes caught in dynamic “traffic jams.” According to the model, the motor complexes 

and associated proteins move rapidly in a helical pathway through the membrane, 

temporarily slowing down when encountering resistance from the gliding substratum. 

Evidence for these “traffic jams” comes from the movement of motor complexes in cells 

placed on agar of different composition. On harder agar, clusters of motor complexes appear 

larger and individual motor complexes slow down significantly; however, on leaving the 

cluster sites, their maximal velocity is restored (Nan et al., 2013, Nan et al., 2010). The 

accumulated motor complexes in these traffic jam sites (and their associated proteins) are 

proposed to exert a force that slightly deforms the cell envelope, generating a backward 

surface wave as the motor complexes push backward, analogous to a crawling snail. 

Accordingly, these traffic jam sites would act as force generators to propel the cells forward 

(Nan et al., 2014, Nan & Zusman, 2011). For detailed computer simulation, see (Nan et al., 
2011) (Fig. 1A). Indeed, regular spaced surface distortions were visualized using total 

internal reflection fluorescence microscopy (Nan et al., 2011) and scanning EM (Lunsdorf & 

Schairer, 2001, Pelling et al., 2005). According to biophysical modeling, this mechanism 

should provide enough thrust to move the cells forward while avoiding breaching the cell 

wall (Nan et al., 2011). It is worth noting that the helical rotor model does require adhesion 

between the cell surface and the gliding substratum. First, adhesive materials such as slime 

are required to allow the helical waves to transmit the propulsive force to the substrate (Nan 

et al., 2011, Nan et al., 2014). Second, according to computational modeling, a certain 

degree of surface adhesion is required for the maintenance of gliding direction (Balagam et 
al., 2014).

The even distribution of the aggregates of motor proteins and the helical motion of the motor 

complexes both suggest the involvement of a helical structure in the cell (Mignot et al., 
2007, Nan et al., 2013). In fact, MreB, the bacterial actin homologue that has the potential to 

form helical filaments was found essential for gliding motility in M. xanthus (Mauriello et 
al., 2010, Nan et al., 2013, Nan et al., 2011, Treuner-Lange et al., 2015). The M. xanthus 
MreB filaments appear as fragmented filaments that display helicity when stained with 

antibody-conjugated fluorescent dyes (Mauriello et al., 2010). MreB filaments from M. 
xanthus are likely to differ from homologues from some other bacteria as helical MreB was 
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not observed in Bacillus subtilis and E. coli (Dominguez-Escobar et al., 2011, Garner et al., 
2011, van Teeffelen et al., 2011). Insights on MreB, such as its structure, dynamics and 

interaction with the gliding complex will provide critical information for understanding the 

mechanism of gliding. Importantly, since MreB is also a central player in cell wall synthesis 

(Errington, 2015), M. xanthus MreB must possess unique versatility to operate on different 

spatial and temporal scales to orchestrate multiple functions within the same cell.

Flavobacterial gliding couples a rotary motor to a unique secretion system

Many members of the phylum Bacteroidetes, including the model organism Flavobacterium 
johnsoniae (previously known as Cytophaga johnsonae), move by gliding motility. The 

shape and size of F. johnsoniae cells are similar to that of M. xanthus. However, F. 
johnsoniae glides about 50 times faster than M. xanthus and can move on a much wider 

range of surfaces (McBride & Nakane, 2015). F. johnsoniae cells, besides gliding along their 

long axes, sometimes lift one end off a glass surface, rotate their cell bodies around the other 

end (pivoting) or flip their cell bodies over (Lapidus & Berg, 1982). PMF was determined to 

be the energy source for flavobacterial gliding (Pate & Chang, 1979). However, the gliding 

motors in F. johnsoniae have still not been identified, in part because the function of the 

putative gliding motors seems to overlap with a unique protein secretion channel, designated 

as the type IX secretion system (T9SS) (McBride & Nakane, 2015).

Proteins identified as required for gliding are predicted to form several structural units: a) 

SprB and RemA, the surface adhesins that move rapidly on cell surfaces, driven by the 

putative gliding motor (Nakane et al., 2013, Shrivastava et al., 2012), b) an ABC transporter 

and c) a T9SS that secretes proteins including SprB and RemA (Braun et al., 2005, Nelson et 
al., 2008, Rhodes et al., 2011, Shrivastava et al., 2012, Shrivastava et al., 2013, McBride & 

Nakane, 2015). The ABC transporter is not likely to be the motor because it is not conserved 

in all gliding Bacteroidetes (McBride & Zhu, 2013). In contrast, the proteins that have the 

ability to harvest PMF were predicted to reside in the T9SS (McBride & Nakane, 2015). If 

this is the case, the gliding motor of F. johnsoniae might be analogous to the bacterial 

flagella motor in which PMF drives both the rotation of flagella and the secretion of flagellar 

proteins through a type III secretion system (Minamino et al., 2008, Paul et al., 2008).

Although the gliding motors of F. johnsoniae have not yet been identified, its function can be 

monitored through the motion of SprB and RemA. Images obtained using cryo-electron 

tomography showed that SprB forms 150-nm-long filaments that protrude to the cell surface 

from a “baseplate” structure underneath the outer membrane (Liu et al., 2007). SprB 

filaments labeled with fluorescent antibodies or latex beads move along helical trajectories 

at constant velocity (Nakane et al., 2013). When Shrivastava et al. used SprB antibodies to 

tether F. johnsoniae cells onto glass slides through single SprB filaments, the tethered cells 

spun around a fixed point at a constant angular speed of 1 Hz. These cellular movements 

presumably reflect the rotation of individual motor units. This observation indicates that F. 
johnsoniae gliding motors rotate in place (Shrivastava et al., 2015). Surprisingly, when the 

tethered cells were exposed to viscous media, their spinning speed remained unchanged. 

Thus, F. johnsoniae gliding motors appear to generate different torques (200-6,000 pN nm) 
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at constant speed (Shrivastava et al., 2015), which differs from the flagella motor of E. coli 
that reduces speed to generate higher torque (Chen & Berg, 2000).

How is the in situ rotation of the motors transformed into the translational motion of SprB 

and the forward movement of cells? Several hypotheses have been suggested. The baseplate 

relay model speculates that one motor unit propels a baseplate on which adhesins such as 

SprB attach, until the baseplate is engaged by another motor. Thus, if many motors and 

baseplates line up along a helical track, the rotation of motors will pass adhesins along the 

track (Nan et al., 2014) (Fig. 1B). Another model pictures the adhesion filaments being 

carried by a continuous conveyor belt, driven by two rotary motors. Several conveyor belts 

may be arranged in patterns that connect to each other like treads that link sprockets in a 

snowmobile; this might give the movement of adhesins a helical appearance. Unlike the 

baseplate relay model, this “snowmobile” model would only require a few motor units 

(Shrivastava & Berg, 2015) (Fig. 1B). Progress in solving the puzzle of F. johnsoniae gliding 

should be forthcoming with the identification of the gliding motors, their number, and the 

respective functions of the motors and the T9SS.

Mycoplasma mobile gliding utilizes tiny legs marching unitarily

Mollicutes, including Mycoplasma, Spiroplasma and Achoreplasma, are parasitic or 

commensal bacteria that have very small genomes (Razin et al., 1998). They are related to 

the Gram-positive Firmicutes but lack peptidoglycan. Many Mollicutes species glide on 

sialyated ologisacharides (SO), major components on the surfaces of animal tissues (Kasai et 
al., 2013), but the mechanisms of gliding are not necessarily conserved across the class 

(Miyata & Hamaguchi, 2015).

The gliding mechanism of M. mobile, a fish pathogen, has been studied in great detail. M. 
mobile forms a membrane protrusion at one cell pole, giving it a unique cell shape similar to 

a bowling pin. The gliding machinery of M. mobile generates a force up to 27 pN, which 

enables cells to glide smoothly on a broad range of surfaces at a speed of 2.0-4.5 μm/s 

(Miyata et al., 2002). The M. mobile cell surface is covered by membrane-anchored proteins 

(Wu & Miyata, 2012). Examination of cells by electron microscopy revealed spike-like 

structures approximately 50 nm in length around the neck area of the bowling-pin-shaped 

cells (Miyata & Petersen, 2004). These structures are required for gliding motility and 

appear to function as tiny legs. Three proteins that localize near the neck, Gli123, Gli349 

and Gli521 were identified as essential components in the motility machinery (Seto et al., 
2005, Uenoyama et al., 2004, Uenoyama & Miyata, 2005b). Among these proteins, Gli349 

forms the leg seen under EM, which binds SO directly (Adan-Kubo et al., 2006, Lesoil et al., 
2010); Gli521 was proposed to function as a “crank” that connects Gli349 with Gli123 

(Uenoyama et al., 2009, Seto et al., 2005, Nonaka et al., 2010); while Gli123 might function 

as a “mount” that determines the cellular localization of Gli349 and Gli521 (Uenoyama & 

Miyata, 2005b) (Fig. 1C). Each M. mobile cell contains around 450 legs in the neck region, 

which probably localize in a two-dimension matrix (Uenoyama & Miyata, 2005b). In fact, 

when the membrane was completely stripped by detergent, a cytoskeletal “jellyfish” 

structure became visible under EM, which contains an oval solid “bell” localized to the 

small tip of the bowling-pin-shaped cell and dozens of “tentacles” that extend from the bell 
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to the neck region. Genetic studies suggested that this cytoskeletal structure is connected to 

the Gli123-Gli349-Gli521 gliding unit (Nakane & Miyata, 2007) (Fig. 1C).

M. mobile hydrolyzes ATP as the energy source for gliding. When M. mobile cells are 

treated with detergent and nucleases, they lose most cellular contents. However, these 

“ghost” cells are able to resume gliding when ATP is added (Uenoyama & Miyata, 2005a). 

The ATPase that drives M. mobile gliding has not yet been identified. Two proteins in the 

jellyfish cytoskeletal structure are homologous to the α- and β-subunits of the F1-ATPase, 

which may function as the motor (Nakane & Miyata, 2007).

Due to the extremely small size of M. mobile cells (<1 μm in length), it is technically very 

difficult to directly observe the gliding units in action. However, indirect observations have 

provided many clues for the gliding mechanism. For example, in artificially elongated cells, 

axial variations during gliding were magnified and a repeated pivoting of cell bodies was 

observed, suggesting that different gliding units function independently (Nakane & Miyata, 

2012). Adding excess SO into cell suspensions reduced the number of legs that bind to the 

surface. Combining this method with high precision co-localization microscopy showed that 

cells move in unitary 70-nm steps, which might correspond to the strokes of single gliding 

units (Kinosita et al., 2014).

A centipede model (also called power stroke model) was proposed to explain the gliding 

mechanism of M. mobile. In this model, each Gli123-Gli349-Gli521 gliding unit undergoes 

a four-stroke mechanical cycle: the Gli349 leg catches SO molecules on the surface, the leg 

pulls back using ATP hydrolysis as energy, the cell body is dragged forward, then the leg is 

released from the surface (Miyata & Hamaguchi, 2015) (Fig. 1C).

Currently, a bottleneck in the research of gliding mycoplasmas is the lack of a robust method 

for site-directed genetic manipulations. Once such a method is available, the ATPase that 

actually powers the gliding units may be identified. Biochemical and biophysical approaches 

may also reveal additional details of mycoplasma gliding. For example, it may be possible to 

reconstitute the gliding machinery in vitro by assembling purified proteins or by stripping 

the cellular components that are not required for gliding from the ghost cells. Super-

resolution microscopy and optical trapping might also be useful to study the motion of 

single gliding units.

Conclusion

The gliding mechanisms reviewed here are only a few examples of the diverse ways that 

bacteria move on surfaces (Jarrell & McBride, 2008). These mechanisms have blurred our 

definition of motility machineries. On the one hand, novel mechanisms might have evolved 

through the reconfiguration and repurposing of unrelated structures, such as myxobacterial 

proton channels and cytoskeletal elements, flavobacterial secretion channels and adhesins, 

and M. mobile's ATPase and adhesins. On the other hand, common motility structures such 

as flagella and pili could also be modified for novel functions. For example, new evidence 

suggests that some filamentous cyanobacteria modify Type IV pili to push instead of pull 

cells forward (Khayatan et al., 2015). Future studies on surface motility and the associated 
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motors may inform strategies to control bacterial infections and may yield insights into the 

design of novel molecular machines.
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Fig. 1. 
Models for gliding motility in M. xanthus (A), F. johnsoniae (B) and M. mobile (C). (A) 

Gliding in M. xanthus is powered by MotAB homologues that move along helical tracks in 

the inner membrane. Two models propose different mechanisms by which cells transform 

the proton motive force from the inner membrane into a mechanical force on the cell 

surface. The helical rotor model proposes that due to the increased resistance, the velocity of 

motor complexes within the membrane slows down at the sites where cells contact the 

surface. The slowed motor complexes accumulate in dynamic “traffic jams” that deform the 
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cell envelope, push against the surface, and generate a backward surface wave that propels 

cells forward. By contrast, the focal adhesion model proposes that focal adhesion complexes 

(FACs) penetrate the cell envelope and anchor cells to the gliding surface. The motor 

complexes propel cells forward by pushing the FACs backward. (B) Gliding in F. johnsoniae 
is propelled by unknown motors that transport surface adhesins. The baseplate relay model 

proposes that helically arranged rotary motor units transport surface adhesins on baseplates. 

The rotation of the motors passes the adhesins along the track. The snowmobile model 

predicts that motor units are connected to a belt system similar to the treads that link 

sprockets in a snowmobile. Thus rotation of motor units transports the adhesins along those 

conveyor belts. (C) The “neck” region of the M. mobile cell surface is covered by a matrix 

of protein “legs” that attach to a jellyfish-like cytoskeletal structure. The centipede model 

proposes that cells are propelled by the strokes of numerous legs, which depend on ATP 

hydrolysis.
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