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Mound formation in the cellular slime mould Dictyostelium results from the chemotactic aggregation of competent cells.
Periodic cCAMP signals propagate as multiarmed spiral waves and coordinate the movement of the cells. In the late aggregate
stage the cells differentiate into prespore and several prestalk cell types. Prestalk cells sort out chemotactically to form
the tip, which then controls all further development. The tip organises cell movement via a scroll wave that converts to
planar waves in the prespore zone leading to rotational cell movement in the tip and periodic forward movement in the
prespore zone. Expression of an activated Gal protein under its own promoter leads to a severely altered morphogenesis
from the mound stage onwards. Instead of forming a tipped mound, the cells form a ring-shaped structure without tip.
Wave propagation pattern and dynamics during aggregation and mound formation in the mutant are indistinguishable from
the parental strain AX3. However, at the time of tip formation the spiral waves that organise the late aggregate do not
evolve in a scroll-organising centre in the tip but transform into a circularly closed (twisted) scroll ring wave. This leads
to the formation of a doughnut-shaped aggregate. During further development, the doughnut increases in diameter and the
twisted scroll wave converts into a train of planar waves, resulting in periodic rotational cell movement. Although biochemi-
cal consequences resulting from this mutation are still unclear, it must affect prestalk cell differentiation. The mutant
produces the normal proportion of prespore cells but is unable to form functional prestalk cells, i.e., prestalk cells with
an ability to sort out from the prespore cells and form a prestalk zone. Failure of sorting leads to an altered signal geometry,
ring-shaped scroll waves, that then directs ring formation. This mutant demonstrates the importance of prestalk cell sorting
for the stabilisation of the scroll wave that organises the tip. © 1997 Academic Press

INTRODUCTION ory that states that all of Dictyostelium morphogenesis up
to the culmination stage is organised by periodic waves and
chemotactic movement (Rietdorf et al., 1996; Siegert and
Weijer, 1995). Furthermore, we proposed that the geometry
of the waves is a major determinant of the type of mound
and slug morphogenesis. This has already been shown for

the aggregation stage of Dictyostelium development

Early aggregation of the slime mould Dictyostelium is
driven by periodic waves of CAMP that instruct the cells to
collect at the aggregation centre. Recent experiments show
that coordinated cell movement in slugs and mounds is due
to the same mechanisms that operate during early aggrega-

tion, i.e., cAMP relay and chemotaxis (Siegert and Weijer,
1992, 1995; Bretschneider et al., 1995). We developed a the-
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(Siegert and Weijer, 1989; Hofer et al., 1995; Vasiev et al.,
1994; Lee et al., 1996). This theory needs to be tested by
investigation of morphogenesis after perturbation of the sig-
nal-response system in signal transduction and motility
mutants. In earlier studies, we have described an altered
morphogenesis resulting from inhibition of the activation
of adenylyl cyclase (Siegert and Weijer, 1989). Inhibition of
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adenylyl cyclase activation by caffeine resulted in a less
efficient relay and therefore in an increase in oscillation
period. This increase in period length led to an increase in
signal wavelength and therefore in an increase in the diame-
ter of the spiral core, resulting in ring-shaped aggregation
centres. However, caffeine primarily affects calcium ho-
meostasis and therefore may affect multiple processes in-
cluding the cell motility system. One of the advantages of
the Dictyostelium system is that many components of the
cAMP signalling system have been cloned and that mutants
in these components can how be generated by gene replace-
ment with mutated forms. This allows one to create more
defined disturbances in cAMP signalling and/or chemotaxis
pathways.

The molecular basis for cAMP relay during early aggrega-
tion is well characterised and involves the Ga, and Ggy
subunits of heterotrimeric G-proteins, the seven-helix
transmembrane cAMP receptor CAR1, an adenylyl cyclase
(ACA), and CRAC, a plecstrin homology domain containing
protein involved in the activation of adenylyl cyclase (Ku-
magai et al., 1991; Sun and Devreotes, 1991; Johnson et al.,
1992; Pitt et al., 1992; Pupillo et al., 1992; Devreotes, 1994;
Lilly and Devreotes, 1995; Wu et al., 1995). In total, eight
developmentally regulated Gea-subunits of heterotrimeric
G-proteins have been identified in Dictyostelium. Ga, and
Ga, are involved in the signal transduction cascades of the
chemoattractants cAMP and folate, respectively (Devreotes,
1994; Hadwiger et al., 1994; Firtel, 1995). The signal trans-
duction cascades in which the other Ga proteins play a role
are still largely unknown.

Mutants of Ga,(G45V), which are defective in GTP hydro-
lysis and therefore in a continuous activated state, show an
aberrant morphological development at the mound stage.
Aggregation is normal and mounds are formed, but then
they then open up to form ring-shaped aggregates, which
transform to slugs very inefficiently and only after a sig-
nificant delay. After more than 70 hr of development, they
form small fruiting bodies with a thick base. Furthermore
they show a reduced production of cAMP in response to
CAMP pulses (Dharmawardhane et al., 1994). To investigate
the link between this altered morphogenesis and cell signal-
ling, we monitored several parameters relevant to the sig-
nalling system such as the geometry of the dark-field waves,
wave propagation speed and frequency, cell movement, as
well as cellular differentiation in vivo. Cells expressing
Ga;,(G45V) were indistinguishable from wild-type AX3 un-
til the early mound stage. In the mound the proportioning
into prespore and prestalk cells is normal; however, the
prestalk cells do not sort out correctly from the prespore
cells. Failure of cell sorting leads to a different spatial geom-
etry of the cAMP signal. The spiral waves usually found in
wild-type mounds convert to a circularly closed scroll wave
giving rise to the formation of a ring of cells instead of
tipped aggregates.

MATERIALS AND METHODS

Strains, culture, and developmental conditions. AX3 cells
were grown axenically in HL5 medium as described by Sussmann
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(1987). The cells were grown to a density of 1-6 x 10° cells/ml
and harvested by low speed centrifugation. To initiate development
cells were placed at density of 5 X 10° cells/cm? on 1% KK2 (20
mM potassium phosphate, pH 6.8) agar plates and incubated at
22°C for 6-12 hr. Usually aggregation started at 6 hr of develop-
ment, tipped mounds formed after 12 hr. Neutral red staining was
performed as described in Weijer et al. (1987).

The percentage of prespore cells was determined as the number
of cells expressing the prespore-specific cell surface protein PSA,
detected by indirect immunofluorescence staining with the mono-
clonal antibody MUDZ1 as described in Bichler and Weijer (1994).
The construction and biochemical characterisation of the
Gal(G45V mutant is described in Dharmawardhane et al. (1994).
The cells were grown in HL5 medium in the presence of 20 ug/ml
G418. AX3-actin15-GFP (A15GFP) cells were also grown in HL5
containing 20 pug/ml G418. Fluorescent AX3 cells were obtained
by transforming AX-3 cells with a construct containing the gene
for GFP (green fluorescent protein; Chalfie et al., 1994) under the
control of the Dictyostelium actin-15 promoter. Shortly, the GFP
fragment was cut from the DAGFP vector generously provided by
R. Kay (Cambridge) as a BamHI-Xhol fragment and inserted in a
PB15 vector (provided by D. Mannstein, London) where GFP is
expressed under the control of an actin-15 (A15) promoter. For syn-
ergy experiments the cells were harvested at densities between 2
and 8 x 10%/ml, collected by low speed centrifugation, and washed
two times in KK2 buffer. A15GFP cells (0.5% of the sample) were
mixed with the mutant Gal1(G45V) and plated onto 1% KK2 agar
at a density of 5 X 10"/plate. The plates were incubated in the dark
for various times at 22°C.

Measurement of dark-field wave propagation. Dark-field wave
propagation was observed under oblique illumination using a Zeiss
IM 35 inverted microscope equipped with 2.5X or 6.3X objectives.
The illumination was adjusted by shifting the phase ring partly in
the light path in such a way that the faint optical density signals
related to cell shape changes were enhanced maximally. These opti-
cal density waves became visible only in time-lapse recordings.
The dark-field waves were recorded with a Hamamatsu C-2400-08
SIT camera adjusted to medium high sensitivity in order to reduce
the light intensity. The video signal was analogue adjusted to ob-
tain high contrast and then digitised by a video frame grabber board
(AFG; Imaging Technology) which allows real-time averaging of
incoming video frames. To enhance image quality usually 32
frames were averaged and the resulting image was saved to a laser
video disk (Sony LVR 4000) in time-lapse mode every 5-20 sec.
Time-space plots were generated and analysed as described in
Siegert and Weijer (1989, 1995).

Cell movement analysis of GFP-labelled cells. To determine
the movement of individual cells in aggregates and mounds we
mixed a low percentage (0.1-0.5%) of fluorescent GFP-expressing
AX3 cells with unlabelled Ga1(G45V) cells (Hodgkinson, 1995; Fey
et al., 1995; Rietdorf et al., 1996). Fluorescence was observed in a
Zeiss inverted microscope (Axiovert 10) equipped with special fil-
ters (short pass 425DF45, dichroic mirror 475 nm, long pass 450
nm; Omega Optical Instruments S.A., Grasbrunn, Germany). The
cells were observed with 20X or 40X Neofluar objectives. The exci-
tation light was reduced 64-fold by neutral density filters in order
to avoid damage of the cells. Video images were recorded with a
Hamamatsu C-2400-08 SIT camera adjusted to maximal sensitiv-
ity. To further reduce the exposure of the cells to damaging illumi-
nation the exposure time was reduced to 0.6 sec every 5 sec using
a computer-controlled shutter. Within these 0.6 sec 16 video frames
were averaged and stored as described above. This technique al-
lowed us to track GFP-labelled cells for more than 2.5 hr without
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any noticeable photo damage of the cells. For movement analysis
the cells were tracked either automatically or interactively on
screen as described in Siegert and Weijer (1991, 1992) using spe-
cially written application programs.

Synergy experiments. Synergy experiments between the mu-
tant and the wild-type cells were performed by mixing 5% fluores-
cently labelled mutant cells with wild-type cells and allowing them
to form slugs on petri dishes containing 1% water agar. The cells
were labelled by incubating them for 30 min at 22°C in 100 uM
cell tracker green (Molecular Probes; 1:100 dilution from 10 mM
stock in DMSO) in KK2 buffer. Finally the cells were washed twice
and mixed with wild-type cells.

RESULTS

Morphological comparison of AX3 and Gal(G45V)
mounds. A direct comparison of the development of the
activated Gal mutant G45V and the wild-type strain AX3
shows a dramatically altered morphogenesis from the
mound stage onwards (Fig. 1). The left side of Fig. 1 shows
development of the activated Gal mutant G45V (Figs.
1A-1D) taken at successive time points. The correspond-
ing stages of the wild-type strain are shown at the right
(Figs. 1E-1H). No differences in morphology can be ob-
served until 10 hr of starvation (Figs. 1A, 1B, 1E, and 1F).
The different numbers of arms seen in Figs. 1A and 1E
are within the natural variation of each strain. However,
after 12 hr of development, mutant mounds started to
flatten centrally and became irregular in shape, while
wild-type mounds became hemispheric. During the next
2 hr (12-14 hr), the central depression in Gal mutants
enlarged until a ring-shaped aggregate formed. During the
same time, a tip formed in wild-type aggregates (Figs. 1C
and 1G). After 14-16 hr of starvation, the wild-type
mound elongated and a first finger formed, while in the
mutant the ring continuously widened (Figs. 1D and 1H).
The mutant cells continued to migrate in a loop for more
than 48 hr. Eventually the rings broke up and a slug
formed producing a small thick-based fruiting body after
more than 70 hr of starvation. The wild type usually com-
pleted development after 24 hr. These data show that the
most prominent feature of the Gal(G45V) mutant is its
inability to form a functional tip.

Signal propagation in the Ga1(G45V) mutant. In a pre-
vious study, we characterised the evolution of signalling
and cell movement during mound formation in the wild
type (Rietdorf et al., 1996). We found drastic changes in
signalling parameters as well as in cell movement during
mound formation. These changes correlated with important
events such as cellular differentiation and cell sorting. We
supposed that the altered morphogenesis in the mutant
might result from alterations in the control of cell move-
ment. In order to investigate if a defect in cAMP signal relay
is responsible for the observed phenotype, we analysed dark-
field wave propagation. Dark-field waves are directly corre-
lated to the cAMP relay response, since they reflect the
chemotactic response of the cells (Tomchik and Devreotes,
1981). In a previous study, we showed that the Ga1(G45V)
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mutant has a strongly reduced cAMP relay response as well
as a decreased cAMP-stimulated cGMP response (Dharma-
wardhane et al., 1994).

Ring-shaped aggregation centres could be caused by a
weak relay response leading to an increase in period length
and chemical wave length. Previously, we observed loop-
shaped aggregation when cells were plated in the presence
of caffeine, a known inhibitor of adenylyl cyclase activation
(Brenner and Thoms, 1984), leading to a significant slow-
down of the optical density wave oscillations and an in-
crease in wave length (Gross et al., 1976; Siegert and Weijer,
1989). To test this hypothesis, we measured several signal-
ling parameters like wave period and wave propagation
speed as well as cell movement characteristics.

The late aggregation stage and early mound stage (with
still incoming streams) of both the wild-type and the mu-
tant were organised by multiarmed spiral waves (Rietdorf
et al., 1996). The number of spiral arms varied between 2
and 10. We observed up to 20 rotations of these waves.
Then followed a period when no wave propagation could
be observed. The reason for this was that in the wild type,
the tip was forming, while the mutant exhibited an altered
geometry of the signal that caused the cells to rotate verti-
cally instead of horizontally (see below). During this time,
mutant mounds opened up and formed ring-shaped struc-
tures (Fig. 2). In such rings (Fig. 2C), dark-field waves could
be observed in time-lapse movies. To visualise the faint
differences in light scattering caused by moving and not
moving cells we subtracted successive video images, a tech-
nique that amplifies these differences in optical density
(Siegert and Weijer, 1995; Lee et al., 1996). (Figs. 2B and
2D). Each pair of black and white bands in Figs. 2B and 2D
represents just one wavelength of a moving optical density
wave caused by active cell movement in response to a cCAMP
wave (Siegert and Weijer, 1995). Figures 2A and 2C show
the corresponding dark-field video images. As in the case
of multiarmed spirals, there exists more than one wave
front in these rings. As the rings increased in size, additional
wave fronts appeared (compare Figs. 2B and 2D).

To study the dynamics of wave propagation over time
and in more detail, we constructed time-space plots. An
example of such a time-space plot for a ring of the mutant
G45V is given in Figs. 3A and 3B. Light scattering signals of
dark-field waves are seen as diagonally downward-oriented
lines going from left to right in the time—space plot (Fig. 3B).
The slope of these lines reflects signal propagation velocity.
From the spacing between successive bands the period of
the dark-field waves can be directly determined. There are
also signals going in an opposite direction pointing diago-
nally downward from the upper right to the lower left.
These lines are less pronounced and less regular as the dark-
field waves. These bands reflect cell movement. They con-
sist of many fine parallel lines, which represent moving
intracellular structures like small vesicles. The larger dark
regions are shadows that are caused by the local accumula-
tion of cells leading to a local thickening of the ring. The
slope of these lines reflects the rate of cell movement in a
direction opposite to the direction of wave propagation.
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FIG. 1. Developmental stages of the Gal mutant G45V (A-D) and the parent strain AX3 (E-H). Development of the mutant Ga1(G45V)
at 8 (A), 10 (B), 12 (C), and 14 (D) hr of development. Development of the parent strain AX3 at 8 (E), 10 (F), 12 (G), and 14 (H) hr of

development. Scale bar, 50 um.

This enabled us to measure both the signal velocity and the
cell movement velocity simultaneously.

Between 24 and 36 hr of development, the average oscilla-
tion period in rings increased from 4 to 8 min (Fig. 3C, solid
line). Compared to the parental strain AX3 the period is

nearly twice as long. The propagation speed for dark-field
waves was low throughout this period (30-100 pm/min;
see Table 1) and showed values similar to those found in
the wild-type mounds. Average cell movement velocity was
almost as high as the wave propagation velocity and stayed
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FIG. 2. Subtraction images showing multiple waves in rings of G45V. (A) Transmitted light image of ring which just starts to open. (B)
Optical density waves as visualised by the successive method. (C) Transmitted light image of the same ring 2 hr later when it opened up

further. (D) Waves visualised in the ring shown in C.

constant with values ranging from 30 to 80 um/min (Table
1). These values were considerably higher than those found
in the wild-type mounds and slugs. The measurements of
the wave period are made with respect to the substratum.
Cell movement speed is nearly as fast as the wave propaga-
tion speed and since the waves propagate in a direction
opposite to the direction of cell movement, this will lead
to a Doppler effect. The apparent period of the cAMP waves
experienced by the cells will be considerably shorter than
that measured with respect to the substratum. The apparent
period, as calculated from the experimental data, is shown
in Fig. 3C (dotted line) and is considerable lower as mea-
sured from dark-field waves. It decreased from 2 to 4 min
between 24 and 36 hr of development, which compares fa-
vourably with the period obtained from direct cell tracking
experiments in mounds (Rietdorf et al., 1996).

The measurements indicate relatively constant periods

of 2—-3 min for the perceived signals during all of later Dicty-
ostelium development. This implies that the different
cAMP receptors that appear during development and that
most likely mediate these signals must have similar adapta-
tion—deadaptation kinetics with half-times of 2-3 min as
measured for the CARL1 receptor (Dinauer et al., 1980).

There are no correlations between development time and
wave velocity or cell movement speed in rings. However,
there is a significant negative correlation between wave
propagation velocity and the number of waves per ring (Fig.
3D). The more waves are propagating in a ring the slower the
wave propagation velocity in agreement with the dispersive
properties of the signalling system (Gross et al., 1976;
Siegert and Weijer, 1989, 1991; Keener, 1980; Keener and
Tyson, 1986).

Cell movement in the Ga1(G45V) mutant. In order to
observe how rings form as a result of altered cell movement,
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FIG. 3. Time-space plot analysis of wave propagation and cell movement in G45V rings. (A) Phase contrast image of a G45V ring after
20 hr of development. The scale bar is 100 um. The open window indicates the area used to calculate the time-space plot. (B) Time—
space plot measured over a period of 2 hr in a ring at 20 hr of development. The time-space plot is generated by measuring the grey level
(averaged over the height of the window to reduce noise) along the long axis of the window placed over one side of the ring (A) and
displaying a sequence of successive grey level distributions, taken at 10-sec intervals, from the top to the bottom. (C) Dependence of
period of wave period as measured (solid line) and the calculated period experienced by the cells (dotted line) as a function of developmental
age. (D) Number of waves plotted as a function of ring diameter. There is a clear negative correlation (slope is —0.79, which is highly

significant; P < 0.05 in a nonparametric test).

we analysed cell movement of individual labelled cells by
mixing 0.1-0.5% of A15/GFP cells with Ga1(G45V) mutant
cells. The AX3 cells were used as indicators for the signals
produced by the mutant host. We traced cell movement in
all stages of development and found that up to the late
aggregate stage there were no detectable differences in the
behaviour of these cells in a wild-type or G45V environ-
ment. The cells moved in aggregation streams with speeds
which were statistically not different from those measured
in wild-type cells, implying that there are no major differ-
ences in signal relay parameters. The cells were elongated
and underwent periodic changes in cell shape typical for
cells in aggregation streams. As they entered the mound,
they slowed down considerably as in wild-type mounds and
their movement trajectories were irregular (Fig. 4A). Figure
4B shows a schematic drawing of the signals coordinating
cell movement at this stage. The first detectable differences
between mutant and wild type appeared just before the rings

began to form. The mutant cells changed their movement
pattern to scrolling trajectories of an inverse fountain type
as can be seen in Fig. 4C. The tracked cell moved from the
upper periphery of the mound towards the centre where it
dived down towards the bottom of the mound and then
moved back again at the lower side towards the periphery.
It could be tracked manually for a long period although it
periodically appeared and disappeared from the plane of fo-
cus. The cell apparently follows the trajectory of a twisted
scroll whose filament is oriented parallel to the substrate.
This movement is most likely coordinated by a counter
rotating twisted scroll wave of cAMP. Figure 4D shows a
schematic drawing of a scroll ring wave organising inverse
fountain cell movement. For simplicity the scroll is not
twisted. During inverted fountain movement a depression
formed in the middle of the mound (Figs. 1C and 2A). Later
the central depression deepened in mutant mounds and
ring-shaped structures formed (Fig. 2C) in which the cells
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TABLE 1
Wave Propagation and Cell Movement Parameters Measured in Rings of the G45V Mutant between 25 and 35 hr of Development

Wave Cell Diameter Calculated Waves

Development Period velocity velocity of ring period per
time (hr) (min) (xgm/min) (em/min) (em) (min) ring
24 3.8+03 747 = 8.2 55.6 + 4.5 570 22 +0.2 6

26 4.0 £ 0.3 45.7 = 10.6 57.0 = 3.6 630 18+0.2 11

27 4.7 = 0.6 540+ 26 67.1+ 35 520 21+03 7

28 53+14 410+ 52 50.0 = 11.9 730 24 +04 11

29 42 + 04 80.0+ 23 389 + 6.7 920 28+ 0.1 9
30 54 +0.1 95.7 + 8.0 753+ 74 500 3.0+0.1 3
30 6.6 +1.1 337+ 31 323+ 25 740 3.4 *06 11
31 55+13 60.3 + 1.6 46.2 + 4.9 500 3.1+0.3 5
33 6.0 = 1.0 63.7 + 3.3 48.0 = 45 580 34 +04 5
35 72+11 81.0 = 12.0 759 = 6.9 560 3.7 +0.7 3

Note. The data represent the means and standard errors of the means of 3-9 successive waves measured in a particular ring at the time
indicated. From these values the signal period experienced by the cells and the number of waves per ring were calculated. The subjective
period experienced by the cells (P.) due to fast movement of the cells in direction opposite to the light scattering signals is given by

P. = Py (VW/(VW + VC))v [1]
where P,, is the signal period length as determined from the time-space plots, V. the velocity of the cells, and V,, the velocity of the
signal. From the period and the wave propagation velocity it is possible to calculate the chemical wavelength and therefore the number
of waves per ring N given as

N = TIx Dr/(vwxpw)x [2]

where D, is the diameter of the ring, V,, the velocity of the signal, and P,, the signal period, It is seen that the subjective period increases

slightly during development. Furthermore there is no clear correlation between ring size and number of waves per ring.

followed simple ring-shaped trajectories at high speeds (Fig.
4E). The corresponding signals are planar wavefronts, as can
be seen from subtraction images (Figs. 4F and 2D). Some-
times we also found cells moving along twisted scroll trajec-
tories. The speed measured by tracking individual A15/GFP
cells (49.4 = 14.8 um/min, N = 50) in rings is directly com-
parable with the average cell speed derived for the time-
space plots using Ga1(G45V) cells (Table 1, column 4). This
shows that AX3 cells are good indicators for G45V move-
ment behaviour.

A summary of the changes in speed during development
measured by single cell tracking is given in Fig. 5. In the
wild-type strain AX3 there exist two different control points
were parameters for cell behaviour are changing abruptly
during mound formation. In the early mound stage after
about 7 hr of starvation, the time when the cells enter the
mound, cell movement speed first decreases and then in-
creases later to reach its highest value at about 12 hr (solid
line). This is exactly the time when tip formation starts.
During cell sorting, movement slows down again and be-
comes clearly periodic shortly before extension of the first
finger (Rietdorf et al., 1996). The cell movement velocity
profile for the mutant looks similar to that seen in the wild-
type strain AX3 until 10 hr of development. Afterwards,
there is a clear difference; while there is sharp increase in
cell movement in the wild type, it increases only slightly

in the mutant (dotted line). After many hours of develop-
ment, cell movement speed of the mutant finally reaches
high values similar to those observed in AX3 just before tip
formation.

Prespore—prestalk differentiation in Gal(G45V) mu-
tants. The phenotype of the mutant is that it does not
form tips. Moreover, Gal may be involved in prestalk cell
differentiation since overexpression of Gal under its own
promoter leads to a failure of differentiation of the pstAB
cells in the core of the slug tip (Dharmawardhane et al.,
1994). We therefore decided to investigate cell-type propor-
tioning in the G45V mutant. We used the vital dye neutral
red to stain specifically the prestalk and anterior-like cell
population. In wild-type mounds the majority of the neutral
red-stained prestalk cells sort out to form the tip. However,
a small proportion of neutral red-stained cells (approx 10%o),
termed anterior-like cells, stays intermingled with prespore
cells. These cells do not sort out from prespore cells unless
the tip is decapitated (Sternfeld and David, 1981, 1982). In
the mutant, we observed many neutral red-stained cells
with big autophagic vacuoles; however, these neutral red-
stained cells in the rings did not sort out (Fig. 6A). Most of
the neutral red-stained cells remained dispersed randomly
in the midst of unstained cells. Sometimes a small propor-
tion of neutral red-stained cells accumulated in the inner
periphery of the rings. Interestingly, in almost all rings ob-
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FIG. 4. Cell movement of A15GFP cells in mounds and rings of the mutant G45V during successive stages of ring development. (A)
Movement tracks of four GFP-expressing cells measured over a period of 1000 sec. (B) Schematic drawing of the signals directing the
movement of the cells during the time the movement was recorded in A. (C) Tracks of two cells describing twisted scroll movement
trajectories during the initial stages of ring formation. (D) Twisted scroll wave signal responsible for the movement observed in C. (E)
Simple rotational movement in older rings (20 hr of development). Cells were followed for 1000 sec. (F) Series of planar waves in a ring

responsible for the cell movement pattern observed in E.

served, a group of very intensely neutral red-stained cells
formed a pile in the middle of the ring (see Fig. 6A).

To investigate prespore—prestalk cell proportioning quan-
titatively, we determined the Kinetics of the number of cells
expressing the prespore-specific antigen PSA during devel-
opment in mutant and parental wild-type strains. Both the
timing and the proportion of cells expressing the prespore-
specific cell surface protein PSA were indistinguishable
from wild-type (Fig. 6B), showing that they both form a
normal proportion of prespore cells. The other cells, which
do not differentiate into prespore cells, enter the prestalk

pathway, deduced from the observation that they stain
heavily with neutral red. These cells are anterior-like cells
since they do not sort out from the prespore cells to make
a tip (Sternfeld and David, 1981), suggesting that the
Gal(G45V) mutant is defective in the proportioning of
prestalk and anterior-like cell types.

To test this hypothesis we performed sorting experiments
in which we investigated the differentiation preference of
the mutant in competition with wild-type cells. As can be
seen in Fig. 6C, 5% of the labelled mutant cells sort to
positions normally occupied by pstO/anterior-like cells. The
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FIG.5. Dynamics of cell movement during development of G45V.
The movement data of G45V (solid line) shows that the movement
of the cells in G45V mounds slows down for a short period at 8 hr
of development and then steadily increases. For comparison the
dynamics of AX3 movement are indicated as a dotted line.

mutant cells are clearly excluded from the tip, suggesting
that they are defective in prestalk A cell differentiation.

DISCUSSION

The formation of rings is caused by the transition of
spiral waves to twisted scroll rings. The Gal(G45V) mu-
tant expresses an activated Gal protein under the control
of its own promoter in a ga1-null background. This mutant
aggregates normally and forms a mound but, instead of de-
veloping a tip, mounds of this mutant form a depression in
the centre and evolve into ring-shaped aggregates (Figs. 1A—
1D). These ring structures persist for a long period of time
(up to 72 hr) and can increase and decrease in diameter
repeatedly. Analysis of the patterns of wave propagation and
cell movement in this mutant showed that the signals from
early aggregation up to the early mound stage are indistin-
guishable from the parent strain AX3 (Rietdorf et al., 1996;
G45V data not shown). Although it was shown by Dharma-
wardhane (1994) that the cAMP-induced cAMP production
is decreased 4- to 5-fold, we do not expect this to influence
the appearance of the optical density waves. We have shown
previously that the optical density waves are in the presence
of 2 mM caffeine are not very different from wild-type waves
(Siegert and Weijer, 1989) although the cAMP relay response
is reduced more than 20-fold in 2 mM caffeine (Brenner
and Thoms, 1984). This shows that optical density wave
propagation can occur over a wide range of relay parameters.
During early aggregation the waves propagate as single-
armed spirals that increase in frequency and then convert
into multiarmed spirals at the mound stage. Wave propaga-
tion speed also decreases as seen in the wild type, and aver-
age cell movement speed gradually reaches values found
during the fast rotation phase in wild-type mounds, just
before tip formation (Fig. 5). This implies that the alter-
ations observed in cCAMP relay and cGMP production mea-
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sured at the early aggregation stage (Dharmawardhane et
al., 1994) have no major phenotypic consequences.

The most striking change in the signalling parameters
observed in the mutant is a change in the geometry of the

i
N

MUD1 (% positive cells)S

o

FIG. 6. Prespore and prestalk differentiation in the mutant G45V.
(A) G45V ring at 20 hr of development after staining of the cells
with neutral red. The neutral red-stained cells are visible as black
dots and preferentially located in the inner sector of the ring. Bar,
50 um. (B) Time course of PSA-expressing cells of the mutant G45V
(solid line) and the parent strain AX3 (broken line). The percentage
of PSA-expressing cells was determined as the number of MUD1-
positive cells. (C) AX3 slug containing 5% cell tracker green-la-
belled G45V cells. Labelled cells, shown in black, are excluded from
the tip and accumulate in the pstO region. The tip points to the
upper right corner.
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darkfield waves. While wild-type mounds are organised by
multiarmed spirals that convert to a scroll wave in the tip,
the multiarmed spirals found in early mutant mounds trans-
form into scroll rings during ring formation and finally into
a train of planar waves. In other words, the mutant is unable
to establish a scroll wave organiser as is typical for wild-
type strains.

During the stage of the multiarmed spirals, the filament
of these spirals (the core of the spiral, drawn as a cylinder
in Figs. 4B and 4D) is located in the centre of the mound
and extends from the top to the bottom of the mound
(Fig. 4B). In the wild type, the prestalk cells will now sort
out and form the tip and in the process of doing so stabi-
lise the scroll wave in the tip that converts to planar
waves in the body of the mound, which consists of pre-
spore and anterior-like cells (Siegert and Weijer, 1992;
Bretschneider et al., 1995). In the mutant, the cells do not
sort and, during the formation of the rings, the cells start
to move along inverse fountain-like trajectories, which
we think are organised by scroll rings as indicated in Figs.
4C and 4D. In this case, the axis of the filament is oriented
parallel to the substrate. Often these scroll rings are
twisted along the horizontal axis of the filament as sug-
gested by the cell track in Fig. 4C.

Based on our observations and the theory of excitable
media, it can be understood how the rings increase in size.
Once a twisted scroll ring is formed and the filament is
closed on itself (circular), there is no limitation to the length
of the filament. Since the waves are spiral shaped, there is
a net inward movement directed towards the central fila-
ment of the scroll ring, i.e., all cells try to move towards
the centre. This can only be accomplished if the ring in-
creases in diameter. If the rings widen and become thinner
and thinner, the scroll presumably starts to twist and finally
breaks, giving rise to a series of successive planar waves
propagating through the rings (Figs. 4E and 4F).

An unsolved problem is how the initially straight and
vertically oriented filament in the multiarmed spirals gives
rise to a circular filament in the twisted scroll rings. This
requires that the filament detaches from the upper and
lower surface of the mound and the free ends start to drift
and eventually join up to form a circular closed filament.
One possible hypothesis might be that the filament discon-
nects from the bottom because differentiated cells in the
centre of the ring accumulate at the bottom and are no
longer excitable (see below). They may then form a nonex-
citable region which forces the filament to detach and move
sideways. Alternatively, it might be that rings are the final
stable situation in a three-dimensional excitable medium
that does not show an intrinsic gradient in excitability as
generated in the wild type by cell sorting.

Ring formation has also been observed in mixtures of
NC4 and AX3 cells (Clark et al., 1980). Although it has not
been investigated why and how these rings arise, it has been
proposed that the circumference of these rings is exactly
one chemical wavelength, a so-called PV loop (Clark and
Steck, 1979). From our experiments, it is evident that this
simple relationship does not hold since we found regularly
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multiple wavefronts in a ring (Fig. 2D). If the rings widened,
new waves arose and the number of planar wavefronts trav-
elling in rings increased. We found a strong negative correla-
tion between the number of waves per ring and the propaga-
tion velocity of the waves (Fig. 3D). This reflects the disper-
sive properties of an excitable medium, i.e., CAMP waves
propagate slower if the cells do not have sufficient time
to fully resensitise between successive waves (Siegert and
Weijer, 1989).

Ring-shaped aggregation centres are also formed if wild-
type cells are placed on agar containing 5 mM caffeine. Caf-
feine is a strong inhibitor of cCAMP relay and the diameter
of the rings is correlated to the amount of caffeine applied
(Brenner and Thoms, 1984; Siegert and Weijer, 1989). The
reduced relay response leads to an increase in period length
and therefore to an increase of the diameter of the spiral
core. However, there are fundamental differences to the
rings observed in the Gal(G45V) mutant. While the mu-
tants form rings first from the mound stage onwards and
continue to rotate for many hours, rings treated with caf-
feine break up to form many small, but normal-shaped
mounds. Below 3 mM caffeine the rings collapse again and
form a mound, a property we never observed in Gal(G45V)
mutants.

The Gal(G45V) mutant is defective in tip formation,
suggesting a defect in prestalk—anterior-like cell propor-
tioning. Since we found that cell movement and signalling
were normal during mound formation but that the
Gal(G45V) mutant does not form tips, we expect that the
mutation might affect prespore—prestalk differentiation. In
order to assess the differentiation state of the cells at the
ring stage of development, we investigated the expression
of the prespore-specific protein PSA (Goolley et al., 1990).
Cells expressing the prespore antigen PSA arise with normal
kinetics and in normal proportions (80% of all cells) already
at the streaming aggregate stage (Fig. 6B). This is indistin-
guishable from the parent strain AX3 and shows that the
cell-type proportioning into the prestalk and prespore path-
ways is normal. Neutral red staining of the G45V cells
showed that, from the late mound stage onwards, many
cells show the prestalk and anterior-like cell-specific stain-
ing of autophagic vacuoles. However, these cells do not sort
out from the unstained prespore cells but stay randomly
intermingled with prespore cells and therefore functionally
behave as anterior-like cells (Fig. 6A). At the moment it is
still very difficult to test for defects in anterior-like/prestalk
cell proportioning since there are as yet no good molecular
markers that are only expressed in anterior-like cells or only
in tip cells. The synergy experiments between Ga1(G45V)
and the parental strain AX3 showed that the mutant cells
were excluded from the tip and accumulated in the pstO
region. Since pstO cells and anterior-like cells have been
shown to form an interchanging population (Abe et al.,
1994), this finding is compatible with a defect in prestalk
(tip cell) differentiation of mutant cells.

The phenotype of the G45V mutant can readily be ex-
plained by a defect in prestalk to anterior-like cell propor-
tioning leading to the absence of functional prestalk cells
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(no tip-forming capacity). The mutant lacks cells that sort
out from prespore cells and set up a tip as the new organising
centre. Therefore, these mounds do not differentiate into
slugs with a prestalk—prespore zone but differentiate into
“prespore-like pieces” consisting of prespore and anterior-
like cells. The rings can be viewed as circularly closed pre-
spore zones that are organised by series of waves propagat-
ing around the ring, which do not need an organiser (tip)
since they are self-sustaining.

Although the molecular basis for the effect of the
Gal(G45V) mutation remains still unclear, these experi-
ments suggest that Ga1(G45V) mutation interferes with the
decision to differentiate into anterior-like or prestalk cells.
The studies with Gal promoter (-galactosidase reporter
constructs have shown that the Gal gene is expressed in
specific subclasses of prestalk cells, anterior-like cells, and
cells that are found in the core of the slug tip (Dharmaward-
hane et al., 1994). This expression pattern is very similar
to the pstPST B expression pattern (Williams and Morrison,
1994). Overexpression of the Gal wild-type protein under
control of its own promoter leads to the disappearance of
ecmAB cells in the central core of the slug while ecmB
expression is still present in anterior-like cells in the pre-
spore zone (Dharmawardhane et al., 1994). These mutants
are still able to form slugs, implying that the loss of ecmB-
expressing cells in the core of the tip is not sufficient to
inhibit tip formation. The G45V mutant shows a much
stronger phenotype than the Gal overexpresser: it does not
succeed very efficiently in forming slugs. From our experi-
ments, it seems likely that overexpression of the G45V mu-
tation under the control of the Ga1 promoter will block the
formation of ““tip cells.” At this stage tip cells are defined
by their property to sort out from prespore cells.

Cell sorting most likely involves a chemotactic mecha-
nism and although the molecular basis for cell sorting is
still unsolved, it seems that isolated prestalk cells show a
more vigorous chemotactic movement than anterior-like
and prespore cells (Early et al., 1995). This might possibly be
based on expression of different subsets of CAMP receptors,
allowing the cells to react differently to cAMP (Yu and Saxe,
1995) or, alternatively, it might be due to developmentally
regulated and cell-type-specific changes in the cytoskeleton
(Springer et al., 1994). Furthermore, cell-type-specific differ-
ences in cell adhesion might play a role. Our present experi-
ments cannot discriminate between the possibility that the
primary defect in the mutant is actually caused by a defect
in anterior-like—prestalk cell proportioning, leading to a
lack of tip cell function or whether the defect in tip forma-
tion is caused by a specific inhibition of any of the above-
mentioned processes involved in prestalk cell sorting.

Ring formation could be an indicator of a defect in
prestalk function. Scroll rings and inverse fountain cell
movement in mounds have been described before by Durs-
ton and Vork (1979). They observed the occasional forma-
tion of these structures on growth plates of the wild-type
strain NC4 in the presence of very high concentrations of
the dye neutral red. Neutral red is a weak base and selec-
tively accumulates and discharges acidic compartments in
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the cells. Therefore, it might be expected that high concen-
trations of neutral red will affect prestalk cells more
strongly than other cells since they posses the largest au-
tophagic vacuoles. At high concentrations. the prestalk
cells might be severely disabled or even killed, while leaving
prespore and possibly anterior-like cells relatively unaf-
fected. Therefore, we consider it likely that the mechanism
of ring formation on neutral red plates is similar to that in
the G45V mutant described here and that ring formation
might be a good indicator of a defect in the prestalk func-
tion.
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