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T



he movements of microorganisms have fascinated researchers for >300 y, yet we are still just beginning to understand many aspects of these movements. As a prime example, the swimming of cells and microorganisms is almost universally driven by the undulation or rotation of thin ﬁlaments, whether it be the ﬂapping of eukaryotic ﬂagella, the beating of cilia, or the spinning of bacterial ﬂagella (1). A baseline understanding of how these motions produce the thrust to propel a microorganism through water was developed by the pioneering work of G. I. Taylor and E. M. Purcell (2–4). In their natural environments, though, many microorganisms move through substances that do not behave like water. The nematode Caenorhabditis elegans lives in soil and undulates its body to move (5). In addition to soil, the nematode can move through viscous and viscoelastic ﬂuids and gels and along the top of moist surfaces using similar undulatory motions (6). C. elegans changes its gait depending on the viscosity of the environment (6); viscoelasticity in the environment slows the swimming speed (7). Changes in the wave shape and frequency of the beating ﬂagellum may enhance the ability of mammalian sperm to move through viscoelastic ﬂuids, such as cervical mucus (8). Recent theoretical work has tried to explain how viscoelastic or gel-like media affect the swimming of microorganisms (9–14), but, to date, there have been very few empirical studies to test the theoretical predictions (7). Here we focus on the spirochete that causes Lyme disease, Borrelia burgdorferi (Bb), which traverses complex environments during its enzootic cycle. The motility of Bb has been studied extensively in liquid media and methylcellulose solutions (see, for instance, ref. 15). Like most other swimming bacteria, Bb moves through these environments by rotating long, helical www.pnas.org/cgi/doi/10.1073/pnas.1114362109



ﬂagellar ﬁlaments. However, in spirochetes, the ﬂagella are enclosed within the periplasmic space, the narrow region between the cell wall (i.e., cytoplasmic membrane plus peptidoglycan layer) and the outer membrane (16). The ﬂagella are attached to 7–11 motor complexes positioned near the ends of the microorganism (17). The ﬁlaments originating from each end wrap around the cell body and are often long enough to overlap in the center of the bacterium (16). Forces between the cell cylinder and the ﬂagella cause the cell body to deform into a planar, wave-like shape (18). When the ﬂagella rotate, the cell body undulates as a traveling waveform (19), which drives the swimming of the bacterium. Liquid media and methylcellulose solutions, though, are poor facsimiles for many of the environments that Bb encounter in nature. Lyme disease spirochetes transition between two markedly different hosts, the arthropod vector Ixodes scapularis and small mammals, such as Peromyscus leucopus, the white-footed mouse (20). To move from the tick to the mammal, Bb must migrate through many different tissues. In the tick, a small number of spirochetes exit the midgut during feeding by traversing a layer of epithelial cells and a thin, but dense, polymeric network known as a basement membrane (21). The spirochetes then swim through the hemocoel, a ﬂuid environment containing hemocytes and hemolymph, where they attach to the salivary glands, penetrate another basement membrane, and enter the salivary ducts (22). Bb is then inoculated into the skin of its mammalian host where it translocates through the collagendense extracellular matrix (ECM) to access small vessels that provide portals for hematogenous dissemination. Cultured spirochetes injected i.v. into the vasculature undergo transient and dragging interactions before attaching ﬁrmly to the microvascular endothelium and working their way through interjunctional spaces separating endothelial cells (23). The tissue barriers that Bb navigates in ticks and mammals respond with a combination of viscous and elastic behavior to forces generated by the bacterium. These natural environments are differentiated further from liquid media and methylcellulose solutions because they contain cells and various ECM components, such as collagen, ﬁbronectin, and decorin, to which Bb binds (24). How adhesion inﬂuences microorganism motility has not been explored from an experimental or theoretical perspective. To begin to understand the motility of Bb in its natural environments, here we use gelatin matrices to bridge the gap
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The Lyme disease spirochete Borrelia burgdorferi exists in nature in an enzootic cycle that involves the arthropod vector Ixodes scapularis and mammalian reservoirs. To disseminate within and between these hosts, spirochetes must migrate through complex, polymeric environments such as the basement membrane of the tick midgut and the dermis of the mammal. To date, most research on the motility of B. burgdorferi has been done in media that do not resemble the tissue milieus that B. burgdorferi encounter in vivo. Here we show that the motility of Borrelia in gelatin matrices in vitro resembles the pathogen’s movements in the chronically infected mouse dermis imaged by intravital microscopy. More speciﬁcally, B. burgdorferi motility in mouse dermis and gelatin is heterogeneous, with the bacteria transitioning between at least three different motility states that depend on transient adhesions to the matrix. We also show that B. burgdorferi is able to penetrate matrices with pore sizes much smaller than the diameter of the bacterium. We ﬁnd a complex relationship between the swimming behavior of B. burgdorferi and the rheological properties of the gelatin, which cannot be accounted for by recent theoretical predictions for microorganism swimming in gels. Our results also emphasize the importance of considering borrelial adhesion as a dynamic rather than a static process.
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between controllable, in vitro motility assays and the natural environments that Bb encounters. Gelatin, a denatured form of collagen, was chosen because it possesses many of the same binding sites as native collagen (25) and because it has been used as an in vitro equivalent to the ECM for the study of borrelial motility (21, 26). We ﬁnd that Bb in the dermis of chronically infected mice and in gelatin exhibit three or four motility states, which are determined by transient adhesion between the bacterium and the matrix. In addition to adhering to these substrates, spirochetes can migrate through them, even though the pores in the gelatin matrices are signiﬁcantly smaller than the diameter of the bacteria. The undulation and migration speed of the bacteria are found to depend strongly on the physical properties of the environment. This work shows that gelatin is a good facsimile for the ECM and reveals the biophysical effects of the environment on borrelial motility. In addition, we deduce that adhesion is a dynamic process that allows Bb to transition between stationary and migratory behaviors. Results B. burgdorferi Motility in the Mouse Dermis Includes Motility States Not Observed in Liquid Media or Methylcellulose Solutions. Ap-



proximately 20% of the total dermal volume in mammals consists of an entangled meshwork of types I and III collagen ﬁbers (27, 28). Bb can bind directly to type I collagen (26) as well as other ECM constituents. To determine whether the motility of Bb in the dermis differs from that documented in liquid media and methylcellulose solutions, we used two-photon intravital confocal microscopy to track pathogen movement in the ears of mice that had been tick inoculated with Bb914, a virulent strain 297 isolate that constitutively expresses GFP (21). Spirochete movement was characterized by traveling-wave undulations of the cell body (Fig. 1A) as observed previously in liquid media, in methylcellulose solutions (19), and in the mouse dermis after i.v. injection (23). However, we also observed a major subpopulation of spirochetes that were actively motile but did not move through the dermis (Fig. 1A). These stationary, but motile, spirochetes occurred in two different states. Spirochetes in the ﬁrst state, which we term wriggling, undulated as a traveling wave but otherwise remained ﬁxed in place. In the other state, termed lunging, the spirochetes appeared to have one ﬁxed end, while the remainder of the organism bent and relaxed as the organism apparently attempted to break free from its tether. These stationary states are likely due to adhesion between the bacteria and the ECM, as the spirochetes are still motile and are exerting forces on the ECM but are unable to translocate. Although we cannot directly probe whether the spirochetes in these states are actually physically bound to the matrix, it is quite probable that they are. In fact, the lunging state resembles the movement of Bb when it



Fig. 1. The motility patterns of Lyme disease spirochetes (Bb914) in gelatin resemble those observed in mouse skin. (A) Time course of spirochetal (green) motility in the dermis of a tick-inoculated mouse (Movie S1). Lunging (L) and translocating (T) bacteria are shown. The dermal collagen ﬁbers ﬂuoresce blue due to second-harmonic generation. (B) Time course of Bb motility in 3% gelatin (Movie S2). All four motility states are shown: nonmotile (N), wriggling (W), lunging (L), and translocating (T). (Scale bars: 10 μm.)
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is tethered to a coverslip (19). For this reason, we classify this impedance as adhesion. The remainder of the bacteria, referred to as translocating, demonstrated a net displacement within the dermis. In general, these translocating spirochetes appeared similar to motile spirochetes in liquid media or methylcellulose; however, the fraction of translocating bacteria in the dermis was lower than that in liquid media or methylcellulose, where nearly all of the bacteria translocate. In addition, our observations suggest that spirochetes reverse their swimming direction less frequently in the dermis than in standard in vitro motility assays. Furthermore, we do not observe ﬂexing motions, which are characteristic of spirochetes in liquid media (19). Therefore, at least three states of motility exist in the mouse dermis, two of which are not observed in liquid media or methycellulose solutions. The motility states were dynamic, as spirochetes in the dermis were observed to transition between them. For example, Fig. 1A shows a spirochete that switches from lunging to translocating (Movie S1). Another interesting feature of these heterogeneous motility states is that spirochetes in the different states were observed in close proximity to one another (Fig. 1A). B. burgdorferi Motility in Gelatin Resembles Motility in the Mouse Dermis. To determine whether spirochetes within gelatin matri-



ces show the same motility states as those observed in the dermis of the mouse, we examined the motility of Bb914 in 3% gelatin matrices using wide-ﬁeld, epiﬂuorescence, and confocal microscopy. In some experiments, microspheres were embedded into the matrix to guarantee that the spirochetes were within the gelatin (Movies S3 and S4). Spirochetes in the matrices exhibited all three types of motility seen in the dermis: wriggling, lunging, and translocating (Figs. 1B and 2A). In addition, high-speed acquisitions revealed a substantial fraction of spirochetes that were nonmotile, constituting a fourth behavior. This nonmotile state may also be present in the dermis but not seen due to the time interval between consecutive images in our intravital imaging (see Adhesions to the Matrix Are Transient). Gelatin Concentration Affects Binding of Spirochetes to the Matrix.



Having established that spirochete motility in our gelatin matrix system closely resembles that in tissues, we investigated the effect of gelatin concentration (2–5%) on the motility of Bb. We found that the fraction of bacteria in each motility state was strongly affected by the concentration of gelatin (Fig. 2B). Not surprisingly, increasing the concentration led to a larger population of nonmotile bacteria, which varied approximately linearly with gelatin concentration, ranging from 4.7 ± 2.4% in 2% gelatin to 35 ± 4% in 5% gelatin. The proportions of bacteria in the wriggling and lunging states decreased with increases in the gelatin volume fraction; however, the populations in the lunging state appeared to plateau at ∼8% at the highest concentrations. The translocating population proved to be the most interesting state. As adhesion and conﬁnement of the bacteria by the gelatin are more likely at higher gelatin concentrations, we had expected to ﬁnd that the percentage of translocating bacteria would decrease with gelatin concentration. Instead, the fraction of translocating bacteria increased from 20.3 ± 0.5% in the 2% matrices to 35.5 ± 5.2% in the 3% matrices (P = 0.042); the populations then decreased to 24.5 ± 2.4% and 21.2 ± 4.2%, in the 4% and 5% matrices, respectively. Swimming Speed of B. burgdorferi in Gelatin Matrices. Swimming speed in liquid media is determined by the wavelength, amplitude, and frequency of the undulating swimmer (2). Therefore, we measured speed and waveform of bacteria in the matrix system with a newly developed algorithm that parameterizes the centerline of the shape of bacteria in our time-lapse images (SI Text S1 and Movie S5). From the parameterized shape, we computed the center of mass and the average orientation of the bacteria and then calculated swimming speed along the direction of the mean orientation. We found that translocating bacteria in the 3–5% gelatin matrices swam without slipping (i.e., the Harman et al.



Microstructure of the Gelatin Matrices. From our high-speed imaging, it was not clear what determines the motility state of a given bacterium. One possibility is that the different states are determined by nonhomogeneity of the local environment. Another possibility is that adhesion to the matrix is stochastic, with Harman et al.



the fraction of bacteria in a given motility state set by the kinetics of the binding and unbinding of adhesion proteins. Our timelapse imaging favors the latter option, as we often see translocating spirochetes swimming very near wriggling or nonmotile bacteria. To investigate this question more fully, we used scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to examine the microstructure of the gelatin matrices. We found that all concentrations of the gelatin matrices were homogeneous on length scales comparable to or larger than the diameter of Bb (∼300 nm) (Figs. S1 and S2) and estimated from these images that the average pore size of the gelatin is 
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swimming speed was equal to the wave speed), as has been observed for Leptonema illini in 1% methylcellulose solution (29) but is not predicted by any current theories for swimming in nonNewtonian ﬂuids (9, 12, 13, 30). In the 2% matrices, translocating bacteria sometimes slip with respect to the matrix but still typically swim without slipping. The average swimming speeds of translocating bacteria in 2% and 3% gelatin matrices were 4.9 ± 1.0 μm/s and 3.7 ± 0.3 μm/s, respectively (Fig. 2C). Increasing the gelatin concentration further decreased the swimming speed (Fig. 2C). In comparison, the velocity of Bb in liquid medium [Barbour–Stoenner–Kelly II (BSK) medium] was 6.9 ± 0.7 μm/s, which is somewhat faster than previously reported for an avirulent 297 strain in salt buffer (19). We also used the parameterized shape to compute the wavelength and amplitude of the ﬂat-wave shape of Bb. We found that these cell shape parameters were unaffected by the concentration of gelatin, with an amplitude of 0.63 ± 0.03 μm and a wavelength of 3.31 ± 0.04 μm (combined mean ± SEM for all gelatin concentrations and BSK medium) (Fig. 2D). Our value of the amplitude is somewhat lower than that previously reported (19), which is likely due to segments of a spirochete’s ﬂat wave being out of the plane of focus. The wave frequency of the translocating bacteria is equal to the swimming speed divided by the wavelength and decreases from 1.6 ± 0.3·s−1 (2%) to 0.8 ± 0.2·s−1 (5%). We also measured the frequency of the wriggling bacteria. Interestingly, the wriggling frequency always exceeds the frequency of the translocators. The peak wriggling frequency was ∼10 Hz in the 3% gelatin matrices (Fig. 2E), which is comparable to what has been measured in methylcellulose solutions (19). The wriggling frequency was slightly lower in 2% gelatin matrices (∼7 Hz) and reduced further in 4% and 5% matrices (4 Hz and 3 Hz, respectively). The frequency in 3% gelatin was statistically signiﬁcant compared with the frequencies in the other matrices (P < 0.003).
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Fig. 2. (A) High-speed image acquisition reveals four distinguishable phases of spirochetal motility in gelatin (Movie S6): nonmotile (N), wriggling bacteria (W) that undulate without locomoting, lunging bacteria (L) that undulate and deform but maintain at least one ﬁxed point along the cell length, and bacteria that translocate through the gelatin matrix (T). (Scale bar, 10 μm.) (B) The fraction of bacteria in each state depends on gelatin concentration. (C) The speed of translocating bacteria decreases with gelatin concentration and is always less than that in liquid medium. (D) The undulation frequency for translocating and wriggling bacteria as a function of gelatin concentration. The wriggling frequency always exceeds the translocating frequency and shows a peak in 3% gelatin solutions. (E) In all concentrations of gelatin and BSK, spirochete wavelengths were measured to be ∼3.3 μm; (F) the amplitude is also independent of gelatin concentration.



Young’s modulus increased linearly from ∼20 Pa (3% matrices) to ∼300 Pa (5% matrices) (Fig. S2 A and B). The gelatin must push in against the spirochete, requiring the organism to withstand this environmental pressure. If the pressure from the gelatin is at least comparable to the bacterial turgor pressure, then the diameter of the spirochete should depend on the gelatin concentration. Because no such change in diameter was observed (Fig. S4), we can put a lower bound on the turgor pressure in Bb, which must be at least 5 kPa to prevent the cell diameter from changing by >10%. Adhesions to the Matrix Are Transient. Our intravital imaging in the dermis examined Bb motility over tens of minutes, whereas our high-speed imaging in gelatin spanned only tens of seconds. We, therefore, used confocal microscopy to examine spirochete motility in the gelatin matrices over longer time intervals. These movies revealed a much larger fraction of motile organisms than in the short time interval movies (Fig. 3A and Movie S7). In fact, movement of spirochetes in these movies more closely resembled our observations in the dermis, where the nonmotile fraction was not observed. Because the longer time interval movies show a signiﬁcantly smaller percentage of nonmotile bacteria than the short time interval movies, adhesions between the bacteria and the matrix are likely transient. Indeed, as noted earlier and shown in Fig. 2B, we frequently observe bacteria that transition between different motility states. These results strongly suggest that differences between the motility states are dictated by the degree of adhesion between the bacterium and the matrix and that adhesions turn over on timescales of minutes. Because the adhesions are transient, bacteria translocate for several seconds to minutes before becoming stuck. After a while, the bacteria break free and translocate again. If the spirochete swims off in a new direction after becoming stuck, then one would expect the behavior of the spirochete to be diffusive on long timescales; [i.e., the mean squared displacement (MSD) should scale linearly with time]. In all gelatin concentrations, we found that the MSD was subdiffusive on short timescales and transitioned to superdiffusive behavior on timescales of ∼100 s (Fig. 3B). The average log-log slopes of the MSD data showed largely subdiffusive behavior (slopes 


with those obtained over longer time intervals. We determined that the number of bacteria that were tracked in a given ﬁeld of view for at least a given length of time decays approximately exponentially (Fig. 3D). The time constant for this exponential decrease should be inversely proportional to the fraction of translocating bacteria, Φt, multiplied by the translocation velocity and also should be proportional to the size of the ﬁeld of view (SI Text S2). A plot of the time constant as a function of 1/ ΦtV (Fig. 3D, Inset) yields a straight line with a slope of 114 μm, which is approximately equal to half the size of our ﬁeld of view. Therefore, the fractions of bacteria in the short time interval movies reﬂect an equilibrium in the transitions between the motility states. Discussion In this paper, we set out to develop an in vitro system to study Bb motility that would better approximate the natural host environments that Bb encounters (ticks and mice). Real time intravital imaging of host-adapted spirochetes in the dermis of mice revealed qualitative differences in motility in comparison with standard in vitro motility assays performed in liquid media containing salts or methylcellulose (19). In addition to a translocating population that swims via an undulating waveform, similar to spirochetes observed in vitro, we also found two other forms of motility, which we termed lunging and wriggling. These two forms of motility were characterized by at least one stationary point along the length of the bacterium. We then showed that in gelatin matrices these same motility states are observed; in addition, we also observe a fourth, nonmotile state. Whereas the nonmotile state appears similar to the stopped state observed in standard motility assays (15), the dependence of this state on gelatin concentration suggests that it arises from adhesion, as opposed to ﬂagellar dynamics. It is likely that spirochetes in the nonmotile state are present in the dermis but are not observed due to the longer acquisition time of these images, as supported by the difference between our high-speed and confocal imaging in gelatin. Collectively, these ﬁndings argue that standard motility assays with either liquid media or methylcellulose solutions may not provide an accurate description of the motility of Bb in its natural environments. Finally, we quantiﬁed the biophysics of borrelial motility in gelatin. We found that the fraction of bacteria in each motility state is strongly dependent on the concentration of gelatin and that Bb can transition between translocating and lunging, between lunging and wriggling, and between wriggling and nonmotile states (Fig. 4A). Although we did not observe any other transitions, it could be that these occur infrequently. Our data suggest that these transitions are due to



Fig. 3. (A) Time-lapse images of Bb in a 3% gelatin matrix show that adhesions to the matrix are transient (Movie S7). Individual spirochetes are numbered. Most are translocating (spirochetes 1, 3, 4, 6–10). Nonmotile (2) and wriggling (5) spirochetes also are shown. (Scale bar, 10 μm.) (B) Characteristic MSD vs. time plots for the 3–5% gelatin matrices. In all concentrations, the motility over short time intervals is subdiffusive, with a transition to superdiffusive behavior (slope between 1 and 2) that occurs at ∼100 s. (C) Histogram of the slopes of the MSD for the different gelatin concentrations. The 5% matrices show the greatest persistence of motion (i.e., the largest fraction with slopes >1). Black lines show slopes of 1 and 2. (D) The number of bacteria tracked for at least a time Δt decays approximately exponentially. (Inset) Decay time as a function of 1/ΦtV, which is linear with slope of 114 μm. (B–D) Plot coloring shows 3% (green), 4% (red), and 5% (blue) gelatin.
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Fig. 4. A simple kinetic model determines the effective rate constants for binding and unbinding to the matrix as a function of gelatin concentration. Transitions occur between the nonmotile and wriggling states, between the wriggling and lunging states, and between the lunging and translocating states. If these transitions are in equilibrium, then the equilibrium rate constants are equal to the ratios of the fraction of bacteria in the states; (e.g., the equilibrium constant for the transition between nonmotile and wriggling, Knw, is equal to the ratio of the fractions of nonmotile bacteria to lunging bacteria). (B) The equilibrium constants as a function of gelatin concentration. The transition from wriggling to nonmotile, Knw, increases approximately linearly with gelatin concentration. (C) Kwl and Klt are also proportional to gelatin concentration (ϕ) and also decrease with the force from the bacterium (which is proportional to the square of the effective viscosity η times the undulation frequency, f). (D) The inverse of the frequency of wrigglers (red) and translocators is proportional to the viscosity. The parameter α = 1 for wrigglers and 7/2 for translocators (SI Text S4). The black line shows the best linear ﬁt to the data.
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important for the dissemination of the bacteria through their hosts (16, 19, 32, 33). For example, Bb and L. illini show marked increases in speed in 1% methylcellulose solutions (29, 33). Our results, though, show a decrease in swimming speed with gelatin concentration that is caused by a substantial decrease in the undulation frequency. However, although Bb swims slower in gelatin, it swims without slipping. Therefore, the ratio of the swimming speed to the wave speed is larger by approximately a factor of 10 over that measured in liquid media (SI Text S4). Recent computational modeling has shown that viscoelasticity can enhance swimming speed for undulating bodies with a pronounced increase in amplitude at the tail (30), and experiments with rotating helices have shown a similar effect (34). Both of these cases, however, show only modest speed enhancement, and in neither case is swimming without slipping observed. We did not expect that the wriggling frequency would always be substantially larger than the wave frequency of the translocating bacteria. However, wriggling bacteria dissipate energy only by undulating, whereas translocators also dissipate energy by moving through the matrix. Because the total power dissipated must be equal to the power input by the ﬂagellar motors, the frequency of translocators should be lower than that of wrigglers. At low rotational speed, the torque from the ﬂagellar motor is approximately constant (35). The power input is equal to the torque times the frequency. The power dissipated comes from two sources, rotating the ﬂagellum in the periplasmic space and moving the bacterium through the environment. Using a simple model for swimming through a gel, we can estimate the total power dissipated (SI Text S5). The effective viscosity of the gelatin matrix should then be linearly proportional to the inverse of the undulation frequency, as 1/f = αβη + c, where β and c are constants and α = 1 for wriggling and 7/2 for translocating (SI Text S5). This theoretical result predicts that the undulation frequency is largely independent of the matrix elasticity. We tested this prediction using our rheology measurements to deﬁne η (Fig. S2B) and found good agreement between the predicted behavior and our experimental measurements (Fig. 4D). In methylcellulose solutions, Bb swims without slipping, but the undulation frequency is seemingly unaffected. It is not clear why this behavior occurs, but it could be that these solutions are viscoelastic ﬂuids, not gels, or that the concentrations that are used (
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transient adhesions between the bacterium and the gelatin. One of the most interesting features of the population data is the peak in the translocating population in the 3% gelatin matrices (Fig. 2B). There is also a corresponding peak in the wriggling frequency in 3% matrices (Fig. 2E); however, the swimming speed and the wave frequency of the translocators decrease monotonically (Fig. 2D). Adhesion between Bb and host tissues is believed to play an important role in the parasitic strategy of the bacterium and has been studied extensively (24). Typical adherence assays determine the number of spirochetes that remain on a surface after washing (see, for example ref. 26), which quantiﬁes instantaneous adhesion. Our results suggest that adhesion in the dermis and gelatin is a dynamic process in which the bacteria can bind and unbind from the matrix. From our population data, we can characterize the effect of gelatin concentration on the adhesions between the bacteria and the gelatin (Fig. 4B) and can also estimate the time constants for these reactions. Our results suggest that the rate of binding to the matrix is affected by the concentration of adhesins, as the nonmotile state increases with gelatin concentration. The unbinding rate, however, is not likely affected by the concentration, because our MSD data show a change in slope at ∼100 s at all gelatin concentrations, suggesting that the binding and unbinding rates are on the order of 10 ms. We presume that the translocating population possesses no ﬁxed adhesions to the matrix, whereas the nonmotile population possesses the largest number of adhesions. If forces between the spirochete and the gelatin affect the unbinding of adhesion molecules, then the equilibrium rate constants Kwl and Klt divided by the gelatin concentration should decrease monotonically with the square of the effective viscosity of the matrix, η, times the undulation frequency, f (SI Text S3). Our data agrees well with this prediction (Fig. 4C). Therefore, the binding rate is likely proportional to the gelatin concentration and the off rate increases with applied force from the motile spirochete. It is often stated that spirochetes swim faster in gel-like environments than in liquid media, and this property is believed to be



microorganisms use random walks, such as the run-and-tumble behavior of Escherichia coli (35). In vitro experiments of Bb motility display two modes of swimming, runs and ﬂexes, which were suggested to be analogs of runs and tumbles in E. coli (15). However, we did not observe ﬂexing in the dermis or gelatin. We, therefore, suggest that lunging may be the equivalent of tumbling. Translocating bacteria move along relatively straight paths. When the spirochetes adhere to the matrix, they lunge by compressing along their longitudinal axis and then uncompressing in a new direction. Because the adhesions are transient, some lungers break free and swim off in a new direction. The lunging state then serves to periodically reorient bacteria, much like a tumble. What roles might the wriggling and nonmotile states serve? To complete the enzootic cycle, spirochetes must strategically position themselves in the dermis to be acquired by another tick. The stationary states (nonmotile and wriggling) may be a mechanism for keeping higher burdens of spirochetes in collagen-rich tissues like the skin. In addition, these stationary states might be part of the spirochete’s strategy for immune evasion. Stationary bacteria would be more susceptible to internalization by much slower moving resident and recruited phagocytes, effectively acting as decoys that would facilitate dissemination of translocating bacteria. However, whatever the functional role is of these different motility states, our data show a striking example of spirochete diversity. Transient adhesions act to subdivide the bacterial population into multiple motility states, even in fairly uniform tissue-like environments. This diversity may allow Bb to exploit changing environments and host-mediated environmental responses and is likely to be important in the enzootic cycle and the progression of disease. 1. Wolgemuth CW (2011) Biomechanics of cell motility. Comprehensive Biomechanics, ed Wirtz D (Elsevier, Amsterdam), Vol 7, in press. 2. Taylor GI (1951) Analysis of the swimming of microscopic organisms. Proc R Soc Lond A Math Phys Sci 209:447–461. 3. Taylor GI (1952) The action of waving cylindrical tails in propelling microorganisms. Proc R Soc Lond A Math Phys Sci 211:225–239. 4. Purcell EM (1977) Life at low Reynolds number. Am J Phys 45:3–11. 5. Croll NA (1970) The Behavior of Nematodes: Their Activity, Senses and Responses (Edward Arnold, London). 6. Fang-Yen C, et al. (2010) Biomechanical analysis of gait adaptation in the nematode Caenorhabditis elegans. Proc Natl Acad Sci USA 107:20323–20328. 7. Shen XN, Arratia PE (2011) Undulatory swimming in viscoelastic ﬂuids. Phys Rev Lett 106:208101. 8. Suarez SS, Dai XB (1992) Hyperactivation enhances mouse sperm capacity for penetrating viscoelastic media. Biol Reprod 46:686–691. 9. Fu HC, Powers TR, Wolgemuth CW (2007) Theory of swimming ﬁlaments in viscoelastic media. Phys Rev Lett 99:258101. 10. Fu HC, Wolgemuth CW, Powers TR (2008) Beating patterns of ﬁlaments in viscoelastic ﬂuids. Phys Rev E Stat Nonlin Soft Matter Phys 78:041913. 11. Fu H, Wolgemuth CW, Powers TR (2009) Swimming speeds of ﬁlaments in nonlinearly viscoelastic ﬂuids. Phys Fluids 21:033102. 12. Fu HC, Shenoy VB, Powers TR (2011) Low Reynolds-number swimming in gels. Eur Phys Lett 91:24002. 13. Lauga E (2007) Propulsion in a viscoelastic ﬂuid. Phys Fluids 19:083104. 14. Fulford GR, Katz DF, Powell RL (1998) Swimming of spermatozoa in a linear viscoelastic ﬂuid. Biorheology 35:295–309. 15. Goldstein SF, et al. (2010) The chic motility and chemotaxis of Borrelia burgdorferi. Borrelia: Molecular Biology, Host Interaction and Pathogenesis, eds Samuels DS, Radolf JD (Caister Academic, Norfolk, UK), pp 167–188. 16. Charon NW, Goldstein SF (2002) Genetics of motility and chemotaxis of a fascinating group of bacteria: The spirochetes. Annu Rev Genet 36:47–73. 17. Wolgemuth CW, Charon NW, Goldstein SF, Goldstein RE (2006) The ﬂagellar cytoskeleton of the spirochetes. J Mol Microbiol Biotechnol 11:221–227. 18. Dombrowski C, et al. (2009) The elastic basis for the shape of Borrelia burgdorferi. Biophys J 96:4409–4417. 19. Goldstein SF, Charon NW, Kreiling JA (1994) Borrelia burgdorferi swims with a planar waveform similar to that of eukaryotic ﬂagella. Proc Natl Acad Sci USA 91:3433–3437. 20. Haake DA (2010) Introduction. Borrelia: Molecular Biology, Host Interaction and Pathogenesis, eds Samuels DS, Radolf JD (Caister Academic, Norfolk, UK), pp 1–6. 21. Dunham-Ems SM, et al. (2009) Live imaging reveals a biphasic mode of dissemination of Borrelia burgdorferi within ticks. J Clin Invest 119:3652–3665.
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