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Dictyostelium discoideum

LASER ABLATION 

Destruction of a cell in a living

embryo using a laser.

FRUITING BODY 

The final structure of a 

D. discoideum organism.

EMBRYONIC ORGANIZER 

The regions within an embryo

that control development and

differentiation.

CULMINANT 

The mature, or maturing,

terminally-differentiated

structure of a D. discoideum

organism.
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the plasticity of early development in C. elegans is lim-

ited compared to that of vertebrates.

In contrast to D. melanogaster and C. elegans, mam-

mals do not show specialization of their embryonic cells

until several cell divisions have occurred. This equiva-

lency of developmental potential requires that mam-

mals use different mechanisms to establish asymmetry.

In addition, there are numerous examples of cells with

surprising developmental plasticity — such as adult

stem cells — that show unexpected developmental

potentials3,4.

Pattern formation in D. discoideum

Multicellular development in D. discoideum is initiated

by starvation and leads to the eventual formation of a

FRUITING BODY, which is composed of a ball of spores

(called the sorus) resting on top of a stalk containing

vacuolated cells (FIG. 1). The formation of the initial

aggregate and subsequent morphogenesis is mediated

primarily through the chemotactic aggregation of cells

towards cyclic AMP, which functions both extracellu-

larly as a ligand for cell-surface G-protein-coupled

receptors (GPCRs), and intracellularly to activate

cAMP-dependent protein kinase (PKA; discussed

below). In the laboratory, development can be studied

by removing the food source and placing cells on non-

nutrient agar as a uniform monolayer. Three to four

hours after starvation, cells within this field start sig-

nalling to each other by synthesizing and secreting

cAMP, which leads to the aggregation of up to 105 indi-

vidual cells to produce an essentially undifferentiated

multicellular aggregate (known as a mound; FIG. 1).

A second important transition occurs at this stage:

several classes of prespore and prestalk cell, which are

the precursors of the mature spore and the stalk cells

of the fruiting body, initially differentiate. The cell types

then sort within the mound to form a newly patterned

organism (FIGS 2,3). The sorting process is illustrated in

FIG. 2: one of the prestalk (pst) cell types (pstAO cells)

moves directionally towards the presumptive apical tip

of the mound, which works similarly to an EMBRYONIC

ORGANIZER by functioning as a centre of secretion. It

secretes cAMP, the same chemoattractant signal that

mediates aggregation5,6. The sorting is mediated

through the preferential chemotaxis of the pstAO cells,

combined with differential cell adhesion between the

various cell populations. Continued elongation of

the tip results in the formation of a tipped aggregate

(FIG. 3), in which the individual cell populations have

sorted along the anterior–posterior axis7 (FIG. 3).

Elongation leads to the formation of a slug, or migrating

pseudoplasmodium (FIGS 1,3), which undergoes differen-

tiation to form an early CULMINANT (FIG. 3) and finally the

terminal structure — the mature fruiting body (FIG. 4;

see also Tutorial website in online links box for pictures

and movies). Under some physiological conditions, the

slug stage is bypassed (FIG. 3). In slugs, the cell types are

arranged along the anterior–posterior axis: the pstA,

pstO and pstAB cells combined comprise about 25% of

the organism and are found at the front end, whereas

prespore cells (around 70% of the total cell number) are

developing embryo to segregate these biochemical sig-

nals. Therefore, the initial asymmetry in D. melanogaster

is established in the oocyte and the developmental pro-

gramme is initiated by fertilization. The cells of the

developing D. melanogaster embryo differentiate pri-

marily according to their perception of the immediate

environment, and follow a developmental pathway that

is defined by a genetic response to those signals.

C. elegans is another example of an organism with a

developmental programme that is highly dependent on

the use of positional information to specify cell fate. The

initial asymmetry is established before the first cell divi-

sion2 by the sperm, which produces a rearrangement of

cytoplasmic granules to one side of the fertilized oocyte.

This leads to an asymmetric division, which produces a

two-cell embryo in which the two cells already have dis-

tinct developmental potentials.Various studies, includ-

ing elegant LASER-ABLATION experiments, have shown that

Figure 1 | Dictyostelium discoideum morphogenesis. Developmental morphogenesis of 

D. discoideum, starting from single, vegetative amoebae through to the formation of the mature

fruiting body, which contains a sorus of spore cells on top of a stalk that is composed of vacuolated

stalk cells. One important transition occurs between growth and aggregation, which is mediated by

the chemotaxis of cells towards cyclic AMP to form a multicellular aggregate. During this process,

cells can be seen streaming towards a central domain or aggregation centre. Aggregation results in

the formation of a multicellular organism, known as a mound, in which the precursors of the mature

spore and stalk cells — prestalk and prespore cells — differentiate and sort, forming a tipped

aggregate or tipped mound (FIG. 2). As development proceeds, the tip extends and an

anterior–posterior axis forms, which is maintained through the slug and early culminant stages 

(FIG. 3). Culmination, the formation of the fruiting body, completes morphogenesis. During this

stage, the precursor populations differentiate, producing a sorus on top of a stalk (FIG. 4). The entire

process from starvation of vegetative cells to the formation of a mature fruiting body takes 24 hours.

Modified with permission from REF. 99 © (2001) The Company of Biologists Ltd.
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Becoming stalk is altruism.
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forward movement (see Tutorial website in online links

box for pictures and movies).

Establishing gradients. Chemotaxing cells must ‘sense’a

cAMP chemoattractant gradient that can be as shallow as

a 2% difference in concentration between the anterior

and posterior of the cell.A key component that controls

the directional movement of many cell types, including

leukocytes and D. discoideum cells, is the preferential acti-

vation and localization of class-I phosphatidylinositol 3-

kinases (PI3Ks) at the leading edge, a process that was

first described in D. discoideum13,17,19–23.This results in

the localized production of phosphatidylinositol (3,4,5)-

trisphosphate (PtdIns(3,4,5)P
3
) and phosphatidylinositol

(3,4)-bisphosphate (PtdIns(3,4)P
2
)23. (See FIG.5 for a dia-

gram of the spatial organization of a chemotaxing cell.)

Cells show little, if any,membrane localization of PI3Ks

without chemoattractant stimulation.A similar localiza-

tion of PI3Ks is observed in cells within the migrating

slug (see below). The tumour suppressor phosphatase

and tensin homologue (PTEN, encoded by ptenA in D.

discoideum) is a 3-phosphatidylinositol 3-phosphatase

that downregulates and inhibits the PI3K pathway by

dephosphorylating PtdIns(3,4,5)P
3
and PtdIns(3,4)P

2
.

PTEN is found along the entire plasma membrane in

unstimulated cells,but rapidly and transiently delocalizes

from the plasma membrane when cells are uniformly

stimulated with chemoattractant, so that all chemoattrac-

tant receptors are simultaneously activated22,23. In chemo-

taxing cells, PTEN is absent from the leading edge but

remains associated with the plasma membrane at the

sides and back of cells, thereby displaying a pattern of

localization that is reciprocal to that of PI3K23.The steep-

ness of the intracellular anterior–posterior gradient of

these proteins is significantly higher than that of the active

G²#subunits24, which is only slightly higher than the

extracellular gradient of the chemoattractant. It is

thought that the activation of the heterotrimeric G pro-

teins mimics that of receptor occupancy,which is propor-

tional to the concentration of the ligand17. So, if cells are

in a 5% chemoattractant gradient, the activation of the

heterotrimeric G protein is only thought to be 5% higher

at the anterior than at the posterior,which does not pro-

vide for any amplification of the system. Therefore, the

amplification mechanism is tied to the preferential acti-

vation and localization of PI3K at the leading edge. In

agreement with this, a reduced chemotactic index is seen

in cells when the genes that encode the appropriate

PI3Ks are disrupted, or when PI3K activity is inhibited

by drugs.

Downstream effectors. Two proteins that contain PLECK-

STRIN HOMOLOGY (PH) DOMAINS and that are PI3K effectors are

important in D. discoideum chemotaxis. Akt/protein

kinase B (PKB;encoded by pkbA in D. discoideum),which

is central in controlling cell survival in mammalian cells,

is rapidly activated by chemoattractants in mammalian

and D. discoideum cells19. D. discoideum cells that lack

Akt/PKB have chemotaxis phenotypes that are very simi-

lar to those of cells that lack both PI3K1 and PI3K2

(pi3k1/2 null cells)25. The cells have reduced polarity,

derived from in vitro studies in which cell movement up

a stable (non-oscillating) chemoattractant gradient is

examined.When cells sense a chemoattractant gradient,

they rapidly polymerize filamentous (F)-actin at the

front or LEADING EDGE,which results in the protrusion of a

LAMELLIPODIUM or PSEUDOPODIUM, causing forward move-

ment. The polymerization of F-actin is facilitated by the

Arp2/3 complex, which is controlled through the activa-

tion of members of the Wiskott–Aldrich syndrome pro-

tein (WASP) family including WASP and WAVE/SCAR

(suppressor of cAR; encoded by scrA in D. discoideum).

WASP and WAVE/SCAR are activated by Cdc42–GTP

and Rac–GTP, which are, in turn, activated by

chemoattractant stimulation. F-actin polymerization

also occurs at the posterior of the cell and, combined

with the assembly of MYOSIN-II FILAMENTS, leads to cell

contraction, the release of the adhesive contacts of the

cell with the substratum, and the retraction of the rear

of the cell13,15–18. The sequential extension of the

pseudopodium and retraction of the tail results in

PHOTOTAXIS 

The movement of a cell towards

a source of light.

THERMOTAXIS 

The movement of a cell towards

a source of temperature.

LEADING EDGE 

The leading, or foremost, region

of a motile cell.

LAMELLIPODIUM 

A thin, flat extension at the cell

periphery that is filled with a

branching meshwork of actin

filaments.

PSEUDOPODIUM 

A temporary projection of the

cytoplasm of certain cells, such

as neutrophils, or of certain

unicellular organisms, especially

amoebae, that functions in

locomotion.

Figure 3 | Pattern formation in fingers, slugs and early culminants. Elongation of the apical

tip of the mound forms a finger (a) that can become either a slug that migrates using both

PHOTOTAXIS and THERMOTAXIS (b) or goes directly to culmination (c). Migrating slugs become early

culminants by standing on their tails. These three stages show similar anterior–posterior patterns.

Prestalk A (pstA) cells localize to the apical tip of the aggregate, slug and early culminant (green).

PstO cells (blue) are found just below or behind the pstA cells. Prespore cells represent the

majority of the organism (pink). Prestalk anterior-like cells (ALCs; yellow) are scattered through the

prespore domain (pink). The base of the tipped aggregate contains another prestalk cell type, 

the rear guard cells (blue), which form the lower cup and basal disc. The mapping of cell types

that are found in the tipped aggregate and slug to domains of the mature fruiting body is shown

in FIG. 4. In addition to the cell types of the tipped aggregate, another prespore cell type, pstAB

cells, forms a core in the centre of the early culminant apical region (red). These cells move

downward through the mass of prespore cells to form the stalk. Parts a and c were modified with

permission from REF. 100 © (1995) Cold Spring Harbor Laboratory Press. Part b was modified

with permission from REF. 99 © (2001) The Company of Biologists Ltd.

Tipped aggregate

Migrating slug

Early culminant

PstA

Upper cup

Lower cup

PstAB

PstO

Psp

ALC

Rear guard

PstA

Psp

ALC

ALC

PstO

PstA

PstAB

a

b

c

Chisholm & Firtel 2004

pre-spore cells pre-stalk cells
Aubry&Firtel (1999)

Spore

Stalk

assemblage
fruiting body



Brännström Å , & Dieckmann U 2005. Dimorphic evolutionary 

dynamics after branching. Proc. R. Soc. B 2005;272:1609-1616

©2005 by The Royal Society

In evolutionary game models 
on the stalk/spore ratio
each strain (genotype) has its own 
value of contribution to stalk vs. spore.  

for example



5 3 4 | JULY 2004 | VOLUME 5 www.nature.com/ reviews/ molcellbio

REVI EWS

forward movement (see Tutorial website in online links

box for pictures and movies).
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a 2% difference in concentration between the anterior

and posterior of the cell.A key component that controls

the directional movement of many cell types, including

leukocytes and D. discoideum cells, is the preferential acti-

vation and localization of class-I phosphatidylinositol 3-

kinases (PI3Ks) at the leading edge, a process that was
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the localized production of phosphatidylinositol (3,4,5)-

trisphosphate (PtdIns(3,4,5)P
3
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)23. (See FIG.5 for a dia-
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without chemoattractant stimulation.A similar localiza-

tion of PI3Ks is observed in cells within the migrating
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discoideum) is a 3-phosphatidylinositol 3-phosphatase

that downregulates and inhibits the PI3K pathway by
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and PtdIns(3,4)P

2
.
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unstimulated cells,but rapidly and transiently delocalizes

from the plasma membrane when cells are uniformly

stimulated with chemoattractant, so that all chemoattrac-

tant receptors are simultaneously activated22,23. In chemo-

taxing cells, PTEN is absent from the leading edge but
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thought that the activation of the heterotrimeric G pro-

teins mimics that of receptor occupancy,which is propor-

tional to the concentration of the ligand17. So, if cells are

in a 5% chemoattractant gradient, the activation of the

heterotrimeric G protein is only thought to be 5% higher

at the anterior than at the posterior,which does not pro-

vide for any amplification of the system. Therefore, the

amplification mechanism is tied to the preferential acti-
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agreement with this, a reduced chemotactic index is seen

in cells when the genes that encode the appropriate

PI3Ks are disrupted, or when PI3K activity is inhibited

by drugs.
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STRIN HOMOLOGY (PH) DOMAINS and that are PI3K effectors are

important in D. discoideum chemotaxis. Akt/protein

kinase B (PKB;encoded by pkbA in D. discoideum),which

is central in controlling cell survival in mammalian cells,

is rapidly activated by chemoattractants in mammalian

and D. discoideum cells19. D. discoideum cells that lack

Akt/PKB have chemotaxis phenotypes that are very simi-

lar to those of cells that lack both PI3K1 and PI3K2
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derived from in vitro studies in which cell movement up
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(suppressor of cAR; encoded by scrA in D. discoideum).

WASP and WAVE/SCAR are activated by Cdc42–GTP

and Rac–GTP, which are, in turn, activated by

chemoattractant stimulation. F-actin polymerization

also occurs at the posterior of the cell and, combined

with the assembly of MYOSIN-II FILAMENTS, leads to cell

contraction, the release of the adhesive contacts of the

cell with the substratum, and the retraction of the rear

of the cell13,15–18. The sequential extension of the

pseudopodium and retraction of the tail results in
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Figure 3 | Pattern formation in fingers, slugs and early culminants. Elongation of the apical

tip of the mound forms a finger (a) that can become either a slug that migrates using both

PHOTOTAXIS and THERMOTAXIS (b) or goes directly to culmination (c). Migrating slugs become early

culminants by standing on their tails. These three stages show similar anterior–posterior patterns.

Prestalk A (pstA) cells localize to the apical tip of the aggregate, slug and early culminant (green).

PstO cells (blue) are found just below or behind the pstA cells. Prespore cells represent the

majority of the organism (pink). Prestalk anterior-like cells (ALCs; yellow) are scattered through the

prespore domain (pink). The base of the tipped aggregate contains another prestalk cell type, 

the rear guard cells (blue), which form the lower cup and basal disc. The mapping of cell types

that are found in the tipped aggregate and slug to domains of the mature fruiting body is shown

in FIG. 4. In addition to the cell types of the tipped aggregate, another prespore cell type, pstAB

cells, forms a core in the centre of the early culminant apical region (red). These cells move

downward through the mass of prespore cells to form the stalk. Parts a and c were modified with

permission from REF. 100 © (1995) Cold Spring Harbor Laboratory Press. Part b was modified

with permission from REF. 99 © (2001) The Company of Biologists Ltd.
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a 2% difference in concentration between the anterior

and posterior of the cell.A key component that controls

the directional movement of many cell types, including

leukocytes and D. discoideum cells, is the preferential acti-

vation and localization of class-I phosphatidylinositol 3-

kinases (PI3Ks) at the leading edge, a process that was
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3
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tion of PI3Ks is observed in cells within the migrating
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that downregulates and inhibits the PI3K pathway by
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unstimulated cells,but rapidly and transiently delocalizes

from the plasma membrane when cells are uniformly

stimulated with chemoattractant, so that all chemoattrac-

tant receptors are simultaneously activated22,23. In chemo-

taxing cells, PTEN is absent from the leading edge but

remains associated with the plasma membrane at the

sides and back of cells, thereby displaying a pattern of

localization that is reciprocal to that of PI3K23.The steep-

ness of the intracellular anterior–posterior gradient of

these proteins is significantly higher than that of the active

G²#subunits24, which is only slightly higher than the

extracellular gradient of the chemoattractant. It is

thought that the activation of the heterotrimeric G pro-

teins mimics that of receptor occupancy,which is propor-

tional to the concentration of the ligand17. So, if cells are

in a 5% chemoattractant gradient, the activation of the

heterotrimeric G protein is only thought to be 5% higher

at the anterior than at the posterior,which does not pro-

vide for any amplification of the system. Therefore, the

amplification mechanism is tied to the preferential acti-

vation and localization of PI3K at the leading edge. In

agreement with this, a reduced chemotactic index is seen

in cells when the genes that encode the appropriate

PI3Ks are disrupted, or when PI3K activity is inhibited

by drugs.

Downstream effectors. Two proteins that contain PLECK-

STRIN HOMOLOGY (PH) DOMAINS and that are PI3K effectors are

important in D. discoideum chemotaxis. Akt/protein

kinase B (PKB;encoded by pkbA in D. discoideum),which

is central in controlling cell survival in mammalian cells,

is rapidly activated by chemoattractants in mammalian

and D. discoideum cells19. D. discoideum cells that lack

Akt/PKB have chemotaxis phenotypes that are very simi-

lar to those of cells that lack both PI3K1 and PI3K2

(pi3k1/2 null cells)25. The cells have reduced polarity,

derived from in vitro studies in which cell movement up

a stable (non-oscillating) chemoattractant gradient is

examined.When cells sense a chemoattractant gradient,

they rapidly polymerize filamentous (F)-actin at the

front or LEADING EDGE,which results in the protrusion of a
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ment. The polymerization of F-actin is facilitated by the

Arp2/3 complex, which is controlled through the activa-

tion of members of the Wiskott–Aldrich syndrome pro-

tein (WASP) family including WASP and WAVE/SCAR

(suppressor of cAR; encoded by scrA in D. discoideum).

WASP and WAVE/SCAR are activated by Cdc42–GTP

and Rac–GTP, which are, in turn, activated by

chemoattractant stimulation. F-actin polymerization

also occurs at the posterior of the cell and, combined

with the assembly of MYOSIN-II FILAMENTS, leads to cell

contraction, the release of the adhesive contacts of the

cell with the substratum, and the retraction of the rear

of the cell13,15–18. The sequential extension of the

pseudopodium and retraction of the tail results in
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Figure 3 | Pattern formation in fingers, slugs and early culminants. Elongation of the apical

tip of the mound forms a finger (a) that can become either a slug that migrates using both

PHOTOTAXIS and THERMOTAXIS (b) or goes directly to culmination (c). Migrating slugs become early

culminants by standing on their tails. These three stages show similar anterior–posterior patterns.

Prestalk A (pstA) cells localize to the apical tip of the aggregate, slug and early culminant (green).

PstO cells (blue) are found just below or behind the pstA cells. Prespore cells represent the

majority of the organism (pink). Prestalk anterior-like cells (ALCs; yellow) are scattered through the

prespore domain (pink). The base of the tipped aggregate contains another prestalk cell type, 

the rear guard cells (blue), which form the lower cup and basal disc. The mapping of cell types

that are found in the tipped aggregate and slug to domains of the mature fruiting body is shown

in FIG. 4. In addition to the cell types of the tipped aggregate, another prespore cell type, pstAB

cells, forms a core in the centre of the early culminant apical region (red). These cells move
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box for pictures and movies).
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3
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2
)23. (See FIG.5 for a dia-
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Cells show little, if any,membrane localization of PI3Ks

without chemoattractant stimulation.A similar localiza-

tion of PI3Ks is observed in cells within the migrating

slug (see below). The tumour suppressor phosphatase

and tensin homologue (PTEN, encoded by ptenA in D.

discoideum) is a 3-phosphatidylinositol 3-phosphatase

that downregulates and inhibits the PI3K pathway by

dephosphorylating PtdIns(3,4,5)P
3
and PtdIns(3,4)P

2
.

PTEN is found along the entire plasma membrane in

unstimulated cells,but rapidly and transiently delocalizes

from the plasma membrane when cells are uniformly

stimulated with chemoattractant, so that all chemoattrac-

tant receptors are simultaneously activated22,23. In chemo-

taxing cells, PTEN is absent from the leading edge but

remains associated with the plasma membrane at the

sides and back of cells, thereby displaying a pattern of

localization that is reciprocal to that of PI3K23.The steep-

ness of the intracellular anterior–posterior gradient of

these proteins is significantly higher than that of the active

G²#subunits24, which is only slightly higher than the

extracellular gradient of the chemoattractant. It is

thought that the activation of the heterotrimeric G pro-

teins mimics that of receptor occupancy,which is propor-

tional to the concentration of the ligand17. So, if cells are

in a 5% chemoattractant gradient, the activation of the

heterotrimeric G protein is only thought to be 5% higher

at the anterior than at the posterior,which does not pro-

vide for any amplification of the system. Therefore, the

amplification mechanism is tied to the preferential acti-

vation and localization of PI3K at the leading edge. In

agreement with this, a reduced chemotactic index is seen

in cells when the genes that encode the appropriate

PI3Ks are disrupted, or when PI3K activity is inhibited

by drugs.

Downstream effectors. Two proteins that contain PLECK-

STRIN HOMOLOGY (PH) DOMAINS and that are PI3K effectors are

important in D. discoideum chemotaxis. Akt/protein

kinase B (PKB;encoded by pkbA in D. discoideum),which

is central in controlling cell survival in mammalian cells,

is rapidly activated by chemoattractants in mammalian

and D. discoideum cells19. D. discoideum cells that lack

Akt/PKB have chemotaxis phenotypes that are very simi-

lar to those of cells that lack both PI3K1 and PI3K2

(pi3k1/2 null cells)25. The cells have reduced polarity,

derived from in vitro studies in which cell movement up

a stable (non-oscillating) chemoattractant gradient is

examined.When cells sense a chemoattractant gradient,

they rapidly polymerize filamentous (F)-actin at the

front or LEADING EDGE,which results in the protrusion of a

LAMELLIPODIUM or PSEUDOPODIUM, causing forward move-

ment. The polymerization of F-actin is facilitated by the

Arp2/3 complex, which is controlled through the activa-

tion of members of the Wiskott–Aldrich syndrome pro-

tein (WASP) family including WASP and WAVE/SCAR

(suppressor of cAR; encoded by scrA in D. discoideum).

WASP and WAVE/SCAR are activated by Cdc42–GTP

and Rac–GTP, which are, in turn, activated by

chemoattractant stimulation. F-actin polymerization

also occurs at the posterior of the cell and, combined

with the assembly of MYOSIN-II FILAMENTS, leads to cell

contraction, the release of the adhesive contacts of the

cell with the substratum, and the retraction of the rear

of the cell13,15–18. The sequential extension of the

pseudopodium and retraction of the tail results in
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The movement of a cell towards
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Figure 3 | Pattern formation in fingers, slugs and early culminants. Elongation of the apical

tip of the mound forms a finger (a) that can become either a slug that migrates using both

PHOTOTAXIS and THERMOTAXIS (b) or goes directly to culmination (c). Migrating slugs become early

culminants by standing on their tails. These three stages show similar anterior–posterior patterns.

Prestalk A (pstA) cells localize to the apical tip of the aggregate, slug and early culminant (green).

PstO cells (blue) are found just below or behind the pstA cells. Prespore cells represent the

majority of the organism (pink). Prestalk anterior-like cells (ALCs; yellow) are scattered through the

prespore domain (pink). The base of the tipped aggregate contains another prestalk cell type, 

the rear guard cells (blue), which form the lower cup and basal disc. The mapping of cell types

that are found in the tipped aggregate and slug to domains of the mature fruiting body is shown

in FIG. 4. In addition to the cell types of the tipped aggregate, another prespore cell type, pstAB

cells, forms a core in the centre of the early culminant apical region (red). These cells move

downward through the mass of prespore cells to form the stalk. Parts a and c were modified with

permission from REF. 100 © (1995) Cold Spring Harbor Laboratory Press. Part b was modified

with permission from REF. 99 © (2001) The Company of Biologists Ltd.
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Establishing gradients. Chemotaxing cells must ‘sense’a

cAMP chemoattractant gradient that can be as shallow as

a 2% difference in concentration between the anterior

and posterior of the cell.A key component that controls

the directional movement of many cell types, including

leukocytes and D. discoideum cells, is the preferential acti-

vation and localization of class-I phosphatidylinositol 3-

kinases (PI3Ks) at the leading edge, a process that was

first described in D. discoideum13,17,19–23.This results in

the localized production of phosphatidylinositol (3,4,5)-

trisphosphate (PtdIns(3,4,5)P
3
) and phosphatidylinositol

(3,4)-bisphosphate (PtdIns(3,4)P
2
)23. (See FIG.5 for a dia-

gram of the spatial organization of a chemotaxing cell.)

Cells show little, if any,membrane localization of PI3Ks

without chemoattractant stimulation.A similar localiza-

tion of PI3Ks is observed in cells within the migrating

slug (see below). The tumour suppressor phosphatase

and tensin homologue (PTEN, encoded by ptenA in D.

discoideum) is a 3-phosphatidylinositol 3-phosphatase

that downregulates and inhibits the PI3K pathway by

dephosphorylating PtdIns(3,4,5)P
3
and PtdIns(3,4)P
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PTEN is found along the entire plasma membrane in

unstimulated cells,but rapidly and transiently delocalizes

from the plasma membrane when cells are uniformly

stimulated with chemoattractant, so that all chemoattrac-

tant receptors are simultaneously activated22,23. In chemo-

taxing cells, PTEN is absent from the leading edge but

remains associated with the plasma membrane at the

sides and back of cells, thereby displaying a pattern of

localization that is reciprocal to that of PI3K23.The steep-

ness of the intracellular anterior–posterior gradient of

these proteins is significantly higher than that of the active

G²#subunits24, which is only slightly higher than the

extracellular gradient of the chemoattractant. It is

thought that the activation of the heterotrimeric G pro-

teins mimics that of receptor occupancy,which is propor-

tional to the concentration of the ligand17. So, if cells are

in a 5% chemoattractant gradient, the activation of the

heterotrimeric G protein is only thought to be 5% higher

at the anterior than at the posterior,which does not pro-

vide for any amplification of the system. Therefore, the

amplification mechanism is tied to the preferential acti-

vation and localization of PI3K at the leading edge. In

agreement with this, a reduced chemotactic index is seen

in cells when the genes that encode the appropriate

PI3Ks are disrupted, or when PI3K activity is inhibited

by drugs.

Downstream effectors. Two proteins that contain PLECK-

STRIN HOMOLOGY (PH) DOMAINS and that are PI3K effectors are

important in D. discoideum chemotaxis. Akt/protein

kinase B (PKB;encoded by pkbA in D. discoideum),which
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and D. discoideum cells19. D. discoideum cells that lack

Akt/PKB have chemotaxis phenotypes that are very simi-

lar to those of cells that lack both PI3K1 and PI3K2

(pi3k1/2 null cells)25. The cells have reduced polarity,

derived from in vitro studies in which cell movement up
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examined.When cells sense a chemoattractant gradient,

they rapidly polymerize filamentous (F)-actin at the

front or LEADING EDGE,which results in the protrusion of a

LAMELLIPODIUM or PSEUDOPODIUM, causing forward move-

ment. The polymerization of F-actin is facilitated by the

Arp2/3 complex, which is controlled through the activa-

tion of members of the Wiskott–Aldrich syndrome pro-

tein (WASP) family including WASP and WAVE/SCAR

(suppressor of cAR; encoded by scrA in D. discoideum).

WASP and WAVE/SCAR are activated by Cdc42–GTP

and Rac–GTP, which are, in turn, activated by

chemoattractant stimulation. F-actin polymerization

also occurs at the posterior of the cell and, combined

with the assembly of MYOSIN-II FILAMENTS, leads to cell

contraction, the release of the adhesive contacts of the

cell with the substratum, and the retraction of the rear

of the cell13,15–18. The sequential extension of the

pseudopodium and retraction of the tail results in
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Figure 3 | Pattern formation in fingers, slugs and early culminants. Elongation of the apical

tip of the mound forms a finger (a) that can become either a slug that migrates using both

PHOTOTAXIS and THERMOTAXIS (b) or goes directly to culmination (c). Migrating slugs become early

culminants by standing on their tails. These three stages show similar anterior–posterior patterns.

Prestalk A (pstA) cells localize to the apical tip of the aggregate, slug and early culminant (green).

PstO cells (blue) are found just below or behind the pstA cells. Prespore cells represent the

majority of the organism (pink). Prestalk anterior-like cells (ALCs; yellow) are scattered through the

prespore domain (pink). The base of the tipped aggregate contains another prestalk cell type, 

the rear guard cells (blue), which form the lower cup and basal disc. The mapping of cell types

that are found in the tipped aggregate and slug to domains of the mature fruiting body is shown

in FIG. 4. In addition to the cell types of the tipped aggregate, another prespore cell type, pstAB

cells, forms a core in the centre of the early culminant apical region (red). These cells move

downward through the mass of prespore cells to form the stalk. Parts a and c were modified with

permission from REF. 100 © (1995) Cold Spring Harbor Laboratory Press. Part b was modified

with permission from REF. 99 © (2001) The Company of Biologists Ltd.
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Establishing gradients. Chemotaxing cells must ‘sense’a

cAMP chemoattractant gradient that can be as shallow as

a 2% difference in concentration between the anterior

and posterior of the cell.A key component that controls

the directional movement of many cell types, including

leukocytes and D. discoideum cells, is the preferential acti-

vation and localization of class-I phosphatidylinositol 3-

kinases (PI3Ks) at the leading edge, a process that was

first described in D. discoideum13,17,19–23.This results in

the localized production of phosphatidylinositol (3,4,5)-

trisphosphate (PtdIns(3,4,5)P
3
) and phosphatidylinositol

(3,4)-bisphosphate (PtdIns(3,4)P
2
)23. (See FIG.5 for a dia-

gram of the spatial organization of a chemotaxing cell.)

Cells show little, if any,membrane localization of PI3Ks

without chemoattractant stimulation.A similar localiza-

tion of PI3Ks is observed in cells within the migrating

slug (see below). The tumour suppressor phosphatase

and tensin homologue (PTEN, encoded by ptenA in D.

discoideum) is a 3-phosphatidylinositol 3-phosphatase

that downregulates and inhibits the PI3K pathway by

dephosphorylating PtdIns(3,4,5)P
3
and PtdIns(3,4)P

2
.

PTEN is found along the entire plasma membrane in

unstimulated cells,but rapidly and transiently delocalizes

from the plasma membrane when cells are uniformly

stimulated with chemoattractant, so that all chemoattrac-

tant receptors are simultaneously activated22,23. In chemo-

taxing cells, PTEN is absent from the leading edge but

remains associated with the plasma membrane at the

sides and back of cells, thereby displaying a pattern of

localization that is reciprocal to that of PI3K23.The steep-

ness of the intracellular anterior–posterior gradient of

these proteins is significantly higher than that of the active

G²#subunits24, which is only slightly higher than the

extracellular gradient of the chemoattractant. It is

thought that the activation of the heterotrimeric G pro-

teins mimics that of receptor occupancy,which is propor-

tional to the concentration of the ligand17. So, if cells are

in a 5% chemoattractant gradient, the activation of the

heterotrimeric G protein is only thought to be 5% higher

at the anterior than at the posterior,which does not pro-

vide for any amplification of the system. Therefore, the

amplification mechanism is tied to the preferential acti-

vation and localization of PI3K at the leading edge. In

agreement with this, a reduced chemotactic index is seen

in cells when the genes that encode the appropriate

PI3Ks are disrupted, or when PI3K activity is inhibited

by drugs.

Downstream effectors. Two proteins that contain PLECK-

STRIN HOMOLOGY (PH) DOMAINS and that are PI3K effectors are

important in D. discoideum chemotaxis. Akt/protein

kinase B (PKB;encoded by pkbA in D. discoideum),which

is central in controlling cell survival in mammalian cells,

is rapidly activated by chemoattractants in mammalian

and D. discoideum cells19. D. discoideum cells that lack

Akt/PKB have chemotaxis phenotypes that are very simi-

lar to those of cells that lack both PI3K1 and PI3K2

(pi3k1/2 null cells)25. The cells have reduced polarity,

derived from in vitro studies in which cell movement up

a stable (non-oscillating) chemoattractant gradient is

examined.When cells sense a chemoattractant gradient,

they rapidly polymerize filamentous (F)-actin at the

front or LEADING EDGE,which results in the protrusion of a

LAMELLIPODIUM or PSEUDOPODIUM, causing forward move-

ment. The polymerization of F-actin is facilitated by the

Arp2/3 complex, which is controlled through the activa-

tion of members of the Wiskott–Aldrich syndrome pro-

tein (WASP) family including WASP and WAVE/SCAR

(suppressor of cAR; encoded by scrA in D. discoideum).

WASP and WAVE/SCAR are activated by Cdc42–GTP

and Rac–GTP, which are, in turn, activated by

chemoattractant stimulation. F-actin polymerization

also occurs at the posterior of the cell and, combined

with the assembly of MYOSIN-II FILAMENTS, leads to cell

contraction, the release of the adhesive contacts of the

cell with the substratum, and the retraction of the rear

of the cell13,15–18. The sequential extension of the

pseudopodium and retraction of the tail results in
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Figure 3 | Pattern formation in fingers, slugs and early culminants. Elongation of the apical

tip of the mound forms a finger (a) that can become either a slug that migrates using both

PHOTOTAXIS and THERMOTAXIS (b) or goes directly to culmination (c). Migrating slugs become early

culminants by standing on their tails. These three stages show similar anterior–posterior patterns.

Prestalk A (pstA) cells localize to the apical tip of the aggregate, slug and early culminant (green).

PstO cells (blue) are found just below or behind the pstA cells. Prespore cells represent the

majority of the organism (pink). Prestalk anterior-like cells (ALCs; yellow) are scattered through the

prespore domain (pink). The base of the tipped aggregate contains another prestalk cell type, 

the rear guard cells (blue), which form the lower cup and basal disc. The mapping of cell types

that are found in the tipped aggregate and slug to domains of the mature fruiting body is shown

in FIG. 4. In addition to the cell types of the tipped aggregate, another prespore cell type, pstAB

cells, forms a core in the centre of the early culminant apical region (red). These cells move

downward through the mass of prespore cells to form the stalk. Parts a and c were modified with

permission from REF. 100 © (1995) Cold Spring Harbor Laboratory Press. Part b was modified

with permission from REF. 99 © (2001) The Company of Biologists Ltd.
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Response of a population to natural selection
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frequencies of 
different types
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

W x  
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k Var ki 
d lnW

dk

change in the mean 
trait in a generation

variance of the trait
within a population

Strength of 
Natural Selection

selection 
gradient

Under weak selection, 



If there are two traits,
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w

x
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

x  Var x 
 lnW
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 lnW
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

y  Cov x,y 
 lnW

x
Var y 

 lnW

y



One generation change 
when there are two
traits
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Evolutionary Dynamics

Selection to reduce the 
DIF-1 production

Selection to realize the
optimal stalk size



Secretion capacity of DIF-1 (a)
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When a fruiting body consists of cells of 
a single strain

evolution of the optimal stalk/spore ratio
that maximizes the number of 
successfully dispersed spores. 

followed by a slow evolution
toward reduced DIF-1 production
and enhanced sensitivity to DIF-1



When some fruiting bodies are 
mixtures of multiple strains,



When cells originated from a single spore 
form a fruiting body (prob. 1-m)
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

R1  1m m2 X1  2m 1  X1
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Secretion capacity of DIF-1 (a)
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Secretion capacity of DIF-1 (a)
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Conclusion

• When not mixed, DIF-1 production evolves 
smaller with the optimal stalk/spore ratio 
maintained.

• When multiple strains are mixed, more DIF-1 
will be produced. 

• But the stalk/spore ratio remains close to 
the optimal. 
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When gene network / molecular 
mechanisms of the trait expression
and social interactions are known, 
evolutionary models incorporating 

them may provide
more useful/testable predictions.



Thank you.


