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Escherichia coli swarm on semi-solid surfaces with the aid of flagella. It has been hypothesized that swarmer cells overcome the increased viscous drag near surfaces by developing higher flagellar thrust and by promoting surface wetness with the aid of a flagellar switch. The switch enables reversals between clockwise (CW) and counterclockwise (CCW) directions of rotation of the flagellar motor. Here, we measured the behavior of flagellar motors in swarmer cells. Results indicated that although the torque was similar to that in planktonic cells, the tendency to rotate CCW was higher in swarmer cells. This suggested that swarmers likely have a smaller pool of phosphorylated CheY. Results further indicated that the upregulation of the flagellin gene was not critical for flagellar thrust or swarming. Consistent with earlier reports, moisture added to the swarm surface restored swarming in a CCW-only mutant, but not in a FliG mutant that rotated motors CW-only (FliGCW). Fluorescence assays revealed that FliGCW cells grown on agar surfaces carried fewer flagella than planktonic FliGCW cells. The surface-dependent reduction in flagella correlated with a reduction in the number of putative flagellar preassemblies. These results hint toward a possibility that the conformational dynamics of switch proteins play a role in the proper assembly of flagellar complexes and flagellar export, thereby aiding bacterial swarming.
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INTRODUCTION

Swarming in flagellated bacteria is a type of surface-dependent motility that is marked by rapid and coordinated movements of groups of cells in coherent structures and swirling patterns on top of semi-solid surfaces (Henrichsen, 1972). Swarming has been implicated in several types of infections (Mobley and Belas, 1995; Callegan et al., 2006; Yang et al., 2017), as well as elevated antibiotic resistance (Kim and Surette, 2003; Kim et al., 2003; Overhage et al., 2008; Butler et al., 2010). The initiation of swarming is preceded by the arrival of planktonic cells on a surface – in a laboratory setting, this involves the inoculation of planktonic cells on agar substrates (Hughes and Kearns, 2017). Subsequently, the planktonic cells transition into a swarmer state (Belas, 2014). The swarmer state is often accompanied by, depending on the bacterial species, elongation of the cell body, expression of more number of flagella, multi-nucleation, and secretion of polysaccharides that promote surface motility (Harshey, 2003; Darnton et al., 2010; Kearns, 2010). In Escherichia coli, swarmer cells reportedly double their lengths but maintain similar flagellar numbers per unit surface area as the planktonic cells. Due to the proximity of the swarmer cells to a solid surface, the viscous drag experienced is likely high (Lauga et al., 2006; Zhang et al., 2009). It is unclear how cells overcome surface drag but one possibility is that motors in swarming bacteria adapt to produce higher torque than motors in planktonic cells (Tuson et al., 2013), although this remains untested. Another way that cells might overcome the drag is with the aid of the flagellar switch – it is known that the ability of the motor to switch its direction of rotation between clockwise (CW) and counterclockwise (CCW) is vital for swarming. Mutants that rotate motors CCW-only or CW-only fail to swarm whereas those that are able to switch their motors are able to swarm (Harshey and Matsuyama, 1994; Burkart et al., 1997). It has been proposed that switching aids in the lubrication of the surface by extracting water from the underlying agar, and possibly helps liberate cells from the secreted LPS (lipopolysaccharides), thereby facilitating cell movement (Wang et al., 2005; Mariconda et al., 2006). Much of this remains unexplained and these are unlikely to be the only mechanisms of drag reduction employed by swarming bacteria (Chen et al., 2007).

The flagellar motor rotates with the aid of stator units. Experiments in planktonic cells have shown that motors recruit stator units in greater numbers when the viscous loads are higher (Lele et al., 2013; Tipping et al., 2013; Terahara et al., 2017). Mechano-sensitive stator recruitment is one way to adapt torque in response to increased viscous drag near surfaces (Chawla et al., 2017). However, motor torque in swarming bacteria has never been measured. Torque enables the rotation of extracellular filaments, thereby resulting in a thrust on the cell body. Proper motor and filament assembly is, therefore, the key in coupling torque and cell propulsion. The initial steps in motor assembly include the formation of the FliG, FliM, and FliN complexes that form the flagellar switch (Schuster and Khan, 1994; Zhao et al., 1996; Macnab, 2003; Li and Sourjik, 2011). Concurrently, parts of the flagellar export apparatus begin to form with the final components, FliI, FliH, and FliJ, assembling prior to the formation of the flagellar hook (Kojima and Blair, 2004; Fukumura et al., 2017). The export complexes associate with FliN through the export apparatus component, FliH (McMurry et al., 2006; Paul et al., 2006; Minamino, 2018). Following the assembly of the rod and the flagellar hook, with a remarkable precision (Homma et al., 1990; Cohen et al., 2017), the anti-sigma factor FlgM is exported. This activates FliA, resulting in the transcription of class 3 genes including the flagellin protein, FliC, which forms the extracellular filament (Gillen and Hughes, 1991; Calvo and Kearns, 2015).

Reversals in the direction of rotation of the extracellular filament are mediated by the binding of an intracellular response regulator, CheY-P, to FliM and FliN, which promotes CW rotation in an otherwise CCW-rotary motor (Sarkar et al., 2010; Pandini et al., 2016). Biasing of the flagellar rotation in either the CCW or CW direction is known to cause remodeling of the flagellar switch complex, independent of CheY-P binding (Lele et al., 2012). The number of FliM and FliN subunits is fewer in motors that are locked in the CW direction and higher in the motors that are locked in the CCW direction (Paul et al., 2011b; Lele et al., 2012, 2015b; Branch et al., 2014; Delalez et al., 2014). Estimates indicate that there are numerous putative flagellar preassemblies in a planktonic cell (Sourjik and Berg, 2000; Delalez et al., 2010), although only three to four exhibit complete flagellar assembly. It is unclear if there is a role for the remodeling of FliM and FliN in swarming, however, deficiencies in the flagellar switch assembly do hamper filament formation (Konishi et al., 2009).

Here, we characterized torque generation and flagellar switching in swarmer cells of E. coli. Our measurements with wild-type E. coli indicated that the magnitude of torque generated in swarmer cells was similar to that in planktonic cells. However, the CWbias (fraction of time that the motors rotate CW) was much lower in swarmer cells compared to that in planktonic cells. This reduction was dramatic, with ∼30% of the swarmer cells rotating CCW only. Despite the preference for CCW rotation in the swarmer state, the wild-type strain swarmed on agar substrates, whereas a CCW-only strain was unable. In agreement with earlier reports (Wang et al., 2005), the CCW-only strain could swarm in the presence of additional moisture on the agar surface. Experiments further indicated that transcriptional upregulation of the flagellin gene was neither critical for developing adequate flagellar thrust in the swarmer state nor for swarming. However, a CW-only mutant that rotates its motors exclusively CW due to a mutation in fliG (Togashi et al., 1997) could not swarm irrespective of the surface conditions. Using fluorescence visualization techniques, we found that the FliGCW planktonic cells expressed fewer filaments compared to their wild-type planktonic counterparts. The number of FliGCW filaments was even lower when the strain was grown on agar surfaces, which correlated with a reduction in the number of putative preassembled flagellar complexes. It is possible that flagellar assemblies in agar-grown cells are influenced, at least partially, by the conformations of the monomeric FliG subunits.

MATERIALS AND METHODS

Bacterial Strains and Plasmids

Bacterial strains were derived from either RP437 or AW405 parent E. coli strains (Table 1). All plasmids were prepared with pTrc99A vector backbone, unless otherwise noted. Chromosomal alterations were achieved with the λ-red mediated homologous recombination technique (Datsenko and Wanner, 2000).

TABLE 1. Bacterial strains.
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Media

Overnight cultures were grown from isolated colonies in 5 mL of Tryptone Broth (TB) at 30 °C. Day cultures were grown by diluting 100 μL of overnight culture in 10 mL of fresh TB at 33°C to OD600∼0.5. Swarm-agar plates (Peptone, 10 g/L; NaCl, 5 g/L; beef extract, 3 g/L; 0.45% Eiken Agar, 0.5% Glucose) were prepared fresh, poured, and allowed to dry for 20 min open-faced on the work bench prior to inoculation with the strain of interest (2 μL, overnight culture grown at 30°C). Motility buffer (0.01 M phosphate buffer, 0.067 M NaCl, 10-4 M EDTA, 0.01 M sodium lactate and 1 μM methionine, pH∼7.0) was employed in motility assays.

Motility Assays

Tethered Motors

Cells were prepared for tethered cell-assays by washing several times in motility buffer followed by shearing of the flagella, as described previously (Ford et al., 2017). Flagellar tethering to beads or coverslips was achieved with a sticky fliC mutation (Scharf et al., 1998). Cell rotation was imaged and recorded on a Nikon Eclipse Ti-E with a 20× phase objective or a Nikon Optiphot with a 40× phase objective at ∼60 fps with a CCD camera (DCC1545M-GL, Thorlabs Inc). Bead rotation was imaged on a Nikon Optiphot with a 60× phase objective coupled to a photomultiplier setup (Yuan et al., 2010; Ford et al., 2017).

Swarming

Swarm assays were carried out in an environmental chamber (ETS Model 5472, Electro-Tech Systems, Inc) that allowed for a precise control over humidity and temperature. Swarm plates were incubated for 8–10 h following inoculation at 75% relative humidity and 30°C, and then allowed to dry open faced for 2–4 h to increase the density of growth before imaging with a gel imager (ChemiDoc Touch Imaging System, BioRad). To add moisture to the agar surface, plates were sprayed with water from a spray bottle until the agar surface was visibly wet. The surface was allowed to dry with the lid open for 1 min before inoculation. The amount of water added in such an approach was 0.38 ± 0.03 mL. As an additional check, swarming was visually confirmed by observing colony movement within a region of the swarm plate with a 40× phase objective on a Nikon Optiphot.

Swimming

Planktonic cells were diluted in either fresh TB (1:10 dilution) or suspended in motility buffer. The dilute suspension was observed in a standard flow cell and cell motion was recorded away from either surface (coverslip or the microscope slide) at ∼60 fps with a CCD camera (DCC1545M-GL, Thorlabs Inc.) In the case of swarmer cells, cells were recovered from swarm plates by gently pouring 10 mL of motility buffer on the agar surface and swirling to dislodge surface-associated cells. Experiments were also done where cells were recovered specifically from the leading edge of the swarm and from the center of the colony; however, the CWbias was similar in cells recovered from the two areas. The supernatant was collected in a Falcon tube and introduced in a flow cell for observation under a Nikon Optiphot microscope.

Fluorescence Microscopy

A Nikon Ti-E microscope with a 100 mW, 514-nm laser (Cobalt Fandango) focused in the back focal plane of a 60× TIRF objective was used to generate evanescent fields. An Andor iXon DU897 camera was used for capturing TIRF (total internal reflection fluorescence) images while a CCD camera (DCC1545M-GL, Thorlabs Inc.) was used for capturing phase contrast images. Strains carrying fliCcys were labeled with maleimide dye as described elsewhere (Blair et al., 2008). The fliM-eYFP-fliM internal fusion was gifted to us by the Berg lab. The allele carried a [Gly Gly][YFPSer…YFPLys][Ser Gly Gly] insertion between codons 15 and 16 of fliM. Tethered motor assays indicated that the fusion motors were fluorescent and functional.

Motor Stall Assays

Optical traps were generated with a 976-nm laser (Azurlight ALS-IR-976-10-I-SF) by overfilling the back-aperture of a 60× objective. Optically trapped beads or cell bodies were then used to physically interrupt the rotation of tethered cells by moving the trapped object in the path of a rotating cell. The trap strength was adequate to prevent rotation of all tethered cells. When the traps were turned off, the cell body was free to rotate again.

Isolation of RNA and Preparation of cDNA

Prior to extraction, bacterial strains were grown in fresh liquid swarm medium at 30°C or grown on solid swarm plates as previously described. All swarm assays for directionally biased cells were carried out by adding moisture and cells were only collected from plates that indicated successful swarming. Cell suspensions were centrifuged at 1000 g for 3 min, re-suspended in RNAlater®, and stored at 4°C for 1 day, after which time cells were transferred to -80°C for storage. RNA was extracted using an illustra RNAspin Mini Kit manufactured by GE Life Sciences. RNA was quantified using a NanoDrop 2000c (ThermoFisher Scientific) and a sample was run on a gel to check for ribosomal bands. The RNA was then converted into cDNA using qScript cDNA SuperMix manufactured by Quantabio. Separate reactions were carried out for the gene of interest –fliC (5′GCACCACCAGCATCGTT TGTAGTT3′) and the housekeeping gene –gapA (5′ACCGGTAGAAGACGGGATGATGTT3′).

Real-Time PCR

A LightCycler® 96 Real-Time PCR System (Roche) was employed for real-time PCR. Each reaction (20 μL) was carried out in a 96-well optical grade PCR plate, sealed with optical sealing tape. Amplifications were carried out using SYBR® Green JumpStartTM Taq ReadyMixTM manufactured by Sigma-Aldrich, 2 μL of cDNA, and 250 nM of each primer (see primer information in Supplementary Table S1). Three biological and two technical replicates were carried out for each strain in planktonic and swarming cells. Relative quantification was performed by the ΔΔCT method.

Data Analysis

Videos of tethered cells were analyzed with custom-written codes in MATLAB to find the rotational speed as a function of time (Lele et al., 2015a). Time-averaged CWbias values were determined for each tethered motor over the duration of 1–2 min. Mean speeds for cells were determined from Gaussian fits to speed distributions.

Swimming

Most cells swam in straight lines for limited time periods in the liquid medium. For each cell, the frames over which straight line motion was observed were averaged which resulted in a single image with bright streaks on a gray background. The corresponding length of the straight line intensity profile was determined and divided by the period of observation to obtain swimming speed.

Statistical Analysis

All statistical analyses were performed with the Student’s T-test. Results with p < 0.05 were considered statistically significant.

RESULTS

Flagellar Switching in Swarmer Cells

Previous research indicated that the flagellar switch is able to adapt to mechanical stimuli, although the mechanisms are presently unknown (Fahrner et al., 2003; Lele et al., 2013). To determine how cells adapt flagellar motor functions in order to continue their surface existence, we characterized motor behavior in swarmer cells. We inoculated overnight cultures of a wild-type strain (RP437 background) that carried a sticky fliC allele on standard swarm agar plates. The colonies swarmed and were recovered from the plates several hours later, as discussed in Section “Materials and Methods.” The swarmer cells were then sheared and washed in motility buffer, before tethering to glass surfaces. The CWBias (fraction of time that motors rotate CW) was quantitatively determined from digital recordings of cell rotation with custom-written MATLAB codes (Lele and Berg, 2015). Reversal frequencies were also determined. As shown in Figure 1A, the average CWbias in swarmer cells (left panel) was lower than that in the corresponding planktonic cells (right panel). The distribution in the case of the former was skewed toward a CWbias ∼0, with 36% of cells rotating CCW only. The reversal rates further illustrated this disparity. Figure 1B indicates that the reversal rates were lower in the case of the swarmer cells (left panel) compared to those observed in the planktonic cells (right panel). These observations are consistent with a recent work that observed lower tumbling frequencies in swarmer cells in comparison to planktonic cells grown in a liquid medium (Turner et al., 2016). This result is unexpected considering that switching of the flagella has been reported to be crucial for swarming (Burkart et al., 1997). The lower CWbias likely indicates that the pool of phosphorylated CheY may be reduced in swarmer cells in comparison to planktonic cells, although differential acetylation levels could also play a role (Liarzi et al., 2010).
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FIGURE 1. (A) Probability of CW rotation in wild-type swarmers and planktonic cells. The mean CWBias was 0.27 ± 0.02 (n = 40 motors) for the wild-type planktonic cells and 0.15 ± 0.02 (n = 52 motors) for the wild-type swarmer cells. The difference in the mean CWBias for planktonic and swarmer cells was significant (p < 0.05). (B) Distribution of motor reversals observed in wild-type swarmer and planktonic cells. The mean reversal rates were 22.4 and 59.9 reversals/min, respectively. The difference in the means was significant (p < 0.05).



To test the role of the flagellar switch in swarming, several directionally biased mutant strains were constructed from the parent AW405 and RP437 wild-type strains. In general, two types of strains were employed in swarm-experiments: a strain lacking cheY in which motors rotated exclusively CCW (CCW strain) and a fliG mutant strain in which motors rotated exclusively CW (FliGCW strain) because the FliG subunits were locked in the CW conformation (Togashi et al., 1997; Lele and Berg, 2015). In addition, a strain lacking cheR-cheB-cheZ was also constructed in which motors rotated predominantly CW (CW strain) due to an excess of [CheY-P] (Sourjik and Berg, 2002). As anticipated, all the directionally biased mutants failed to swarm in a standard swarm assay, unlike the wild-type strains. Swarming was restored in the CCW strain when CheY was expressed from an inducible plasmid. In agreement with earlier reports (Wang et al., 2005), it was possible to restore swarming, at least partially, in the CCW and CW strains by moistening the agar surface with water (see Section “Materials and Methods”; Supplementary Figure S1). Next, the CCW strain was transformed with an inducible vector from which a constitutively active form of CheY (CheYD13KY106W) was expressed (Scharf et al., 1998). Background expression was adequate to predispose tethered cells in this strain to rotate CW-only. It was possible to restore swarming partially in this strain by adding moisture. Conversely, swarming could not be restored in the FliGCW strain. These results suggested that the ability to swarm was not completely inhibited by switch inactivation in strains that carried the wild-type fliG allele. However, the CW conformation of the monomeric FliG subunits in the FliGCW strain probably precluded swarming.

Torque and Swarming

In order to determine if the loss in swarming ability in the directionally biased mutants was, in part, due to an emergent deficiency in torque generation following surface inoculation, we measured the speed of rotation in tethered cells that had been recovered from agar substrates. Based on the size of the cells and the mean speeds, we calculated the average torque generated in the CCW and CW strains (see Section “Materials and Methods”). As indicated in Figure 2A, there were no significant differences in the mean torques generated in the planktonic and the agar-grown cells, irrespective of whether they belonged to the CCW or CW strain. The same was true in the case of the wild-type planktonic and swarmer cells (data not shown). In the FliGCW strain, we measured the mean torque over a range of viscous loads. The viscous load was varied by employing latex beads of different sizes (2, 1, and 0.75 μm) and rotation rates were measured via a photomultiplier-based high speed tracking technique (Yuan et al., 2010; Ford et al., 2017). Torque was calculated from rotation speeds and bead sizes (Ryu et al., 2000). As shown in Figure 2B, the differences between the mean torque generated by the FliGCW motors and that developed by the CW and CCW motors were statistically insignificant at high loads (load = 147.10 pN⋅nm⋅s). At lower loads (19.31 pN⋅nm⋅s), these differences were significant – FliGCW motors produced ∼15% less torque than the CW motors. At the lowest loads, we employed (8.55 pN⋅nm⋅s), the difference between the average torque in FliGCW motors and that in the CW strain was again insignificant, whereas that between the FliGCW motors and the CCW strain was significant, as expected from the anisotropy in torque generation in the two directions of motor rotation (Yuan et al., 2010; Lele et al., 2015b). To assess if the complete inhibition of swarming in the FliGCW strains arose due to such minor variations in torque, we transformed the FliGCW strain with an inducible plasmid carrying the motAmotB genes. Higher expression of MotA–MotB levels increased the average torque in the FliGCW strain to a level that was similar to that in the CCW strain (load = 19.31 pN⋅nm⋅s, Figure 2C). Yet, the same level of induction failed to restore swarming in the FliGCW strain. Together, the results indicated that swarmers are unlikely to develop higher flagellar power compared to planktonic cells at a given viscous load, in order to compensate for the increased surface drag.
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FIGURE 2. (A) Average torque generated in planktonic and swarming cells belonging to the CCW and CW strains. The average torque was 1154.9 ± 75.4 pN⋅nm (n = 35 motors, swarmer CCW strain) and 1121.7 ± 57.9 pN⋅nm (n = 32 motors, planktonic CCW strain). Differences in the mean torques were not significant (p > 0.05). The average torque was 1093 ± 81.5 pN⋅nm (n = 35 motors, swarmer CW strain) and 1144.5 ± 129.1 pN⋅nm (n = 16 motors, planktonic CW strain). Differences in the mean torques were not significant (p > 0.05). (B) Torque generated by the FliGCW strain in comparison to that in CCW and CW strains. At high loads (147.1 pN⋅nm⋅s), the differences in means were statistically insignificant. At medium loads (19.3 pN⋅nm⋅s), the differences in the mean torque in the FliGCW strain and the other strains were significant. At lower loads (8.6 pN⋅nm⋅s), the difference in the mean torque in the FliGCW strain and the CCW strain was significant. (C) The slight degradation in the torque in the FliGCW strain seen in (B) was remedied by expressing extra copies of MotA and MotB subunits in the strain from an inducible plasmid. The difference in mean torques in this strain and the CCW strain was insignificant at a load of 19.3 pN⋅nm⋅s. All plots indicate standard error.



Flagellar Thrust in Agar-Grown Cells

Although our data suggests that differential torque generation is not the reason for the loss of swarming in directionally biased mutants, a reduction in flagellar thrust could play a role. Flagellar thrust depends on a rich interplay between the polymorphic form, arc lengths of the filament, filament numbers, and the ability to form tight flagellar bundles. Rather than making independent measurements of each of these factors, we opted to measure swimming speeds of the cells. The speeds encompass each of the key factors that influence motility, including cell lengths, enabling comparisons between different types of cells. To do this, swimming speeds were measured in the planktonic and agar-grown cultures in all the aforementioned strains. Agar-grown cells were recovered by adding and gently swirling motility buffer on the swarm substrates. Motility was subsequently recorded in standard flow cells and quantitatively analyzed; the data are shown in Table 2. Speeds measured in strains that were able to swarm on agar and were able to swim in motility buffer have been labeled as “swarmer speeds.” Speeds measured in strains that did not swarm but were able to swim in motility buffer have been labeled as “non-swarmer speeds.” Speeds measured in strains that were grown in liquid media have been labeled “planktonic speeds.” There was no significant difference in the mean speeds measured in planktonic cells belonging to the directionally biased strains carrying the native fliG allele and the wild-type cells. However, the difference in the mean speeds in planktonic cells belonging to the FliGCW and the wild-type strains was statistically significant; FliGCW swam at ∼33% lower speed. This indicated degradation in the flagellar thrust in FliGCW planktonic cells. In the case of cells recovered from the agar surfaces, the differences between the mean speeds in FliGCW and the wild type were further amplified. The wild-type swarmer cells experienced an increased flagellar thrust by ∼ 9% relative to the wild-type planktonic cells. By contrast, the agar-grown FliGCW cells were mostly non-motile. Among the ones that exhibited motility, the average swimming speed was ∼1/2 the speed of the wild-type swarmers. In comparison, CCW and wild-type swarmer speeds were similar but the CCW non-swarmer speed was ∼20% lower than the wild-type swarmer speed. This suggested that the inhibition of swarming in the CCW mutant (in the absence of added moisture) was partially attributable to reduced flagellar thrust. Considering that the flagellar motor torque is not deficient, this indicated a degradation in either the flagellar lengths or the number of flagella in the directionally biased mutant. In the case of FliGCW, this deficiency was extreme. In the wild type, there was no significant difference in the swimming speeds of swarmers in the presence or absence of added moisture on the agar surface.

TABLE 2. Mean swimming speeds for planktonic and agar-grown cells.
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Loss of Swarming in FliGCW Mutant

Filament Numbers

To determine why the flagellar thrust in the FliGCW strain was dramatically lower in comparison to other strains, we employed fluorescence visualization techniques and measured the number of filaments in planktonic as well as agar-grown cells. Filaments carrying cysteine residues were labeled with a maleimide-based fluorescent dye and visualized as detailed in Section “Materials and Methods.” The filament numbers were manually counted from the fluorescence microscopy images. The average number of filaments per cell in the planktonic FliGCW strain was determined to be 3 ± 1 (Figure 3A). The average number in the planktonic wild-type cells was 4 ± 1 (not shown). Thus, there was ∼25% drop in the number of flagella per cell in the planktonic FliGCW cells. This was consistent with a 33% decrease in swimming speeds in the planktonic FliGCW cells. In comparison, the distribution of the number of filaments per cell in the agar-grown FliGCW strain was skewed toward zero (Figure 3A). Of the 200 cells analyzed, 115 cells (57.5%) appeared to carry no filaments. In the cells that had visible flagella, the average number of filaments per cell was 1.6 ± 0.1. In wild-type swarmer cells, only 12 cells out of 115 appeared to carry no filaments. In the cells that had visible flagella, the average number of filaments per cell was 3.0 ± 0.2 (see Supplementary Figure S2), in agreement with recent measurements of wild-type E. coli swarmers by Turner et al. (2016). The reduction in the number of visible filaments in the FliGCW cells was correlated with the complete loss of swarming ability. Additionally, upon visual inspection of these filaments, filaments appeared to be shorter than those found in wild-type cells.
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FIGURE 3. (A) Kernel density estimates of the flagellar filaments per cell in the planktonic (black curve) and agar-grown FliGCW strain (gray-shaded region). The difference in means was significant. Filaments were not observed in more than 57% of the agar-grown FliGCW cells. The average filament number observed in the planktonic cells was lower than that observed in wild-type planktonic cells (4 ± 1). (B) The number of putative flagellar preassemblies were determined from TIRF measurements. There were fewer such bodies in the agar-grown FliGCW cells (number of preassemblies = 0.64 ± 0.16, n = 28 cells) relative to the planktonic FliGCW cells (number of preassemblies = 3.72 ± 0.27, n = 29 cells), as seen from the kernel density estimates from the raw data. The difference in the means was significant (p < 0.05).



Flagellar Susceptibility to Shear

One explanation for the lower filament numbers in the FliGCW strain, planktonic or otherwise, could be that the flagellum is more susceptible to shear, similar to the reported propensity of the flagella to shear in fliL mutants of Salmonella enterica (Attmannspacher et al., 2008). To test this hypothesis, we employed optical traps to stall tethered motors of the FliGCW strain. Stalling ensures that the flagellar motor delivers the maximum possible force on the rotor (Ryu et al., 2000), thereby subjecting the flagellum to high physiologically relevant shearing forces. Several tethered motors were stalled for approximately 10 min (n = 10 cells), as described in Section “Materials and Methods.” Shearing of the flagellum was expected to be detectable through the detachment of the cell from the surface during stalling or through the loss of the ability to rotate following the removal of the optically trapped bodies. In all of the experiments, flagellar motors in the FliGCW strain remained tethered and functional even after trap removal. This indicated that the FliG mutation is unlikely to result in flagella that are easily sheared under high viscous loads.

Intracellular Protein Levels

We tested whether incomplete or inefficient assembly of the export apparatus could be compensated for by increasing the expression levels of the export ATPase, FliI, or the levels of FlhA. The latter is a part of the export gate of the type 3 secretion system and forms a dock for FliI (Abrusci et al., 2012). FliI overexpression especially has been shown to partially restore flagellation in strains carrying partial deletions in the switch proteins (Konishi et al., 2009; Erhardt and Hughes, 2010). However, overexpression of these two proteins from inducible plasmids failed to restore swarming in the FliGCW strain (Supplementary Figure S3). Similarly, overexpression of FliF and FliGCW also failed to elicit swarming in that strain.

Flagellin Regulation

The reduced flagellar thrust and filament numbers could arise due to a reduction in the flagellin levels in the directionally biased mutants. To test this, qPCR experiments were performed as detailed in Section “Materials and Methods.” Briefly, the flagellin gene was selected based on earlier reports that fliC was one of the only genes that is differentially regulated in wild-type swarmers in Salmonella typhimurium (Wang et al., 2004). Comparisons were made between the transcriptional levels of fliC in the planktonic and swarmer cell types for each of the three strains: the wild-type, the CCW, and the FliGCW strain. In the case of the CCW and the FliGCW strain, the cells were recovered from agar substrates that had been treated with water to increase moisture. Swarming was observed in the former but not in the latter strain. FliC mRNA levels were upregulated by twofold in wild-type swarmers, but there was no significant change in the two directionally biased strains (Supplementary Table S2). It was interesting to note that although the flagellin gene was not significantly upregulated in the agar-grown CCW cells, unlike the wild-type, swarming was not inhibited. Flagellar thrust was not diminished in CCW swarmers either. We did not observe a downregulation in flagellin transcription in the agar-grown FliGCW cells (relative to the planktonic cells) despite a clear reduction in the number of filaments. These observations were further supported by swarm experiments where flgM was deleted in the FliGCW strain. The anti-sigma factor, FlgM, binds to FliA and prevents the transcription of class 3 genes. Inefficient functioning of the export apparatus could result in decreased FlgM export, preventing the transcription of flagellar genes. The ΔflgM fliGCW strain, however, failed to swarm; a wild-type strain deleted for flgM retained its swarming ability. Prior observations also suggest that the deletion of flgM in a CCW strain did not restore swarming (Wang et al., 2005). Thus, a reduction in the expression of flagellar genes due to the inactivation of FliA by un-exported FlgM is unlikely to be the reason for the loss of swarming in the directionally biased mutants. Instead, the data pointed to inefficient flagellar assembly as the key problem.

Flagellar Preassemblies

FliM Assembly in Planktonic Cells

Previous in vivo TIRF measurements with fluorescent fusions of FliM indicate that several putative flagellar preassemblies can be found throughout the cell membrane in planktonic cells of E. coli, although only three to four exist as complete flagella (Sourjik and Berg, 2000; Delalez et al., 2010). These assemblies are identifiable as fluorescent foci (Li and Sourjik, 2011). In each functional motor, there are 34–45 molecules of FliM subunits (Park et al., 2006; Delalez et al., 2010; Paul et al., 2011a; Lele et al., 2012). Remodeling of FliM is dependent on the direction of rotation of the motor and not on the interactions with CheY-P per se (Lele et al., 2012, 2015b). The assembly of FliN is proportionate to that of FliM (Branch et al., 2014; Delalez et al., 2014). The assembly of FliM is not disrupted in the FliGCW mutant; previous observations indicate that the number of FliM subunits per motor in the FliGCW strain is quantitatively similar to that observed in wild-type motors that rotate CW-only due to an excess pool of phosphorylated CheY (Lele et al., 2012; Supplementary Figure S4). Furthermore, incomplete or deficient FliM assembly is known to degrade motor torque (Tang and Blair, 1995), whereas our torque measurements (Figures 2B,C) indicate little or no degradation in torque in FliGCW motors, over the range of viscous loads studied here. It is likely, then, that the reduction in the number of filaments in planktonic cells of the FliGCW strain, relative to the wild-type, is not due to a defective C-ring assembly. Rather, the reduction in filaments could be due to subtle changes in the interactions of the export apparatus with FliG–FliM–FliN protomers that have adopted a locked CW conformation.

FliM Assembly in Cells Grown on Agar

Next, we attempted to determine whether the dramatic reduction in the number of filaments in FliGCW cells grown on agar surfaces, relative to the planktonic FliGCW cells, was entirely due to deficient flagellar export or whether the locked conformations of the FliG monomers inhibited the assembly of putative flagellar complexes on agar substrates. For this purpose, a FliGCW strain was constructed that carried a genomic fliM-eYFP-fliM allele (Section “Materials and Methods”). Motors in this strain were functional and rotated CW-only when tethered. The strain was grown in liquid media and on agar surfaces. TIRF visualization enabled quantitative determination of the number of putative flagellar complexes with custom-written MATLAB codes for fluorescent foci detection (Lele et al., 2012). The distribution of the number of foci detected per cell is indicated in Figure 3B for the planktonic and agar-grown FliGCW cells. The average numbers of foci observed here are fewer than those reported earlier (Delalez et al., 2010). This is likely because the TIRF field employed only allows visualization of ∼1/6th of the total volume of the cell body. As can be seen, there were less than half the number of foci in the agar-grown cells (n = 28 cells) when compared with the planktonic cells (n = 29 cells). This is consistent with our observations of very few filaments in the agar-grown FliGCW cells, and the loss of swarming in this strain. To further test this notion, we attempted to construct the corresponding wild-type control for fluorescence assays. However, that strain was unable to swarm and as a result, was not employed in further experimentation. Nonetheless, to test whether the FliGCW mutation, rather than the CW-locked conformation of the FliG monomers, was responsible for the reduction in the foci on agar, we constructed and tested a strain that carried the native fliG and the fliM-eYFP-fliM alleles on its chromosome, and an excess of the constitutively active CheY variant. Motors in this strain rotated CW-only and the strain did not swarm. A similar reduction in the number of foci in agar-grown cells was observed in comparison to the corresponding planktonic cells (Supplementary Figure S5). This suggested that it is not the FliGCW mutation per se that interfered with the assembly of the putative flagellar assemblies in cells grown on agar surfaces, but possibly the lack of conformational transitions in the switch protomers. These experiments provide a measure of support to the notions that in cells that fail to swarm on agar, the number of putative flagellar preassemblies is decreased relative to that in the planktonic cells, and that the export of flagellar proteins is influenced by the conformations of the switch protomers.

DISCUSSION

Our results suggest that the flagellar motors in swarming cells of E. coli do not develop a higher power relative to the planktonic motors, for a given viscous load. This is in contrast to species such as Pseudomonas aeruginosa, where cells employ a specialized set of stator proteins that are capable of developing higher power when the cell finds itself near a surface (Kuchma et al., 2015). Unexpectedly, the CWbias was lower in swarmer cells compared to that in planktonic cells, in fact, one out of three swarmer cells showed no inclination to reverse the direction of flagellar rotation. This is likely due to a smaller pool of phosphorylated CheY in the swarmer cells. This may be a consequence of an overall reduction in the chemotaxis protein abundances, or a reduction in the sensitivity of the flagellar switch. In any scenario, the reduction in reversal rates and CWbias is at odds with the swarm assays that clearly emphasize the role of flagellar switching in swarming. We propose, then, that it is not switching per se, but rather some associated property of the wild type that enables swarming.

Our experiments also indicate that the transcriptional upregulation of the flagellin gene was neither critical for developing adequate flagellar thrust in the swarmer state nor for swarming. This conclusion was derived from the observation that the CCW strain did not upregulate the expression of the flagellin gene, but was still able to swarm, provided that moisture was added. Swarmer cells belonging to the CCW strain were also able to generate similar flagellar thrusts as the wild-type swarmer cells. This suggested that the upregulation of fliC expression might simply be a consequence of agar-based growth of the wild-type strain. Transcriptional activity was also unchanged between the planktonic and swarmer cells belonging to the FliGCW strain. The deletion of flgM did not restore swarming in this strain. Considering that this strain was severely deficient in producing flagella on the agar substrate, this further suggested that the extreme defects in flagellar production on agar were unlikely due to reduced fliC expression. Optical tweezer experiments ruled out the possibility that the reduction in flagellar numbers in the FliGCW strain was due to shearing near the agar surface. The fliGCW mutation in planktonic cells of E. coli did not interfere with the assembly and functioning of the flagellar C-rings, as evidenced by previous measurements of FliM assembly in a FliGCW strain (Lele et al., 2012), and the torque measurements in the present work (Figures 2B,C). This suggested that the CW-locked conformation of the FliG–FliM–FliN protomers, rather than assembly defects, affected flagellar export in this strain. Finally, we also found evidence that the assembly of putative FliM assemblies in the FliGCW cells was inhibited on agar surfaces, relative to the planktonic state. This decrease correlated with reduced flagellar numbers on agar surfaces, which was most likely responsible for the degradation in flagellar thrust and the loss of swarming. However, the corresponding wild-type fusion strain failed to swarm, which prevented us from determining if a high density of preassemblies was maintained in wild-type swarmers. Based on the available data, we speculate that flagellin export depends on the switch-activity, and not just assembly, and that the stochastic transitions in the conformations of switch protomers likely help anneal putative preassemblies. Under the conditions of increased shear near agar surfaces, locked protomeric conformations might result in inadequate assembly and inefficient export of flagellar substrates.
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pPL1 pTrc99A fiGCW Lele and Berg (2015)
pPL14 pTrc99A motAmotB Lele and Berg (2015)
pPL33 pTrc99A fliA This work
pPL40 pTrc99A fliF This work
pPL42 pTrc99A flil This work
pPL47 pTrc99A flnA This work

+Corresponding strains were prepared to carry the fliCStckY allele to enable flagellar
tethering and motor assays. *A cysteine replacement in the native fliC allele enabled
fluorescent labeling of the flagella.
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Strain name Planktonic Non-swarmer Swarmer

Wild type 245+ 05 (n = 40) - 26.7 + 1.0 (n = 30)
ceow 224+05(n=380) 21.7+10(n=380) 26.4+0.8(n=30)
fliGeW 165+ 0.6(n=30) 153+ 0.6 (n = 30) -





