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Distinct chemotactic behavior 
in the original Escherichia 
coli K‑12 depending 
on forward‑and‑backward 
swimming, not on run‑tumble 
movements
Yoshiaki Kinosita1,2,5*, Tsubasa Ishida3, Myu Yoshida3, Rie Ito3, Yusuke V. Morimoto4, 
Kazuki Goto1, Richard M. Berry2, Takayuki Nishizaka1 & Yoshiyuki Sowa3*

Most motile bacteria are propelled by rigid, helical, flagellar filaments and display distinct swimming 
patterns to explore their favorable environments. Escherichia coli cells have a reversible rotary motor 
at the base of each filament. They exhibit a run-tumble swimming pattern, driven by switching of 
the rotational direction, which causes polymorphic flagellar transformation. Here we report a novel 
swimming mode in E. coli ATCC10798, which is one of the original K-12 clones. High-speed tracking 
of single ATCC10798 cells showed forward and backward swimming with an average turning angle 
of 150°. The flagellar helicity remained right-handed with a 1.3 μm pitch and 0.14 μm helix radius, 
which is consistent with the feature of a curly type, regardless of motor switching; the flagella of 
ATCC10798 did not show polymorphic transformation. The torque and rotational switching of the 
motor was almost identical to the E. coli W3110 strain, which is a derivative of K-12 and a wild-type 
for chemotaxis. The single point mutation of N87K in FliC, one of the filament subunits, is critical to 
the change in flagellar morphology and swimming pattern, and lack of flagellar polymorphism. E. coli 
cells expressing FliC(N87K) sensed ascending a chemotactic gradient in liquid but did not spread on a 
semi-solid surface. Based on these results, we concluded that a flagellar polymorphism is essential for 
spreading in structured environments.

The flagellar motor is the most extensively investigated motility system in bacteria1–3. The motor complex is com-
posed of approximately 30 different proteins and is attached to the helical flagellar filament via a hook structure. 
Most flagellar motors rotate in both directions, and the rotating filament works as a screw to generate thrust 
against the surrounding medium4,5. Flagellated bacteria exhibit distinct chemotactic behaviors to move toward 
favorable environments. An Escherichia coli cell has 5–10 left-handed flagellar filaments protruding from its cell 
body; the rotation of a bundle of flagella in the counterclockwise (CCW) direction (when viewed from filament 
to motor) propels a cell forward4,6. The cell undergoes reorientation (tumbling) upon the switching of flagellar 
rotation from CCW to clockwise (CW), leading to a change in filament shape from left- to right-handed7. In the 
case of Vibrio alginolyticus, a single left-handed polar flagellum propels the cells forward and backward by CCW 
and CW rotation, respectively8,9. Additionally, V. alginolyticus cells change their swimming direction by ~ 90° due 
to a buckling instability of their straight hook (flick). Recently, a novel type of flagellar-wrapping motion in which 
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the right-handed flagellum wraps around the cell body and propels the cell forward by its CW rotation has been 
discovered. This motility mode was found in Magnetospirillum magneticus AMB-110, Shewanella putrefaciens11, 
Pseudomonas putida12, Allivibrio fischeri13, Burkholderia insecticola13, and Helicobacter suis14.

E. coli is an ideal model organism due to its rapid growth in pure nutrient media and the availability of many 
genetic tools to study it. Theodor Escherich, the German pediatrician, isolated Bacterium coli from the feces of 
healthy individuals in 1885; it was renamed Bacillus coli and eventually E. coli in 191915. The original E. coli strain 
has been stored in the United Kingdom National Collection of Type Cultures as NCTC86; it shares a common 
genetic backbone with non-pathogenic E. coli strains, such as K-12, B, and HS15,16. In 1922, E. coli K-12 was iso-
lated from the stool of a convalescent diphtheria patient17. Since then, many hundreds of K-12 derivatives have 
been isolated for motility studies18,19; in addition, some K-12 derivatives have lost resistance to bacteriophage 
λ and sexual fertility (F+), due to the effect of UV irradiation and acridine orange, during this period17. Initial 
studies isolated motile strains, such as W2637 and MG1655, using a semi-solid agar plate in which motile strains 
spread, but non-motile strains did not20. A recent study proposed navigated range expansion in E. coli cells as a 
dispersal mode in a structured environment (semi-solid agar plates). It has also been suggested as a population 
fitness mechanism that recognizes nutrients and chemical gradients that serve as local guides and that allows 
a rapid expansion into unoccupied territories (outer edge)21. However, the reason why the original K-12 strain 
exhibits no motility remains unclear; we infer that these non-motile cells have uncharacterized and exciting 
features to contribute to the field of bacterial flagellar studies.

Accordingly, we investigated the swimming motility of the original K-12 strain, ATCC10798. We could not 
observe any spreading on a semi-solid agar plate, but the cells exhibited swimming motility in liquid medium, 
with a forward and backward movement similar to that of V. alginolyticus. A single amino acid substitution seems 
to have prevented flagellar polymorphism and the consequent change of chemotactic behavior from run-tumble 
to forward–backward movements. We found that ATCC10798 cells could not swim in structured environments, 
although they could swim toward the attractant in liquids. Moreover, E. coli cells capable of a run and tumble 
strategy freely moved with 180° reversals to escape, if their route was blocked. From these results, we argue the 
importance of flagellar polymorphism for migration in structured environments.

Results
Differences in swimming pattern and flagellar structure between E. coli ATCC10798 and 
W3110.  We found that ATCC10798 cells did not spread on semi-solid agar plates, whereas W3110 cells 
were able to do so (Fig. 1a). Previous studies reported that cells defective in chemotaxis or motility, or lacking 
active flagella did not spread in this kind of medium (Supplementary Fig. 1)22; therefore, we hypothesized that 
ATCC10798 cells might be unable to exhibit either a swimming or a switching behavior. To address this, we per-
formed microscopic measurements using a phase-contrast microscope (Supplementary Video 1). Unexpectedly, 
ATCC10798 cells showed swimming motility with reorientations, which is a different motility pattern from that 
of W3110 cells (Fig. 1b).

To better understand the different motility modes between strains, we quantified the swimming speed 
and switching pattern of individual cells. The average swimming speed (± standard deviation; SD) was 
13.2 ± 4.4 μm s−1 in ATCC10798 cells and 32.5 ± 6.6 μm s−1 in W3110 cells (Fig. 1c). To characterize the switch-
ing behavior in detail, we calculated angle changes over time, between θ(t) and θ(t + Δt), using a previously 
reported algorithm (see “Materials and methods” section)23. The frequency distribution of turning angles in 
ATCC10798 had a bimodal shape, with peaks at 70° and 150°, indicating that cells reversed their swimming 
direction (Fig. 1d left), as previously seen in a curly mutant of Salmonella enterica serovar Typhimurium24. The 
angle that was most frequently seen in W3110 cells when changing direction was close to 35°, similar to the 
previously reported angle (Fig. 1d right)23.

Next, we analyzed flagellar morphology using TEM. In ATCC10798, the average number of filaments was two, 
with an average length (± SD) of 4.7 ± 1.1 μm (Fig. 1e left, n = 62). The average flagellar pitch and helix radius were 
1.3 ± 0.2 μm (Fig. 1f left) and 0.14 ± 0.03 μm (Fig. 1g left), respectively, which corresponded to a curly flagellar 
filament25. In W3110 cells, approximately six flagellar filaments were formed around the cell body (peritrichous 
flagella, Fig. 1e right). Their average length (± SD) was 7.3 ± 1.9 μm (n = 48), whereas their average pitch and helix 
radius were 3.0 ± 0.2 μm (Fig. 1f, right) and 0.23 ± 0.05 μm (Fig. 1g, right), respectively. These helical parameters 
indicated that these flagellar filaments belonged to the normal type25. We speculated that the differences in flagel-
lar number between the two strains could be due to pipetting during sample preparation, given that cells with 
curly filaments tend to adhere to one another26 and that broken or detached curly filaments could be easily seen 
under TEM. Other structural parameters are summarized in Supplementary Table 1.

Forward–backward movement in ATCC10798 swimming.  To elucidate the basis for the difference 
in the swimming mode between ATCC10798 and W3110, we labeled the flagellar filaments with a fluorescent 
dye, Cy3, taking advantage of the biotin-avidin interaction (see “Materials and methods”)27,28. First, we observed 
flagellar dynamics in a large field (230 × 144 μm). ATCC10798 cells with few flagellar filaments frequently exhib-
ited forward and backward swimming, like those in V. alginolyticus8,9, whereas cells with many filaments showed 
wobbling motion, apparently due to deficient bundle formation (Supplementary Video 2). Most W3110 cells 
exhibited directed linear motion (run) with abrupt directional changes (tumble)6,23.

We next recorded both the swimming and flagellar rotation simultaneously at a high S/N ratio and a speed 
of 400 frames s−1 (Supplementary Video 3)27,28. Using kymograph analysis (see Materials and methods”), the 
swimming speeds and rotational rates were quantified from the slope of the resulting curve and the changes in 
intensity, respectively (Fig. 2a–c). In ATCC10798, the swimming speed and the rotation rate were estimated to be 
9.1 ± 4.1 μm s−1 and 107.2 ± 29.1 Hz during backward swimming (Fig. 2a, left; Fig. 2d,e, top) and 8.7 ± 4.7 μm s−1 



3

Vol.:(0123456789)

Scientific Reports |        (2020) 10:15887  | https://doi.org/10.1038/s41598-020-72429-1

www.nature.com/scientificreports/

and 98.4 ± 15.7 Hz during forward swimming (Fig. 2a, right; Fig. 2d,e, middle), respectively. In W3110 (Fig. 2b), 
these parameters were 17.9 ± 6.9 μm s−1 and 115.1 ± 28.1 Hz (Fig. 2d,e, bottom), respectively. Despite having 
similar rotational rate values, flagellar rotation in W3110 cells was approximately twice as efficient than that 
of ATCC10798 cells: the swimming speed (v)/rotation rate (f) ratio was 0.156 μm/rotation in W3110, whereas 
it was 0.083 μm/rotation during backward swimming and 0.097 μm/rotation during forward swimming in 
ATCC10798 (Fig. 2f). These results suggest that a larger helix can produce a stronger thrust, as previously pre-
dicted by mathematical modeling29.

Real‑time imaging of structure and kinematics for flagellar filaments under TIRFM.  We next 
determined flagellar structure and function, simultaneously, using TIRFM13,27,28. We found that a cell attached 
to the glass surface could rotate its flagellar filament freely, by treating coverslips with poly-L-lysine and bovine 
serum albumin (BSA). In ATCC10798, we could see wave propagation, away from the cell body, during CW 
rotation of right-handed flagellar filaments, and toward the cell body during CCW rotation (Supplementary 
Video 4). From this analysis, we conclude that forward and backward movements in ATCC10798 cells are driven 
by CW and CCW rotation, respectively, in right-handed flagellar filaments. ATCC10798 and W3110 flagellar 
morphology and rotation rates in both motility modes are summarized and compared in Supplementary Fig. 2.

Although ATCC10798 cells had only right-handed flagellar filaments, W3110 cells had both right- and left-
handed flagellar filaments (Supplementary Video 5). Besides, W3110 cells mainly formed left-handed flagellar 
helices when the filaments freely rotated in the CCW direction. Motor switching caused gyration of the filament 
and transformation from a left-handed into a right-handed filament within 100 ms (Supplementary Fig. 3, left; 
and Supplementary Video 6). We also detected reversible transformation from right- to left-handed filaments 
(Supplementary Fig. 3, right; and Supplementary Video 7). Furthermore, we observed coiled-state flagellar fila-
ments with a radius of 0.78 ± 0.02 μm in W3110 (Supplementary Fig. 4).

Quantification of single motor behaviors by tethered‑cell assay.  Previous studies claimed to iden-
tify torque-dependent flagellar transformation, based on direct measurements using a dark-field microscopy 
and molecular simulation30,31. However, we could not detect any flagellar transformation in ATCC10798 experi-
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Figure 1.   Characterization of swimming motility and structural parameters of ATCC10798 and W3110. (a) 
Motility of E. coli ATCC10798 and W3110 cells on 0.25% (wt/vol) soft-agar plates incubated at 30 °C for 7 h. 
Scale bar, 1 cm. (b) Sequential phase-contrast images taken at 50 ms intervals for 10 s were integrated using 
an intermittent color code: “red → yellow → green → cyan → blue.” Scale bar, 20 μm. (c) Histograms of the 
swimming speed of ATCC10798 (left) and W3110 (right). Solid lines represent the Gaussian fitting; the peaks 
(± SDs) are at 13.2 ± 4.4 μm s−1 in ATCC10798 (n = 70) and at 32.5 ± 6.6 μm s−1 in W3110 (n = 50). (d) Histogram 
of reorientation angles during swimming. The peaks (± SDs) are at 70 ± 31 degrees and 151 ± 23 degrees in 
ATCC10798 (n = 354) and at 34 ± 13 degrees in W3110 (n = 119). (e) Electron micrographs of E. coli ATCC10798 
(left) and W3110 (right) cells. Scale bars, 2 μm. (f) Histograms of the flagellar pitch. Solid lines represent the 
Gaussian fitting, the peaks (± SDs) are at 1.3 ± 0.2 μm for ATCC10798 (n = 59) and at 3.0 ± 0.2 μm for W3110 
(n = 41). (g) Histograms of the helix radius. The peaks (± SDs) are at 0.14 ± 0.03 μm in ATCC10798 (n = 59) and 
at 0.23 ± 0.05 μm in W3110 (n = 42).
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ments, suggesting that a motor torque might be insufficient to cause flagellar transformation. To address this 
point, we quantified motor properties using a tethered-cell assay (Fig. 3a, see “Materials and methods”), record-
ing rotation for 10 s in each measurement. Calculated switching frequencies and CW biases (CW time/total time) 
were 1.15 ± 0.60 s−1 and 0.61 ± 0.21 in ATCC10798 and 1.52 ± 0.84 s−1 and 0.48 ± 0.27 in W3110 cells, respectively 
(Fig. 3b,c). Whereas the rotation rates of ATCC10798 and W3110 were 7.3 ± 1.4 Hz and 7.0 ± 1.3 Hz, respectively 
(Fig. 3d). We could not detect any difference in the motor speed between the two strains (P = 0.1864 > 0.05 by 
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Figure 2.   Visualization of forward and backward movements in ATCC10798. (a) Micrographs and kymographs 
of ATCC10798 cells during backward (left) and forward swimming (right). The green line drawn at the tip 
of the cell enabled quantification of the swimming speed of the cells. The pink and beige lines were drawn on 
the signal of flagella, where the slopes were the same as those of the green lines. Scale bar, 2 μm. (b) Typical 
example of a swimming run of W3110 cells. The green line drawn at the tip of the cell enabled quantification of 
the swimming speed of the cells. The blue line was drawn on the signal of flagella, where the slope was the same 
as that of the green line. Scale bar, 2 μm. (c) Left: intensity changes along flagellar filaments, colors correspond 
to those in (a) and (b). Right: frequency analysis was done by a Fourier transform. The peaks for backward 
and forward swimming of ATCC10798, and for the run of W3110 were at 94, 108, and 124 Hz, respectively. 
(d) Speed histograms of backward (top) and forward (middle) swimming of ATCC10798 cells, and of the 
swimming run of W3110 cells (bottom). The solid lines represent the Gaussian fitting, where the peaks (± SDs) 
are at 9.1 ± 4.1 μm s−1 for backward swimming (n = 96), at 8.7 ± 4.7 μm s−1 for forward swimming (n = 14), and 
at 17.9 ± 6.9 μm s−1 for the W3110 cell run (n = 54). (e) Flagellar rotation rate histograms show that the peaks 
(± SDs) are at 107.2 ± 29.1 Hz during backward swimming (top) and at 98.4 ± 15.7 Hz during forward swimming 
(middle) for ATCC10798 cells, and at 115.1 ± 28.1 Hz for W3110 cells (bottom). (f) Relationship between 
swimming speed and rotation rate. Colors correspond to those in (d) and (e). Dashed lines represent linear 
fitting with slopes of 0.083 μm per revolution during backward swimming and 0.097 μm per revolution during 
forward swimming for ATCC10798 cells, and 0.156 μm per revolution during swimming run for W3110 cells.
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t-test), suggesting that the defective flagellar polymorphism of ATCC10798 was not caused by its motor proper-
ties.

Single‑point mutation FliC (N87K) is essential for forward–backward movement.  The bistable 
protofilament model explains polymorphic flagellar transition. Basically, the flagellar filament is composed of 11 
protofilaments, each of which assumes either a left or right conformation; different mixtures of these two types 
of protofilaments form filaments of up to12 different geometries/helical shapes32–34. Additionally, it is known 
that some point mutations can lead to the formation of these left and right type protofilaments35–37. Therefore, 
we compared the flagellin, FliC, sequences of ATCC10798 and W3110 and found that residue 87 in ATCC10798 
was a lysine and not an asparagine as in W3110 (Fig. 4a). Note that we included the first methionine residue 
in the sequence of FliC although it is cleaved off post-translationally in S. typhimurium38. The effects of several 
amino acid substitutions on polymorphic flagellar transformation is well studied, but, to our knowledge, the 
effect of this FliC (N87K) substitution on flagellar formation has never been investigated.

To check whether this substitution was truly responsible for the transformation from a left-handed to a 
right-handed flagellar filament, we replaced the fliC gene of ATCC10798 with a wild type one, strain SHU102 
[ATCC10798 (fliC (N87K):: fliC)] (see “Materials and methods”). We first examined the flagellar morphology 
of SHU102 using TEM (Fig. 4b, top). Then, we determined that the pitch and helical radius of SHU102 flagella 
were 2.5 ± 0.2 μm (Fig. 4c, top) and 0.20 ± 0.04 μm (Fig. 4d, top), respectively, which corresponded to those of 
the normal flagellar type, as observed in W3110 (Fig. 1f,g, right). We next investigated the swimming motil-
ity of SHU102 on semi-solid agar plates and found that it spread in a similar way than strain W3110, i.e., both 
strains formed migration halos with similar diameters (Fig. 4e). Additionally, SHU102 cells displayed a run and 
tumble pattern in its chemotactic behavior (Supplementary Videos 8–9 and Fig. 4f–h, left). Furthermore, we 
examined the effect of this substitution on the chemotactic response of the strain, using a capillary (tip) assay, 
and found that the FliC(N87K) substitution did not have any significant influence on it (Supplementary Video 
10 and Supplementary Fig. 5).

We also examined the rotation rate and morphology of the flagellar filaments using TIRFM (Supplementary 
Fig. 6) and found that SHU102 cells had left-handed flagellar filaments. The flagellar helicity frequently under-
went switching into a right-handed form, depending on motor switching, which had never been observed in 
ATCC10798 cells (Supplementary Video 11). These results suggest that FliC (N87K) caused the structure of 
filaments to be fixed in a right-handed helicity.

To confirm the effect of the FliC (N87K) substitution on motility and flagellar structure, we carried out a 
series of experiments on a ΔfliC strain, HCB1336, carrying either pYS10 (pBR322-fliC) or pSHU61 (pBR322-
fliC (N87K)) (see “Materials and methods”). HCB1336/pYS10 formed normal flagellar filaments similar to those 
formed by W3110 and SHU102 cells (Fig. 4b–d, middle), while HCB1336/pSHU61 formed curly filaments 
like those in ATCC10798 cells (Fig. 4b–d, bottom). The swimming abilities, including spreading, swimming 
speed, and reorientation angle, of HCB1336/pYS10 and HCB1336/pSHU61 were similar to those of W3110 
and ATCC10798 cells, respectively (Fig. 4e–h). We also visualized flagellar morphology and function using 
tethered-cell assays and TIRFM (Supplementary Figs. 7–8 and Supplementary Video 11). Resulting parameters 
are summarized in Supplementary Table 1.

W3110 cells can escape from stuck on agarose surface through 180° reverse move‑
ments.  Although ATCC10798 cells showed chemotaxis in a liquid environment (Supplementary Fig. 5), they 
were not able to spread on semi-solid agar (Fig. 1). To determine the reason of this behavior, we checked swim-
ming motility using agarose. As with the agar experiment, ATCC10798 cells could not spread on a 0.2% agarose 
plate, but W3110 cells could (Fig. 5a). Phase-contrast microscopy revealed that some W3110 cells were sparsely 
distributed along the migration halo (Fig. 5bi,ii), whereas ATCC10798 cells were densely packed in the center 
of the plate (Fig. 5biii). To check this difference in detail, we observed the swimming motility of fresh cells using 
a 0.2% semi-solid agarose pad (Fig. 5c, see “Materials and methods”). ATCC10798 cells were not able to swim 
once they stuck to the surface (Supplementary Video 12). In contrast, W3110 cells frequently stuck to the surface 
but escaped via 180° reversals, without reorientation of the cell body (Fig. 5d–f). Turner et al. also observed this 
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Figure 3.   Quantification of switching behavior by tethered-cell assay. (a) Schematic representation of a 
tethered-cell assay. (b) Average (± SD) switching frequencies of ATCC10798 (1.15 ± 0.60 s−1; n = 99) and W3110 
(1.52 ± 0.84 s−1; n = 53) cells. (c) Average (± SD) CW bias (TimeCW/TimeTotal) for ATCC10798 (0.61 ± 0.21; n = 99) 
and W3110 (0.48 ± 0.27; n = 53) cells. (d) Average (± SD) rotation rates observed in ATCC10798 (7.3 ± 1.4 Hz; 
n = 99) and W3110 (7.0 ± 1.3 Hz; n = 53) cells (P = 0.1864 > 0.05 by t-test).
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phenomenon using a fluorescent microscope: the flagellar bundle transformed from a normal to a curly state and 
the curly filaments formed a bundle that pushed the cell forward, to the opposite side of the original direction 
of swimming39. Additionally, we found that W3110 cells frequently reversed their swimming direction in the 
presence of 15% (w/vol) Ficoll, as seen in constricted environments40; ATCC10798 cells were also able to swim 
with a forward and backward movement (Supplementary Video 13). Taken together, these results suggest that 
flagellar polymorphism is essential for migration in structured environments.

Discussion
The FliC (N87K) substitution caused flagellar transformation from a left-handed, normal flagellar filament into 
a right-handed, curly filament (Fig. 4). Flagellin monomer consists of four connected domains, D0-D3 (Sup-
plementary Fig. 9a). The highly conserved D0 and D1 domains face inward into the filament core, while D2 
and D3 domains protrude outside, against the central core (Supplementary Fig. 9b)41. The role of D2-D3 is to 
stabilize flagellar filaments. D0-D1 are mainly responsible for L/R switching in protofilaments26,41,42. In flagel-
lar filaments of S. typhimurium (and E. coli) amino acid substitutions in the D1 domain at A49, D108, D152, 
A415 (A417), A428 (A430), N434 (N436), and A450 (A452) cause flagellar transformation from a normal to a 
curly state35–38 (Supplementary Fig. 9a). These substitutions change the hydrogen-bonding network for the L/R 
transition along the 5-, 11-, and 16-start filament interfaces. We checked the interactions, highlighting hydrogen 
bonding interactions, between subunits using L- and R-type straight filaments of S. typhimurium41,43 as models 
(Supplementary Fig. 9c). In the L-type filament, the E84 and E122 residues form multiple hydrogen bonds with 
the N439 residue at the 5-start interface. In the R-type filament, hydrogen bonds are formed between E84 and 
T438 and between T130 and N439 at the 5-start interface. These residues are conserved among different bac-
terial species (Supplementary Fig. 9d). Although no specific interactions of the N87 residue were detected in 
L- or R-type filament subunits, the N87K mutation is likely to cause the formation of new hydrogen bonds with 

Figure 4.   The FliC (N87K) substitution alters flagellar shape and swimming mode. (a) Left: fliC gene and 
protein sequence comparison. Right: Crystal structure of FliC (PDB: 1IO1). The red structure represents N87 
residue. (b) Electron micrographs of SHU102 [fliC (N87K):: fliC,], HCB1336/pYS10, and HCB1336/pSHU61. 
Scale bars, 2 μm. (c) Histograms of the flagellar pitch observed in SHU102 (top), HCB1336/pYS10 (middle), 
and HCB1336/pSHU61 (bottom) cells with peaks (± SDs) at 2.5 ± 0.2 μm (n = 27), 2.7 ± 0.3 μm (n = 42), and 
1.4 ± 0.1 μm (n = 46), respectively. (d) Histogram of the helix radius observed in SHU102 (top), HCB1336/pYS10 
(middle), and HCB1336/pSHU61 (bottom) cells with peaks (± SDs) at 0.20 ± 0.04 μm (n = 27), 0.22 ± 0.06 μm 
(n = 44), and 0.14 ± 0.03 μm (n = 46), respectively. (e) Cell motility on 0.25% (wt/vol) soft-agar plates after 7 h 
at 30 ºC. Scale bar, 1 cm. (f) Swimming traces at 150 ms intervals for 15 s. The intermittent color code indicates 
the time course from red to blue. Area, 68.6 × 85.9 μm. (g) Swimming speed histograms of SHU102 (left), 
HCB1336/pYS10 (middle), and HCB1336/pSHU61 (right) cells with peaks (± SD) at 26.3 ± 6.0 μm s−1 (n = 45), 
21.7 ± 4.5 μm s−1 (n = 53), and 12.0 ± 4.2 μm s−1 (n = 53), respectively. (h) Reorientation angle histograms with 
peaks (± SDs) at 46 ± 28 degrees in SHU102 cells (left, n = 269), at 36 ± 13 degrees in HCB1336/pYS10 cells 
(middle, n = 285), and at 58 ± 29 degrees and 139 ± 30 degrees in HCB1336/pSHU61 cells (right, n = 444).
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the T438 residue at the 5-start interface. This hydrogen bond might enhance R-type interactions and cause the 
adoption of the right-handed helical form, as previously shown36.

On a semi-solid agar plate, W3110 cells could spread, but ATCC10798 cells could not (Fig. 1). Spreading is 
generally associated with a chemotactic behavior driven by motor switching22. However, we infer that additional 
mechanisms are required for spreading on semi-solid agar plates taking into consideration that ATCC10798 cells 
exhibit both motor switching (Figs. 2, 3) and chemotactic behavior in liquid media (Supplementary Fig. 5). Inter-
estingly, W3110 cells exhibited 180° reverse movements to escape from being stuck when in semi-solid agarose 
(Fig. 5), which is also observed in the peritrichous flagellated bacterium Bacillus subtilis44. Additionally, Turner 
et al. observed flagellar transformation-dependent 180° reversal movements using a fluorescent microscope (see 
fig. 5 in Ref.39) in structured environments40,44. Considering that the flagellar morphology was stable, irrespec-
tive of motor switching (Supplementary Video 4), we concluded that flagellar polymorphism was essential for 
spreading in structured environments. This idea enables us to easily interpret previous reports: specific point 
mutations in FliC, causing a lack of flagellar polymorphism, hinder the ability to swim on semi-solid agar plates, 
but still allow bacterial movement in liquid media35,37.
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Figure 5.   Swimming motility on 0.2% agarose. (a) Motility of W3110 (left) and ATCC10798 (right) cells on 
0.2% (wt/vol) soft-agarose plates after incubation at 30 °C for 7 h. (b) Magnified images of the i, ii, and iii spots 
shown in (a). These experiments were conducted on the same plate. Scale bars, 1 cm (a) and 50 μm (b). (c) Top: 
Schematic representation of the observation of bacterial swimming motility in a 0.2% soft agarose pad. Bottom: 
Schematic representation of W3110 cells swimming in a medium containing 0.2% agarose. (d) Sequential 
images of W3110 cell migration in 0.2% agarose. Arrows indicate bacterial swimming direction after reversal, 
angle changes were approximately of 180 degrees each. Scale bar, 5 μm. (e) Typical examples of swimming 
trajectories with turning events. Black dots indicate the moments where reversals have taken place. Intervals, 
20 ms. (f) Histogram of the switching angles observed in W3110 cells swimming in a 0.2% agarose medium 
(n = 183).
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This mechanism could also be present in other types of flagellated bacteria. For example, flagellar polymor-
phic changes from a normal to a curly state have been seen in the single polar flagellated species Pseudomonas 
spp.45,46 as well as changes from a normal to a coiled state in the sub-polar flagellum in Rhodobacter sphaeroides47. 
A novel type of flagellar wrapping motion has recently been observed in polar-flagellated bacteria10–14. These 
bacteria reverse their direction of motion by transiting from a CCW rotation of left-handed normal filaments 
into a CW rotation of right-handed coiled filaments to escape from being trapped in structured environments. 
In S. putrefaciens, flaB is crucial, not only for flagellar polymorphism, but also for the transition from regular 
swimming to wrapping motion. However, cells with flagellar filaments consisting only of FlaA are deficient in 
both swimming motility in semi-solid agar and in flagellar polymorphism48. In common with S. putrefaciens, 
polar-flagellated bacteria possess multiple flagellins for flagellar polymorphism and migration in structured 
environments49–51. These data support that the ability of bacteria to swim in structured environments is driven by 
flagellar polymorphism. However, Caulobacter crescentus and Vibrio sp. spread on semi-solid agar plates without 
flagellar polymorphism45,50,52. In these bacteria, the hydrodynamic load causes the buckling of the straight hook 
upon a motor switching from CW to CCW rotation8,9,53. This buckling mechanism could be equivalent to flagel-
lar polymorphism as a means to perturb cell motile patterns. In fact, a poly-hook mutant of non-chemotactic 
cells forms a pseudoring, driven by dynamic flagellar reorientation54,55. Our results complement recent, beautiful 
work on how microorganisms migrate in structured environments21 and will lead to a discussion of how E. coli 
cells have adapted for survival through the evolution of flagellar transformation.

Materials and methods
This article was previously published as a preprint56.

Bacterial strains.  E. coli K-12 ATCC10798 and W3110 were the main strains used in this study. Other 
strains used are listed in Supplementary Table 2. Cells were grown at 37 °C on 1.5% (wt/vol) agar plates (010-
08725; Wako) containing T-broth (1% (wt/vol) tryptone, 0.5% NaCl). Single colonies were isolated and resus-
pended in 10 mL of either T-broth or LB (1% (wt/vol) tryptone, 0.5% yeast extract, 0.5% NaCl) liquid medium7. 
Cells were grown to an optical density of 0.4–0.7 at 600 nm with shaking at 30 °C (Supplementary Fig. 10).

Construction of fliC mutants.  Plasmids and primers used in this study are listed in Supplementary 
Tables 2, 3. We purified genomic DNA from ATCC10798 and amplified the fliC gene by PCR. The fliC genes 
from ATCC10798 and W3110 only differed by one base corresponding to amino acid 87.

To determine the effect of the mutation at residue 87 on flagellar morphology, we performed two independent 
experiments: (i) the complementation of a ΔfliC strain with a plasmid encoding FliC (N87K); and (ii) the replace-
ment of the chromosomal ATCC10798 fliC gene with an E. coli wild-type fliC gene. Plasmid pYS10 encodes 
a wild-type FliC; it was used to generate a plasmid encoding FliC (N87K) by the “QuikChange” site-directed 
mutagenesis method using 1217_fliC (N87K)-f(QC) and 1218_fliC(N87K)-r(QC).

Chromosomal substitution was achieved by using a λ Red recombination system, with plasmid pKD46 encod-
ing the Red system57 and positive selection for the loss of tetracycline resistance58. The tetracycline-resistance 
gene tetRA was amplified by PCR using primers 0196_fliC-tetRA-F and 0197_fliC-tetRA-R. The tetRA cassette 
was replaced in the chromosomal fliC locus of the ATCC10798. After selection and isolation, SHU101 [fliC 
(N87K):: tetRA] was obtained and confirmed by colony PCR using 0219_fliC-(-175)-F, 0220_fliC-(+ 250)-R, 
0210_tetRA-785-R, and 0211_tetRA-1090-F (Supplementary Fig. 1). tetRA in SHU101 was replaced by the wild-
type fliC from the chemotactic wild-type strain RP437, which was amplified by PCR using primers of 1232_fliC-F 
and 0199_fliC-R. Tetracycline-sensitive clones were selected using tetracycline-sensitive plates and isolated as 
SHU102 [fliC (N87K):: fliC]. The construction was confirmed by sequence analysis using 0219_fliC- (-175)-F, 
0220_fliC- (+ 250)-R, 0198_fliC-F, and 0199_fliC-R.

Preparation of fluorescent‑labeled cells.  Cells were collected from 1 mL of culture by centrifugation at 
6,000 g for 4 min at 25 °C, resuspended with buffer A (30 mM NaCl, 70 mM KCl, 2 mM EDTA), pH 7.8, contain-
ing biotin-NHS-ester, and incubated for 15 min at room temperature. After labeling, two rounds of centrifuga-
tion under previously mentioned conditions were done to remove excess biotin. Biotinylated cells were resus-
pended into buffer (30 mM NaCl, 70 mM KCl, 5 mM MgCl2), pH 7.0, containing 0.1 mg/mL Cy3-conjugated 
streptavidin and incubated for 3 min27,28. Excess dyes were removed by two more rounds of centrifugation and 
cells were resuspended into buffer B.

Electron microscopy.  Carbon-coated electron microscope grids were glow-discharged with a hydrophilic 
treatment device (PIB-10; Vacuum Device)13,28. Cells in buffer B were placed on the grid, incubated for 10 min 
at room temperature, and chemically fixed with 2% (vol/vol) glutaraldehyde in buffer B for 15 min. Cells were 
then washed three times with buffer B and subsequently treated by 2% (wt/vol) ammonium molybdate for stain-
ing. Samples were observed under a TEM (JEM-1400; JEOL) at 100 kV. Whole images were captured by a CCD 
camera at 8 bits.

Motility assay on soft‑agar plates.  A single colony was inoculated on a 0.25% (wt/vol) T-broth soft-agar 
plate and incubated at 30 °C for 7 h. Cell motility was evaluated according to the colony’s diameter by Image J 
1.45 s (https​://rsb.info.nih.gov/ij/).

https://rsb.info.nih.gov/ij/
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Motility assay.  All experiments were performed at room temperature. The flow chamber was composed of 
two coverslips (no. 1, 0.12–0.17 mm thickness) of different sizes (18 × 18 and 24 × 36 mm)59,60. The 24 × 36 mm 
cover glass was glow-discharged with a hydrophilic treatment device (PIB-10; Vacuum Device) to clean its sur-
face. Double-sided tape pieces, ~ 30 mm long, were used as spacers between coverslips; they were fixed with 
~ 5 mm intervals. The chamber’s final volume was ~ 7 μl, indicating that the double-sided tape was ~ 90 μm thick. 
For swimming assays, buffer C (30 mM NaCl, 70 mM KCl, 5 mM MgCl2, 5 mg/mL BSA was infused into the flow 
chamber, followed by 10 μL of the cell suspension medium.

For observation of stuck cells under total internal reflection fluorescence microscopy (TIRFM), a glass was 
coated with poly-L-lysine. Cells in buffer D (30 mM NaCl, 70 mM KCl, 5 mM MgCl2, 1.5 mg/mL BSA) were 
infused into the chamber, followed by 20 μL of buffer D to remove unbound cells.

A capillary assay was performed by the method of Nikata et al.61, using 10 μL tips as capillary tubes containing 
5 μL of buffer B with 1% (wt/vol) agarose. Tips were inserted into a chamber for chemotactic response assays 
(Supplementary Fig. 5). Buffer C was infused into the chamber to prevent cells from adhering to the glass surface.

For tethered-cell assays, cell suspensions with an optical density of 0.6–0.8 at 600 nm were sheared by pass-
ing them back and forth 35 times through 1 mL syringes equipped with two 26 gauge needles connected by a 
piece of tubing. Cells were collected by centrifugation at  3,300 g for  3 min at 25 °C, resuspended in buffer E 
(10 mM KPi, 85 mM NaCl, 0.1 mM EDTA), washed twice, and resuspended in buffer E. Cells were then stuck 
on a glass surface via an anti-FliC antibody (1:300 dilution) (Fig. 3a); unbound cells were washed with buffer 
F (10 mM KPi, 67 mM NaCl, 0.1 mM EDTA, 10 mM lactate). Spinning cells were captured at 60 frames s−1 for 
10 s through the 40 × objective, as previously described5,62. Rotational motions of cell bodies were analyzed using 
custom software-based upon LabVIEW (National Instruments). The CW bias was defined as CWtime

totaltime
 (Fig. 3c).

Microscopy.  For visualization of fluorescent-labeled cells, a green laser beam (λ = 532  nm; Com-
pass-315  M-100, Coherent) was introduced into an inverted microscope (IX71, Olympus) equipped with a 
100 × objective (Plan Apo TIRF, NA 1.49, Nikon Instruments), a dichroic mirror (custom-made, Chroma), an 
emission filter (NF01-532U, Semrock), an EMCCD camera (iXon + DU860, Andor), a CCD camera (HR1540; 
Digimo), a highly stable customized stage (Chukousha), and an optical table (RS-2000, Newport). Images were 
recorded at 2.5 ms intervals, using an EMCCD camera with a magnification of 130 × 130 nm at the single pixel 
on the camera plate.

Live‑cell imaging on agarose.  We conducted two independent experiments to investigate swimming 
motility on 0.2% semi-solid agarose. First, Petri dishes with 0.2% agarose (20 mL) were inoculated with single 
colonies and incubated for 7 h at 30 °C (Fig. 5a,b). Then, 20 μL samples of 0.2% agarose were poured onto glass 
slides. When agarose had solidified, 10 μL of culture was added to each pad and covered with 22 × 22 mm cov-
erslips using a double-sided tape with a ~ 20 mm interval and an approximate height of 75 μm (Fig. 5c). W3110 
cells were used as positive swimming motility controls. Both experiments were visualized using an upright 
microscope (Eclipse Ci; Nikon) with a 40 × objective (EC Plan-Neofluar 40 with Ph and 0.75 N.A.; Nikon) and a 
CMOS camera (H1540; Digimo). Images were recorded at 20 fps for 15 s.

Data analysis.  To identify reorientation events within trajectories, we used three strategies, as previously 
reported23. First, phase-contrast images were captured at up to 200 frames s−1. The centroid position of cells 
determined swimming trajectories. Given the trajectory of cells, r(t) = [x (t), y (t)], the swimming velocity v (t) 
was defined as v (t) = r(t+�t)−r(t)

�t
 . Second, to eliminate the effect of noise, such as Brownian motion, on reori-

entation events, we smoothed the data by calculating running averages over 10 points, which corresponded to 
50 ms intervals. Finally, given two data points, r(t) = [x(t), y(t)] and r(t + Δt) = [x(t + Δt), y(t + Δt)], we defined the 
angle against the horizontal axis as θ(t). If two successive angle changes, θ (t1)–θ (t0) and θ (t2)–θ (t1), were over 
α, that point was identified as the end of the run. A new run began after three successive angle changes < α with 
a speed above 5 μm s−1; hence, the minimum duration of the run was 80 ms. The threshold α is described by the 
equation: α = c Δθmed, where c is the coefficient and Δθmed, the median directional change. We manually checked 
the trace and video to avoid false event detection and found that the best value of c was 3.

Using fluorescent-labeled cells, we constructed a kymograph at 2.5 ms intervals to measure swimming speed 
(Fig. 2). The flagellar rotation rate of each cell was measured by Fourier transform analysis (Fig. 2c, right). Under 
TIRF illumination, intensity changes were detected when fluorescent-labeled flagella contacted an evanescent 
field. Intensity changes in a 2 × 2 pixel grid were measured and calculated by fast Fourier transform analysis27,28.
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