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Cell Sorting during Pattern Formation in Dictyostelium

JOHN STERNFELD and CHARLES N. DAVID
Department of Molecular Biology, Albert Einstein College of Medicine, Bronx, NY 10461, USA

Formation of the prestalk-prespore pattern in Dictyostelium was investigated in slugs and submerged clumps of
cells. Prestalk and prespore cells were identified by staining with vital dyes, which are shown to be stable cell
markers. Dissociated slug cells reaggregate and form slugs that contain a prestalk-prespore pattern
indistinguishable from the original pattern. The pattern forms by sorting out of stained prestalk cells from
unstained prespore cells. Sorting also occurs in clumps of dissociated slug cells submerged in liquid or agar. A
pattern arises in 2 h in which a central core of stained cells is surrounded by a periphery of unstained cells. Sorting
appears to be due to differential chemotaxis of stained and unstained cells to cAMP since exogenous cAMP
(> 1077 M) reverses the normal direction of sorting-out such that stained cells sort to the periphery of the
clumps.

Isolated portions of slugs regenerate a new prestalk-prespore pattern. Posterior isolates regenerate a pattern
within 2 h due to sorting of a population of vitally stained ‘anterior-like’ cells present in posteriors. Anterior-like
cells do not sort in intact slugs due to the influence of a diffusible inhibitor secreted by the anterior region. During
posterior regeneration this signal is absent and anterior-like cells rapidly acquire the ability to sort. Anterior
isolates regenerate a staining pattern more slowly than posterior isolates by a process that requires conversion of

stained prestalk cells to unstained prespore cells.

The results suggest that pattern formation in Dictyostelium consists of two processes: establishment of
appropriate proportions of two cell types and establishment of the pattern itself by a mechanism of

sorting-out.

Introduction

During the life cycle of Dictyostelium a multicellular slug
containing two cell types forms from an initially homogeneous
population of cells. Prestalk cells occupy approximately the
anterior 1/4 and prespore cells the posterior 3/4 of the slug.
When the slug culminates to form a fruiting body, prestalk and
prespore cells give rise to stalk cells and spores, respectively.
The division line between prestalk and prespore tissue in the
slug is sharp and the relative proportions are to a large extent
independent of slug size [1]. When a slug is transected, the
prestalk-prespore pattern can regenerate in the isolated pieces.

A number of models for formation of the prestalk-pres-
pore pattern have been proposed (for a review see [2]).
However, current information does not permit a choice
between models and there is controversy about a central issue,
the role of sorting-out. In an attempt to bring new experi-
mental methods to bear on the problem, we have investigated
the formation of the prestalk-prespore pattern in slugs and in
clumps of cells in a submerged culture system [3]. To identify
the pattern we have used vital dyes which stain prestalk cells
but do not stain prespore cells. We have found that clumps
containing randomly dispersed prestalk and prespore cells
reform a prestalk-prespore pattern within 2 h. There is no
observable redistribution of vital dye during this period, and
thus the results strongly suggest that the pattern is formed by
sorting out of stained and unstained cells. Because the pattern

in clumps can be perturbed in predictable ways by the
application of exogenous cAMP, we suggest that sorting occurs
by a mechanism of differential chemotaxis to cAMP.

We have also investigated the regeneration of staining
patterns in clumps composed only of cells from anterior or
posterior regions of slugs. Clumps of posterior cells form a
pattern rapidly with stained cells at the center very much as do
clumps consisting of cells from entire slugs. In this case,
however, the pattern is due to sorting of stained ‘anterior-like’
cells that are present as a small population in the posterior
portion of slugs. As with clumps of total slug cells, formation of
this pattern can also be perturbed by application of low levels
of exogenous cAMP. Clumps of anterior tissue also regenerate
a staining pattern, but only after about 6 h by a process
requiring conversion of stained anterior cells into unstained
cells.

That ‘anterior-like’ cells sort out during posterior regen-
eration but are found in the posterior region in intact slugs
suggests that their sorting-out is inhibited in slugs by the
presence of anterior tissue. We have confirmed this by
demonstrating: (1) that anterior tissue placed close to, but not
in contact with, posterior tissue can inhibit pattern regener-
ation in posteriors; (2) that anterior-like cells are inhibited
from sorting out during reformation of slugs from dissociated
cells. It is possible that this inhibiton, which controls cell
sorting in slugs, is involved in the normal process of proportion
regulation in slugs.

0301-4681/81/0020/0010/$ 02.40



J. Sternfeld and C. N. David: Pattern Formation in Dictyostelium

Methods
Growth and Development

Dictyostelium discoideum (strain NC-4, haploid) was grown at
21° C in liquid culture on live Klebsiella pneumonia (strain 29)
in 17 mM sodium-potassium phosphate buffer (pH 6.6). Just as
the cells cleared the bacteria, they were harvested in buffer and
washed twice by centrifugation. When the cells were used to
form slugs they were resuspended, after the last spin, in cold
distilled water. We suspended 0.1—0.2 ml of packed cells in
about 0.4ml and spread them on fresh 2% unbuffered,
nonnutrient agar in a 100-mm petri dish. The petri dishes were
kept in a moist chamber in a dark incubator at 21° C. Slugs
formed in approximately 12h, and they were used for
experiments after 24—48 h.

Staining with Vital Dyes

Neutral red (Sigma Chemical Co. St. Louis, MO, USA) or
Nile blue A (Hartman-Leddon Co.) were used to stain the
cells. After the first centrifugation, the cell pellet was
resuspended in about 2 ml of buffer. Four or five drops of a
stock solution of either stain in distilled water (20 mg/ml) was
added and the suspension was rapidly mixed. It was diluted
immediately with more buffer to 12 ml in the centrifuge tube.
The cells were then washed twice in buffer before use. The
staining procedure described permits the anterior-posterior
staining pattern to be seen without affecting developmental
timing or morphology. If more stain is accumulated by the cells
it can slow development or kill cells.

When red and blue stained slugs were to be mixed, they
were first transferred by mouth pipette to a small piece of
polyester screen (10 pm pores; Tetko, Inc., Elmsford, NY,
USA) on agar. This screen allows moisture to reach the cells
while providing a solid support for mixing. Slugs were
deposited on the screen and after a sufficient number were
collected, they were carefully mixed with the tip of the pipette
or an eyelash. The purple cell mass was then placed in droplets
on fresh non nutrient agar in a moist chamber.

Submerged Culture Methods

Lack of sufficient oxygen is the principal factor limiting
development in clumps of cells in submerged culture [3, 4]. If
the oxygen concentration is increased, development occurs in
submerged cultures and the cells in clumps differentiate into
stalk cells and spores. In the present experiments all
submerged cultures were placed in a plastic box through which
100% oxygen was constantly flowing.

Calcium in the medium delays terminal differentiation and
thereby preserves the anterior-posterior pattern for extended
periods of time [5]. In the experiments reported here, Bonner’s
salt solution (BSS), which contains 2.7 mM CaCl, [6], was used
for the submerged culture. One ml of BSS was put into 2-ml
wells in white plastic multi well plates (Linbro Division, Flow
Lab. Inc. Hamden CT).

Development in Liquid. Clumps were made with the use of a
small bore mouth pipette. Anteriors or posteriors of slugs were
picked up directly with the pipette and deposited in the culture
medium. If entire slugs were used, they were partially
dissociated and scraped off an agar plate into BSS with a glass
spreader. They were centrifuged once, most of the liquid was
removed, and the pellet was spun again for 1 min at 2,500 rpm.
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All of the remaining liquid was removed from the top of the
tightly packed cell pellet and the cells were sucked up with the
small bore pipette. The tip of the pipette was submerged in the
solution in the wells and a cylinder of cells was extruded.
Cylinders of cells of desired size were broken off by lifting the
pipette out of the solution. The wells were then put into the
oxygen box which was agitated on a shaker table at
150 rpm.

Development in Barriers. For some experiments cells were
extruded from the pipette into holes in a sheet of lucite. The
lucite was 1.0 mm thick. The holes, 0.33 mm in diameter, were
about 1/3 filled. Once filled, the lucite sheet was submerged in
a finger bowl. Air bubbles trapped in the holes were carefully
sucked out by pipette. The sheet of lucite was then placed as a
barrier into a container which was thus divided into two
water-tight chambers. After incubation, the lucite barrier was
removed and one end of the clumps was marked with charcoal.
The lucite sheet was then placed in a finger bowl and the
clumps popped out by directing streams of water at the holes.
The clumps were scored for the orientation of the pattern using
the charcoal as a marker.

Development in Agar. One milliliter of 2% agar in BSS was
spread in a 60-mm petri dish. When solidified a second layer of
0.8 ml was spread over the first. Wells in the agar were made
by removing plugs from the top layer with a thin-walled
capillary pipette. Cells were placed in the wells with a small
bore mouth pipette. As many as 100,000 cells can be put into a
well. Then 0.8—1.0 ml of 1% agar in BSS at 40—42° C was
poured evenly over the entire plate to seal the cells in the wells.
The petri dish was incubated in an oxygen box. Observations of
the clumps in agar were usually made through the bottom of
the petri dish.

For some experiments we put anterior and posterior slug
cells on opposite sides of various filters. These filters were cut
such that they were larger than the diameter of the wells. They
were inserted vertically across the wells such that they were
firmly embedded in the agar on both sides and across the
bottom of the well. The two chambers made in this way were
completely separated by the filter. Depending on the size of
the slugs used as the source of tissue, one or two to several
anteriors and posteriors were collected with a small bore
pipette and transferred to either side of the filter. Then warm
1% agar was used to seal the tissue and the filter in the
well.

Terminology

The main reason we find it necessary to define some
terminology is that we have found two populations of cells in
slug posteriors. One population stains with vital dyes like
anterior cells. The vital dyes stain the anteriors of slugs darkly
and posteriors lightly. We use the terms anterior cells and
prestalk cells to refer to the darkly stained cells of the anterior
region. We use the term posterior cells to refer to all of the cells
of the posterior region. The term prespore cells is reserved for
only those posterior cells which contain so little stain that they
are essentially unstained. The term anterior-like cells refers to
those cells in the posterior region which stain darkly like the
anterior cells. We use the term stained cells to refer to anterior
plus anterior-like cells. Unstained cells refer to the lightly
stained prespore cells.
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Results

Vital Staining of Slug Cells

The results reported in this paper are based on observations of
the anterior-posterior pattern in slugs as visualized with the
vital dyes neutral red and nile blue. These dyes stain the
anterior prestalk region darkly and the posterior prespore
region lightly (see [7], Fig. 1E, G). When anterior and
posterior portions of slugs are gently squashed and examined
under high magnification with a light microscope the dye can
be seen to be localized in large granules in the anterior cells. By
comparison these granules are not present in most cells of the
posterior region. It is important to note, however, that about
10% of posterior cells (Table 1) do contain granules. These
cells are indistinguishable from anterior cells by vital staining
and hence we refer to them as anterior-like cells.

Many of the experiments in this paper involve dissociation
and mixing of vitally stained slug tissue. It is necessary,
therefore, to show that the dyes, once localized in granules, are
not exchanged between cells. To investigate the stability of the
dyes, equal quantities of red and blue slugs were dissociated
and mixed until the cell mass was a uniform purple color
(Fig. 1A). When aliquots of the mixture were placed on agar,
the cells reaggregated and formed purple slugs (Fig. 1B).
When these slugs were dissociated and the cells examined at
high magnification, they were found to contain either blue or
red granules, not purple granules (Fig. 1C). Since the color of
the granules in cells from mixed slugs was very similar to cells
from either red or blue slugs, there appeared to be very little
exchange of dye between cells during the 4h of the
experiment. Even if allowed to migrate for more than 30 h,
such slugs still contained only cells with red or blue
granules.

The experiments above clearly indicate that vital dyes do
not diffuse from cell to cell. However, if stained slugs were
dissociated roughly or under conditions which killed cells
(anterior cells are particularly fragile), then cell-mixing
experiments like those described above yielded cells which
contained purple granules. Presumably rough handling during
mixing breaks some cells, releasing the dye and allowing it to
be taken up by the remaining cells. This may be part of the
explanation for earlier observations that vital dyes diffused
from cell to cell [8].

Pattern Formation and Sorting-out

There are several reports of cell sorting during formation of the
anterior-posterior pattern in slugs [9—14]. We have used slug
cells stained with vital dyes to investigate this phenomenon in
two experimental situations: reformation of slugs from disso-
ciated cells on agar and formation of clumps in submerged
culture.

When vitally stained slugs are dissociated and the cell
mixture deposited on agar, slugs reform within 4 h. The slugs
exhibit a staining pattern with stained anteriors and pale
posteriors that is essentially indistinguishable from that of the
original slugs (Fig. 1E, G). Since vital dyes do not diffuse from
cell to cell, the simplest interpretation of this result is that
stained cells sort out from unstained cells in such a way that
they occupy the anterior region of the new slug.

Although the above results appear to confirm earlier work,
they do not rule out the possibility that the pattern is due to a
change in the state of the dye from visible to bleached
depending on the position of cells in slugs. To rule out this
possibility and establish that the dyes are stable cell markers,

J. Sternfeld and C. N. David: Pattern Formation in Dictyostelium

anterior cells from neutral red stained slugs were mixed with
posterior cells from nile blue stained slugs and allowed to
reform slugs. Such slugs had well defined red anteriors and
blue posteriors clearly demonstrating that the pattern is due to
sorting out of anterior and posterior cells (Fig. 1D, F). Were
the pattern due to the state of the dye (visible or bleached) at
different positions in slugs and not to sorting out, then red and
blue cells would be intermixed forming slugs with dark purple
anteriors and pale purple posteriors. Furthermore, as dis-
cussed below, there is additional evidence that ‘unstained’ cells
can not give rise to stained cells and therefore probably do not
contain dye.

We have also investigated sorting out of anterior and
posterior cells in clumps of cells submerged in liquid or
embedded in agar [3, 4]. Slugs stained with vital dyes were
dissociated and the cells used to form clumps. Initially such
clumps appear uniformly stained due to the random distribu-
tion of stained and unstained cells. However, after 1.5-2h a
sharp pattern emerges in which a core of stained cells appears
at the center of the clump surrounded by a shell of unstained
cells (Figs. 1H and 2A). Within 1 h after formation, the stained
region at the center moves to the edge of the clump (see
Discussion). The pattern is extremely reproducible in clumps
embedded in agar or simply submerged in liquid and is easily
observed with vitally stained cells.

Although the conclusion that anterior and posterior cells
can sort out to form patterns in slugs and in submerged clumps
is in agreement with a number of previous observations of cell
sorting in slugs, there remain conflicting ideas about the
mechanism of sorting. Two mechanisms have been proposed:
differential chemotaxis and differential adhesion. Matsukuma
and Durston [15] have demonstrated differential chemotaxis of
vitally stained and unstained cells toward cAMP and suggested
that it might be involved in sorting-out. Tasaka and Takeuchi
[16] have proposed that sorting of prestalk and prespore cells is
due to differential adhesion of the two cell types. If sorting is
due to differential chemotaxis toward cAMP, we expect that
application of exogenous cAMP should perturb sorting
behavior in a predictable manner. On the other hand, if sorting
is due to differential adhesion of prestalk and prespore cells,
then there is no a priori reason to expect CAMP to affect
sorting behavior.

Table 1. The proportion of vitally stained cells in different regions of
the slug

Whole slugs Anteriors Posteriors Secondary
posteriors

17.2% 99.4% 9.7% 1.7%

(6,434) (2,294) (12,169) (5,656)

Cells were stained with neutral red and allowed to develop on agar for
24-30h. A mouth pipette was used to transfer slugs or portions of
slugs to a small drop of buffer on a microscope slide. The cells were
dissociated by pipetting. When posterior slug tissue was allowed to
regenerate in submerged culture a new anterior-posterior pattern
formed after 3—5 h. The new, ‘secondary posteriors’ were collected
and dissociated on a microscope slide. Stained and unstained cells
(single cells and cells in small clumps) were counted in each samiple.
Each sample consisted of several slugs or slug portions, and between
500 and 600 cells were counted from each sample. The total number of
cells counted is shown in the parentheses. Because anterior cells tend
to remain in clumps, the number of stained cells in whole slugs is
probably an undercount
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Effect of cAMP on Sorting Out

To test the effects of CAMP on cell sorting, we have used the
submerged culture system because it permits us to apply the
cAMP in a controlled manner to a mass of cells in which sorting
is occurring. To apply cAMP locally to one end, clumps of
vitally stained slug cells were placed in holes in a lucite barrier
mounted between two chambers, one containing BSS and one
containing BSS and 10-¢ M cAMP. When oxygen was bubbled
into both chambers, patterns formed by the sorting-out of
stained and unstained cells. When cAMP was present on one
side of the barrier, all the clumps formed patterns with stained
cells at the end of the clump exposed to cAMP. However,
when no cAMP was present, the patterns were oriented with
equal frequency toward either chamber. This result clearly
shows that cAMP is a chemotactic attractant for stained cells
and, since stained cells sort out from unstained cells, stained
and unstained cells must be differentially chemotactic toward
cAMP in agreement with the results of Matsukuma and
Durston [15].
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This observation suggests that formation of a core of
stained cells in submerged clumps is due to an endogenous
gradient of cAMP with the highest concentration at the center
of the clump. Such a gradient would develop if cCAMP were
secreted by cells in the clumps and lost by diffusion at the
periphery. If this interpretation is correct, it should be possible
to reverse the sorting pattern by exposing clumps to cAMP. To
test this we immersed clumps of vitally stained slug cells in
several concentrations of CAMP from 1 x 1078 to 8 X 10~ M.
In controls without cAMP, the clumps rounded up to form
spheres and the stained cells sorted to the center (Fig. 2A, B).
Similar results were obtained in clumps exposed to cAMP
concentrations <4 x 1078 M. Between 1Xx 1077 and
5 %X 107 M cAMP the clumps rounded up, but had a uniform
dark appearance (Fig. 2C; Table 2). When a section was cut
out of the center of these clumps it could be seen that the
darkly stained cells had moved to the periphery rather than the
center (Fig. 2D). If clumps with stained cells at the periphery
attach to the substrate they flatten out in a disc. The cells
continue to move outward on the bottom of the well forming

Fig. 2. Cell sorting patterns in submerged clumps. Clumps were prepared from dissociated neutral red stained slugs and incubated in suspension in
BSS (A, B) orin 1 X 1075 M cAMP in BSS (C, D). A Clump in BSS showing the typical central core of stained cells. B Section through the center
of the clump shown in A. C Clump in 1 X 106 M cyclic AMP showing the typical shell of stained cells. D Section through the center of the clump
shown in C. The clumps in A and C are about 0.4 mm in diameter; B and D show sections from the edge to the center of the clumps

Fig. 1. Cell sorting patterns in slugs and submerged clumps prepared from vitally stained slug tissue. Stationary phase cells were stained with
neutral red or nile blue and allowed to form slugs on agar. After 24—48 h slugs containing a clear anterior-posterior staining pattern were
harvested, dissociated, and mixed on an agar surface. A Freshly dissociated mixture of neutral red and nile blue stained slugs. Dissociation and
mixing are fairly complete although small clumps (10—50 cells) of the original red or blue tissue can be seen. B Purple slug which formed by
reaggregation of dissociated cells shown in A. C Portion of the anterior of the slug in B gently squashed under a coverslip. Note that the cells
contain large staining granules which are either red or blue. D, F Slugs which reformed from a dissociated mixture of red anterior and blue
posterior tissue, and blue anterior and posterior tissue, respectively. E slug formed from cells stained 24 h previously showing the typical neutral
red staining pattern. G Slugs which reformed after dissociation of the slug in E. H Clump prepared from dissociated nile blue stained slug cells and
embedded in agar. The clump is shown after 2h of incubation under oxygen when the typical central core of stained cells has formed.
Magnifications: A Cell mass is about 5 mm in diameter; B, D—G the slugs are about 0.6—1.0 mm in length; C the cells are about 15 pm in diameter;
H the clump is about 0.3 mm long
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Table 2. Effect of cyclic AMP on sorting pattern in submerged
clumps

Source Type BSS Cyclic AMP concentration (X 10~7 M)
of of

cells sort- 0.1 02 04 06 09 13 20 3.0 4.5
ing

Whole C 3 15 15 11 8 2

slugs P 1 4 10 12 12 12 12

Pos- C 15 8 7 9 5 2 1

teriors P 2 4 5 6 7 6

Slugs with a clear neutral red staining pattern were harvested,
dissociated, and used to make clumps. Two or three clumps were
placed in Linbro wells containing 1 ml of BSS or cAMP and shaken
gently under 100% oxygen atmosphere. After 2 h incubation, clumps
were scored for pattern. The results are given as the number of clumps
in which stained cells sorted to the center (C) or periphery (P),
respectively

first a toroid and finally several crescents as the circumference
becomes larger. Above 5 X 10~ M cAMP the clumps formed
multiple tips, similar to the observations of Nestle and
Sussman [17].

The effect of cCAMP in perturbing the sorting behavior in
submerged clumps appears to be specific since 5'AMP,
adenosine, and cGMP do not affect the sorting pattern at any
concentration from 4 X 10~8 M to4 X 1075 M. Asin the lucite
barrier experiments above, the submerged clump results
clearly suggest the slug cells are differentially chemotactic
toward cAMP; stained cells move toward cAMP more
effectively than unstained cells. The sharpness of the transition
from inside sorting to outside sorting is interesting. One might
have expected an intermediate result — no sorting — at cAMP
concentrations roughly equivalent to endogenous concentra-
tions. That this result is not observed may, however, be a
reflection of the fact that stained cells themselves secrete
cAMP (see Discussion); any small concentration of such cells is
self-reinforcing and might dominate over exogenous sig-
nals.

Pattern Regeneration in Anteriors and Posteriors

From the work of Raper [18] and Bonner [7] it has been known
that, if slugs are transected at the anterior-posterior boundary,
each portion will regenerate a new pattern. We have examined
the reestablishment of staining patterns in clumps of posterior
cells and clumps of anterior cells stained with vital dyes. We
find that clumps made from posterior regions regenerate a
pattern in about 1.5—2 h. The stained cells appear first at the
center of the clump and then move to one side in the same
manner as pattern formation in a clump consisting of the tissue
from entire slugs. Regeneration in anteriors, on the other
hand, must proceed at least 6 h before there is any sign of a
pattern of stained cells.

The similarity of pattern regeneration in isolated posterior
tissue to that of tissue from entire slugs suggests that this
pattern s also a result of cell sorting. In this case, however, it is
the population of stained anterior-like cells that appear to sort
out from the unstained cells. To establish that the pattern in
this regeneration situation is due to movement of cells and not
simply to exchange of dye between cells, we observed pattern
regeneration in clumps containing a mixture of posteriors from
neutral red and posteriors from nile blue stained slugs. Such
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clumps formed patterns with a purple core. However, when
the cells in the purple core were examined at high magnifi-
cation they were observed to contain either red or blue
granules and not purple granules. Thus even under regener-
ation conditions, vital dyes are not exchanged between cells.
Hence the staining pattern which forms during regeneration is
due to sorting of the cells themselves.

We have confirmed that pattern regeneration in isolated
posterior tissue is due to sorting of anterior-like cells by scoring
the loss of these stained cells from the ‘posterior’ region of
clumps which have regenerated a new pattern. Clumps were
prepared from posteriors of stained slugs and incubated in BSS
under 100% oxygen. After 3—5 h when the newly formed core
of stained cells had moved to one side, the remaining unstained
‘posterior’ tissue was removed, dissociated, and scored for
stained cells (Table 1, Secondary Posteriors). The results
indicate that the number of stained cells in the newly
regenerated ‘posterior’ was significantly reduced compared to
the original posterior tissue and, thus, it is clear that
anterior-like cells make a major contribution to the formation
of the new anterior region during regeneration of isolated
posteriors.

The sorting-out of stained anterior-like cells during
posterior regeneration can also be demonstrated by observing
the pattern formed during a second round of regeneration.
Posteriors from stained slugs were collected and placed in
submerged culture. After the regeneration of a staining pattern
in the clumps, the stained core was removed and the remaining
tissue allowed to regenerate a second time. The staining
pattern formed in such clumps was very faint compared to the
pattern formed after the first round of regeneration. This is
expected if anterior-like cells are the principal source of cells of
the stained region during regeneration of isolated posterior
tissue. The results also suggest that unstained cells do not
contain dye since these cells are not able to express the dye
when they become anterior cells in the course of a second
round of regeneration.

To determine if the sorting of anterior-like cells occurs by
chemotaxis toward cAMP, we tested the ability of exogenous
cAMP to disturb the pattern of regeneration in submerged
clumps of posterior cells. The results (Table 2) were identical
to those using tissue from the entire slug: stained cells sort to
the center of clumps when exogenous cAMP is less than
4 x 1078 M but sort to the outside of clumps incubated in
higher concentrations of cAMP. Thus, under regeneration
conditions, anterior-like cells are similar to anterior cells in
their chemotactic sensitivity to cAMP.

Regeneration of an anterior-posterior staining pattern in
clumps of anterior cells requires notably longer than pattern
regeneration of isolated posterior tissue. Since anterior regions
contain only stained cells (Table 1), formation of a pattern
must be preceded by the conversion of some stained cells into
unstained cells. This process appears to require > 6 h since
prior to that time there is no evidence of a staining pattern in
isolated anteriors.

Anterior Cells Prevent Sorting in Posteriors

The observations above indicate that anterior-like cells are
chemotactic to cAMP and capable of sorting-out in isolated
posteriors. Nevertheless such cells are maintained in the
posterior regions of intact slugs and obviously do not sort out.
One possible resolution of this apparent paradox is to assume
that anterior-like cells are prevented from sorting in intact
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slugs due to an inhibitory influence from the anterior region.
When the inhibition is eliminated by removal of anterior cells,
the anterior-like cells acquire the ability to sort out. We have
tested this hypothesis by placing anterior and posterior cells on
opposite sides of permeable filters and scoring the ability of
anterior cells to inhibit formation of the inside-outside sorting
pattern characteristic of regenerating posterior tissue.

For these experiments, anteriors and posteriors from
vitally stained slugs were transferred separately to opposite
sides of various filters or barriers embedded vertically in an
agar well (see Methods). The entire well was then sealed with
warm soft agar and exposed to an oxygen atmosphere.
Regeneration of the characteristic inside-outside sorting
pattern was scored in the posterior tissue after 2—3 h. The
results are shown in Table 3 as the percent of posteriors in
which no pattern was observed (percent inhibition). When
posterior cells were placed on one side of a well and no anterior
cells on the other, each posterior clump regenerated the
characteristic pattern with stained cells at the center (0%
inhibition). Similarly when a piece of glass coverslip or
aluminum foil was used to divide the well, essentially all
posteriors formed the typical pattern and there was no
inhibiton by the anterior cells across the barriers. Conversely,
when no barrier was placed in the well, the anterior and
posterior cells fused to form one cell mass. Under these
conditions about 80% of posteriors showed no evidence of
stained cells sorting to the center; the remaining 20% formed
patches of stained cells in the posterior region. With further
incubation these patches usually fused with the large anterior
region. Thus in about 80% of cases we can reconstruct the
situation in slugs in which anterior-like cells are inhibited from
sorting out.
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Significant inhibition of sorting in posteriors also occurred
when Nucleopore filters (12 um or 0.4 um pore size) were used
to separate anterior from posterior tissue (Table 3). Although
the extent of inhibition was somewhat less with filters
(49—-63%) than without filters (79%), the difference appears
small compared to the 90% decrease in open area between the
two sides caused by the filters (only about 10% of filter surface
consists of pore). It is also interesting to note that decreasing
pore size from 12 pm to 0.4 pm did not greatly affect inhibition,
although it probably reduced the degree of cell contact within
pores [19]. Both of the above observations suggest that cell
contact is not required for inhibition, and thus they raise the
possibility that inhibition is mediated by a diffusible extracel-
lular signal. '

To distinguish more clearly between the alternatives of cell
contact and a diffusible signal, we modified the filter technique
by removing the filters and leaving only a liquid-filled gap
between the anterior and posterior tissue. This was done by
using a millipore filter (150 um thick) to divide an agar well.
Anterior and posterior cells were placed on either side of the
filter and sealed in with agar. Immediately thereafter the filter
was removed from the well. In 2/3 of the wells the clumps fell
together and fused. In the remaining cases, gaps of 20—100 pm
were left between the clumps. (In none of the cases in which
there was an observable gap were any cells seen in the gap
under the high power of a dissecting microscope.) After 2-3 h
posterior regions were examined for the appearance of
patterns. In 53% of the cases the posterior regions were
inhibited from forming patterns (Table 3). This experiment
confirms that the anterior influence on sorting in posteriors
does not require cell contact, but is mediated by a diffusible
signal.

Fig. 3. Assay for inhibition of anterior-like cell sorting by anterior tissue. Anterior and posterior tissue from neutral red stained slugs were placed
on opposite side of Nucleopore filters in agar wells. Anterior tissue is on the left, posterior tissue on the right. After about 2 h of incubation under
oxygen, the staining pattern in the posterior tissue was scored. A An example in which sorting occurred in the posterior clump giving rise to the
typical central core of stained anterior-like cells. B An example in which sorting was inhibited in the posterior clump
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Table 3. Anterior inhibition of sorting in posteriors

Barrier Tissue % of
posteriors

leftside rightside inhibited

None - P 0% (171)

None A P 9% (11)

Glass A P 0% (13)

Aluminium foil A P 0% (45)

12 um A P 63% (52)

Nucleopore filter

0.4 um A P 49% (45)

Nucleopore filter

Liquid-filled A P 53% (36)

gap (20 um—100 pm)

0.4 um A A+P 12%* (45)

Nucleopore filter

2 Clumps contain cells from entire slug

A = anterior cells

P = posterior cells

Anteriors and posteriors were collected from slugs with a clear neutral
red staining pattern and sealed in wells in agar on opposite side of
various barriers (see Fig. 3). A typical sorting pattern with stained cells
at the center appeared in control posterior clumps (first row) after
1.5—2 h incubation in an oxygen atmosphere. One half hour after the
appearance of patterns in control clumps, experimental clumps were
scored. Clumps without patterns at that time were scored as inhibited
(Fig. 3B); clumps with any trace of a developing pattern were scored as
uninhibited (Fig. 3A). When no barrier was used (second row), the
two tissue masses fused. When the barrier was removed after sealing
the preparation with warm agar, the two tissue masses fused in about
two-thirds of the cases, while in one-third of the cases (seventh row)
they remained as two clumps separated by a liquid-filled gap. In one
set of experiments (last row), tissue from the entire slug was used in
place of posterior tissue on the right side of the barrier. The results
shown are the sum of a number of independent experiments. The total
number of clumps scored is given in parentheses

Since cAMP is known to be produced and secreted by
anterior tissue [20—24] we considered the possibility that
cAMP at some concentration might inhibit sorting of anteri-
or-like cells in slugs. If cAMP were the inhibitory influence
preventing anterior-like cells from sorting in slugs, then
incubation of isolated posteriors in cAMP might be expected to
inhibit sorting as well. This effect was clearly not observed
(Table 2). While we can not replace the inhibitory effect of
anteriors with constant concentrations of cAMP up to
4 x 107°M, it remains possible that pulses of cCAMP are
inhibitory.

How Different are Anterior and Anterior-Like Cells?

Our results indicate that anterior cells can inhibit the sorting
behavior of anterior-like cells in posterior tissue thereby
explaining the presence of anterior-like cells in slug posteriors.
To determine whether anterior cells were inhibited under these
same conditions we placed anteriors on one side of 0.4 um
filters and tissue from entire slugs on the other. In this case
only 12% of the clumps of whole slug tissue were inhibited
(Table 3) indicating that anterior cells can sort in the presence
of anterior tissue.
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The difference in sorting behavior of anterior and
anterior-like cells provides a simple explanation for the
distribution of these cells in slugs: anterior cells sort to form an
anterior region; anterior-like cells are inhibited from sorting
and remain distributed in posteriors. To test this explanation
directly we labeled anterior and anterior-like cells differen-
tially with vital dyes and observed their sorting behavior during
reformation of slugs from dissociated slug tissue. Anterior
regions from nile blue stained slugs were dissociated and mixed
on the surface of agar in approximately normal proportions
with dissociated posterior regions from neutral red stained
slugs. In this experiment, described earlier to illustrate a
separate point, slugs reorganized from the purple cell mass and
the patterns were examined after 4—5h when the slugs lay
horizontally on the agar. In all cases the fronts of the slugs were
blue and the backs red indicating that anterior and anteri-
or-like cells differ in their sorting behavior (Fig. 1F; Table 4).
As a control we mixed tissue collected from entire slugs stained
either with neutral red or nile blue. In all cases the slugs which
reformed from such mixtures were purple (Fig. 1B;
Table 4).

The observation that anterior and anterior-like cells sort
respectively to the front and the back of slugs indicates that
large portions of these two populations differ in their sorting
behavior. The purple zone in the middle of some slugs may
indicate that the anterior and anterior-like populations overlap
somewhat in their sorting properties or may be because
dissociation and mixing on agar effectively removes anterior
inhibiton long enough for some anterior-like cells to acquire
the ability to sort. The present results do not permit a
distinction between these possibilities.

These results are further evidence that anterior and
anterior-like cells are not equivalent. Nevertheless, anteri-
or-like cells have the ability to convert into anterior cells during
regeneration of isolated posteriors. To study the timing of this
process we used the slug mixing procedure described above
and examined the relative abilities of anterior and anterior-like
cells to sort out. We isolated neutral red stained posterior
regions and permitted them to reorganize on agar for various
times before mixing with freshly isolated blue anteriors. When
posteriors were incubated for about 1.5 h before mixing with
fresh anterior tissue, the anterior-like cells acquired an ability
to sort out equal to that of anterior cells, and slugs with purple
fronts were formed (Table4). With shorter periods of
regeneration, anterior-like cells sorted out from anterior
cells.

Discussion

The results described in this paper have been made possible by
observing Dictyostelium development in clumps of cells
submerged in liquid or embedded in agar and by the
demonstration that vital dyes are stable markers for anterior
cells and a subset of posterior cells. There are four principal
findings:

1. Clumps formed from dissociated slug tissue rapidly form
patterns in which stained and unstained cells sort out by a
mechanism of differential chemotaxis to cAMP.

2. Posteriors contain a population of cells which stain with vital
dyes like anterior cells but which are not chemotactically
sensitive to cCAMP while part of an intact slug.

3. In the absence of a diffusible inhibitor secreted by anterior
cells, anterior-like cells develop chemotactic sensitivity to
cAMP and sorting behavior similar to anterior cells.
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Table 4. Sorting behavior of anterior and anterior-like cells

Source and color Distribution of red and blue cells in newly formed slugs

of tissue (front/back)
Purple/purple  Blue/red Purple/red Blue/purple/red

Whole Whole 50 1
blue red
slugs slugs

1:1)
Blue Red 50 2
anteriors posteriors

1:2)
Blue Whole red 65 5
anteriors slugs

1:2)
Blue 2 h isolate 59 1
anteriors red posteriors

1:2)

Cells were stained with neutral red or nile blue and allowed to develop on agar. After 24—48 h, when slugs had clear
anterior-posterior staining patterns, entire slugs or portions of slugs were mixed and dissociated as indicated in the
left column. The approximate proportions of each tissue type are given in parenthesis. After 4—5 h, when slugs had
reformed from the dissociated cells, they were examined for the distribution of red and blue cells. The results were
scored in four categories reflecting the distribution of red and blue cells from front to back along the slug
axis

Purple/purple: Slugs are completely purple; anterior regions are darker than posterior regions (see Fig. 1B)
Blue/red and purple/red: Front of the slug blue (see Fig. 1F) or purple; back of the slug red. Fronts were generally
all blue or all purple although a few slugs with purple fronts had very small blue tips due to incomplete dissociation
of the blue anterior tissue

Blue/purple/red: All three colored zones are large; some of these slugs appear to result from incomplete dissociation

or inhomogenous distribution of red and blue cells in the reaggregating mass

4. In addition to rapid sorting of stained and unstained cells,
there is a slower process of interconversion of stained and
unstained cells when the relative proportions of these cells are
experimentally altered from those normally found in slugs.

In the following we discuss these findings in relation to
several aspects of slug development and pattern formation.

Vital Dyes are Stable Cell Markers

Vital dyes stain lysosomes and phagocytic vacuoles in a variety
of cells [25]. The mechanism of staining appears to depend on
the fact that such dyes are weak bases, which can permeate cell
membranes in the uncharged form, but become trapped in the
acidic environment of lysosomes in the protonated form [25].
Once trapped inside such vacuoles, the dyes are stable; indeed,
the vacuoles retain their stain when isolated from cell
homogenates by isopynic centrifugation [25].

In differentiating Dictyostelium cells, vital dyes accumu-
late in prestalk cells as large granules, which are easily seen in
the light microscope, while in prespore cells the stained
granules are small and difficult to detect. It seems likely that
the stain is contained in autophagic vacuoles since, as
mentioned above, vital dyes have been shown to stain these
organelles in other systems. This interpretation is supported by
the observation that autophagic vacuoles containing acid
phosphatase [26] exhibit a size distribution in slug cells similar
to that of the vitally stained granules. In addition, we have
shown that vital dyes are stably bound in Dictyostelium cells
(Fig. 1) as they are in lysosomal vacuoles in fibroblasts [25].
The apparent specificity of vital dyes for prestalk cells is due to
the difference in size of autophagic vacuoles in prestalk and

prespore cells: prestalk cells accumulate more dye in their
larger vacuoles and appear stained in the light microscope,
whereas prespore cells accumulate less dye in their smaller
vacuoles and appear unstained.

Anterior-like Cells

Vital dyes stain all of the cells in the anteriors of slugs and
about 10% of the cells in the posteriors (Table 1). Stained cells
in the posterior appear to be very similar to anterior cells;
however, because their position in slugs is different from
anterior cells, we have termed them anterior-like cells. It
seems likely that anterior-like cells identified by vital staining
are the same as subpopulations of posterior cells described
previously by electron microscopy as lacking prespore vesicles
[27-32] or by antibody staining as lacking prespore antigen
[33]. It is thus interesting to note that estimates of the size of all
three populations are about the same (Table 1; [31, 33]).
Despite the similarity in vital staining between anterior
and anterior-like cells, the results presented here indicate that
these two populations are not identical, but differ in their
ability to sort out. In direct competition experiments during
slug reformation anterior cells sorted to the front of slugs
whereas anterior-like cells sorted toward the back (Fig. 1D,
F). Furthermore, the results in Table 3 indicate that anterior
tissue secretes a diffusible inhibitor which can inhibit sorting
behavior of anterior-like cells but not anterior cells. Never-
theless, anterior-like cells must be rather similar to anterior
cells since they acquire, in about 1.5 h, the ability to sort when
removed from the influence of anteriors. This conversion from
anterior-like to anterior is rapid compared to the intercon-
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version of prestalk and prespore cells that requires > 6 h ([33],
see Results).

It is interesting to consider the possible fates of the
anterior-like cells in various circumstances. During fruiting it is
possible that the anterior-like cells are released from inhibition
as the anterior cells differentiate into stalk cells. This would
permit them to sort out to the anterior, and possibly
differentiate into stalk cells themselves. During migration
some of the anterior-like cells, in view of their tendency for
stalk differentiation, may contribute to the prebasal disc
region. The cells in this region form the stalk-like basal disc
cells of the fruiting body. This possibility is supported by
observations of Bonner and of Sampson. Bonner’s [34]
observations imply that the prebasal disc cells must be
continuously replaced as these cells are lost during migration.
Further Sampson’s [35] experiments imply that the anteri-
or-like cells are depleted during prolonged migration. He
showed that the older the slug the smaller the percentage of
stalk cells in the fruiting body formed from isolated posterior
tissue. Before depletion by such a prolonged migration, the
anterior-like cells may play a role of evolutionary significance.
If a slug is disrupted, the anterior-like cells permit the posterior
region to reform a new anterior quickly. This is of prime
importance because the remaining posterior cells become the
spores of the next generation and without an anterior, the
posterior will not continue to migrate and a stalked fruiting
body will not be formed. It is important for the slug to be
reformed quickly, as it is very susceptible to environmental
factors such as dessication.

Pattern Formation by Sorting Out

The present results demonstrate in a particularly clear way that
mixtures of anterior and posterior cells sort out to establish
patterns and that this process is rapid. Nevertheless, the
suggestion that sorting of anterior and posterior cells is
involved in pattern formation in slugs is not new. Both Bonner
[9] and Takeuchi [10] provided evidence for sorting based on
observations that mixtures of two cell types gave rise to slugs in
which the two cell types were nonrandomly distributed along
the axis of the slug. Subsequently several laboratories [11—14]
identified properties of preaggregation cells which were
correlated with sorting behavior [14]. Furthermore, Takeuchi
[11], using slug-stage cells, showed that posterior cells, when
dissociated and allowed to reaggregate with anterior cells,
tended to sort to the posterior region of the new slug. While all
these results provided evidence for sorting, they also indicated
that sorting of, for example, anterior and posterior cells [11]
did not produce as sharp a boundary as the prestalk-prespore
boundary in slugs. By comparison, our results with vitally
stained tissue indicate that sorting yields sharp boundaries
between stained and unstained regions (Fig. 1D—H). Tasaka
and Takeuchi [16] have also observed sharp boundaries
between prespore and prestalk cells in submerged aggregates
prepared from dissociated slug tissue and stained with spore
antiserum.

There appear to be several possible explanations for the
failure to observe precise cell sorting. For example, the
observation of some labeled posterior cells sorting to the
anterior of slugs [11] could be due to anterior-like cells which
acquired the ability to sort during manipulations involved in
the experiment. Alternatively, we have found that, if anterior
and posterior cells are not mixed in the proportions which
occur in slugs, then the cell type in excess tends to smear into
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the opposite region. With correct proportions it is possible to
obtain fairly complete sorting with sharp boundaries between
the anterior and posterior regions (Fig. 1D—H). :

Our results demonstrate that sorting of anterior and
posterior cells occurs by differential chemotaxis to cAMP.
These observations confirm, and in fact were stimulated by,
earlier observations of Matsukuma and Durston [15] showing
that vitally stained cells from slugs would respond chemotac-
tically to cAMP. An interesting corollary of the conclusion that
the anterior-posterior pattern is established by chemotactic
sorting is that the pattern can only be stably maintained in slugs
if the chemotactic cell is also the principal source of the
chemotactic cCAMP signal. If cAMP were secreted by all cells
equally or by posterior cells more than anterior cells, then the
pattern in slugs would not be stable. Thus, a necessary
conclusion from our results is that anterior cells are the
principal source of cAMP in slug tissue. This conclusion is in
agreement with several observations [20—24, 36].

In view of the conclusion above, one might have expected
the endogenous cAMP gradient to be significantly higher in
clumps containing both anterior and posterior cells than in
clumps containing only posterior cells. It was therefore
interesting to observe that the same exogenous cAMP
concentration (1 X 10~"M) was required to reverse the sorting
behaviour in clumps containing only posterior cells and in
clumps containing anterior and posterior cells (Table 2). One
possible explanation is that sorting inside or outside is
controlled, not by the endogenous cAMP gradient, but by an
initial local accumulation of anterior or anterior-like cells at
the surface of clumps in response to exogenous cAMP. Such an
accumulation would be self-reinforcing, since these cells
secrete CAMP, and might dominate any endogenous cAMP
gradient.

Cell Type Conversion During Pattern Regeneration

Our results indicate that the time course of pattern regener-
ation in isolated anteriors and posteriors is very different:
anteriors require > 6 h to reform a prestalk-prespore staining
pattern; posteriors form a staining pattern in 1.5—2 h. These
observations are similar to early observations of Raper [18]
who showed that isolated anteriors fruited stalky unless they
migrated for several hours, whereas isolated posteriors yielded
almost normal fruiting bodies if they fruited immediately.
Later, Bonner [7] showed that regeneration of the typical
neutral red staining pattern was slower in anteriors than in
posteriors. This difference in timing of regeneration has been
assumed to be due to inherent differences in the ability of one
cell type to convert to the other [33]. Our results, however,
suggest that the timing difference is because anterior and
posterior regeneration are, in the initial stages, two different
processes. Posterior regeneration occurs by the rapid sorting
out of stained anteriorlike cells from unstained posterior cells.
Anteriors, by comparison, contain only one cell type and
regeneration thus requires conversion of stained anterior cells
into unstained posterior cells.

The conversion of prestalk to prespore cells during
anterior regeneration appears to require at least 6 h when
assayed by neutral red staining (see Results). In a similar
experiment, but using prespore antibody to score the conver-
sion of prestalk to prespore, Sakai [33] observed that 7-8 h
were required for the appeareance of prespore cells. Further-
more, he showed that conversion of prespore to prestalk
during regeneration of isolated posteriors also required several
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hours. (We did not observe this event in our experiments since
newly differentiated prestalk cells are unstained.) While these
results indicate that prestalk-prespore interconversion requires
arelatively long time compared to the rapid sorting of anterior
and anterior-like cells, they do not preclude the existence of
more rapid differentiation events. For example, Gregg [37]
observed that, within 15—30 min after isolation of the prestalk
zone, some cells incorporate *H-fucose in a manner typical of
prespore cells. (During normal differentiation H-fucose
incorporation is an early event which precedes the appearance
of prespore vesicles.)

Relation to Normal Morphogenesis on Agar

To apply our results to normal development we need to
understand the relationship of the pattern in submerged
clumps to the anterior-posterior pattern in slugs. Our results
have demonstrated that an initially random mixture of anterior
and posterior cells can sort out by differential chemotaxis to
form a pattern of two coherent regions of cells. Furthermore,
our results show that the form of the pattern depends on
specific environmental conditions. In clumps exposed to a
symmetric environment in liquid suspension, the pattern is
spherically symmetric: a core of anterior cells surrounded by a
shell of posterior cells. The pattern appears to be due to
formation of an inside-outside gradient of cAMP generated
when cAMP, produced by cells in the clump, is lost by
diffusion at the periphery. By comparison, in clumps exposed
to a nonuniform environment such as in an asymmetric
distribution of cCAMP or oxygen [4], the sorting pattern is no
longer spherically symmetric. The anterior cells lie at the high
cAMP and high oxygen side and the posterior cells at the
opposite side, reminiscent of the pattern in slugs.

During development on agar, formation of the anteri-
or-posterior pattern occurs in a cell mass at an air-water
interface. This environment clearly is asymmetric and it is not
surprising, therefore, that the anterior-posterior pattern is not
spherically symmetric. If cAMP is lost by diffusion into the
agar, then an endogenous cAMP gradient will be established
across the cell mass with its highest concentration among the
cells near the surface away from the agar sink. Under these
conditions we expect anterior cells to move to the top of the
mass as indeed occurs. Although this mechanism appears
sufficient to explain the normal pattern in aggregates, it is also
possible that oxygen plays a significant role in polarizing the
pattern under these conditions. We have shown elsewhere [4]
that an oxygen gradient applied across a clump of slug cells
embedded in agar can: (1) orient the anterior-posterior pattern
with the anterior cells toward the high oxygen concentration;
(2) direct the migration of such a slug-like clump up an oxygen
gradient. Since a cell mass an at air-water interface is expected
to experience an oxygen gradient with the highest concentra-
tion on the air side [4], it is possible that oxygen, in addition to
cAMP, may contribute to the orientation of the anterior-pos-
terior pattern during normal development. Regardless of
which parameter of the air-water interface exerts a dominant
influence, it is clear that the chemotactic sorting mechanism
coupled with an asymmetric environment is sufficient to
generate the basic polar pattern of anterior and posterior cells
typical of slugs.

An interesting feature of the sorting mechanism is the
localization of an extracellular signal — in this case the
chemotactic agent — in one region of the slug. Such
localization of a signal could be used by the organism to
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stimulate differentiation of cells in that region without
affecting cells elsewhere in the slug. It is thus interesting to
note that cAMP has already been shown to stimulate stalk cell
differentiation in several situations [38—41].

While the present results indicate how the anterior-pos-
terior pattern is formed, they do not provide information about
how the proportions of prestalk and prespore cells are
established. Nervertheless it is interesting to speculate on the
relationship of our results to the ability of Dictyostelium to
undergo proportion regulation. There is good evidence that
position in the slug is the principal factor controlling the fate of
cells: cells in anterior region differentiate into stalk cells; cells
in posterior region differentiate into spores [13]. The present
results have demonstrated that the proportion of cells entering
the anterior region is controlled by the anterior region itself
through its ability to inhibit anterior-like cell sorting. Thus,
indirectly, by controlling the proportion of cells in the anterior
region, the mechanism inhibiting chemotaxis could be involved
in controlling the proportions of prestalk and prespore
cells.
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