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Abstract

Formation of spatial patterns of cells from a mass of initially identical cells is a recurring theme in developmental biology.

The dynamics that direct pattern formation in biological systems often involve morphogenetic cell movements. An example is

fruiting body formation in the gliding bacterium Myxococcus xanthus in which an unstructured population of identical cells

rearranges into an asymmetric, stable pattern of multicellular fruiting bodies in response to starvation. Fruiting body formation

depends on changes in organized cell movements from swarming to aggregation. The aggregation process is induced and

orchestrated by the cell-surface associated 17 kDa C-signal protein. C-signal transmission depends on direct contact between

cells. Evidence suggests that C-signal transmission is geometrically constrained to cell ends and that productive C-signal

transmission only occurs when cells engage in end-to-end contacts. Here, we review recent progress in the understanding of the

pattern formation process that leads to fruiting body formation. Gliding motility in M. xanthus involves two polarly localized

gliding machines, the S-machine depends on type IV pili and the A-machine seems to involve a slime extrusion mechanism.

Using time-lapse video microscopy the gliding motility parameters controlled by the C-signal have been identified. The

C-signal induces cells to move with increased gliding speeds, in longer gliding intervals and with decreased stop and reversal

frequencies. The combined effect of the C-signal dependent changes in gliding motility behaviour is an increase in the

net-distance travelled by a cell per minute. The identification of the motility parameters controlled by the C-signal in

combination with the contact-dependent C-signal transmission mechanism have allowed the generation of a qualitative model

for C-signal induced aggregation. In this model, the directive properties of the C-signal are a direct consequence of the contact-

dependent signal-transmission mechanism, which is a local event involving direct contact between cells that results in a global

organization of cells. This pattern formation process does not depend on a diffusible substance. Rather it depends on a cell-

surface associated signal to direct the cells appropriately.
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1. Introduction

Bacteria in their natural environments live under

non-static conditions. To help them optimize their

chances of survival in an ever-changing environment,

they have developed a variety of adaptive strategies.

The various strategies are played out in all their

splendor in response to starvation with survival strat-
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egies ranging from adaptive changes in gene expres-

sion to moving away from nutrient poor conditions

and to the generation of specialized cell types that

carry out specific functions. One of the most complex

survival strategies in response to starvation have been

adopted by the myxobacteria, which form macroscop-

ic spore-filled fruiting bodies when exposed to star-

vation. In this review, we discuss how recent

approaches using time-lapse video microscopy have

refined the picture of how Myxococcus xanthus cells

glide and how starvation induced changes in cell

behavior result in the formation of the multicellular

fruiting bodies.
Fig. 1. Fruiting body morphogenesis. Top view of the dome-shaped,

multicellular fruiting bodies formed by a population of starving M.

xanthus cells on a solid surface. Scale bar: 0.2 mm.
2. The life cycle of M. xanthus

Myxobacteria have adopted multicellularity as a

survival strategy and myxobacteria have been referred

to as ‘‘social prokaryotes’’. The life cycle of myx-

obacteria consists of two separate cycles of growth

and development. In the presence of nutrients the

motile, rod-shaped vegetative cells grow and divide.

Myxobacteria move by gliding and, if the cells are

present on a solid surface, they form cooperatively

feeding swarms. The developmental cycle is initiated

in response to starvation at a high cell density on a

solid surface. If these three conditions are met, growth

ceases and the developmental program that culminates

in the morphogenesis of the spore-filled fruiting

bodies is initiated. Fruiting body formation depends

on coordinated changes in organized cell movements

from expansive swarming to aggregation into multi-

cellular mounds. Inside these three-dimensional struc-

tures the individual rod-shaped, motile cells undergo

morphological and physiological differentiation into

spherical, non-motile, and dormant spores resulting in

mature fruiting bodies (Fig. 1). While the aggregation

process takes about 24 h to complete, the spore-

maturation is concluded 72 h after onset of starvation.

The fruiting bodies are essentially spore-filled sacs,

which can subsequently serve as efficient spreading

devices. Under the appropriate conditions, the spores

in the fruiting bodies germinate to give rise to the

motile, metabolically active vegetative cells. Each

fruiting body consists of 105 cells. Thus, the simulta-

neous germination of 105 spores on the same location

immediately gives rise to a colony, which can subse-
quently initiate the formation of a new cooperatively

feeding swarm that invades virgin territory.

In the past decade much attention has been focused

on understanding the cell–cell interactions involved in

fruiting body morphogenesis and the striking temporal

and spatial coordination of aggregation and sporula-

tion. In this context, most experimental attention has

been paid toM. xanthus. Using molecular genetics and

biochemical methods, extracellular signals important

for this developmental program have been identified

and signal transduction pathways involved in process-

ing signal reception are being unraveled. In these

analyses, focus is on the identification and character-

ization of the cellular components involved in the

regulated execution of this developmental program.

A different approach to further the understanding of

fruiting body formation is to analyze the actual con-

struction mechanism, i.e. the morphogenetic mecha-

nism, involved in building the fruiting bodies. This

approach focuses on understanding how cells are

brought to the construction sites of the fruiting bodies,

i.e. the aggregation centers. As fruiting body formation

is the result of changes in cell behavior from swarming

to aggregation, this type of analysis experimentally

involves determination of cell behavior during the

aggregation process. Thus, in this approach, focus is
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on whole cells rather than on their cellular components.

Below we describe recent progress in our understand-

ing of how starvation induced organized cell move-

ments are regulated and coordinated in M. xanthus.
3. Patterns of cell arrangements during the

aggregation process

The starting point of fruiting body morphogenesis is

an initially unstructured population of randomly ori-

ented cells on a solid starvation medium (Fig. 2, 0 h).

After approximately 4–6 h of starvation, the first signs

of changes in cell arrangement and orientation are

observed (Fig. 2, 6 h). At this point, the cells become

organized in streams in which the cells are oriented

end-to-end and side-to-side. Three such streams of

cells are indicated by arrows in Fig. 2 (6 h). In addition,

the cells have formed a number of small aggregation

centers. The circles in Fig. 2 (6 h) mark three of these

aggregation centers. Initially, the aggregation centers

are small and asymmetric but as more cells enter them,

they gradually increase in size and become more

symmetrical mounds (Fig. 2, 15 h). A key feature of

this aggregation process is the observation that the

cells move into the aggregation centers organized as

streams of cells rather than entering the centers as a

collection of individual, single cells from all directions

(Reichenbach et al., 1965; O’Connor and Zusman,

1989). Arrows in Fig. 2 (15 h) indicate three such

streams of cells entering an aggregation center. Even-

tually, the enlarging mound holds 105 densely packed

cells (Fig. 2, 24 h) that are organized in spiral patterns
Fig. 2. Cell arrangements during the aggregation process visualized by f

cells. A population of fluorescent, GFP-labeled wild-type cells was diluted

starvation medium. Images were acquired at the indicated timepoints. The

initial aggregation centers and streams, respectively. The white arrows in

nascent aggregate. Scale bar: 50 Am.
of cells orbiting the center of the mound before the

sporulation process is initiated (O’Connor and Zus-

man, 1989; Sager and Kaiser, 1993).
4. Mechanism of cell movement

The process of starvation-induced aggregation ev-

idently requires that the individual cells have an

efficient mechanism of movement. Recent findings

have provided insight into the mechanics of M.

xanthus cells movement at both the molecular and

the cellular level.

4.1. Gliding motility

M. xanthus cells move by means of ‘‘gliding’’, a

process whereby the non-flagellated cells move in the

direction of their long axis on solid surfaces (Hen-

richsen, 1972). In M. xanthus, there are two geneti-

cally and functionally distinct mechanisms for gliding

motility known as adventurous (A)- and social (S)-

motility (Hodgkin and Kaiser, 1979). Mutations in

both systems (A- and S-strains) result a non-motile

phenotype, while mutations that inactivate only one

system leave the cells motile by means of the remain-

ing, intact system. Recent experiments have provided

insight into the molecular mechanism of these two

types of movement: S-motility depends type IV pili

extended from the poles of the cells (Kaiser, 1979; Wu

and Kaiser, 1995). Extension, attachment to other

cells or the gliding surface, followed by retraction of

these type IV pili, has been shown to provide the force
luorescence microscopy of green fluorescent protein (GFP)-labeled

1:40 with non-fluorescent wild-type cells and developed on a solid

white circles and arrows in the 6 h image indicate the location of

the 15 h image indicate the location of streams of cells entering a
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for cell movement (Merz et al., 2000; Skerker and

Berg, 2001; Sun et al., 2000). A-motility, on the other

hand, does not depend on pilus. Instead, the driving

force of this type of movement is the extrusion and

subsequent hydration of polysaccharide slime from

nozzle-like structures clustered at the poles (Wolge-

muth et al., 2002). In the sequence of phase-contrast

images in Fig. 3a, showing a single cell gliding on an

agar surface, this secretion of slime can be observed as

a visible ‘‘trail’’ behind the gliding cell.

4.2. Quantitative description of gliding behavior

Recent systematic and quantitative video-micros-

copy analyses of cells on both rich media (Spormann

and Kaiser, 1995; 1999) and on starvation media

(Jelsbak and Søgaard-Andersen, 1999) have identified

some of the basic parameters that define gliding of M.

xanthus cells. These studies have shown that the speed

of gliding is highly variable for a given cell as it

translocates across the substrate. Cells glide at contin-

uously changing speeds rather than maintaining a

constant speed. In Fig. 3b, the gliding speed for the

same cell shown in Fig. 3a is plotted as function of

time. The waviness of this speed profile shows that this

particular cell changes speed from moment to moment

as it glides. Furthermore, cells experience both periods

with no active movement as well as periods of move-

ment. These periods are called stop- and gliding

intervals, respectively. The time intervals marked by

the dotted, vertical lines called 1 and 5 in the speed

profile (Fig. 3b) indicate such stop intervals, whereas

time intervals 2, 3 and 4 indicate gliding intervals.

In addition to the changes in gliding speed, the cells

change their direction of movement by two mecha-

nisms: reversing, so that the leading end becomes the

lagging end (Blackhart and Zusman, 1985) or by

bending of the rather flexible cell body resulting in

deviations from the original track (Spormann, 1999).

Changes in gliding direction as a result of reversals

are evident from the path taken by the gliding cell

shown in Fig. 3a. This particular cell reversed its

direction of movement four times, at t = 75, 345, 570

and 870 s, as indicated by a change in speed from a

positive to a negative value or vice versa in the speed

profile (Fig. 3b). Changes in gliding direction as a

result of bending are illustrated by the cell in the

sequence of images in Fig. 4. Over a period of 4 min,
the direction of movement of this particular cell

changes as a combined result of first a 180j U-turn

(0 vs. 60 s) and later a 90j bending (120 vs. 180 s).

In conclusion, parameters such as gliding speed, the

length of the gliding and stop intervals, the stop and

reversal frequencies are important for a full, quantita-

tive description of gliding behavior in M. xanthus.
5. Regulation of organized cell movements during

starvation: the role of C-signaling

In addition to an efficient mechanism of cell

movement, starvation-induced aggregation of cells

into fruiting bodies also require regulatory systems

that ensures coordination and organization of cell

behavior in the starving population of cells. One such

key regulatory element is the C-signal, an intercellular

signal that has been identified as the signal that

induces and orchestrates the aggregation stage of

fruiting body formation (Kruse et al., 2001). The C-

signal is a 17-kDa protein encoded by the csgA gene

(Hagen and Shimkets, 1990; Kim and Kaiser,

1990a,b). A distinctive property of the C-signal is

its non-diffusible nature. The C-signal protein is

associated with the cell surface (Kim and Kaiser,

1990a; Shimkets and Rafiee, 1990) and direct phys-

ical cell–cell interactions are an absolute requirement

for productive signal transmission (Kim and Kaiser,

1990b). Interestingly, C-signal transfer also requires

that both donor and recipient cells are motile (Kim

and Kaiser, 1990c; Kroos et al., 1988). However, this

requirement for motility is bypassed if cells are forced

to align in a pattern that favors end-to-end contacts

(Kim and Kaiser, 1990d). This suggests that the C-

signal transmission event is geometrically constrained

to the cell ends, and that active cell movement is

required to achieve the specific end-to-end contacts

that facilitate signal transfer. Both its short-range

nature, its spatial restriction to the cell ends, and the

fact that the signal molecule is a protein are all

features that make C-signaling unique among bacte-

rial cell–cell communication systems.

The level of C-signaling increases during develop-

ment as a result of two mechanisms, which both result

in signal amplification. First, C-signaling stimulates

the expression of the csgA gene (Kim and Kaiser,

1991). Second, the occurrences of end-to-end contacts



Fig. 3. Quantitative analysis of cell behavior. (a) A sequence of phase-contrast images of a single cell gliding on a solid surface for a period of

900 s. The white arrows indicate the direction of gliding of the cell. (b) Gliding speed (Am/min) plotted as a function of time (s) for the same

cell. The dashed, horizontal lines indicate the lower detection limit for active movement (0.35 Am/min). The dotted, vertical lines indicate

periods where the cell showed active movement (intervals 2, 3, and 4) or periods of no active movement (intervals 1 and 5).
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Fig. 4. The direction of gliding can change as a result of cell bending. Five phase-contrast images recorded at 1-min intervals of the same cell

gliding on a solid surface. The white arrows indicate the direction of gliding of the cell.

L. Jelsbak, L. Søgaard-Andersen / Journal of Microbiological Methods 55 (2003) 829–839834
are predicted to increase as the cells begin to form

chains and streams during the aggregation process

(Fig. 2). Because of the spatially restricted, contact

dependent C-signal transmission mechanism, this is

expected to increase local C-signaling. Consequently,

a given cell will experience gradually higher C-signal

level as it participates in the C-signal induced aggre-

gation process. As a result of these two mechanisms,

the C-signal level increases gradually during devel-

opment in a manner closely coupled to progression

through the developmental program. The extracellular

level of C-signal is received and processed by cells by

means of an intracellular signal transduction pathway,

whose molecular components currently are being

identified (Boysen et al., 2002; Ellehauge et al., 1998;

Søgaard-Andersen et al., 1996; Søgaard-Andersen and

Kaiser, 1996).
6. C-signal induced changes in cell behavior

Neither the quantitative information on the C-

signal levels during development nor the qualitative

model for the C-signal transduction pathway offers a

mechanistic explanation of how a cell-bound signal

can direct organized cell movements and regulate

multicellular aggregation. To address this question,

quantitative analyses of how cell behavior changes

and of how the C-signal modulates this behavior

during the aggregation stage of fruiting body forma-

tion were recently carried out using different experi-

mental approaches (Fig. 5a).

6.1. The single cell assay

Detailed analysis of the morphogenetic movement

of individual cells during the aggregation process is

complicated by the difficulty of identifying single
cells within the mass at the high cell density required

for successful fruiting body formation. To overcome

this problem, we developed a motility assay in which

cells at first are starved at the high cell density required

for fruiting body formation and then removed from

this context and dispersed on a solid surface at a

cell density that allows single cells to be clearly

monitored and tracked using time-lapse video mi-

croscopy (Fig. 5a,b). The rationale behind this assay

is that cells are stimulated to move with a particular

behavior while at the high cell density. The behavior

of the cells is then scored at a low density. This

experimental design made it possible to perform

quantitative analyses of cell movement at different

time-points during the aggregation stage of fruiting

body morphogenesis (Jelsbak and Søgaard-Ander-

sen, 1999).

Using this approach, we found that the changes in

cell arrangements during the aggregation process

shown in Fig. 2 were paralleled by changes in the

motility behavior of the individual cells. Specifically, it

was demonstrated for wild-type cells that progression

through the developmental program was associated

with cells moving with higher gliding speed in longer

gliding intervals and with reduced stop frequencies. On

the other hand, the duration of the stop interval

remained unchanged. Likewise, the reversal frequency

remained unchanged. Importantly, the dramatic change

in wild-type behavior was observed after 6 h of star-

vation, coinciding with the initiation of C-signaling and

the formation of initial aggregation centers.

Compared to wild-type cells, the behavior of csgA

cells was significantly different in this assay. The cells

did not experience the increased motility behavior

observed for wild-type cells and they displayed only

little net-movement even after 15 h of starvation.

However, this motility defect of individual csgA cells

was corrected in a time- and concentration-dependent



Fig. 5. Two experimental strategies in the analysis of cell behavior

during the aggregation process. (a) A flow chart describing the

various steps in the single cell based (left) and population based

(right) motility assay. (b) A phase-contrast image showing a section

of the microscope view in the single cell based assay. The individual

cells are well separated on a solid starvation medium. The

dimensions of individual cells are approximately 0.5� 7 Am. (c)

An inverse-contrast fluorescent image of the population-based assay

showing the individual GFP expressing cells within the population

of non-fluorescent cells. The dimensions of individual cells are

approximately 0.5� 7 Am.
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manner when C-signaling was reestablished by exog-

enous C-signal protein. As this stimulation of the csgA

cells in this assay took place in the absence of other

cell–cell interaction, the C-signal directly induced

these changes in motility behavior.

6.2. The population assay

Fruiting body formation depends on starvation of

cells at a high cell density. Consequently, if the

starving cells display changes in behavior that

depends on cell density or cell–cell interactions, they

may have not have been identified in the single cell

assay described above. Therefore, one essential re-

quirement for a full understanding the effect of the C-

signal on cell behavior is the analysis of individual

cell behavior within the context of a high cell density.

In general, molecular tagging of specific cells or

sub-populations of cells with green fluorescent protein

has proven to be a powerful tool in cell biology (Bajno

and Grinstein, 1999; Cooper et al., 1999). In particular,

this method has successfully been employed to analyze

behavior and organization at the single-cell level in

other complex bacterial communities such as biofilms

and swarming colonies (Eberl et al., 1999; Tolker-

Nielsen et al., 2000). A similar strategy was used in

order to develop an experimental system for monitor-

ing and characterizing the behavior of individual cells

within a high cell density context during M. xanthus

aggregation (Fig. 5a,c; Jelsbak and Søgaard-Andersen,

2002; Welch and Kaiser, 2001). In this system, M.

xanthus cells carrying a transcriptional fusion between

the gene encoding the green fluorescent protein (GFP)

and the constitutive pilA promoter were diluted 1 to

400 with non-fluorescent cells. This mixed population

was then exposed to starvation on non-nutrient plates

and the behavior of the GFP-expressing cells was

monitored using low-light time-lapse fluorescence

microscopy. This experimental design allowed two-

dimensional tracking of individual, fluorescent cells

while present in a non-fluorescent population without

interfering with the developmental program in the

system (Jelsbak and Søgaard-Andersen, 2002). As

the presence of the pilA-gfp transcriptional fusion

results in brightly fluorescent cells and has no effect

on either growth or development, it is likely to become

a useful tool for other non-disruptive analyses of M.

xanthus populations.
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Using this population-based motility assay, the

dramatic behavioral changes during development ob-

served in the single cell assay were confirmed. Be-

tween 3 and 9 h of starvation, GFP-tagged wild-type

cells within a population of non-fluorescent wild-type,

began to glide with increased speed in extended

gliding intervals and with a decreased stop frequency.

Importantly, the reversal frequency was also reduced.

In contrast, GFP-expressing csgA cells mixed with

non-fluorescent csgA only displayed a modest in-

crease in the gliding speed, a modest increase in the

duration of the gliding interval, a modest decrease in

the stop frequency and the reversal frequency

remained unchanged. To determine whether the dif-

ference in behavior displayed by wild-type cells co-

developed with other wild-type cells and csgA cells

co-developed with other csgA cells was C-signal

dependent, two experiments were performed in which

wild-type cells and csgA cells were mixed. In the first

experiment, GFP-expressing csgA cells were mixed at

a ratio of 1:400 with non-fluorescent wild-type cells

and then the behavior of the GFP-expressing csgA

cells was monitored after 9 h of starvation. In this

experiment, the behavior of the csgA cells was indis-

tinguishable from that of wild-type cells starved for 9

h in the context of other wild-type cells. Thus, the

behavioral defects of csgA cells were corrected by co-

development with wild-type cells. In the reciprocal

experiment, GFP-expressing wild-type cells were

mixed at a ratio of 1:400 with non-fluorescent csgA

cells. In this context, GFP-expressing wild-type cells

after 9 h of starvation displayed a behavior similar to

that of csgA cells developed in the context of other

csgA cells. Thus, it is not sufficient for a cell to be

csgA+ to display the full set of behavioral changes

during development. Rather, cells need to be in a C-

signaling context in order to display the full range of

behavioral changes.
7. A model for C-signal induced aggregation

In both the single cell assay and the population-

based assay, C-signaling induced the cells to move

with increased gliding speeds, in longer periods of

time and with reduced stop frequencies. However, the

C-signal induced reduction in reversal frequency was

only observed in the population approach at the high
cell density. This suggests that other cell–cell inter-

actions are required for the C-signal to manifests its

effect on the reversal frequency. Thus, the C-signal

induces two chemokinetic responses, a density-inde-

pendent response and a density-dependent response.

The combined effect of the C-signal induced changes

in specific motility parameters at the high cell density

is an increase in the net distance traveled by a cell per

minute. This is the outcome of increased gliding

speeds, extended gliding intervals and infrequent

stops and reversals (Jelsbak and Søgaard-Andersen,

2002). This property is clearly beneficial during

aggregation. However, in order for the cells to aggre-

gate they also need to move in the appropriate

direction. So, how is this C-signal induced change

in behavior coupled to the organized movements that

lead to aggregation?

The identification of the specific motility parame-

ters controlled by the C-signal in combination with the

contact-dependent C-signal transmission mechanism

has allowed the generation of a model for C-signal

induced aggregation (Fig. 6). This model provides the

conceptual qualitative framework for the future de-

velopment of more robust, mathematical model. The

model is composed of three discrete events. The first,

basic event in the model is an end-to-end contact

between two cells with C-signal transmission. Cells

engaged in end-to-end contact with C-signal transmis-

sion are instructed to travel longer net-distances for as

long as they maintain the end-to-end contact. In a

population of starving cells, this basic event results in

the formation of chains of cells: Repeated end-to-end

contact will occur frequently at the high cell density

required for normal development. This will gradually

result in the formation of chains as cells are recruited

sequentially to these chains by the repeated end-to-

end contacts.

Cells in a chain are moving with the same speed

and in the same direction, which is determined by the

direction of movement of the cell at the leading end of

the chain. A reversal of direction of a cell positioned

inside a chain will result in breaking of that chain.

However, cell reversals in chains are unlikely based

on two observations: First, the cohesiveness of the

cells increases during development (Shimkets, 1986).

Second, cells are exposed to increasing levels of C-

signaling during aggregation because of increased C-

signal production and increased local cell density and
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consequently increased local C-signal concentration

(see above).

The arrangement and movement of cells in chains

may create alignment of neighboring cells. This could

result in the formation of secondary chains that are

associated with the initiating chain by lateral inter-

actions. This could lead to the formation of streams

of cells, which have been observed experimentally

(Fig. 2). Aggregation centers could then form by

collisions of streams or by a single stream that turns
on itself in a spiral movement. Once the leading cells

of a stream is trapped inside an aggregation center,

the remaining cells in the stream will follow into that

center, as the direction of movement of a cell in a

stream is determined by the leading cell. Together,

this model represents a new pattern forming mecha-

nism, as the organizing signal that directs morpho-

genetic cell movements is cell surface associated

rather than freely diffusible, and directional informa-

tion is relayed from the leading cell in a stream to the

lagging cell by direct cell–cell contacts.
8. Concluding remarks

M. xanthus cells move with a speed of 2–5 Am/

min. This speed allows a M. xanthus cell to travel a

maximum of 1–5 m/year. This speed is only 100-fold

higher than the rate of continental drift. Therefore, a

survival strategy that depended on individual cells

moving away from starvation conditions would, most
Fig. 6. Model for C-signal induced aggregation. The model consists

of three elements: (a) the basic event in the model is end-to-end

contacts between cells with C-signal transmission followed by a

change in cell behavior. (b) Scenarios 1–4 show how repeated end-

to-end interactions with C-signal transmission between cells in a

field are predicted to result in the formation of chains of cells.

Consider cell A in scenario 1, which for simplicity is located at the

edge of an initial aggregate and moving towards it. This cell is

moving with high speed in longer periods and with a reduced

number of stops and reversals as it is engaged in C-signaling with

cells inside the aggregate. The bold, single-headed arrows next to

the cell indicate this type of behavior. Cell not engaged in C-

signaling (for example cell B in scenario 1) move with low speed

and a high reversal frequency as marked by the double-headed

arrows next to the cells. If cell B happens to establish end-to-end

contact with cell A (scenario 2), then the two cells will transmit the

C-signal to each other. As a consequence, cell B is induced to move

with high speed and low stop and reversal frequencies in the

direction of cell A as long as it maintains the end-to-end contact.

This sequence of events could be repeated sequentially, adding cell

C, etc., thus creating a chain whose cells are moving in the direction

determined by the leading cell A (scenarios 3 and 4). (c) Cell

movement in chains is predicted to create alignment of neighboring

cells. This will result in secondary chains of cells (marked by dark

gray color). The cells in these secondary chains are associated with

the initiating chain by lateral cell – cell contacts and with other cells

in the secondary chain by end-to-end contacts. Together, an

initiating chain and its associated secondary chains will make up

a stream. With time, most cells become organized in streams

moving towards aggregation centers.
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likely, not be a very efficient survival strategy. In-

stead, M. xanthus has evolved a survival strategy in

which cells move a relatively short distance to accu-

mulate inside fruiting bodies inside which sporulation

is initiated. Subsequently, the spore-filled fruiting

bodies can be carried over long distances by worms

or insects or by the wind. Likewise, the properties of

the aggregation-inducing signal have been tailored to

the slow speed of M. xanthus cells. It has been argued

that the directive properties of a diffusible aggregation

signal would disperse before M. xanthus cells could

reorient in a gradient of such a signal. The specific

quality of a non-diffusible, cell-surface associated

aggregation signal is that it moves with the same

speed as the cells.
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