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ABSTRACT We have examined the process by which the intracellular bacterial pathogen Listeria monocytogenes initiates
actin-based motility and determined the contribution of the variable surface distribution of the ActA protein to initiation and
steady-state movement. To directly correlate ActA distributions to actin dynamics and motility of live bacteria, ActA was fused to
a monomeric red fluorescent protein (mRFP1). Actin comet tail formation and steady-state bacterial movement rates both
depended on ActA distribution, which in turn was tightly coupled to the bacterial cell cycle. Motility initiation was found to be
a highly complex, multistep process for bacteria, in contrast to the simple symmetry breaking previously observed for ActA-
coated spherical beads. F-actin initially accumulated along the sides of the bacterium and then slowly migrated to the bacterial
pole expressing the highest density of ActA as a tail formed. Early movement was highly unstable with extreme changes in
speed and frequent stops. Over time, saltatory motility and sensitivity to the immediate environment decreased as bacterial
movement became robust at a constant steady-state speed.

INTRODUCTION

Listeria monocytogenes is a Gram-positive facultative intra-

cellular pathogen that can cause food poisoning, meningitis,

and spontaneous abortions (1). Upon entering a host cell,

bacteria begin to express the surface protein ActA (2,3),

leading to the nucleation of an F-actin cloud that eventually

becomes a polymerizing self-renewing comet tail that pro-

pels the bacteria through the host cell cytoplasm and enables

them to spread from cell to cell (4). ActA spans the L. mono-
cytogenes cell membrane and the thick, highly cross-linked

peptidoglycan cell wall (5). Immunofluorescence of the

ActA protein shows a polarized distribution on the surface of

L. monocytogenes (5), which is required for unidirectional

bacterial actin-based motility (6). The ActA surface

distribution changes throughout the bacterial cell division

cycle: dividing bacteria have less protein at the septation

zone and more at each pole such that shortly after division

most of the protein is localized to the old pole and excluded

from the new pole (5). The N-terminus of ActA is exposed to

the host cell cytoplasm and interacts with several host

cellular proteins including actin and the Arp2/3 complex,

nucleating actin filaments at the bacterial surface (7,8). The

direct interactions between ActA and proteins of the Ena/

VASP (vasodilator-stimulated phosphoprotein) family con-

tribute to cloud formation and subsequent motility character-

istics such as speed and path curvature mediated by Ena/

VASP’s interactions with profilin and with F-actin, re-

spectively (9–11). Most research on L. monocytogenes actin-
based motility has focused on biochemical and cell bi-

ological analysis of steady-state movement, identifying the

molecules involved in maintaining and renewing the robust

comet tail structure (reviewed in Cameron et al.(12) and

Pollard and Borisy (13)). Although several molecular

contributors to initial comet tail formation have been

identified (9,11,14), comparatively little is understood about

the mechanisms by which L. monocytogenes initiates

movement before reaching a steady state.

The ability to reproduce polymerization-driven motility

by using artificial particles in vitro has led to studies of motil-

ity initiation in systems with simplified spherical geometry

(15–18). However, the motility initiation process of L. mono-
cytogenes itself has not been closely examined. The mech-

anisms by which spherical beads initiate motility in vitro

have been described by two classes of biophysical models

that depend on bead size and biochemical environment:

stochastic symmetry breaking (16) and actin gel strain accu-

mulation (18). In an in vitro system composed of purified

proteins, an actin gel is nucleated on the surface of large (up

to 10 mm) polystyrene beads coated uniformly with Arp2/3

activator proteins (18). As the gel grows, strain increases and

the gel breaks at a random point on the surface to relieve that

strain, leading to an asymmetric localization of actin growth

and then directly to steady-state movement. In the biochemi-

cally more complex environment of cytoplasmic extracts,

where actin filament turnover is rapid and gel strain cannot

accumulate, only small beads (,1 mm) can initiate motility

(15,19). These beads move randomly within their symmetric

actin cloud due to stochastic amplification of small fluc-

tuations in the local rate of actin polymerization, thus leading

to symmetry breaking and the initiation of unidirectional

motility (16).

Although these models are useful to understanding the

details of bead motility, they are not general to how L. mono-
cytogenes begin to move. Simplified spherical systems have
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a uniform protein distribution. L. monocytogenes, however,
are intrinsically asymmetric due to their polarized ActA

surface distribution and have a more complex rod-shaped

geometry. Within the host cell, both beads and bacteria form

symmetric actin clouds, yet beads are unable to initiate

motility (19), whereas L. monocytogenes can do so readily. A
necessary next step in understanding motility initiation is to

build upon the knowledge obtained from the previously

well-characterized simplified systems and incorporate some

of the complexity inherent to L. monocytogenes itself.
Genetically identical populations of L. monocytogenes

display great variability in their movement rates within the

biochemically uniform environment of cellular extracts (20).

At any given time both stationary bacteria associated with

symmetric actin clouds and rapidly moving bacteria can be

seen. Thus there are variables intrinsic to individual bacteria

that have an effect on their motility. One likely possibility is

the highly variable polarized ActA distribution on the sur-

face of individual bacteria.

Here we examine the motility initiation process of L.
monocytogenes in cytoplasmic extracts. The process was

found to be highly variable among individual bacteria.

Overall, it was comprised of several distinct steps and was

characterized by sensitivity to initial conditions and imme-

diate environment during early movement. This sensitivity

decreased as motility matured and bacteria reached a robust

steady state. We further correlated the different surface dis-

tributions of labeled ActA on live bacteria to actin dynamics

and movement during initiation and at steady state in a time-

resolved manner. Within infected host cells, L. monocyto-
genes’ motility initiation was found to depend on the specific

cellular environment represented by two different cell types.

Despite the great variability in ActA distribution and cyto-

plasmic environments, all types of bacterial motility initi-

ation eventually converged on the same final result of robust

unidirectional polymerization-driven motility.

MATERIALS AND METHODS

Construction of ActA-RFP

PCR amplification and subcloning were performed using standard molecular

biology techniques. The plasmid containing the mRFP1 sequence was pro-

vided by Roger Tsien (University of California, San Diego). Plasmids pDP-

3934, pDP-4035, and pPL1 and L. monocytogenes strains DPL-4029, -4083,

-4077, and -4087 were provided by Dan Portnoy (University of California,

Berkeley). The BamHI-KpnI fragment of pDP-3934 (14) and the C-terminus

of ActA (from KpnI) without the stop codon were cloned into pSL1190

(GenBank accession No. U13866). A flexible linker sequence

(FNNNVGKVSGFSFPPQLSGLSLS; T. den Blaauwen, University of

Amsterdam, personal communication, 2002) was inserted in between

ActA and mRFP1 (21). The downstream noncoding region of L.

monocytogenes genomic DNA following ActA in pDP-3934 through the

former SacII site (14) was fused C-terminal to the ActA-RFP (red fluorescent

protein) coding sequence in pSL1190 for integration purposes, creating

pJT1. The BamHI-SpeI fragment of pJT1 was inserted into pPL1, a site-

specific phage integration vector for L. monocytogenes (22) and integrated

by conjugation into DPL-4029 (DActA in 10403S background) and DPL-

4083 (DActA in SLCC-5764 background) as described (22), creating strains

JAT-395 and JAT-396, respectively. JAT-395 was used for all infection

experiments and JAT-396 for all experiments in extracts. The SLCC-5764

strain contains a constitutively activated mutant of PrfA, the major virulence

gene transcription factor in L. monocytogenes (23), leading to constitutive

expression of ActA in this background. ActA expression levels in JAT-395

and JAT-396 were comparable to DPL4077 and DPL-4087 (22) by Western

blot. Motility rates and motility initiation behavior were indistinguishable

between DPL-4087 and JAT-396, as was infection and motility of DPL-

4077 and JAT-395 in MDCK-GFP-actin (24) and in PtK2-GFP-actin cells.

Strain JAT-433 (ActA mutant GRR-RFP) was created by cloning the

BamHI-KpnI fragment of pDP4035 (ActA mutant GRR in pDP-3934

(11,25)) into BamHI-KpnI digested pJT1, creating pJT3, then subcloning

into pPL1 and integrating into DPL-4083 (22) as described above.

Motility assays and microscopy

L. monocytogenes in vitro motility assays were performed essentially as

described (26). JAT-396 or DPL-4087 L. monocytogeneswere grown 14–19

h shaking at 37�C in 5 mL Luria-Bertani broth containing 7.5 mg/mL

chloramphenicol. A total of 150 mL of 8 mg/mL actin was dialyzed into 5

mM NaHCO3 pH8, 0.2 mM CaCl2, 0.1 mM ATP, 0.1 mM dithiothreitol,

then polymerized by addition of KCl and MgCl2 as in Pardee and Spudich

(27). This was added to one vial of amine-reactive Alexa-Fluor 488

carboxylic acid tetrafluorophenyl (TFP) ester (Molecular Probes (Eugene,

OR) A10235) and quenched after 2 h with 7 mL buffered hydroxamine. The

labeled actin was cycled through two rounds of polymerization and

depolymerization (27). A total of 25 mL Xenopus laevis egg extract, 2.5 mL

ATP regenerating mix (28), and 2ml of Alexa-488 labeled actin (1.1 mg/mL,

0.5 dyes/actin) were mixed and diluted with Xenopus buffer (28) such that

the final motility assay would be 40%, 50%, or 60% of the original extract

concentration, then kept on ice; 1 mL resuspended bacteria and 1 mL 0.9 or

1.8 mm prediluted silica spacer beads were added to 5 ml extract mixture. A

total of 1.2 mL of the mixture was immediately spread between a glass slide

and 22 mm square coverslip, sealed with VALAP (vaseline/lanolin/paraffin,

1:1:1), and used for microscopy of motility initiation. As a control

experiment, both the slide and coverslip were precoated with 4 mg/mL

bovine serum albumin, which did not alter the steps or progression of

motility initiation. Microscopy was performed using a Zeiss (Thornwood,

NY) Axioplan microscope equipped with phase contrast and epifluorescence

optics. Time-lapse images were collected on a cooled charge-coupled device

camera (MicroMax 512BFT; Princeton Instruments; Trenton, NJ) every 5 s

in each fluorescence channel using MetaMorph software (Universal

Imaging; Downington, PA). Deblurring of images in Fig. 1 was performed

using AutoDeblur 9.2 software (AutoQuant Imaging, Watervliet, NY).

Bacterial tracking

Analysis was performed using automated tracking software customized for

L. monocytogenes moving in Xenopus extract (20). Phase-dense objects

were identified using a threshold algorithm optimized for each time-lapse

movie. Limits for object size, maximum displacement between frames, and

minimum track length (10 frames) were specified. Each tracked object was

stored as a set of intensity values in the phase, actin, and ActA channels for

a 64 3 64 pixel box surrounding the object’s centroid, aligned with the

object’s long and wide axes for each frame. Additional parameters were

determined including the coordinates of the object centroid, the average

length and width, and the timing of each frame in a movie. Only in-focus

bacteria were included in the data set, and all actin-associated bacteria were

classified into motility initiation subgroups including those that nucleated

actin clouds de novo, started moving, hopped, and stopped hopping. For

tracked bacteria with interrupted trajectories, only the first set of positions

was included in the analyzed data set. All examples used to describe stages
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of motility initiation were representative of a final filtered data set used for

quantitative analysis including 279 actin-associated bacteria in 26 movies

taken over 6 days with two separate batches of extract. Additional movies

used in preliminary analysis of motility initiation contributed to a total of

.500 bacteria imaged during motility initiation. An additional 201 bacteria

were analyzed at steady state for comparison. Movies of ActA and actin

linescan traces over time were created using a script in Kaleidograph 3.6

(Synergy, Reading, PA) and QuicktimePro.

Classification of ActA distributions

During imaging of motility in cytoplasmic extracts, L. monocytogenes
remained alive but did not continue to grow, which effectively provided

a static ActA distribution specific to each bacterium and also spanned the full

range of ActA distributions throughout the bacterial division cycle within

the overall population. Due to ActA-RFP photobleaching, analysis of the

surface distribution was performed on the first frame of the movie. For each

bacterium, the width at its center was determined using the phase channel,

and at each position along its length (and extending two pixels beyond each

end) an average intensity in the ActA-RFP fluorescence channel spanning

that width was calculated, creating the linescan intensity profile. Nor-

malization included first subtracting the minimum value two pixels beyond

the edge in the first three frames and then scaling intensities from zero to one.

For example images of ActA distributions, the first frame in a movie was

used for maximum signal.

Actin distributions and bacterial speed

Actin linescan intensity profiles were quantitated in the same way as for

ActA and extended two or more pixels beyond each end of the bacterium,

depending on the example. Normalization was performed over all frames of

a tracked bacterium. The speed was determined as the displacement over

time in micrometers per second (by calibration) of the centroid position from

one frame to the next. Actin intensities and speed were plotted such that each

point on the x axis represents one frame of the movie and then colorized with

the graphing software package in IgorPro 4.05 Carbon.

ActA and actin distributions around the
bacterial circumference

The fluorescence intensity was determined at any point on the bacterial

circumference established by a given angle between the rear of the bacterium

and the point of interest. Angles to the right of the direction of movement

were positive and to the left were negative, from 0� to 180�. The intensities at
the edge and one pixel inward and outward along the radial line between the

centroid and the edge were averaged. De novo actin accumulation was quan-

titated at specific angles. Intensities at points along the sides were averaged

over both sides and normalized as above.

Classification of moving bacteria

To determine the percentage of bacteria in each distribution class moving

at 10 min after addition to extract, a subset of the full data set was used in

which bacteria were imaged under comparable conditions (same extract

batch) and in the correct time range (112 bacteria). For most bacteria, clas-

sification for moving with a tail was visually uncomplicated. For question-

able cases, the position of peak actin intensity needed to be over 0.02 mm

beyond the edge of the bacterium to be classified as a tail. Bacteria moving at

steady state were determined in the same way.

L. monocytogenes infections and analysis
within cells

Potoroo tridactylis kidney epithelial (PtK2) cells were transfected with

pEGFP-actin kindly provided by Angela Barth and James Nelson (24) using

FuGENE6 (Roche, Pleasanton, CA), selected for stable transfectants with

400 mg/mL G418 (geneticin; Gibco/Invitrogen; Carlsbad, CA), and FACS

(fluorescent-activated cell sorter) sorted twice for GFP (green fluorescent

protein) fluorescence (with the Stanford Shared FACS Facility). JAT-395

and 10403S L. monocytogenes were used to infect GFP-actin-expressing

PtK2 andMadin Darby canine kidney (MDCK) cells essentially as described

previously (24,29). Cells were maintained in DME (Dulbecco’s modified

Eagle’s) medium supplemented with 10% fetal bovine serum (FBS) (Gemini

Bio-Products; Woodland, CA) and 1% antibiotic-antimycotic (ABAM)

(Gibco/Invitrogen). Cells were plated onto 25 mm round coverslips in 6-well

tissue culture dishes in 2 mL DME 1 FBS medium 24 h before infection

such that cell confluency would be 40–60% at infection. 10403S and JAT-

395 L. monocytogenes were grown 14–18 h in liquid brain heart infusion

(BHI) medium (7.5 mg/mL chloramphenicol for JAT-395) without agitation

at room temperature. Bacteria were spun down in a microcentrifuge for 1–2

min and resuspended in half the original volume PBS, then 150–300 mL

were used to infect each coverslip. Bacteria were added to the cells for 1 h,

then the cells were washed twice in 3 mL DME 1 FBS medium and left

another 30 min at which point gentamycin was added to each coverslip (20

mg/mL).

Time-lapse images were collected using a 603 1.4 N.A. objective on

a Nikon Diaphot-300 inverted microscope equipped with a cooled charge-

coupled device camera (MicroMax 512BFT; Princeton Instruments). Phase-

contrast and epifluorescence video microscopy was performed by imaging

FIGURE 1 ActA distribution class affects speed and tail formation. (A) A
bacterium expressing ActA-RFP associated with an actin comet tail in

cytoplasmic extract. Inset shows ActA distribution. The actin tail formed at

the end with more ActA (rear). Bar is 2 mm. (B) Representative individual
examples of the five ActA-RFP surface distribution classes found for L.

monocytogenes quantitated by calculating the average relative intensity at

each point along the bacterial length (position in micrometers from rear).

Shaded bacterial outlines represent the length of each example bacterium

shown in each class. Asterisk on the far right indicates the metric used to

categorize classes 3–5. Bar is 2 mm. (C) Average bacterial length in classes

1–5, calculated for 23, 38, 54, 34, and 45 bacteria, respectively. ActA

distributions correlated with bacterial length. Each point is significantly

different from all others (p , 0.05 by rank sum test (46)). (D) Average

steady-state speed of bacteria for each distribution class. Bacteria of

distribution classes 1, 2, and 3 moved at significantly greater speeds than

classes 4 and 5 (see asterisks, p , 0.05 by rank sum test. Error bars show

standard deviations, and boxes show standard error). (E) Percentage of

a subpopulation of bacteria associated with actin tails at 10 min after mixing

(112 total bacteria). Bacteria of distribution classes 1, 2, and 3 had

a significantly greater percentage of tails than classes 4 and 5 (asterisks;

z-test, p , 0.05). Error bars show 95% confidence interval.
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cells on a coverslip bathed in Leibovitz’s L15 medium (Gibco/Invitrogen) at

37�C using a temperature-controlled chamber connected to a circulating

water bath. Time-lapse images were collected every 5 or 10 s in each nec-

essary channel using MetaMorph software (Universal Imaging).

Motility initiation events were quantitated in 13 MDCK (all expressing

actin-GFP) and 12 PtK2 cells (eight expressing actin-GFP) infected with

either wild-type 10403S or JAT-395 L. monocytogenes between 2 and 6 h

after infection. Motility initiation events were counted within each 10

min interval in the time-lapse movies of these infected cells. A bacterium

initiating movement with division was scored as a single event. Division-

initiation events were scored as occurring concurrently if both bacteria

formed tails and began moving within ,2 min of each other. In 3 of 69

initiation events, the second bacterium began moving more than 10 min later

than the first and was therefore counted as a separate initiation event within

the next 10 min interval.

RESULTS

Bacterial speed and tail formation correlated to
ActA surface distribution

We fused monomeric red fluorescent protein (mRFP1) (21)

to the C-terminus (cytoplasmic tail) of the ActA protein, sep-

arated by a flexible linker sequence to minimize steric hin-

drance between molecules in the context of a very high ActA

density on the bacterial surface. The expression of this fusion

protein in a DactA background was regulated by the endog-

enous actA promoter in single copy within the genome and

was equivalent to wild-type ActA integrated in the same

manner (see Materials and Methods). L. monocytogenes ex-
pressing ActA-RFP were able to infect cells normally, and

their actin-based motility was indistinguishable from bacte-

ria expressing wild-type ActA, both in infected cells (strain

JAT-395 derived from strain 10403S, which expresses ActA

only after invading a host cell (2,3)) and in cytoplasmic

extract (strain JAT-396 derived from strain SLCC-5764,

which constitutively expresses ActA and other virulence

factors (23)). As expected (4,30), over 90% of actin comet

tails associated with the pole of L. monocytogenes with a

higher density of the ActA-RFP protein (rear; Fig. 1 A).
We performed time-lapse video microscopy of initiation

and steady-state movement on bacteria moving in cytoplas-

mic extract. A continuum of ActA surface distributions

within the population correlated with bacterial length and

therefore bacterial division cycle (Fig. 1) and for conve-

nience in further analysis was divided into five classes. The

shortest bacteria, those that had recently divided, showed a

single peak of ActA fluorescence at one pole, with a de-

creasing gradient along their length (class 1, average length

1.6 mm, Fig. 1, B and C). For slightly longer bacteria, ActA

had started accumulating at the opposite new pole (former

septation zone) and had concurrently been excluded from the

nascent septation zone such that the linescan displayed

a shoulder in the polar distribution profile (class 2, 1.8 mm,

Fig. 1, B and C). In successively longer bacteria, the shoulder
increased in intensity and became a second distinct peak

(classes 3, 4, and 5; 2.0 mm, 2.3 mm, and 2.6 mm, Fig. 1, B

and C). Classes 3, 4, and 5 were distinguished by calculating
the relative difference in fluorescence intensity between the

septation zone and the second peak as a percentage of the

primary peak intensity, and bacteria were grouped into

classes of 0–10% (class 3), 10–20% (class 4), and .20%

(class 5; asterisk in Fig. 1 B). In a population of 201 bacteria,
only 7 could not be placed in any class, and all other bacteria

were distributed rather evenly among the five distribution

classes.

To see whether ActA distribution profiles had any

influence on actin-based motility, we correlated ActA dis-

tribution class with average speed per bacterium for 194

bacteria associated with actin tails and moving at steady-state

speed (45 min to 2 h after addition to extract). Bacteria with

ActA distributions classes 1, 2, and 3 moved at indistinguish-

able average speeds of 0.081, 0.083, and 0.078 mm/s, where-

as those with distribution classes 4 and 5 moved at 0.063 and

0.056 mm/s, respectively, significantly slower than the other

distribution classes (p , 0.05; Fig. 1 D). Thus more bipolar

ActA surface distributions correlated with slower steady-

state bacterial speeds.

The overall motility initiation process can be seen for

a population of bacteria in Movie 1 in the Supplementary

Materials. This movie highlights the diversity in motile be-

havior among individual bacteria during initiation and

demonstrates the overall maturation process as bacteria ac-

cumulated actin clouds, began to move, and eventually were

associated with robust actin comet tails by the end of the

movie. Systematic differences in timing of tail formation

were correlated to ActA distribution classes. Classes 4 and 5

showed a significant difference in the percentage of bacteria

associated with an actin tail at 10 min after mixing with

extract, compared with the other classes (Fig. 1 E; p , 0.05

for all pairwise comparisons). A monotonic decrease in the

frequency of tail association was apparent for successively

more bipolar bacteria. These results prompted us to consider

bacteria with little or no ActA at the second pole (unipolar

classes 1, 2, and 3) separately from those with a distinct sec-

ond peak of ActA intensity (bipolar classes 4 and 5) during

the initiation process. We then systematically classified dis-

tinct steps in the overall initiation process and examined

motility at each step quantitatively.

Initial actin-based motility linked to cloud
formation dynamics

Immediately after L. monocytogenes constitutively express-

ing ActA-RFP were added to cytoplasmic extract, they

were not associated with any actin and moved by Brownian

motion. Within 5 min, actin began to accumulate on the

bacterial surface, and the bacteria became immobilized. We

quantitated the distributions of actin and ActA on the surface

of bacteria during cloud formation and motility initiation

for 118 bacteria. Representative examples of unipolar and

bipolar bacteria initiating movement are shown in Fig. 2, A
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and B. On bacteria with unipolar ActA distributions, initial

actin accumulation correlated with the ActA distribution

profile along the bacterial length (Fig. 2 A, linescan intensity
graphs at 125 and 180 s); more actin accumulated near the

rear. Quantitation of the protein distribution around the

circumference of the bacteria showed that actin initially

accumulated along the sides near the rear end (Fig. 2 A;
radial intensity graphs at 125 and 180 s). As actin continued

to accumulate laterally, bacteria began to move forward

slowly (Fig. 2 A, 180–230 s). Actin then accumulated di-

rectly at the rear pole, and a polar cloud was formed by 230 s.

Polar cloud formation was characterized by the rearward

movement of the position of peak actin intensity along the

long axis (see linescan) in the bacterial frame of reference as

well as by an increase in actin accumulation at the rear pole

of the bacteria and a decrease along the sides (Fig. 2 A, 230
s). At various times after polar cloud formation, bacteria

moved with a burst of speed, and the intensity of actin on the

bacterial surface decreased as they left the bright actin cloud

behind and formed a tail (Fig. 2 A, between 230 and 245 s).

Quantitation of actin accumulation at specific points on the

bacterial surface showed early accumulation along the sides

of the bacterium and later more rapid accumulation directly

at the rear pole (0�) as the intensity at the sides decreased

(Fig. 2 C) and the bacterium began to move forward (shaded
region in Fig. 2 C). Among 78 bacteria imaged during cloud

formation, 95% showed a greater accumulation of actin

along the sides than at the rear before movement.

The initial accumulation of actin along the sides of bac-

teria when the greatest concentration of ActA occurred at the

poles was surprising. It has been previously reported that an

actin gel becomes thicker when the geometry of the surface it

is growing on is less curved, presumably because gel strain

accumulates more slowly on flatter surfaces (17). We found

that beads of a size comparable to the hemispherical poles of

L. monocytogenes (0.5 mm diameter) coated with equivalent

concentrations of ActA accumulated actin clouds much more

slowly (first clouds appearing 20 min after mixing) than

larger beads comparable in size to the cylindrical bacterial

sides (2 mm diameter; all beads associated with clouds within

2 min after mixing; data not shown). Therefore, it appears

that bacterial surface shape as well as ActA density influence

the initial rate of actin accumulation at different points on the

surface.

FIGURE 2 Initial cloud accumulation and movement of L. monocytogenes. A time course of actin accumulation, polar cloud formation, and initial

movement for a representative bacterium with a unipolar (A, class 2) and a bipolar (B, class 5) ActA distribution. (A and B) Left panels show actin fluorescence

and right panels show phase contrast. Insets shown in the earliest panel are ActA distributions in the first frame of the movie. Arrows in the phase-contrast

images indicate the future direction of movement. Right graph panels are relative fluorescence intensities along the length of the bacterium (0 is the front),

indicated in gray on the x axis in the latest panel (position in micrometers; left graph; linescan intensity), and around the circumference of the bacterium (0� is
the rear of the bacterium, seen in C; right graph; radial intensity). ActA distribution, gray line, is calculated from the first frame of the movie, whereas the actin

distribution, black line, changes for each image. (A) Initial actin accumulation correlated with the unipolar ActA distribution profile (125 s), with accumulation

along the sides near the rear end and less directly at the pole. As lateral actin accumulation continued, the bacterium slowly moved forward (180 s). Actin then

began to accumulate directly at the rear pole and less along the sides as the cloud became fully polar and reached its maximum intensity (230 s). The polar actin

cloud rapidly turned into an actin tail, with weaker intensity along the bacterial surface and a fast burst of speed (245 s). Bar is 2 mm. (B) Initial actin cloud

formation correlated with the bipolar ActA distribution profile (145–320 s). Actin was visible near both ends (white arrows) and less at the septation zone.

More ActA was visible along the sides of the bacterium than at either pole. Notice the shoulder in the actin distribution in the linescan intensity graph and the

small peaks near the front of the bacterium (6180�) on the radial intensities graph at 320 s. As actin continued to accumulate along the sides, the bacterium

slowly moved forward. Actin then began to accumulate directly at the rear pole of the bacterium, forming a polar actin cloud (410 s) characterized by

a continuous distribution gradient of actin on the surface from the front to the rear spanning the septation zone, less actin along the sides, and a more rearward

position of the actin peak. The formation of a polar actin cloud took longer than for the unipolar example. Bar is 2 mm. (C andD) Relative actin intensities over

time at specific positions on the bacterial surface before tail formation. Intensities at the points on both sides of the bacterium were averaged. Curves are color

coded with position around bacterial circumference (and include the rear and front as well as 45�, 90�, and 135� in each direction). The shaded region indicates
the period of forward movement.
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For bacteria with a bipolar ActA distribution (classes 4

and 5), initial actin accumulation was bipolar and correlated

with the ActA distribution along the length of the bacterium,

with most of the actin accumulating along the sides near the

rear end. Some lateral accumulation was also visible near the

front, whereas the septation zone accumulated the least,

effectively dividing the bacterium into two regions of actin

accumulation (graphs and arrows in Fig. 2 B shown at 145

and 320 s). The bacterium eventually began to move forward

slowly, and the actin distribution profile evolved until a polar

actin cloud resembling that of unipolar bacteria was formed

by 410 s. The polar cloud was characterized by more actin at

the rear and less along the sides and a continuous actin

gradient along the full length of the bacterium, with little or

no actin near the front end. Once a polar cloud formed, the

transition to an actin tail was similar to that for unipolar ActA

bacteria (compare Fig. 2 A at 245 s with Fig. 2 B at 420 s).

Actin accumulation at specific points on the bacterial surface

(Fig. 2 D) showed early and gradual accumulation along the

sides and later, more rapid, accumulation at the rear. Actin

accumulation dynamics and polar cloud formation were

slower for bipolar ActA bacteria (compare Fig. 2, C and D),
and differences in tail formation seen in Fig. 1 E could be due

to a delay caused by competition for actin accumulation and

cloud formation at each end in bipolar bacteria. Thus the ini-

tial movement of L. monocytogenes and its initial tail for-

mation depended in a complex manner on the polar nature of

ActA distribution and the rod-shaped bacterial geometry (see

Movies 2 and 3).

Competition for actin accumulation between both
ends of bacteria with bipolar ActA distributions

The example bipolar ActA bacterium shown in Fig. 2 B
initially accumulated actin laterally at both ends. The rear

end with more actin, however, consistently dominated dur-

ing the entire process of polar cloud formation, and the front

lost its association with actin. A different situation was seen

for another, more bipolar (class 5) bacterium in the process

of initiating motility (Fig. 3 A). Initially, actin accumulated

along the sides at both ends as in Fig. 2 B but then the front,

instead of the rear, end began to form a polar cloud and

caused the bacterium to move slowly backward (Fig. 3 A,
300–500 s). This polar cloud, however, was unable to turn

into an actin tail. The intensity of the cloud decreased, and

the actin distribution profile reverted to lateral accumulation

near both ends of the bacterium (Fig. 3 A, 700 s). The rear

then became dominant and formed a polar cloud, which was

able to successfully turn into an actin tail as the bacterium

initiated motility (Fig. 3 A; 800–850 s and Movie 4). This

ability in bipolar bacteria for the front end to accumulate

actin was also seen occasionally on some bacteria after they

had already started moving (Fig. 3 B, see the distinct actin

peak in the linescan insets in I and III). Perhaps bipolar

bacteria with two distinct peaks of ActA experienced com-

petition for actin accumulation between both ends, which led

to a delay in polar cloud formation at the rear as actin exerted

forces at both ends of the bacterium. This would explain

both the delay in tail formation (Fig. 1 E) and slower steady-
state movement (Fig. 1 D) that we observed for bipolar

bacteria.

Speed bursts and sudden stops characteristic of
early motility

Next we examined the early movement of L. monocytogenes
once they had formed an actin tail and began moving. Instead

of continuing at steady state immediately after movement

initiation, bacteria underwent rapid, erratic bursts of speeds

and sudden, often complete, stops during which they moved

very slowly or not at all. These erratic changes in speed re-

sulted in actin tails of a discontinuous nature during this

hopping regime of initiation (Fig. 4 A). Out of over 500

bacteria imaged during initiation, not a single one started

moving continuously at steady state without stopping. Fig. 4

FIGURE 3 Both ends of a bipolar ActA bacterium (class 5) compete for

actin accumulation and cloud formation. (A) Time course of cloud and tail

formation for a bipolar ActA bacterium. Left panels show actin fluorescence,

and inset is ActA fluorescence in the first frame of the movie. Right panels

show ActA (gray) and actin (black) linescans along the length of the

bacterium (indicated in shaded area along the x axis). The first image was

taken;12 min after mixing bacteria with extract. Bar is 2 mm. (B) A bipolar

ActA bacterium (class 5) associated with an actin tail. Image shows actin

fluorescence, top right inset is ActA, and bottom right inset is the linescan of

ActA (gray) and actin (black) for each panel. Panels I and III show that the

front end sometimes nucleated an actin cloud, seen as a distinct peak in the

linescan (arrows), but this did not occur at all times during movement.

Panels II and IV show the polar actin distribution along the bacterium typical

of normal tails. Bar is 2 mm.
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A shows two representative L. monocytogenes at ;5 min

after they were added to the extract after the cloud and tail

have already formed. Both bacteria demonstrated a typical

discontinuous tail characteristic of hopping (Movie 6). The

graph in Fig. 4 B displays the speed trace (in black) through
time for one of the two bacteria (asterisk). The normalized

actin linescan intensity is plotted for each pixel position

along the bacterial long axis for each time point. Two ad-

ditional examples of hopping bacterial motility can be seen

in Fig. 4, C and D (corresponding Movies 7 and 8). These

three graphs are representative of the variability in motility

during the hopping regime and demonstrate the trends found

in the 224 bacteria analyzed during this early regime of

motility.

The bursts of speed were preceded by accumulation of

a polar actin cloud (asterisks in Fig. 4, B–D) and were sig-

nificantly faster than the speeds characteristic of steady state

at or above 0.2 mm/s (compare with Fig. 1 D). Polar cloud
formation was characterized by a rearward movement of the

position of peak actin intensity in the bacterial frame of

reference, seen as a sequential color change on the intensity

graphs (asterisks). The intensity of the actin tail was very

weak during the bursts and correlated somewhat with speed

(Fig. 4 B, faster speed bursts had weaker tails). After a very

rapid burst of speed, all association with the tail could be

lost; the bacterium would tumble randomly until it interacted

with a physical obstruction, such as a vesicle in the extract or

another tail, stopped, and then reaccumulated actin and re-

initiated motility as described in the previous section (arrows
in Fig. 4, C and D). No regular periodicity in speed variation
as a function of time or distance traveled could be found even

within a single bacterium’s trace. The bursts of speed were

not correlated to the rate of actin cloud formation nor to the

maximum intensity of the cloud. The most noticeable trend

during the hopping regime of motility initiation was the con-

siderable degree of variation among individual bacteria.

Transition to steady state and robust motility

Over time, bacterial motility matured and reached steady

state, such that erratic hopping was generally not observed

beyond 30 min after mixing. Bacteria stopped less frequently

and moved continuously for longer durations and distances.

The morphology of the actin tail changed from discontinuous

(Fig. 5 A) to long and weak (Fig. 5 B) and eventually to

a bright, short form characteristic of stable robust actin comet

tails (Fig. 5 C) (20). In general, most bacteria began to be

associated with continuous longer, weaker tails 20–30 min

after mixing with extract, and actin tails were bright and

stable by 45 min (Movie 1). The leftmost example in Fig. 5,

A–C, shows a single bacterium over time, and its speed and

FIGURE 4 Early hopping regime of motility initiation. (A) Two bacteria

with discontinuous hopping actin tails starting at ;5 min after addition to

extract (fluorescent actin). Inset in the earliest panel is the ActA signal on the

bacteria. The top bacterium is graphed in B. Bar is 2 mm. (B) Graph of top

bacterium in A, displaying the instantaneous speed trace (in black along the

right axis) and a color coded trace of relative fluorescence intensity over

time, with each color representing a position along the bacterial surface.

Asterisks indicate polar cloud formation before bursts of speed. Lower labels

on the x axis refer to the approximate time since mixing of the bacterium and

extract. Movie 6 in the Supplementary Materials shows the frame-by-frame

image sequence of the bacterium and its actin intensity distribution for each

frame to reference with this graph. (C and D) Two further examples of

‘‘hopping’’ bacteria (Movies 7 and 8). Note the different speeds for C.

Arrow indicates a time in the trajectory when the bacterium lost association

with its actin tail, tumbled randomly, slowed after interactions with other

components in the extract, and reinitiated motility (see phase image in

Movie 7).
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actin intensities trace is seen in Fig. 5 D. The gradual mat-

uration of the tail through loss of speed bursts and gain of tail

intensity can be seen (Movie 9).

Concurrently with changes in actin tail morphology as

bacteria stopped hopping and began to move more persis-

tently, motility of these bacteria also became less sensitive to

obstructions in the environment. During the hopping regime

of motility, bacteria often stopped completely and reinitiated

motility after even slight interactions with vesicles in the

extract or with small remnants of a depolymerizing actin tail

from another bacterium in their path, displaying great

sensitivity to their environment. The decreased sensitivity

can be seen in Fig. 5 D, when the bacterium ran into its own

tail (arrowhead and see Movie 9) but recovered quickly and

continued to mature without any erratic hopping movement.

Another example of decrease in sensitivity during maturation

is shown in Fig. 6 in which a bacterium encounters its own

and other tails in its path three times. In contrast to the

earliest interruption, which caused a complete stop (II), the

later two affected the bacterium to a much lesser extent as it

was further on in the maturation process (IV and V); it only

slightly decreased its speed as it continued its persistent

motility (Movie 10).

Interaction between ActA and VASP contributes
to motility maturation

The direct interaction between the ActA proline-rich region

and members of the Ena/VASP proteins has been implicated

in discontinuous comet tails and hopping motility (31,32).

We created a fusion between the ActA GRR mutant (de-

fective for VASP binding (11,25)) and mRFP1 (JAT-433)

and compared the motility initiation process to wild-type

ActA-expressing bacteria. We saw no differences in the

ActA surface distribution or the levels of RFP signal on the

surface of individual bacteria. Mutant bacteria, however, had

a delay in cloud formation, similar to previous observations

in infected cells (11). Ten minutes after mixing wild-type

bacteria with extract, 64% were associated with an actin

cloud, 23% were moving with an actin tail (hopping), and

13% were not associated with any actin (n ¼ 56 bacteria). In

a directly comparable experiment 10 min after mutant bac-

FIGURE 5 Maturation of the actin tail and transition into steady-state

motility. (A) Images of hopping tails early in initiation as in Fig. 4. (B) Actin

tails 20–30 min after mixing. Tails were no longer discontinuous; rather,

they were very long and weak in intensity. (C) Bright, shorter, steady-state

actin tails imaged 30 min and later after mixing with extract. Arrows indicate

positions of bacteria. Bar is 2 mm. (D) Graph of bacterial speed and actin

intensities for each frame of the individual bacterium marked with an

asterisk in A–C. Brackets refer to the three phases of maturation seen in the

images. Arrowhead indicates loss of speed when the bacterium ran into its

own tail but rapidly recovered steady-state motility. Lower labels on x axis

refer to approximate time since mixing bacteria and extract.

FIGURE 6 Decrease in sensitivity to the environment associated with the

transition into steady state. (A) A bacterium, indicated by the asterisk,

initiated motility (I) then stopped suddenly and dramatically due to another

tail in its path (II), which caused it to reinitiate motility and hop again. Its

trajectory was interrupted twice more by another and its own tail (IV and V)
without much effect on its tail intensity or speed. The inset shows the ActA

distribution. Bar is 2 mm. (B) Speed and actin intensity graph of the

bacterium in A. Roman numerals on the graph refer to time points in part A

for comparison. Arrows mark the increase in actin near the front of the

bacterium during the collisions. Notice the dramatic stop and reinitiation

of a polar cloud at II and the comparatively slight reductions in speed at IV

and V. Lower labels on the x axis refer to the time since mixing of the bac-

terium and extract.
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teria were mixed with extract, 27% were associated with an

actin cloud, 16% with an actin tail (hopping), and 57% were

not associated with any actin (n ¼ 37 bacteria). Wild-type

bacteria in this experiment formed robust comet tails at 25

min after mixing with extract (Fig. 7 A). However, no mutant

bacteria were seen moving without erratic hopping at 40 min

after mixing (Fig. 7, B and C), not even having reached the

intermediate stage of maturation in which wild-type bacteria

are normally associated with longer, weak comet tails (Fig.

5 B). Whereas wild-type bacteria moving in the hopping

regime were often visibly associated with discontinuous

actin tails (Figs. 4 A and 5 A), mutant bacteria displayed

more extreme bursts of movement and sudden stops with

rapid depolymerization of their comet tails such that at any

time they could seem to be associated with an actin cloud

instead of a tail (Fig. 7 B and Movie 11). Actin clouds and

tails were often of weaker intensity than seen on wild-type

bacteria.

Motility initiation varies in different cell types

Within an infected host cell, L. monocytogenes spend up to

several hours associated with a symmetric actin cloud before

forming tails and initiating movement (4). actA is transcribed

only after the bacteria enter the host cell, as early as 30–60

min after infection, and actin cloud formation is correlated to

actA transcription as ActA protein expression levels rise and

the infection proceeds (3). We wished to investigate the con-

nection between the amount of ActA on the bacterial surface

and actin cloud formation. In a cell infected with multiple

bacteria, only those individual bacteria with higher amounts

of ActA were associated with actin clouds, whereas those

with less ActA on their surface (circles) were not (Fig. 8 A).
Bacteria were often seen associated with actin clouds in

which the actin intensity along the bacterial sides was greater

than at the rear, especially early after infection (1.5–3 h),

similar to initial actin accumulation on bacteria in extracts

(data not shown).

The motility initiation process in extracts was shown to be

very sensitive to heterogeneities in the environment. An

infected host cell has its own dynamic cytoarchitecture

which can influence bacterial movement (29), and we wished

to examine motility initiation in two epithelial cell types with

distinct cellular environments: the columnar MDCK cell and

the flattened squamous PtK2 cell. L. monocytogenes initiated
movement in two different ways within MDCK and PtK2

cells expressing actin-GFP (24). First, some bacteria asso-

ciated with a symmetric actin cloud were seen to divide, and

upon division the two daughter cells were both associated

with polar actin clouds that could become actin tails (Fig. 8

FIGURE 7 Motility initiation of ActA GRR mutant bacteria. (A)

Bacterium expressing wild-type ActA-RFP associated with a steady-state

actin tail at 25 min after mixing with extract. (B) Bacterium expressing

mutant GRR-RFP associated with a hopping tail between 30 and 35 min

after mixing. Depolymerization of the unstable tails is very rapid such that

often bacteria seem to be associated with an actin cloud or very short actin

tail, distinct from the hopping motility of wild-type bacteria (Fig. 4 A).
Panels show actin fluorescence, and insets show ActA fluorescence in the

first frame of the movie. Bar is 2 mm. (C) Speed and actin intensity graph of

the bacterium in B. Notice the extreme bursts of actin accumulation and

speeds and complete stops and loss of actin more severe than for wild-type

hopping bacteria (Fig. 4, B–D).

FIGURE 8 Cloud and tail formation on L. monocytogenes inside host

cells. (A) Several ActA-RFP-expressing L. monocytogenes inside an MDCK

cell expressing actin-GFP. The left panel shows ActA fluorescence, the

middle panel shows actin, and the right panel shows phase contrast. Circles

indicate bacteria with low levels of ActA that were not associated with an

actin cloud. (B) L. monocytogenes inside a PtK2 cell, expressing actin-GFP

that divided and initiated movement with division. Both daughter bacteria

began moving concurrently. The left panel shows actin fluorescence, and the

right panel shows phase contrast. (C) L. monocytogenes initiated movement

inside a PtK2 cell without division, forming a polar cloud and then a tail as in

Fig. 2. Bar is 2 mm.
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B). Second, other bacteria associated with polar actin clouds

initiated movement without division as the clouds turned into

tails as in cytoplasmic extracts (Fig. 8 C, Movies 12 and 13).

The number of motility initiation events within 10 min

intervals was counted in both cell types. Between 2 and 6 h

after infection, 21 of 26 bacteria (81%) initiating movement

in MDCK cells did so with division. Fifteen of these 21

division-initiation events (71%) led to both daughter bacteria

concurrently forming tails and initiating motility (,2 min

between each bacterium initiating movement). In PtK2 cells,

20 of 43 bacteria (47%) initiated motility with division, and

only 7 of these 20 division-initiation events (35%) led to

concurrent motility initiation of both daughter cells. The

kinetics of the motility initiation process was thus dependent

on the cellular environment in PtK2 and MDCK cells.

DISCUSSION

Motility initiation affected by bacterial geometry
and ActA surface distribution

Here we have shown that motility initiation for L.
monocytogenes is a complicated, multistep process in con-

trast to the simple symmetry-breaking process observed for

uniformly coated spherical beads. Although ActA-coated

beads are able to move in both cytoplasmic extracts (15) and

in a reconstituted system of purified proteins (31), they are

unable to break the symmetry of their actin clouds when

introduced into a living host cell (19). The complexity in-

herent to L. monocytogenes’ rod-shape geometry and polar

ActA surface distribution greatly affects the initiation of

motility. Furthermore, this dependence leads to variation in

the dynamics of motility initiation in various environments

including extracts and different host cell types.

The initial accumulation of actin on the bacterial surface

occurs preferentially along the sides of the bacterium, not at

the poles. Biophysical models of stress produced during

actin gel growth have shown that an actin gel becomes

thicker when the geometry of the surface is less curved (17).

This finding could explain the observed lateral actin

accumulation along the sides of the bacterium, which are

cylindrical, rather than at the poles, which are hemispherical.

Experiments on ActA-coated vesicles have shown that much

of the force generated by the actin gel during vesicle move-

ment is compressive and is greatest along the sides of the

vesicle (33,34). Aside from the highly curved hemispherical

poles, the actin polymerization profile for bacteria during

initiation correlates with the polar ActA distribution gradient

along the long axis, with more actin accumulating near the

rear, which has more ActA, than the front end. Thus the

ActA density profile may localize compressive actin forces

asymmetrically along the bacterium and result in the ob-

served very slow initial movement forward before tail for-

mation, where the compressive cloud squeezes the bacterium

forward like a pinched watermelon seed.

To understand the transition from initial actin accumu-

lation to tail formation, there are two natural frames of

reference to consider: the position of actin within the envi-

ronment, which remains stationary (the laboratory or host

cell frame of reference; see dotted line in Fig. 9), and the

center of mass of the bacterium itself, which moves with

respect to the environment (the bacterial frame of reference).

The rate of F-actin accumulation at any point in space can

be considered as a function of the local ActA density and

surface curvature as well as of the density of preexisting,

polymerized F-actin filaments, since dendritic actin network

growth is autocatalytic (35,36). During initial actin accumu-

lation, the hemispherical poles of the bacterium are at

a disadvantage, due to their greater curvature, compared to

the cylindrical sides (Fig. 9 A). When the bacterium begins to

move forward slowly, through preferential lateral actin accu-

mulation and the resultant compressive forces (Fig. 9 B), the

FIGURE 9 Model of the transition from initial actin accumulation to tail

formation and movement. Black outline represents the bacterium. The polar

ActA distribution on the surface is shown in blue. The actin that polymerized

first (oldest actin) is shown in red, and the newest is in yellow. The dashed

line indicates the stationary laboratory frame of reference. (A) Initial actin

accumulation (red) occurs preferentially along the sides as the hemispherical

poles have a disadvantage toward actin accumulation due to their greater

curvature. (B) Side accumulation leads to slow forward movement, and

a more rearward region of the bacterium is brought in contact with

prepolymerized actin (red) remaining in the environment. New actin

polymerizes (orange) along the sides but closer to the rear pole. (C) Further
forward movement brings the pole itself into contact with older remain-

ing actin (red and orange) stationary in the environment. The newest actin

(yellow) is now able to accumulate rapidly at the pole due to autocatalytic

actin nucleation and leads to polar cloud formation. (D and E) Repeated

polar actin accumulation allows greater forward movement as the actin tail

forms.
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ActA density and bacterial curvature remain constant in the

bacterial frame of reference. In contrast, the local density of

F-actin, stationary in the environment, becomes dependent

on bacterial movement history. With forward movement, the

hemispherical poles of the bacterium are brought into contact

with a local higher density of prepolymerized actin filaments

that initially accumulated along the preferred sides and have

remained stationary with respect to the environment (Fig. 9

B). The combination of increased ActA density at the pole

and now increased F-actin as well overcomes the handicap

of increased local curvature and allows dense polar actin

growth. The repetitive process of new F-actin polymerization

and bacterial translocation through the environment creates

a differential actin amplification profile, which leads to the

formation of the polar cloud (Fig. 9 C). At this point the

greater polymerization at the pole may cause faster move-

ment forward (Fig. 9 D), and polar actin growth and orga-

nization self-perpetuate as the actin tail forms (Fig. 9 E).
The gel-elastic models of actin accumulation and L.

monocytogenes motility (17,37) can explain the preferential

accumulation of actin along the cylindrical sides and the

slow initial movement through compressive forces at those

sides. The polar distribution of ActA provides the necessary

asymmetry to localize the lateral forces to one end of the

bacterium.

Experiments with flattened beads (disks) uniformly coated

with ActA have shown that a curved surface is not required

for steady-state movement (38). In these experiments, the

most common configuration for stable motility was for disks

to move by forming an actin tail on each side of the flattened

surface. Although these results are consistent with our

observations of preferential actin accumulation along the flat

bacterial sides, these two disk-associated tails failed to con-

vert into a single polarized structure. We propose that the

hemispherical shape of the bacterial poles is necessary to

allow the actin along the flat sides of bacteria to squeeze

around the pole and be transformed into a coherent single

actin tail.

Decrease in sensitivity as motility matures from
initiation to steady state

The maturation process during motility initiation proceeds

from a hopping regime to a persistent steady-state move-

ment. The maturation of motility depends on bacterial move-

ment, not on absolute length of exposure to cytoplasmic

extract, as bacteria that initiate motility later still go through

the full maturation process. The increased sensitivity to the

environment during hopping early in initiation may lead to

large variations among motility of different individuals due

to even small differences in protein-protein interactions or

ActA distribution. The high number of protein components

and multicomponent interactions necessary for tail formation

and motility (reviewed in Cameron et al. (12) and Pollard

and Borisy (13)) most likely provides a new and distinct set

of initial conditions each time bacterial motility is slowed

and reinitiated.

One possible mechanism of motility maturation may be

the increase in strength of the link between the bacterium and

its actin tail. After the initial accumulation of a dense actin

cloud around bacteria, the local surface density of actin drops

dramatically due to the rapid speed as bacteria begin moving.

Bacteria can no longer accumulate sufficient actin to per-

petuate their motility and must therefore reaccumulate actin

and repeatedly attempt initiating steady-state movement

during the hopping regime. Hopping bacteria can be ob-

served moving so rapidly that they lose their attachments to

their actin tails. The observed relationship between actin

density and speed are consistent with the explanation pro-

vided for hopping bacteria in the gel-elastic model of L.
monocytogenesmotility (37). Bacteria moving at steady state

exhibit slower overall speeds and denser actin tails and can

maintain their attachment to the actin tail. Thus the strength

of the connection between the bacterium and the tail, which

can be considered the frictional term in the gel-elastic model,

must gradually increase during motility maturation. One way

this could occur is through the slow accumulation of a

molecular component, capable of increasing the frictional

term, to the bacterial surface.

The structure and organization of the comet tail may also

change during the maturation process. The organization of

actin filaments within the stable comet tail includes highly

branched shorter filaments within the center, surrounded by

a sheath of bundled parallel actin filaments (39–41). The

thickness and existence of this sheath varies among indi-

vidual bacteria and extract preparations (41). Experiments

with a partially reconstituted motility system have shown

that actin filament organization during initial nucleation and

elongation regulated by the Arp2/3 complex is that of short,

cross-linked filaments associated with the rear pole of the

bacterium. In contrast the elongation reaction in the absence

of Arp2/3 results in bundles of filaments associated with the

sides of the bacterium and is due to actin bundling proteins

(41). This sheath of bundled actin could increase the per-

sistence of motility by stiffening the comet tail, leading to

more robust motility (39,41).

Discontinuous tails have been seen previously for bacteria

expressing an ActA mutant deleting a portion of the

N-terminal domain (42) now known to be important for inter-

actions with actin and Arp2/3 (14). Additionally, members of

the Ena/VASP protein family have recently been implicated

in the formation of persistent comet tails. ActA-coated beads

moving in a fully reconstituted system in the absence of

VASP move with irregular speeds and discontinuous tails

(31). The addition of pGolemi, a peptide that competes with

ActA for binding to Ena/VASP proteins, to bacteria moving

in extract leads to discontinuous tails at times in the initiation

process when robust steady-state tails would otherwise have

formed (32)), similar to our observations of motility for bac-

teria expressing the GRR ActA mutant. These results suggest
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that the motility maturation process may involve functions

of the Ena/VASP proteins, which have already been shown

to contribute to other aspects of bacterial motility, include

speed, and directional persistence (9–11). Ena/VASP pro-

teins have further been shown both to affect the thickness

and growth of actin gels (43) and to regulate filament orga-

nization within an actin network (44,45). Any of these func-

tions could contribute to L. monocytogenesmotility initiation

and tail maturation.

Discontinuous tails have also been seen under other

conditions. Beads coated with the VCA subdomain of the

Wiscott-Aldrich syndrome protein (capable of activating

Arp2/3), display hopping motility at steady state in

a reconstituted system of purified proteins, and this hopping

is dependant on the size of the bead (18). The hopping of

VCA-coated beads, however, is distinct from the hopping

regime observed for L. monocytogenes during motility

initiation or in the presence of pGolemi, as the beads retain

their actin tails persistently while hopping. VCA dependent

movement occurs in the absence of VASP, which is

implicated in the hopping regime of ActA dependent

movement. Further, although hopping is just one regime an

individual bacterium proceeds through during motility

maturation, VCA-coated beads persist in a single regime

during steady-state dependent on their size.

For L. monocytogenes, the transition from being stationary

to moving seems to be universally sensitive to environmental

conditions, whether within a host cell or in vitro. An obvious

hopping regime was not seen for bacteria initiating motility

within two different infected cell types. However, the cel-

lular environment does not support motility of ActA-coated

beads capable of moving within cytoplasmic extracts (19),

indicating a different set of requirements in vivo for suf-

ficient force generation to support unidirectional motility.

The mechanism that allows for the transition from hopping to

steady-state motility of bacteria in extract may be a pre-

requisite for bacterial motility within the cell.

Overall, the motility initiation process for L. monocyto-
genes is very complex and variable among individual bac-

teria and host cell environments and is affected by their

nonspherical geometry, polarized and varying ActA distri-

butions, and high sensitivity to the environment early in ini-

tiation. However, despite the immense variability apparent

during initiation, the general bacterial geometry and protein

distribution create a self-organized and renewing polymer-

izing actin structure that in all cases matures into the robust

comet tail on the L. monocytogenes surface, with much lower

variability in motility at the steady state (Fig. 1 D (20)).

Widely varying initial conditions can greatly affect the ini-

tiation process but do not affect the final robust outcome. The

increased complexity inherent to L. monocytogenes com-

pared to simplified spherical artificial systems is thus crucial

to their ability to overcome the significant challenges of ini-

tiating movement within the complex and variable physical

environment of a host cell cytoplasm.
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