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Cell-cell signaling and adhesion in phagocytosis and
early development of Dictyostelium
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ABSTRACT Cell-cell signaling and adhesion regulate transition from the unicellular to the multi-
cellular stage of development in the cellular slime mold Dictyostelium. Essential gene networks
involved in these processes have been identified and their interplay dissected. Heterotrimeric G
protein-linked signal transduction plays a key role in regulating expression of genes mediating
chemotaxis or cell adhesion, as well as coordinating actin-based cell motility during phagocytosis
and chemotaxis. Two classes of cell adhesion molecules, one cadherin-like and the second
belonging to the IgG superfamily, contribute to the strength of adhesion in Dictyostelium aggre-
gates. The developmental role of genes involved in motility and adhesion, and their degree of
redundancy, have been re-assessed by using novel developmental assay conditions which are
closer to development in nature.
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Introduction

Dictyostelium is the lowest eukaryote able to form multicellular
structures (Bonner, 1967; Loomis, 1975). Unlike embryos arising
from a fertilized egg, where multicellularity is the outcome of
repeated cell division of a progenitor cell, in Dictyostelium the
multicellular organism, called “slug” and later on “fruiting body”,
arises from the gathering of thousands of individual cells into a
multicellular agglomerate. The size of the mature organism s very
flexible, as it can spring from as less as 100 cells to an optimal of
105 cells. Growth and development are temporally separated and
mutually exclusive. During growth, Dictyostelium cells behave as
free-living amoebae, which feed on bacteria by phagocytosis. The
cells are barely cohesive, move actively on the substratum in
search of food, and divide by binary fission. Development is
triggered by starvation, and results in the appearance, 4 to 5 hours
later, of the devices for producing and responding to
chemoattractants, as well as adhering strongly to each other. The
concerted action of chemotactic cell motility (Gerisch, 1987; Par-
entand Devreotes, 1996) and intercellular adhesion (Bozzaro and
Ponte, 1995) transform a monolayer of single cells into multicellu-
lar three-dimensional aggregates (Fig. 1), each of which gives rise
to aslug, a sausage-shaped unitary organism capable of undergo-
ing extended migration towards light and temperature gradients
(Bonner, 1967; Loomis, 1975; Fisher, 1997). A slug possesses an

anterior-posterior pattern of prestalk and prespore cells, and a
dominant anterior tip which acts as an organizer (Fig. 1). Elaborate
and polarized cell movements occur inside the cell mass during
slug and fruiting body formation, leading to sorting out of differen-
tiating cell populations, the prestalk and the prespore cells (Siegert
and Weijer, 1995; Williams, 1997). Prestalk cells will eventually
form a slender stalk lifting on the air, and the prespore tissue gives
rise to a sorus, containing mature, encapsulated spores (Fig. 1).
Although development differs in many respects from that of
higher eukaryotes, Dictyostelium provides many opportunities to
study cell processes which are common to any type of develop-
ment. Thus during the growth phase, the molecular basis of
phagocytosis, endo-/exocitosis, and cytokinesis can be analyzed
(Bozzaro and Ponte, 1995, Aubry et al., 1997; Gerisch and Weber,
2000). Both morphologically and at molecular level, these proc-
esses are basically similar in Dictyostelium and in animal cells.
The aggregation stage offers the best possibility for dissecting
chemotaxis and intercellular adhesion, two processes which play
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a key role also in the development of higher organisms. Chemo-
taxis, which in Dictyostelium is mediated by cyclic AMP, involves
both producing and sensing the chemoattractant as well as trans-
ducing the membrane signal to the actin cytoskeleton, to stimulate
oriented cell motility. A wealth of biochemical and molecular
genetic studies has allowed to define the properties of the chemo-
tactic process (Gerisch, 1987; van Haastert, 1995; Parent and
Devreotes, 1996), as well as identifying the genes encoding most
of the proteins involved, including the cAMP receptors (Klein et al.,
1988; Rogers et al.,, 1997), the linked heterotrimeric G proteins
(Pupillo et al., 1989; Kumagai et al., 1989; Hadwiger et al., 1994)
and components of downstream pathways (Insall et al., 1994;
Segall et al., 1995; Insall et al., 1996; Maeda et al., 1996; Chen et
al., 1997). Similarly, several actin-binding proteins have been
characterized and their role in the organization of the actin cy-
toskeleton during chemotaxis, or other motility events, investigated
(Noegel and Luna, 1995). Aggregation also requires the expres-
sion of new classes of cell adhesion molecules, which are respon-
sible for the compaction of aggregates (Bozzaro and Ponte, 1995).
Both a cadherin-like 24 kDa glycoprotein (Knecht et al., 1987;
Wong etal., 1996), and a 80 kDa glycoprotein, named contact sites
A (csA), belonging to the 1gG superfamily (Muller and Gerisch,
1978; Noegel et al., 1986, Matsunaga and Mori, 1987; Kamboj et
al., 1989}, have been shown to play a central role in aggregation.
After aggregation, csA slowly disappears and is replaced in its
function by a third adhesion system, which may involve a 150 kDa
glycoprotein and be encoded by the LagC gene (Geltosky et al.,
1979; Gao et al., 1992; Dynes et al., 1994).

At post-aggregative stages, pattern formation and cell type
differentiation can be conveniently studied, as in animal embryos.
In Dictyostelium, these processes are regulated by extracellular
signals, including cAMP, ammonia, and DIF, a chlorinated alkyl
phenone (Kay, 1997; Verkerke-van Wijk and Schaap, 1997;
Williams, 1997; Nanjundiah, 1997). Differential exposure to gradi-
ents formed by these diffusible substances, differential adhesive-

Fig. 1. Development of Dictyostelium.
Cells aggregating on a glass surface at
(A, B) an earlier and (C) a later stage.
Cells move toward aggregation centers
in response to chemoattractant re-
leased by the cells in the aggregation
center and propagated by relay. Aggre-
gating cells display an elongated shape
(B) and move as single cells or in
streams, adhering to each other by
end-to-end contacts. Slugs migrating
on agar (D), or undergoing culmination
(E, right). Fruiting bodies (E, left andF).
In (F) the fruiting body has been fixed
and labeled with the B-gal reaction. The
vast majority of the blue cells are stalk
cells, expressing the lac-Z reporter gene
under the control of a constitutive pro-
moter. The fruiting body is a chimera of
wild-type cells mixed with mutant cells
defective in cell-cell adhesion (Ponte,
unpublished). Bars: 0.7 mm.

ness and stochastic differences among cells, which depend on their
past history from the end of growth (Maeda, 1997), determine the cell
fate, leading to expression of cell-type specific genes (Loomis, 1996).
This is regulated by intracellular transduction effectors, which are
conserved in multicellular organisms, such as protein kinase A
(Harwood et al., 1992; Mann and Firtel, 1993), glycogen synthase
kinase 3 (Harwood et al., 1995) and SH2-domain/phosphotyrosine
signaling by STAT protein (Kawata et al., 1997).

A major advantage of Dictyostelium as experimental system is
that its molecular genetics has been developed to a high level: the
cells are easily transformed by integrating and non-integrating
vectors, several resistance and auxotrophic markers exist, and
gene disruption is favored by the small, haploid genome. Single or
multiple knockout mutants, generated by homologous recombina-
tion, have been widely used to characterize the function and
developmental role of gene products (Loomis et al., 1994). This
approach has been complemented by the development of restric-
tion enzyme mediated insertional mutagenesis (Kuspaand Loomis,
1992) to generate new mutants and recover the tagged gene by
plasmid rescue. Since Dictyostelium is eminently suited for cell
biology and biochemistry experiments, the introduction of these
molecular genetic tools has made available a unique combination
of approaches to investigate this system. In this paper we will
concentrate on the molecular basis of cell-cell signaling and
adhesion that regulate phagocytosis and early development.

Cell-cell signaling in phagocytosis

Nutrient uptake occurs in Dictyostelium by phagocytosis of
bacteria (Fig. 2), though axenic strains, which grow by fluid-phase
endocytosis, have been selected in the laboratory and are widely
used. Dictyosteliumis a very efficient phagocyte, being able to take
up four bacteria/min/cell. Phagocytosis is developmentally regu-
lated, and is strongly reduced after tight aggregate formation
(Bozzaro, unpublished). Up to the aggregation stage, cells are able
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Fig. 2. Phagocytosisin Dictyostelium. (Left)
Scanning electron micrograph of a cell ingest-
ing an E. coli bacterium (arrow). (Right, clock-
wise) Fluorescence confocal images of a cell
transfected with GFP-actin ingesting a TRITC-
labelled yeast cell. A series of images show
actin recruitment at the phagocytic cup and
around the forming phagosome, followed by
actin depolymerization, once the phagosome
is ingested (see, Peracino et al., 1998). Bars:
0.007T mm.

to phagocytose, but bacterial uptake leads to repression of
developmentally regulated genes and reversion to the growth
phase, consistent with the notion that growth and development are
mutually exclusive (Gambino et al., 1992).

Particle uptake requires actin recruitment to the site of particle
adhesion, such that a phagocytic cup is formed, and further actin
polymerization at the distal border of the cup, in order for the
particle to be totally surrounded. By expressing a chimeric GFP-
actin it has been shown that actin is recruited to the membrane
within seconds from particle binding, and that an actin-coated
phagosome is formed in less than one minute, followed by
depolymerization of the actin coat (Fig. 2) (Peracino et al., 1998).
The phagocytic process can be interrupted at any stage, thus
particle adhesion does not act as a trigger for a process that then
proceeds irreversibly (Maniak et al., 1995; Peracino et al., 1998).

Dictyostelium cells possess a heterotrimeric G protein, whose
subunits have been cloned. So far eight Ga subunits have been
cloned, which interact with a single By heterodimer. GB-null cells are
impairedin phagocytosis, butnotinfluid-phase endocytosis (Peracino
et al., 1998). As a consequence their growth rate on bacteria is
strongly reduced, though not totally abolished. None of the Ga-null
mutants is defective in phagocytosis, suggesting that Ga subunits
act redundantly in this regard. Insertion of the GFP-actin protein in
GpB-null cells has allowed correlation of the defect in phagocytosis
with a reduced ability of GB-minus cells to reorganize their actin
cytoskeleton into a functional phagocytic cup. Downstream compo-
nents of the transduction pathway involve PLC and intracellular Ca®*
ions (Peracino et al., 1998}. Members of the Rho protein family, such
as RacC and RacF1, have been found to be transiently localized in
phagocytic cups (Seastone et al., 1998; Rivero et al., 1999), whereas
they are not presentin chemotactic pseudopods (Rivero et al., 1999}.
They could mediate signals to the actin cytoskeleton, though no
defects have been foundin nullmutants, possibly due to redundancy.

Two actin crosslinking proteins, the gelation factor and a-
actinin, could favor proper actin assembly during phagocytosis.
The gelation factor is located at the phagocytic cup (Cox et al.,
1996}, and a-actinin in phagosomes (Furukawa and Fechheimer,
1994). A double mutant shows a significant reduction in phagocy-
tosis, compared to the single mutants and the wild type (Rivero et
al., 1996b). Depolymerization of actin can also be as important for
phagocytosis as correct crosslinking, as shown by the finding that
mutants defective in DAIpl, the Dictyostelium homologue of the
yeast actin interactin protein 1, are strongly defective in phagocy-
tosis {Konzok et al., 1999).

Bacterial uptake stimulates in less than 30 minutes transcription
of specific genes, such as cysteine proteinases or genes of unknown
function (Bozzaro and Merkl, 1985; Souza et al., 1995). Among these
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genes is the multimeric V-ATPase (Bracco et al., 1997), which is
present in the contractile vacuole (Heuser et al., 1993) and in endo-
lysosomes (Adessi et al., 1995). Cloning the B subunitencoding vatB
gene has led to generation of a GFP-VATB chimeric protein. Prelimi-
nary experiments indicate that the protein is recruited very rapidly to
the forming phagosome (Balbo et al., unpublished results).

Cell-cell signaling in early development

In the transition from the unicellular to the multicellular stage the
profile of gene expression changes dramatically; cells express
several new genes which are required for aggregation while
repressing genes required for growth (Mehdy et al., 1983, Clarke
and Gomer, 1995}. Among the first, are genes encoding the CAMP
receptors, subunits of the heterotrimeric G proteins, downstream
effectors, such as the adenylyl- and guanylyl-cyclases, the mem-
brane cAMP phosphodiesterase, the extracellular phosphodieste-
rase, the protein kinases A and C, or cell adhesion proteins, such
as the 80 kDa glycoprotein csA.

Two signals which affect expression of these developmental
genes are PSF and CMF. PSF, or prestarvation factor, is a 68 kDa
protein which is secreted by growing cells, but reaches a threshold
level only at high cell density. CMF, or conditioned medium factor, is
an 80 kDa protein secreted by starving cells (Clarke and Gomer,
1995). Early and aggregation specific genes are induced at low level
by these factors. With the production of CAMP by adenylylcyclase
activity, a new signal system is build up, which becomes the major
regulator of both aggregation-stage and post-aggregative genes
(Reymond et al., 1995}. Cyclic AMP down-regulates growth phase
specific genes (Kimmel and Carlisle, 1986; Hassanain and Kopachik,
1989), whereas up-regulates genes associated with aggregation
(Darmon et al., 1975; Roos et al., 1977; Mann and Firtel, 1989}.

Stimulation requires the pulsatile production and secretion of
cAMP, which binds to high affinity membrane receptors, and
stimulates via G protein the adenylyl cyclase, leading to further
cAMP production (Fig. 3). The relay system adapts after about one
minute, such thatadenylyl cyclase cannot be further activated, until
the pathway has returned to its initial conditions. Removal of CAMP
by the membrane cAMP phosphodiesterase resensitizes the cell
(Theibertand Devreotes, 1986; Snaar-Jagalska and Van Haastert,
1990). The activation, desensitization and resensitization cycle
results in the production of cAMP pulses with a period of about 6
minutes (Gerisch and Wick, 1975). The oscillatory stimulation by
cAMP is essential for up-regulating, by a positive feedback loop,
maximal transcription of the genes involved in cAMP sensing and
production as well as the gene encoding the cell adhesion mol-
ecule csA. When the level of cAMP rises significantly and is no
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Fig. 3. Regulation of cAMP signaling. Cyclic AMP binding to cAMP
receptors (CAR) leads to dissociation of Ga from the By subunits, which
activate adenylylcyclase (ACA). Two cytosolic proteins (CRAC and PIA) are
required for ACA activation by By. The kinase erk2 and a RASGEF (aimless)
stimulate ACA activation.. Efficient signaling requires degradation of the
secreted cAMP, which is achieved by an extracellular (ePDE) and a
membrane-bound (mPDE) phosphodiesterase; ePDE, but not mPDE activ-
ity, is further regulated by an extracellular phosphodiesterase inhibitor
(PDI) (see text for additional details).

more pulsatile, as it seems to occur in compact aggregates,
transcription of aggregation specific genes is repressed, and post-
aggregative genes are activated.

Essential role of heterotrimeric G protein in chemotaxis
and development

Both the chemotactic and hormone-like activities of CAMP are
mediated by binding of the molecule to membrane receptors, which
belong to the family of G protein-linked serpentine receptors with
seven transmembrane domains. Of the four receptors which have
been identified, and which show different pattern of expression
during development, cAR1 plays the major role during aggrega-
tion. Disruption of the encoding carA gene blocks development,
chemotaxis and developmentally-regulated gene expression (Sun
and Devreotes, 1991).

Cyclic AMP signaling through cAR1 or any of the other receptors
requires coupling to the heterotrimeric G protein for intracellular
transduction. Deletion mutants have been generated for 6 of the 8
o subunits identified so far, as well as the single 3 subunit, allowing
a dissection of the role of each component. Ga2 plays an essential
role in development, as it mediates the in vivo cAMP-dependent
stimulation of adenylyl- and guanylyl-cyclase (Kumagai et al.,
1989). Thus, Ga2-null mutants fail to aggregate, to undergo
chemotaxis as well as respond to extracellular cAMP. Deletion of
the remaining Ga subunits does not have dramatic effects on
development, butresults in subtle phenotypes (Wu and Devreotes,
1991). Deletion of the single Gf3 subunit also abolishes all G
protein-linked signal transduction, and thus blocks development
(Wu etal., 1995). This is consistent with the view that all o subunits
couple to the single B subunit, and that both the a- and the By-
complex are required for activation of either subunit.

G protein-dependent regulation of adenylyl cyclase activity
Two different adenylyl cyclases have been identified and char-
acterized in Dictyostelium, ACA and ACG. ACA is maximally

expressed during aggregation and at reduced levels thereafter,
while ACG is expressed in mature spores and in the growth phase
(Pitt et al., 1992). ACA is stimulated by G protein-dependent
activation upon cAMP binding to cAR1 (Fig. 3). Analysis of mutants
defective in G protein subunits and in vitro activation studies with
GTPyS have led to the conclusion that in vivo ACA is activated by
interaction with the By subunit released from the Ga2By complex
(Wu et al., 1995).

ACA activation requires the concomitant activity of at least four
cytosolic proteins, CRAC (Insall et al., 1994), ERK2 (Segall et al.,
1995), a Ras-GEF (Insall et al., 1996), and PIA (Chen et al., 1997).
CRAC, or cytosolic regulator of adenylylcyclase, contains a
pleckstrin homology domain, and binds to membrane PH binding
sites which are generated by Gy, following cAMP activation
(Parentand Devreotes, 1999). The MAP kinase ERK2 and RasGEF
are also necessary for ACA activation, but their mechanism of
action is not clear. PIA, or pianissimo, is a novel cytosolic protein
without recognizable domains, which is also essential for ACA
activation (Chen etal., 1997}. The synag mutant HSB1, is defective
in ACA activation, fails to aggregate but is able to complete
development if synergized with wild-type cells, like all synag
mutants (Bozzaro et al., 1987). In this mutant, the genetic defect
has been recently related to PIA (Pergolizzi et al., in preparation).
Unlike other synag mutants, HSB1 is a temperature-sensitive
mutant, being able to aggregate and complete development at
temperatures below 17°C, but not above. Transformation of the
mutant with the wild-type PIA gene completely rescues the defect.

CAMP relay

aggregation- early
specific pene pane
aEprESsion CEDTEREGn

W

CELL AGGREGATION

Fig. 4. G protein-linked transduction pathways regulating chemo-
taxis and aggregation-specific gene expression (see text for detailed
explanation).



Fig.5.Development of Dictyostelium
cells on soil. (A) Tipped aggregates
(Mexican hat stage), (B) migrating slugs
and (C) wild-type or (D) mutant fruiting
bodies formed on soil are shown. The
mutant fruiting body, with a minute
stalk and normal sorus, shown in (D)
results from a double knock-out of a-
actinin and 34 kDa actin-bundling pro-
tein (see Ponte et al., 2000). Bars: 0.1
mm.

A point-mutation in the encoding gene has been recently identified
which is responsible for the temperature-dependent phenotype
(Pergolizzi et al., in preparation). Interestingly, if tight aggregates
formed by the mutant at permissive temperatures are shifted at the
non-permissive temperature further development proceeds nor-
mally, whereas a temperature shift at any time before formation of
tight aggregates freezes development (Pergolizzi et al., in prepa-
ration). This indicates that either PIA is required for ACA activation
up to tight aggregate formation only, or that ACA itself is no more
required after this stage. A G protein-independent ACB activity has
been detected in slug lysates which could be responsible for cAMP
production at post-aggregative stages (Kim et al., 1998; Meima
and Schaap, 1999). Most, if not all, of cAMP produced by ACB
remains intracellular and is rapidly degraded by the intracellular
phosphodiesterase. This activity could be sufficient for intracellular
PKA activation, but would not explain the persistence of cAMP
oscillations in the tip of the mound and migrating slug, which
apparently coordinate post-aggregative development (Siegertand
Weijer, 1995). Further analysis of the HSB1 mutant could help in
elucidating these discrepancies.

Platelet activating factor (PAF): a lipid component of the cAMP
transduction cascade?

Dictyostelium cells produce PAF in a developmentally-regu-
lated way (Bussolino et al., 1991). PAF (1-O-hexadecyl-2-O-
acetyl-sn-glycero-3-phosphocholine) was initially found in plate-
lets, and mediates several cellular functions in different cell types.
In Dictyostelium, PAF activity undergoes oscillatory changes upon
stimulation of the cells with cAMP, suggesting that its synthesis
could be regulated by cAMP signaling. In turn, exogenous PAF
stimulates cAMP-dependent responses, such as ACA and GC
activation or Ca?* uptake (Sordano et al., 1993). Interestingly, ACA
and GC are stimulated by PAF only in concomitance with cAMP
signaling, whereas CaZ* uptake does not require addition of CAMP
(Sordano et al., 1993). The latter response is strongly reduced or
absent in GB- or Ga2-null mutants, respectively. These results
suggest that PAF activity requires a functional Ga2fy complex.
PAF stimulation of Ca?* uptake is developmentally regulated and
coincides with the spike-shaped cellular oscillations, further sug-
gesting a role of PAF in cAMP pulsatile signaling (Schaloske et al.,
1995).

Inhibitors of the IP3-sensitive Ca?* stores inhibit PAF-induced
Ca?* uptake (Schaloske et al., 1995). Thus, PAF seems to act
upstream of the IP3-sensitive Ca?* store, possibly at the G protein
level. The effects on Ca2* uptake and the synergistic effects on
cAMP-induced ACA and GC activation are reminiscent of similar
activities stimulated by PAF in mammalian cells, and suggest that
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this lipid molecule may play a general role in G protein dependent
signal transduction. A unifying hypothesis of the effects described
is that PAF stimulates binding of PH domains, such as those of
CRAC, to the membrane, thus amplifying GByresponses (see next
section). Genetic manipulation of PAF metabolism by cloning and
disrupting the homologue of the PAF acetylhydrolase, which has
been recently cloned in mammalian cells, could help in unraveling
the function of PAF in Dictyostelium development.

G protein linked transduction in chemotactic locomotion

Oriented cell motility in response to cAMP as chemoattractant,
is mediated by a transduction pathway distinct from the one leading
to cAMP relay. ACA-minus cells are unable to produce cAMP, but
move chemotactically toward a cAMP source. In contrast, mutants
with altered cGMP metabolism are affected in chemotaxis (Liu and
Newell, 1988, 1994; Kuwayama et al., 1993). GC is activated within
seconds from cAMP binding to CAR1 leading to transient accumu-
lation of cGMP (Fig. 4). GC is activated either by Ga2 or by GBy
released from the Ga2py complex (van Haastert, 1995). Several
lines of evidences suggest that cGMP could regulate oriented cell
motility by regulating translocation to the membrane of myosin
heavy chain (MHC) and MHK kinase. MHC phosphorylation would
cause it to return to the cytosol (Liu and Newell, 1994; Kuwayama
etal., 1993; Dembinsky et al., 1996). In contrast with these results,
gene knock-out experiments showed that neither the conventional
myosin |l nor the myosins | is essential for chemotaxis (Titus et al.,
1995), though they could contribute to efficient chemotaxis under
stringent conditions of development (see further below).

Cyclic GMP could also act on the actomyosin cytoskeleton by
regulating Ca?* uptake (Newell et al., 1995). Cross-linking pro-
teins, such as a-actinin or synexin, are regulated by Ca?* ions
(Noegel and Luna, 1995). Disruption of a-actinin, or gelation factor,
affect both cell speed and orientation of the cells, though chemo-
taxis is not completely blocked (Rivero et al., 1996a). A double
mutation in a-actinin/34 kDa bundling factor strongly inhibits ag-
gregation and fruiting body formation (Ponte et al., 2000). Chemo-
tactic orientation, though albeit reduced, still occurs in the mutant,
suggesting that signal transduction leading to chemotactic pseu-
dopod formation must involve targets upstream of the actin
crosslinking proteins. Parent and Devreotes (1999) have recently
proposed that membrane binding sites for pleckstrin (PH) domains
present on Gy or other membrane components could be respon-
sible for localized recruitment of transducers, which then lead to
actomyosin assembly in leading edges. CRAC and PKB, both
containing PH domains, have been elegantly shown to translocate
very rapidly to the membrane region closer to the source of CAMP,
even in cells rounded up by treatment with actin inhibitors (Parent
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and Devreotes, 1999). Small G proteins, such as Rac, which have
been shown to regulate the actin cytoskeleton, also contain PH
domains, and thus their recruitment to the membrane, by exposure
of specific binding sites could be the first step in the formation of a
pseudopod or a phagocytic cup.

Cell-cell adhesion in  Dictyostelium development

Developmental changes in cell-cell adhesion

Growth phase cells are barely cohesive: when incubated on a
solid substratum, they form transient contacts only, whereas in
shaken suspension they form small, loose aggregates, which are
easily dissociated with 1-2 mM EDTA or EGTA. The class of
adhesion molecule responsible for this form of adhesion was
named contact sites B (csB) (Beug et al, 1973). A 24 kDa
glycoprotein, with some homologies to cadherins, is possibly
identical with csB (Knecht et al., 1987; Brar and Siu, 1993).

Aggregating cells differ from growth-phase cells by their stronger
cohesion, which leads to formation of large aggregates under
shaking, and their resistance to dissociation by EDTA or EGTA.
This is due to the expression on the cell surface of a new class of
adhesion molecules, which have been called contact sites A (csA),
and are identical with a glycoprotein of 80 kDa, which undergoes
homophilic interactions (Mller and Gerisch, 1978; Kamboj et al.,
1989). The csA glycoprotein starts to be expressed on the cell
surface after about three hours from starvation and reaches
maximal expression 2 hours later, at the onset of aggregation.

Disruption of the single csA encoding gene generates null
mutants, which fail to form EDTA-resistant aggregates at the
aggregation stage. The mutant cells are, however, able to undergo
aggregation and complete development when incubated on agar
(Harloff et al., 1989). If tipped aggregates or slugs formed by the
mutant are dissociated and the cells incubated under shaking inthe
presence of EDTA, EDTA-resistant aggregates are formed, indi-
cating the existence of a third EDTA-resistant class of adhesion
molecules, differentfrom csA and active after the tip stage (Bozzaro
and Ponte, 1995).

The molecular basis of the post-aggregative adhesion system is
less well understood. The aggregates formed at tip or slug stage
show a much more compact, tissue-like, structure than aggregates
from the aggregation-stage. In addition, prestalk and prespore
cells populations within the slugs display different degrees of
adhesiveness (Lam et al., 1981). It is not known, whether these
differences between prestalk and prespore cells result from the
expression of new, cell type specific, adhesion molecules or from
guantitative differences in adhesion molecules common to both
cell types. A glycoprotein of 150 kDa has been involved in post-
aggregative cell-cell adhesion, based on the fact that purified
gp150 inhibits aggregate formation of cells dissociated from slugs
(Gao et al., 1992). The glycoprotein could be identical with the
product of the /agC gene, which encodes a 95 kDa polypeptide
containing a putative transmembrane domain (Dynes et al., 1994,
Siu etal.,1997). LagC-null cells are blocked at loose mound stage,
and can be rescued when mixed with wild-type cells in a proportion
that is compatible with LagC being a cell adhesion molecule
(Dynes et al., 1994). If so, LagC would be a component of a
heterophilic adhesion system, since constitutive expression of the
protein in growth phase cells failed to induce cell clumping (Dynes
etal., 1994).

The role of csA-mediated adhesion in development

The developmental role of the csA glycoprotein in Dictyostelium
development has been a puzzling problem until recently. As men-
tioned, csA-null mutants develop quite normally on agar, in contrast
to gp24 and LagC-null mutants, which either fail to aggregate or are
blocked at loose mound stage, respectively. Several lines of evi-
dence complied with the finding that csA is an adhesion molecule,
and that its activity is mainly restricted to the aggregation stage. CsA
expression was reported to be strictly regulated: the protein is not
expressed during growth, and the encoding gene starts to be
transcribed shortly after starvation; transcription is strongly en-
hanced by cAMP pulsatile signaling, and is rapidly suppressed upon
formation of tight aggregates, though the protein disappears slowly
from the cell surface due to its long half-life. The strict regulation of
transcription favored the notion that csA plays a major role during
aggregation. Accordingly, EDTA-resistant adhesion during the ag-
gregation stage was completely abolished in csA-null mutants, thus
confirming that the glycoprotein was responsible for this form of
adhesion, and that no other protein compensated for it, atleast at this
stage. Conversely, constitutive expression of csA induced formation
of EDTA-resistant aggregates already in growing cells (Faix et al.,
1992). On the other hand, csA-null mutants aggregated and com-
pleted development when incubated on agar or filter paper (Harloff
etal.,1989). The puzzle was solved when development of wild type
cells and csA-null mutant was studied under conditions closer to
the natural ones. When cells are incubated on Petri dishes filled
with soil particles, instead of agar, csA-null cells are strongly
impaired to aggregate and form fruiting bodies (Ponte et al., 1998).
When co-cultured with wild-type cells under these conditions, csA-
null cells are also at clear disadvantage, failing to enter aggregates
and fruiting bodies (Ponte et al., 1998). Thus, the strength of cell-
celladhesion induced by the expression of csA is crucial for normal
development in the natural habitat, but is dispensable under the
less stringent conditions commonly used in the laboratory (see also
next section).

These results offer an explanation for the finding that cell-type
specific sorting was observed to occur in co-aggregates of wild-
type and csA-null cells under shaking, but not in co-cultures
aggregating on agar (Ponte et al., 1998). The shear forces which
cells are exposed to under shaking tend to detach the less cohesive
csA-null cells from the wild-type cells expressing csA, such that
cell-type specific aggregates are formed, the csA-null aggregates
being much smaller.

Structure-function relationship in the csA glycoprotein

The csA glycoprotein possesses a polypeptide backbone of 53
kDa, is heavily glycosylated with both N- and O-linked carbohy-
drate chains (Hohmann et al., 1987 a,b), and is anchored to the
plasma membrane by a lipid glycan moiety covalently bound to the
C-terminus (Stadler et al., 1989). The C-terminal domain is fol-
lowed by a hydrophilic Pro/Ser/Thr-rich segment of about 50 amino
acids, reminiscent of the “hinge” region of immunoglobulins. This
region extends out of the membrane surface and supports the N-
terminal region, which is composed of three highly folded
subdomains rich in B-structures, with relatively high degree of
amino acid sequence homology, and some similarity with the
globular domains common to members of the Ig superfamily
(Noegel et al., 1986; Matsunaga and Mori, 1987). The homophilic
binding site has been restricted to the most distal globular domains,



in a region that is flanked by two of the five N-glycosylation sites
presentin the polypeptide backbone (Kamboj et al., 1989). N- or O-
linked glycosylation are necessary for transport of the protein on
the cell surface and for its stability to proteases, but not essential
for mediating adhesion (Hohmann et al., 1987 a,b). The O-carbo-
hydrates chains may, however, contribute to optimal adhesion,
since mutant cells defective in O glycosylation undergo partial cell-
type specific sorting when mixed with wild-type cells under shaking
(Ponte, unpublished observations).

Genetic redundancy and the detection of subtle pheno-
types

One of the advantages of Dictyostelium as an experimental
system is that its entire 24-hours development can be easily
followed under the microscope under a wide range of conditions.
Aspot of cells can undergo development on a surface of either agar
or wetted filter paper, or on glass or plastic surfaces in a humidified
chamber. Cells will grow and develop up to tight aggregates also
in shaken liquid cultures (Beug et al., 1970); cell differentiation and
sorting into pre-spore and prestalk regions occur in the aggregates,
provided the flasks are oxygenated (Sternfeld and Bonner, 1977).
Conditions closer to the natural ones, namely the rough-and-
tumble world of forest soil, can be reproduced in the laboratory;
Petri dishes containing commercially available garden soil have
been introduced as an alternative substratum to study develop-
mentunder more stringent conditions, in order to emphasize subtle
phenotypes (Ponte et al., 1998, and Fig. 5). Mutated genes which
fail to reveal a defective phenotype on agar or filter paper, can thus
be detected on soil plates. In particular, genes which affect cell-cell
and cell-substratum adhesion or cell motility can be assumed to be
particularly sensitive to environmental conditions. In this regard,
aggregation is the most crucial developmental step, as cells have
to move actively on the substratum in order to aggregate, and must
be cohesive enough to overcome the shear forces deriving from
cell-substratum adhesion. In addition, CAMP diffusion and chemo-
tactic locomotion are three-dimensional on soil particles, while
being two-dimensional on agar. Depending on the substratum,
defects in cytoskeletal proteins or adhesion molecules may result
in smaller aggregates or evenin complete inhibition of aggregation.
Once aggregates are formed, further development depends on the
ability of slugs to migrate well on soil, where they have to bridge
chasms between soil particles (Fig. 5), and on prestalk and
prespore cell motility within the culminating slug, where high
tension forces are generated (Dormann et al., 1996). Interactions
with the substratum may affect slug migration and culmination. The
availability of alternative developmental assays with different de-
grees of stringency allows to detect graded phenotypic defects,
and to define better to which extent a gene product is or not
essential for development. As mentioned above, the adhesion
glycoprotein csA has been shown to be essential when cells
develop on soil, butdispensable when cells develop on agar (Ponte
et al., 1998). Similar results have been recently obtained in single
and double mutants defective in actin-binding proteins, such as a-
actinin, gelation factor, 34-kDa actin bundling protein, synexin,
and interaptin (Fig. 5D; Ponte et al., 2000). In some cases, a
phenotypic defect not evident on agar emerged on soil, whereas
in other cases a subtle phenotype barely detectable on agar was
emphasized on soil.
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These results support the notion that gene redundancy may
result in many cases from the standard laboratory conditions not
being as selective as the natural ones. By combining different
developmental assays with single and double mutations it is also
possible to establish a hierarchy between proteins belonging to a
redundant network, i.e. sharing a similar activity or an overlapping
function with other gene products. Thus, among the actin-
crosslinking proteins, a-actinin seems to play a major role in the
regulation of actin-based motility processes relevant to aggrega-
tion and fruiting body formation, followed in the order by gelation
factor and 34-kDa bundling protein.

Conclusions

Dictyostelium has emerged as an organism that is well suited to
a molecular dissection of the different aspects of development,
because of a unique combination of cell biological, biochemical
and molecular genetic approaches that can be used in this system.
Both the intracellular dynamics in living cells, or cell behavior within
the multicellular organism can be easily followed by optical tools
and digital image-processing. The introduction of green-fluores-
cent protein technology has been exploited to monitor the shuttling
of proteins in living cells in cytokinesis, phagocytosis, cell motility
and chemotaxis. The small haploid genome (somewhere between
yeast and Drosophila) and the high frequency of site specific
recombinations make this organism ideal for gene disruption
studies. Insertional mutagenesis has proven to be a powerful and
effective tool for discovering new genes; saturation mutagenesis of
existing mutants to generate genetic suppressors has recently
been introduced (Loomis, 1996). Moreover, full scale sequencing
of both cDNA libraries prepared from distinct developmental stages
and genomic DNA is at an advanced stage and will open new
opportunities for molecular genetic studies.
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