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Abstract

Flagella propel bacteria during both swimming and swarming, dispersing them widely. However, 

while swimming bacteria use chemotaxis to find nutrients and avoid toxic environments, 

swarming bacteria appear to suppress chemotaxis and to use the dynamics of their collective 

motion to continuously expand and acquire new territory, barrel through lethal chemicals in their 

path, carry along bacterial and fungal cargo that assists in exploration of new niches, and engage 

in group warfare for niche dominance. Here we focus on two aspects of swarming, which if 

understood, hold the promise of revealing new insights into microbial signaling and behavior, with 

ramifications beyond bacterial swarming. These are: how bacteria sense they are on a surface and 

turn on programs that promote movement, and how as dense packs they override scarcity and 

adversity.
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Introduction

Swarming motility was first recorded for Proteus species [1, 2], and subsequently observed 

to be widespread among flagellated bacteria [3, 4]. Swarming is studied on agar surfaces in 

the laboratory, and to our knowledge is not confirmed to occur (i.e. by observing motility 

under the microscope) in natural habitats. However, the wide variety of bacteria that swarm 

in the laboratory provide a compelling argument that they must also swarm in nature [3-6]. 

Swarming tactics are as diverse as the bacteria that utilize them, and have been recently 

reviewed [5-8]. This perspective highlights two areas of swarming which we believe have 

the greatest potential for revealing new biological mechanisms both at the individual and 

communal level, the general principles being applicable to other bacterial communities and 

even beyond bacteria to other organisms which migrate collectively. We will first review 

novel properties that emerge during group migration, and then tackle unsolved problems in 

surface sensing. But first, a brief primer on the flagellum and on chemotaxis.

The flagellum and chemotaxis

A typical ion-driven bacterial flagellum is shown in Fig. 1. The basic structural arrangement 

shown is common to all the bacteria discussed in this article, whether Gram-positive or 

Gram-negative, whether positioned at polar or at lateral locations. The term ‘motor’ refers to 

two functional entities: the rotor (rotating basal structure: C ring, MS ring, rod) and the 

stator (stationary ion-conducting complexes: MotAB proteins) (Fig.1) [9]. In E. coli, there 

are a maximum of 11-13 stator units located around the MS ring within the inner membrane. 

These units turn over, transiently engaging and disengaging with the rotor; they conduct 

protons only when engaged [10]. Protonation of a specific Asp32 residue in MotB is thought 

to cause conformational changes in the cytoplasmic region of MotA that sets up charge-

charge interactions with residues in FliG in the C ring (Fig. 1, expanded inset). This causes 

FliG to move and generate torque for flagellar rotation [11, 12]. Torque is transmitted via 

the MS ring and rod to the external hook and filament. In marine Vibrios, homologous units 

conduct Na+ ions that drive rotation of the polar flagellum [13].

In E. coli and Salmonella, a CCW rotor direction is the default state and causes the 

bacterium to swim forward or run. Bacteria tumble if the rotation is switched to a CW 

direction. Switching is controlled by binding of the chemotaxis response regulator phospho-

CheY (CheY~P) to the bottom of the C ring, causing a conformational change in FliG at the 

top of the ring, which results in a change in rotational direction from CCW to CW (Fig. 1) 

[14]. The swimming movement of E. coli and Salmonella has been described as a ‘random 

walk’, in which periods of smooth swimming (or runs) are interrupted by short re-

orientations (or tumbles) [15]. The chemotaxis system encodes a short-term memory that 

enables the bacteria to remember temporal changes in chemoeffector concentrations and to 

bias their random walk towards higher concentrations of attractants and avoid higher 

concentrations of repellents [16]. Abundant quantitative data on the chemotaxis pathway 

have led to several mathematical models of chemotaxis [17, 18].
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Moving in a group

Due to ease of viewing, microfluidic devices are becoming popular for monitoring the 

behavior of dense groups of bacteria, with the presumption of gaining insight into swarming 

[19, 20]. These closed devices with no-slip boundaries are very useful for observing short-

range interactions within the group, but the boundaries suppress long-range hydrodynamic 

interactions [19]. In these devices, swimmer cells are concentrated and packed into high 

densities, or made longer by antibiotic treatment to mimic the phenotype of some swarming 

bacteria, or smooth swimming mutants are used. A cautionary note regarding use of these 

devices is that, as discussed under ‘Sensing’ below, concentrated swimmers are not 

equivalent to swarmers, temperate swarmers (bacteria that require softer agar to swarm; [8]) 

do not elongate substantially [21, 22], and the ability to switch motor direction is important 

for swarming [23, 24]. Also, placing bacteria between two no-slip boundaries creates an 

environment that is different from a natural swarm whose upper surface is not stationary 

[25]. The best platform on which to observe the swarm would be the natural open one, 

where the bacteria have themselves initiated movement [26-28].

Collective migration in a swarm—The most fascinating feature common to all swarms 

is the ceaseless streaming and swirling motion of millions of bacteria, packed side to side, 

continuously pushing the swarm outward, acquiring more nutrients and colonizing more and 

more surface territory (see movies in [8]). One might expect that the bacteria would use 

chemotaxis to search for food in their outward journey. Yet, the temperate swarmers E. coli, 

Salmonella and Serratia marcescens largely suppress chemotaxis during swarming as 

determined by the prolonged smooth swimming behavior displayed by these bacteria when 

picked from the swarm and suspended in a drop of liquid (reported under ‘Migration’ in 

[4]). This was also noted for E. coli swarms by videotaping cells at the edge of a moving 

colony [29]. How and why bacteria suppress chemotaxis during swarming is an interesting 

problem for future studies of this collective motion, which is being increasingly analyzed as 

a model to derive insights into the swarming behavior of large animals such as schooling 

fish or flocking birds [5, 8, 30].

The power of swarms

1. Elevated resistance to antibiotics: Many temperate swarmers show increased resistance 

to a variety of structurally and mechanistically different antibiotics albeit only when 

swarming [31-37] (Fig. 2a). The resistance dissipates when the bacteria are transferred to 

liquid, and is therefore non-genetic. Various mechanisms have been proposed to explain this 

resistance, which is different from that of slow-growing ‘persisters’ that are also non-

genetically resistant to a variety of antibiotics [38]. The proposed mechanisms include 

altered outer membrane composition [32], decreased membrane permeability [39, 40], 

induced oxidative stress response [41], lower metabolic activity ([39, 42]) and altruism [36]. 

(P. mirabilis is reported to use anaerobic respiration during swarming [43, 44]). These 

explanations must reconcile the observation that when cells swarming on an antibiotic 

surface are lifted and transferred directly to a fresh swarm plate, they are killed [36] (Fig. 2a, 

right panel). If cellular changes such as decreased antibiotic permeability, slower 

metabolism or increased defense against reactive oxygen species (thought to be the ultimate 

killing mechanism of many antibiotics [45]) were responsible for the elevated resistance of 
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swarmers, why should this property dissipate when cells are transferred to a fresh swarm 

surface?

One property that obviously changed during the transfer of cells between swarm plates was 

the cell density. Bacterial inoculum size has been noted to influence the MIC (minimal 

inhibitory concentration) of an antibiotic, lowering it with decreasing density [46]. However, 

this effect is generally observed for β-lactam antibiotics, and less often with quinolones and 

aminoglycosides [47], the MICs for all of which increase in swarmers. Even if one assumes 

that the high density of cells might reduce the effective concentration of the free antibiotic in 

the medium say by binding dead as well as viable bacteria, the total number of antibiotic 

molecules per bacterium remains enormous in the swarm plate. Perhaps a combination of 

mechanisms operate. For example, according to the altruism hypothesis, cells directly in 

contact with antibiotic get killed (Fig. 2a, bottom panel) and provide a protective barrier for 

those on top [36]. The transfer may have lifted only cells at the top of the colony, leaving 

their protectors behind. Whether the protective barrier is physical, or whether ‘signals’ from 

the dead subpopulation are continuously intercepted by the living as an alarm to induce 

protective mechanisms including an oxidative response, and whether such mechanisms also 

operate in biofilms, would be interesting to test.

2. Carrying beneficial cargo: Motile microorganisms can move objects such as 

microscopic beads and gears [48-50], so it is no surprise that Paenibacillus vortex swarms 

have been reported to move fungal spores and other bacteria (dubbed ‘cargo’) over long 

distances, provided the swarm was multilayered [37, 51]. Such transport can be mutually 

beneficial, for example, when the cargo was non-motile β-lactamase-producing E. coli, it 

allowed ampicillin-sensitive P. vortex to swarm and colonize an ampicillin containing plate, 

dispersing both bacteria (Fig. 2b). One would imagine that the swirling bacterial mass would 

trap the cargo passively, but there appeared to be some specificity to this phenomenon in 

that cargo transport was not observed with other Paenibacillus spp., nor with swarming P. 

mirabilis, nor were all species of spores or bacteria carried along by P. vortex. Related 

observations have been reported for P. vortex is assisting the dispersal of Xanthomonas 

perforans [52]. Examples of such mutual cooperation abound in nature, including between 

bacteria and eukaryotic organisms [53].

A common theme that appears to be emerging in bacterial communes, whether in swarms, 

during flagella-independent migration, or within biofilms, is that bi-stability of certain traits 

can set up a phenotypic heterogeneity that leads not only to bet-hedging as has been 

previously proposed, but also to division of labor [54, 55]. For example, swarms of P. vortex 

appear to have two phenotypic variants, one more motile than the other; the hypermotile 

population spearheads colony expansion, has lower ATP levels, higher tolerance to 

antibiotics, and cargo-carrying capacity [42, 51]. Another study observed that swarming 

cells of B. subtilis propagated on sub-lethal kanamycin concentrations (0.1μg/ml) generated 

immotile cell clusters that segregated from the motile cells, forming stationary barriers 

around which the motile cells navigated [56]. The barriers changed the surrounding local 

fluid flow [56]. Whether and how these barriers and the altered fluid flow influence 

antibiotic susceptibility would be interesting to investigate, but the differential response to 

the antibiotic by a subset of bacteria again reveals the phenotypic heterogeneity of a 
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swarming population. Even a colony of non-motile B. subtilis can promote expansion by 

differentiating into two kinds of cells, one producing extracellular matrix (ECM) and the 

other producing a surfactant [57]. The ECM promotes adherence of bacteria to each other as 

well as to the surface, while the surfactant weakens surface tension. The signals that set up 

this heterogeneity are known [54]. Matrix producers form bundles that are hypothesized to 

drive outward expansion of the colony, which is facilitated by the surfactant producers.

The phenotypic heterogeneity observed in both motile and non-motile bacterial colonies are 

changing our notion of bacterial communes, where a deceptively uniform colony is in reality 

quite non-uniform [58]. A bacterial swarm, not unlike a swarm of bees, is composed of 

genetically identical but phenotypically different individuals that respond appropriately to 

their environment to perform different jobs, occupy different spaces, establish mutually 

beneficial associations with other bacteria or even fungi, and make sacrifices that allow the 

group to find shelter and survive in a hostile environment. These studies suggest that 

specific bacterial heterogeneities could be exploited to direct bacterial groups to perform 

desired tasks.

3. Waging war: The type VI secretion system (T6SS) found in Gram-negative bacteria 

delivers toxins into other bacteria upon contact, puncturing and killing these bacteria [59]. 

This system was recently observed to be employed by P. mirabilis during swarming [60]. 

Strains of Proteus have long been observed to form boundaries called ‘Dienes lines’ at the 

intersection of swarms from different isolates [61] (Fig. 2c). Such boundaries do not form 

between swarming colonies of a single strain, and can be used as a practical method to type 

isolates. The boundaries suggest a mechanism for discriminating self from non-self. One 

study found that the discrimination resided in a six-gene locus termed ids (identification of 

self), which mediated self-recognition by a diffusible signal using a mechanism that did not 

involve killing [62]. Another study showed that the boundaries are killing zones that depend 

on the T6SS [60]. Interestingly, the T6S apparatus is assembled only upon initiation of 

swarming, as if in preparation for ground warfare, and deployed apparently indiscriminately 

when one swarm meets another [60]. The dominant strain continues to fire and penetrate 

into the opposing swarm. Understanding the rules of this battle will shed light on conflict 

and cooperation between bacterial swarms and the evolution of optimal multicellular 

interactions controlling migration and niche dominance.

Sensing the surface to initiate swarming

Unlike swimming, bacteria must prepare for swarming as judged by the fact that when 

swimmers are transferred to the surface, they exhibit a lag before moving, must reach higher 

cell densities, and generally require energy-rich media for swarming to begin. In many 

bacteria, mutations that overcome these requirements map to two-component signaling 

systems or to regulators that increase flagella synthesis [22, 63-66]. Thus, there must be 

surface-sensing mechanisms that, during the initiation period, transduce the surface-contact 

signal to trigger new transcriptional as well as post-transcriptional pathways in preparation 

for swarming (reviewed in [8]). These mechanisms are sure to be varied. Robust swarmers 

that swarm on "hard" agar surfaces (Proteus and Vibrio spp.) have a dramatically different 

morphology, becoming hyperflagellated and hyperelongated when propagated on a surface, 
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while temperate swarmers that require a "softer" agar surface (E. coli, Bacillus, 

Pseudomonas, Salmonella, Serratia, spp.) do not exhibit such a dramatic morphology [8]. 

Here we will consider two sensors implicated in sensing surface contact in more than one 

bacterial species - the flagellum and the cell envelope. Despite nearly a quarter century of 

observations, there have been no breakthroughs in understanding how the surface-contact 

signal is transduced. We will briefly review and distill the most clear-cut of these cases, 

unify disparate observations, and propose new ideas, with the hope of provoking new 

experimentation challenging these ideas, so that the field can move forward.

The flagellum as a sensor

1. Vibro parahaemolyticus: Surface contact is expected to slow the flagellum due to 

increased viscous drag on the surface. The best evidence for the flagellum as a sensor comes 

from the marine bacterium Vibrio parahaemolyticus, where slowing rotation of the polar 

flagellum using two different experimental regimes – either increasing external load on the 

filament (and hence the motor) via increased viscosity or antibody tethering [67, 68], or 

blocking Na+ ion flow through the stators by adding the Na+ channel blocker phenamil [69] 

– leads to synthesis of hundreds of lateral flagella (reviewed in [70]) (Fig. 3a). That both 

load on the motor (viscosity, antibody) and no load (blocking ion flow) lead to the same 

output, suggests that the perceived signal may not be load itself but a consequence of high 

load such as slowing or stalling the motor, and diminishing ion flux. Speed and ion flux are 

intimately linked and not separable [71]. The key question is whether there is a reasonable 

mechanism that the cell could use as a read-out for decreased speed/ion flux. We would like 

to propose that the read-out might be conformational changes at the rotor-stator interface, 

which monitor ion flux. We use the following observations to support this suggestion. 

Stators can attach (engage) to the motor only when they are conducting ions and are able to 

generate torque [72]. In the marine bacterium Vibrio alginolyticus, which is closely related 

to V. parahaemolyticus, blocking ion flow with phenamil, inhibited the stators from 

engaging with the rotor [73]. Therefore, the induction of lateral flagella synthesis in V. 

parahaemolyticus upon phenamil treatment is likely a consequence of stator disengagement 

[69]. What might be the state of stators under high viscosity/antibody tethering conditions, 

which stall the motor by placing a high load on the filament [67, 68]? In E. coli, motors 

subjected to a sudden load increase, recruit additional stators to increase speed [74]. Stators 

are also fully engaged when external magnetic fields are applied to generate a torque so high 

that the motors stall [75]. Thus, at high load, with stators fully engaged, motors can either be 

running or stalled. However, even with fully engaged stators, the rotor-stator interface is 

likely to have a different conformation between a running motor (ion-conducting) and a 

stalled one (non-conducting). On a surface, when the load on the V. parahaemolyticus polar 

flagellum is expected to be high due to viscous drag, the motor could be stalled and non-

conducting. Thus, we reconcile the two sets of experiments in V. parahaemolyticus that stop 

the motor by suggesting that the common denominator in these manipulations is absence of 

the normal rotor-stator configuration found in a running motor, and that it is the loss of this 

configuration that is the input signal. Consistent with this proposal, deletions of genes 

encoding the stators also induce lateral flagella synthesis [68].
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The insight we derive above from the Vibrio experiments is useful because it unifies the role 

of the flagellum as a sensor in bringing about two completely opposite outcomes for life on 

a surface i.e. swarming vs biofilm formation. In the soil bacterium Bacillus subtilis, 

inhibition of flagellar rotation results in increased transcription and secretion of poly-γ-

glutamate (PGA), a polymer that forms an external slime layer and promotes adhesion to 

surfaces [76-78] (Fig. 3b). Some of the experimental methods to inhibit rotation used 

antibodies to tether flagella. Others involved complete deletion of the genes encoding both 

stator proteins (MotA and MotB) or introducing a point mutation in a critical protonated Asp 

residue of MotB (see Fig. 1). In E. coli, an equivalent mutation in MotB, expected to prevent 

proton flux, disrupts stable binding of the stators to the rotor [75]. Thus, PGA production 

requires stators to be absent or to not be in their proton-conducting state. Transcription of 

the operon responsible for PGA synthesis is additionally dependent on the two-component 

signaling system DegS/DegU, which is activated by the reported flagellar disruptions [76, 

77].

Another clear-cut case linking flagellar rotation to a cellular response is seen in the fresh 

water bacterium Caulobacter crescentus, where arrest of the polar flagellum generates an 

immediate or ‘just-in-time’ secretion of an adhesive stalk [79] (Fig. 3c). This normally 

happens when the bacterium attaches to a surface using Type IV pili located next to the 

flagellum (green whiskers in 3c). When the pili retract, they jam the bacterial cell body on 

the surface, pinning the flagellum and arresting its rotation. Holdfast synthesis is 

independent of new protein synthesis and is also stimulated by viscous agents that slow the 

flagellum. While the state of the stators under these conditions is not yet known, arrested 

flagellar rotation is clearly implicated in the secretion response.

Based on the selected systems discussed above we propose the following model for sensing 

through the flagellum. We suggest that a normal running motor sequesters and inactivates a 

regulator of the downstream response (Fig. 4a, blue capsule). When the motor conformation 

deviates from normal in having non-conducting stators (or no stators), the regulator is 

released for action. The observed graded response to viscosity or ion-channel blockers in V. 

parahaemolyticus can be explained by graded inactivation of the stators [69]. Alternatively, 

the regulator could be bound and activated by a stalled motor, but this model requires that 

the rotor be present for the response to occur.

2. E. coli/Salmonella: These enteric bacteria swarm, but unlike V. parahaemolyticus, do not 

induce a swarming-specific transcriptional program [80]. The cells double in size, so they 

have twice the number of flagella, but flagella synthesis is not upregulated [21, 80, 81]. The 

critical swarming requirement for these bacteria is adequate hydration of the surface colony 

(Fig. 3d). Hydration is promoted by the ability of flagella to periodically switch their 

direction of rotation as deduced by the following curious interplay between the flagellum 

and the chemotaxis system in enabling swarming. Chemotaxis is not required for outward 

migration of the swarm [23, 24, 81, 82], and is actually suppressed during swarming as 

discussed above. Nevertheless, a functional chemotaxis system is required for colony 

hydration because null mutants in the chemotaxis pathway (Che), which are locked in the 

rotational direction of their motors (either CW or CCW) do not swarm [83]. Non-

chemotactic suppressors that restored swarming to a CCW-biased mutant mapped to a 
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component of the flagellar switching apparatus (FliM in the C ring; Fig. 1); these 

suppressors concomitantly restored switching and colony hydration [21, 24]. This finding 

confirms that the chemotaxis system is required because it generates the CheY~P response 

regulator that controls motor switching [16]. Thus, it is not chemotaxis per se, but the ability 

to switch motor direction that controls colony hydration. Indeed, the Che mutants can be 

rescued for swarming by hydrating the swarm colony [81].

How changes in the direction flagellar rotation controls colony hydration is still not clear. It 

has been speculated that flagellar filaments normally stick to swarm agar and thus get 

tethered or restricted; motor switching unsticks or liberates them [81]. Once free, rotating 

filaments could aid colony hydration either by secreting water through the flagellum, by 

creating turbulence on the surface that draws up the water by capillary action from the agar 

beneath [21], or by stripping LPS off the bacterial outer membrane, the free LPS penetrating 

the agar to act as an osmotic agent [81, 84]. LPS defects in Salmonella can be bypassed by 

use of a highly wettable surface [84], and MotA/B mutants that cannot rotate their filaments 

also have a dry colony morphology [21]. Support for the LPS-release hypothesis was 

provided in a study of osmolarity in different regions of an advancing E. coli swarm 

utilizing fluorescent liposomes as reporters, which concluded that high osmotic pressure at 

the leading edge of the swarm extracts water from the underlying agar and promotes 

motility, and that the osmolyte is of high molecular weight and is likely LPS [85]. However, 

in B. subtilis, there is no outer membrane or LPS, and a non-flagellate mutant apparently 

lacks hydration [25]. We note that in E. coli, mutations that increase flagella numbers can 

bypass LPS defects [86]. Thus, flagellar filaments appear to be important for colony 

hydration by more than one mechanism.

Borrowing elements from the model proposed in Fig. 4a, the following two alternate 

scenarios can be envisaged to explain how E. coli/Salmonella exploit the flagellum to 

hydrate their swarm colonies. In the first scenario, the surface initially restricts flagellar 

rotation, which is the sensory input or signal like in the other examples discussed above. The 

resulting stalled motor configuration transduces this signal to activate just-in-time osmolyte 

secretion (Fig. 3d). With the arrival of water, it follows that the ‘dry’ signal will dissipate 

and the flagella will now be free to rotate. The ability to switch rotor directions is important 

at this stage to unstick from the surface. Hydration may be promoted by the rotating flagella 

bundles by any one of the mechanisms considered above. In this model, flagella play two 

active roles: they initially restrict motor rotation to generate the signal that primes hydration, 

and they subsequently allow rotation to facilitate continued hydration. In an alternate 

scenario, temperate swarmers may not sense the surface by this mechanism at all (see 

‘Bacillus subtilis’ below), but the ability to switch may be important to unstick the flagella 

so that they can continue rotating to enable colony hydration. In either case, the flagella 

clearly play a role in addition to motility to promote swarming [21].

The cell envelope as a sensor

1. Proteus mirabilis: Like in V. parahaemolyticus, swarming is accompanied by increased 

flagellar synthesis in this soil bacterium [87-89]. The flagella are thought to be involved in 

surface sensing, but the data are not unequivocal, as discussed elsewhere [90]. In P. 

Harshey and Partridge Page 8

J Mol Biol. Author manuscript; available in PMC 2016 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mirabilis, Umo (upregulator of the master flagellar operon flhDC) proteins associated with 

the cell envelope are implicated in sensing the surface; one of these proteins is likely located 

in the inner membrane (IM) and one in the periplasm [91, 92]. Genetic experiments suggest 

that these proteins signal through a pathway that somehow intersects with the Rcs signaling 

pathway [93], and inactivates the RscB response regulator that normally inhibits flhDC [92, 

94] (Fig. 4b). In E. coli, the Rcs pathway is known to be activated by outer membrane (OM) 

stress. Here, RcsF, an OM protein, is continuously funneled to the OM, separating it from 

the IM protein IgaA, which negatively regulates the RcsC kinase [95]. During envelope 

stress, RcsF is no longer funneled to the OM but remains in the periplasm, interacting with 

IgaA to relieve its inhibition of the RcsC kinase. RcsC now phosphorylates RscB, which 

represses flhDC [95]. Inspired by these findings, we propose that in P. mirabilis, surface 

contact leads to a similar series of events through RcsF and via Umo proteins, but instead of 

activating the kinase activity of RcsC, these events activate its phosphatase activity, 

reversing phosphate flow through the system and relieving inhibition of the flagellar operon 

(Fig. 4b, left panel). Whether this pathway also communicates with the flagellum or whether 

restriction of rotation is independently sensed, remains to be determined [89].

2. Bacillus subtilis: This bacterium doubles its flagella numbers during swarming, a 

response essential for swarming to occur [22]. There is no evidence as yet that restricting 

flagella rotation is responsible for this increase. On the contrary, tethering flagella with 

antibody leads to PGA synthesis as discussed above. Surface contact in B. subtilis causes a 

rise in the levels of SwrA, the master regulator of flagella biosynthesis, by a mechanism that 

slows its degradation by the Lon protease [22]. Mutation of Lon causes hyperflagellated 

cells in liquid, and abolishes the swarming lag. In addition to SwrA, the two-component 

regulatory system DegS/DegU is also required to increase flagella synthesis in B. subtilis 

[78, 94] (Fig. 4b). Overexpression of SwrA cannot compensate for a loss of the response 

regulator DegU in restoring swarming motility [96]. Mutation of Lon homologs in V. 

parahaemolyticus and P. mirabilis also produce hyperflagellated cells [63, 97]. In E. coli 

and Salmonella, the Lon protease degrades RcsA [93], an auxiliary transcriptional regulator 

that complexes with RcsB~P [98-100] (Fig. 4b). Activation of the Rcs system could provide 

a mechanism for sequestering RcsA away from Lon by binding to RcsB~P. We propose that 

in B. subtilis, activation of the DegS kinase by surface contact leads to generation of 

DegU~P, which forms a complex with SwrA, sequestering SwrA away from Lon and 

leading to upregulation of flagella synthesis (Fig. 4b, right panel). The DegS/DegU system 

also senses stator disruption (see above), and could conform to the sequestered regulator 

modeled in Fig. 4a [78]. This signaling system may intercept the surface-contact signal at 

the rotor-stator interface, or independently of it. If the former, then other pathways 

monitoring the environment might intercede, channeling events at this interface to either 

favor PGA accumulation or motility.

We note that just as sensing through the flagellum can signal two opposing lifestyles - 

swarming or biofilm formation – sensing through the cell envelope can do the same. For 

example, growth of Pseudomonas aeruginosa on a surface can trigger an increase in c-di-

GMP levels through two chemoreceptor-like complexes, one of which clusters in the IM 

[101], and the other collaborates with type IV pili (TFP) to secrete an OM-associated protein 
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required for generating c-di-GMP, both complexes ultimately controlling the production of 

biofilms [102]. C-di-GMP is an important signaling molecule in the transition between 

motile and sessile stages of bacterial life, where high levels of c-di-GMP inhibit motility and 

promote biofilm formation, and low levels favor motile behaviors [103]. In V. 

parahaemolyticus, contact with a surface decreases c-di-GMP levels and favors swarming 

[104] by a pathway independent of sensing through the flagellum [105]. Closing the circle, 

c-di-GMP signaling in P. aeruginosa also controls the choice of stators incorporated into the 

flagellum, which affects the decision of P. aeruginosa to swarm [106].

Concluding remarks

The molecular principles of sensing and surviving derived from the study of swarming are 

applicable to bacterial groups that move without flagella, or those that don’t move at all but 

form biofilms. Individuals within a swarm cooperate to favor survival and dispersal when 

faced with a hostile environment, underscoring the power vested in the collective. This 

power could be potentially harnessed for beneficial tasks. The study of collective motion 

within a swarm is expected to lead to new models for this migration pattern, with insights 

beyond bacteria into migration patterns in the animal world. As this perspective highlights, 

much remains to be discovered about conflict, cooperation, and signaling within a swarm. 

The future looks exciting.
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Highlights

• A bacterial swarm has unique survival and dispersal mechanisms

• For swarming to ensue, bacteria sense and respond to surface contact

• New models for surface-sensing are proposed
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Fig. 1. 
A typical bacterial flagellum. The bidirectional rotating unit consists of the cytoplasmic C 

ring composed of three proteins (FliG, FliM, FliN), inner membrane MS ring, periplasmic 

rod, external hook and a long helical filament. Rod-hook-filament proteins are secreted via a 

Type IIII secretion system (T3S) at the base of the MS ring. Rotation is indicated by a 

curved arrow. MotAB stators insert randomly and drift in the membrane till they encounter 

the basal MS - C rings, upon which their plugged ion channel opens to initiate ion flow, 

which powers rotation. FliL interacts with both the stators and the rotor to modulate motor 

speed and directional bias [107]. The L and P rings serve as bushings and are stationary. 

Expanded Inset: During ion flow, protonation of the critical Asp (D) residue in MotB is 

thought to induce a conformational change in the cytoplasmic region of MotA which sets up 

charge-charge interactions with FliG. This interaction generates torque, causing FliG to 

move. CheY~P is a response regulator generated by the chemotaxis system. It interacts with 

FliN and FliM in the C ring to cause changes in FliG on top of the ring, which switches 

rotational direction from the default CCW state to CW; the switching bias is important for 

chemotaxis. See text. OM, outer membrane; PG, peptidoglycan; IM, inner membrane.
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Fig. 2. 
Survival in a swarm. (a) Elevated antibiotic resistance of bacterial swarms. Top left: Border-

crossing assay in Salmonella. On a divided Petri dish containing LB media solidified with 

0.3% agar (w/v; swimming condition) or 0.6% agar (swarming condition), cells inoculated 

in the left no-antibiotic chamber were allowed to migrate to the right antibiotic-containing 

chamber. Numbers refer to μg/mL of the antibiotic Kanamycin (Kan). At both Kan 

concentrations that stopped the swimmers at the border (20 and 50), swarmers crossed the 

border and continued to colonize the antibiotic chamber. Top right: Antibiotic sensitivity of 

swarmer cells that crossed the border. The horizontal labels indicate plate composition, 

either no-antibiotic control (Ctrl) solidified with hard agar (1.5%; non-swarming) or Kan 

(K50 Swrm) solidified with 0.6% agar. The vertical labels indicate the source of the cells, 

taken either from the no-antibiotic side (Ctrl Swrm) or from the antibiotic side (K50 Swrm), 

transferred to the indicated plates by the flat end of a cylindrical toothpick. Bottom: Bacteria 

endure cell death as they continue to swarm. Swarmer cells from the no-antibiotic side 

(control) and from the antibiotic side of K50 plates were stained with the live/dead stain. 

The control plate had 6% dead (red) cells, the K50 plate had 38% dead cells. Data taken 

from [36]. (b) Mutual co-operation between two bacterial species. Top: A mixture of 

ampicillin (Amp)-sensitive but swarming-proficient P. vortex, and Amp-resistant but non-

motile E. coli was inoculated in the center of a swarm plate and imaged after incubation for 

72 h on a plate with 200 μg/ml Amp, stained with Coomassie blue to enhance contrast. 

Bottom: An identical experiment, but using hexidium iodide to identify P. vortex (red) and 

GFP expression for E. coli (green), the two colonies imaged by fluorescence microscopy. 

Data from [51]. (c) Warfare between different swarming Proteus strains manifested as 

Dienes lines. Strains A, B and C were propagated in pairs on swarm media. Dienes lines 

form between different but not identical strains. Data from [108]. All reproduced with 

permission. See text.
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Fig. 3. 
The Flagellum as a Surface Sensor. (a-d) Surface contact initially restricts flagellar rotation 

(indicated by x), signaling varied downstream events in the different bacteria, which 

promote either motility or sessility, as described in the text.
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Fig. 4. 
Models for surface sensing. (a) The flagellar motor as a sensor. The rotor is represented by a 

large black circle. Ion conducting stators are purple-and-green colored circles and non-

conducting ones are grey. A running motor is (+), and a stalled motor is (−). We propose 

that a running motor sequesters and inactivates a regulator (blue), which is released for 

action when the motor stalls. The (−) state may also be achieved in the absence of the stators 

or of the rotor (not shown). The regulator could alternatively be bound and activated by a 

stalled motor, but this model would require that the rotor be present for the response. (b) The 

cell envelope as a sensor. Contact with a solid surface is detected by an outer membrane / 

cell wall protein. In P. mirabilis (left), RcsF is implicated in the sensory pathway. We 

propose that upon surface contact, RcsF is released into the periplasm [95], where it directly 

or indirectly, via Umo or IgaA proteins, activates the phosphatase activity of RcsC kinase, 

reversing phosphate (~P) flow to dephosphorylate and inactivate RscB~P, the repressor of 

flagella biosynthesis (Dotted lines indicate that the normal phosphorylation reaction is 

suppressed). RcsA is an auxiliary transcriptional regulator in Gram-negative bacteria, which 

complexes with RscB~P (see text). The flagellum is also implicated in sensing in P. 

mirabilis, but the mechanism is unclear. In B. subtilis (right), the soluble DegS/DegU 

signaling system senses events at the rotor-stator interface [76, 77, 109]. In response to 

surface contact, this signaling system could play a role equivalent to that depicted for the 

Rcs system in P. mirabilis, except that the surface signal activates the kinase activity of 

DegS. We propose that SwrA is an auxiliary regulator of DegU~P [22] (see text). The DegS/

DegU system could be sequestered by a running motor as in (a), receiving surface signals 

either via the flagellum or by an independent route.
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