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Using a selection for Dictyostelium mutants that preferentially
form spores, we have recovered a mutant called CheaterA. In
chimeras with isogenic wild-type cells, the CheaterA mutant pref-
erentially forms viable spores rather than inviable stalk cells. The
mutant causes wild-type cells that have begun to express spore-
specific genes to accumulate in the prestalk compartment of the
developing organism. In the wild-type cells, the chtA transcript is
absent in growing cells and appears early in development. No
transcript was detected in the mutant by Northern blot. The chtA
gene codes for a protein with an F-box and WD40 domains. This
class of protein usually forms part of an Skp1, cullin, F-box (SCF)
complex that targets specific protein substrates for ubiquitination
and degradation.

SCF complex u proteolysis u ubiquitination u somatic cell parasite u kin
selection

D ictyostelium amoebae feed on bacteria during growth, but
when the food supply is exhausted, they aggregate to form

a mound and then a fruiting body made of stalk and spore cells.
In the mound, cells transform to prestalk and prespore cells, and
the prestalk cells sort to the apex, forming a tip. The tip elongates
to form a cylindrical slug with a posterior zone composed of cells
that will become spores and an anterior zone made up of cells
that will give rise to the stalk. Under the appropriate conditions,
the slug transforms into a fruiting body by a process called
culmination. In the fruiting bodies, about 80% of the amoebae
form spore cells, whereas 20% form stalk cells. Spore cells
germinate to give rise to the next generation, but stalk cells die.
The stalk cells have been described as altruistic, sacrificing
themselves for the improved dispersal of spores (1, 2).

How this developmental process evolved has been widely
discussed but is not simple to explain (3). One of the problems,
as pointed out by Buss and others, is that in the wild, parasitic
forms of Dictyostelium should arise that form only spore cells
(4–6). There is genetic diversity in wild-type populations of
Dictyostelium from which such variants would be expected to
arise over evolutionary time (7). Such parasites, not having to
tithe 20% to the stalk cells, would increase in the population and
eventually impede the cooperativeness that leads to fruiting body
formation. There have been two reports that in freshly isolated
uncloned populations of cells, variants exist that preferentially
make spores in chimeras with wild-type cells (4, 8). Buss found
a single soil sample which, when plated clonally, gave rise to
normal colonies and colonies that only formed spores and
competed in chimeras. See the PNAS commentary by Buss,
which compares this behavior to organisms in other phyla (9).

The mechanisms that these cells, which we call cheaters, use to
avoid the stalk cell fate in a chimera could be based on disruption
of cell–cell communication pathways that establish the strict
80:20 proportion of spores and stalk cells. Although studied for
many years, these mechanisms have remained elusive (10). If
mutant strains that preferentially form spores in chimeras and
also have defects in proportionality when developing alone can
be produced in the laboratory, the basis of the competition and
the communication among cells during normal development can
be studied in a way that is independent of previous approaches.

Dictyostelium offers powerful molecular genetic tools for this
endeavor.

The chtA gene was recovered after a selection based on these
ideas and codes for a molecule that has the characteristic motifs
of F-box proteins, including an F-box and WD40 domains. F-box
proteins form part of the SCF complex (Skp1, cullin, F-box
proteins) and function to bring target proteins into contact with
the ubiquitination machinery. WD40 domains, of which there
are usually five to seven in F-box proteins, are variable, and each
F-box protein may bind a different target. The F-box domain in
the protein interacts with Skp1 and cullin, whereas the WD40
domains bind one or more target proteins (11–13). The F-box
protein described here is one of several involved in cell-fate
decisions (14). We speculate that by not degrading one or more
protein regulators of development, the mutant cells are forced
down the prespore pathway and, as a consequence, produce a
signal to convert the wild-type cells to a prestalk fate.

Materials and Methods
Strains. The mutant was created by restriction enzyme-mediated
integration (REMI), as described (15), by using the blasticidin
resistance plasmid pBSR3 (16). The chtA mutation isolated in
our laboratory was recovered in strain AX3K after a series of
selections for spore-forming cells. Another mutation with the
chtA phenotype was recovered after REMI, but without the
selection for spores, by using uracil prototrophy in strain DH1 as
a selection. This mutant was called fbxA (F-box A) and was
independently isolated by M. K. Nelson, J. G. Williams (Uni-
versity of Dundee), and R. A. Firtel (University of California at
San Diego, La Jolla) (accession no. AF151733). These authors
have graciously supplied their mutant. In both strains, the
plasmids integrated into the same site in the chtA gene (see
below). A list of strains and their marked progeny can be found
at: http:yycpmcnet.columbia.eduydeptygsasyanatomyyFacul-
tyyKessinyindex.html.

REMI. The axenic strain AX3K was subjected to electroporation
in the presence of the restriction enzyme DpnII and the select-
able plasmid pBSR3, which had been linearized with BamHI (15,
17). pBSR3 contains a gene that codes for resistance to blasti-
cidin (16). After 1 wk of selection, nontransformed cells were
killed, and the survivors were recovered. The blasticidin-
resistant population was subjected to the selection as described
in Results.

Abbreviations: REMI, restriction enzyme-mediated integration; b-gal, b-galactosidase;
GFP, green fluorescent protein.
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Isolation of the Gene. The mutated gene was recovered by
digesting the genomic DNA with BclI, ligating, and transform-
ing Escherichia coli strain DH5a (18). The DNA flanking the
plasmid was sequenced. Further sequence of chtA was recov-
ered from cDNA clones and from the genomic sequence
database (http:yywww.uni-koeln.deydictyostelium) and from
a cDNA database (http:yywww.csm.biol.tsukuba.ac.jpycDNA-
project.html). The annotated chtA sequence has been submit-
ted to GenBank, accession nos: AF151111 (genomic sequence)
and AF151112 (partial cDNA sequence, including 59 UTR).
The transcriptional start-site of chtA was mapped by using the
Ver. 2 (GIBCOyBRL) 59 rapid amplification of cDNA ends
(RACE) system. Total RNA was prepared from axenically
grown cells in midlogarithmic phase (4–5 3 106cellsyml),
which were starved for 6 hr in SorensenC (SorC) (17 mM
KH2PO4yNa2HPO4, 50 mM CaCl2, pH 6.0) at 2 3 107yml at
22°C. First-strand cDNA was synthesized from 2 mg total RNA
by using the primer ctr-1 (59-ATCTTGAAGAAATATCC-39).
The original RNA template was removed by RNase H treat-
ment, and the first-strand DNA was purified with a spin
column [Qiagen (Chatsworth, CA) Qiaquick]. After dC-tailing
of the 39-end of the cDNA, the 59 extension product was
amplified by using the provided 59 RACE Abridged Anchor
Primer and ctr-2 (59-CTGCAACACCTTTACTTAAATA-
AATACC-39), followed by reamplification with the provided
primer AUAP and ctr-3 (59-AATAGGAATGTATTATAT-
GTTTTTCAC-39). The 59 extension product that includes a 59
untranslated region of 229 bp was subcloned into the TyA
cloning vector pCR2.1-TOPO (Invitrogen) for sequencing. A
full-length cDNA was prepared and sequenced. Northern blot
analysis was performed as described (19) with a probe con-
sisting of nucleotides 279–779 of chtA.

Expression Vectors Containing b-Galactosidase (b-gal) and GFP. Pa-
rental and mutant strains were marked with cell-type-specific
and constitutively regulated genes. VyPsA-I-s65t contains a
prespore promoter, psA, which drives the expression of the
s65tGFP (GFP, green fluorescent protein) ubiquitin fusion
protein (20). The protein has a half-life of about 4 hr. In
Vy63-I-s65t, the promoter driving the s65tGFP was replaced
with the entire ecmA promoter. The VyPsA-b-gal vector con-
tains the prespore promoter driving the lacZ gene (21). The psA
promoter in the VyPsA-b-gal plasmid was replaced with the
ecmA promoter to make the Vy63-b-gal plasmid. To drive the
expression of lacZ constitutively, the actin 6 promoter was fused
to the lacZ gene in the VyA6-b-gal plasmid. The VyA15GFP
construct permits the constitutive expression of GFP from the
actin 15 promoter. All of the plasmids were generously provided
by Harry MacWilliams, University of Munich.

Development. For multicellular development, axenically growing
cells in mid-log phase (2–4 3 106 cellsyml) were washed twice
in cold SorC buffer. The cells, at a density of 3.3 3 106 cellsycm2

in SorC buffer, were plated on Whatman filters (grade 50) or
Millipore HAWP nitrocellulose filters, which rested on SorC-
saturated Whatman filter pads (grade 17) (22). For chimeric
studies, chtA transformed with the plasmids containing lacZ
driven by the constitutive actin 6 promoter, by prestalk, or by
prespore promoters were mixed with wild-type cells before
development.

Cell-Type-Specific Marker Studies Using Prestalk and Prespore Specific
Promoters. Wild-type and mutant strains were transformed with
plasmids (VyPsA-b-gal and Vy63-b-gal) that contain the lacZ
gene driven by cell-type-specific promoters, psA or ecmA. The
cells were plated for development as described above. At 16, 20,
and 24 hr, structures on the filter were fixed and stained for b-gal
according to the methods of ref. 23. Images were taken with a

Hamamatsu Orca CCD camera attached to a Zeiss Axioplan-2
microscope. The images were captured by using the IP lab
program (Scanalytics, Fairfax, VA). Images were then trans-
ferred to Adobe PHOTOSHOP 3.0. For measurement of slug
compartments, cells containing the VyPsA-b-gal or Vy63-b-gal
constructs were allowed to develop on filters until the slug stage
and stained for b-gal. Images of the slugs were taken with a
Pixera camera (Los Gatos, CA) attached to a dissecting micro-
scope. These were cut out of photos, and then the entire slug
image and the prespore compartments were weighed. The results
were recorded as a percentage of slug area.

Confocal Studies. A wild-type and a mutant strain were transformed
with the plasmids VyPsA-I-s65t or Vy63-I-s65t, which contain the
GFP gene driven by cell-type-specific promoters. Twenty-five mi-
croliters of a suspension of 1 3 107 cellsyml in SorC were placed
in the center of 35-mm Petri dishes with 2% Bactoagar in distilled
H2O and allowed to dry in a laminar flow hood. When the slug stage
of development was reached (16–18 hr), the GFP-labeled cells were
visualized by confocal microscopy on the inverted dish. Optical
sections were taken at 10 mm or 20 mm intervals at 310 or 320.
GFP images were stored in the green channel and overlaid on the
phase photos by using the LSM program (Zeiss, Oberkochen,
Germany).

Results
Selection for Mutants That Preferentially Form Spores.If a mutant
exists in the population that does not form stalks, but rather
forms exclusively spores, its failure to contribute to the stalk
population should result in a slow increase in the proportion of
the mutant in the population. The rate of increase should be
1.0y0.8 (100% spore-forming efficiency of the mutanty80%
spore-forming efficiency of the wild type 5 1.2ygeneration), if
the mutation is cell autonomous and fully penetrant. If the
mutant actively causes the wild-type cells in the chimera to
become stalk (or in some other way to fail to become spores), the
rate of increase in the population could be more rapid. A REMI
mutagenized population was plated on SMy5 plates with a lawn
of Klebsiella aerogenes and allowed to grow and develop (24).
Spores were then recovered, and contaminating nonspore cells
were killed by incubating for 15 min in 0.3% Triton-X-100 in
SorensenC buffer (see Methods). Approximately 106 spores of
the heterogeneous population were replated, and the selection
process was repeated to enrich for cheater mutants, which were
detected as those with an abnormal morphology (see below) and
which increased in frequency with developmental cycle. Note
that potential cheater mutants are competing against other
mutants and that a cheater mutant with normal morphology
would go undetected by this method. There is an obligatory
growth phase in each cycle during which each cell divides six to
eight times before the bacterial lawn is consumed and a new
developmental cycle begins. Because spores from each cycle had
been frozen, it was possible to find the increase in frequency of
the mutant as a function of selection cycle. At the beginning of
the selection, no mutants with the aberrant phenotype described
below were found among 593 clones analyzed, which means that
the frequency of the mutant in the selected mutant population
was less than 0.2%. At the end of 20 cycles, slightly less than 3%
of the clones were mutant. The original population had about
14,000 independent mutants. We could have selected a mutant
that grows faster with this procedure, but that was not the case
with chtA, as measured by the expansion rate of the clones (data
not shown). This method would not detect minor differences in
growth rate.

We asked whether the mutant that was eventually recovered
and characterized would increase in the population under the
conditions originally used for selection. In a reconstruction
experiment that started with one mutant among 1,000 isogenic
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wild-type cells, the mutant had an advantage and the frequency
of increase was rapid, perhaps because 1y1,000 is a higher
starting number than in the original selection. In the first through
third cycles, only one or no clones with chtA phenotype were
observed among several hundred plaques. In the fourth cycle, the
frequency was 1.7%, in the fifth, 2.7%, in the sixth, 5.5%, in the
seventh, 8.1% and finally in the eighth cycle, 39%.

Developmental Phenotype of chtA Null Strains. On bacterial lawns
and Bactoagar plates, the initial steps in development, including
precursor cell differentiation and sorting to the proper compart-
ment, appear normal (see below). After the tipped-mound stage,
the mutant forms slugs, and these are longer than wild-type slugs,
as shown in Fig. 1 D and E. When growing and developing at high
density on lawns of bacteria or developing on nonnutrient agar,
the elongated structures of the mutant extended above the
substratum until their tips made contact with the cover of the
Petri dish, and the front of the slug-like structure crawled onto
it. A long strand of material was left between the lid and agar
surface, as shown in Fig. 1 B and C. This could be mistaken for
a stalk but is actually a collapsed slime sheath that contains few
cells (data not shown). The slime sheath is a casing of extracel-
lular matrix protein and cellulose that surrounds slugs and is left
behind as they migrate (25, 26). These structures have been
noted previously and called aerial slugs (27). Under some
conditions of development, on Millipore filters, for example, the
chtA strains, arrest development as a large mound of cells and
have trouble initiating a tip unless a few percent of wild-type cells
are included in a chimera.

Expression of Cell-Type-Specific Genes. To determine whether the
mutant differentiates normally into prestalk cells, the chtA and
parental cells were transformed with constructs that contain the
ecmAO promoter region fused to the b-gal reporter gene. The
ecmA gene is used as a marker for prestalk cells because it
encodes an extracellular matrix-like protein that is synthesized
only in prestalk cells (28–30). During the early stages of devel-
opment, up to the tipped-mound stage, the chtA cells correctly
express the lacZ gene from the full ecmAO promoter. As in
wild-type cells, the chtA mutant’s prestalk cell differentiation is
first noticed around the periphery of the mound and then at the
tip as the prestalk cells sort to the apical region (data not shown)
(31). Although chtA cells can differentiate into prestalk cells,
they do not form mature stalk.

To ask whether prespore differentiation is normal in the
cheater mutant, the prespore specific psA promoter fused to the

lacZ reporter gene was introduced into parental and chtA cells
(32). The patterns of gene expression and cell compartmental-
ization up to the tipped aggregate stage were indistinguishable
in the mutant and the wild type (data not shown). Thus,
aggregation and the early differentiation of the prestalk and
prespore lineages are not grossly affected by the mutation in the
chtA gene, which appears to act later in development.

Using a construct with the ecmAO promoter fused to GFP to
monitor prestalk cells in the slug, we observed that the slugs of
mutant and wild type are marked with GFP in the anterior
prestalk region, but there is no sharp boundary of expression
(Fig. 2 C and D). When the psA promoter fused to GFP was used,
the boundary between prestalk and prespore zone is sharp (Fig.
2 A and B). The prespore region in the chtA slugs is increased.
In 13 wild-type slugs, the prespore zone composed 85.7 1y2
3.3% of the total slug area, whereas in 13 chtA slugs, the prespore
zone comprised 94.3 1y2 2.5% of the total area.

The chtA Mutant Adopts the Prespore Cell Fate in Chimeras. To ask
whether the mutant is preferentially incorporated into spores,
wild-type and mutant amoebae were mixed and deposited on a
solid substratum for development. The chtA cells were marked
with b-gal or GFP driven from the ubiquitously expressed actin
6 or actin 15 promoters (see Methods). We discovered that chtA
cells marked with b-gal sort to the prespore compartment of the
slug and fruiting body stages, with occasional labeling in the
basal disc cells (Fig. 3 A and B).

If the mechanism by which the mutant increases in the
population is based on a simple inability to form stalk, without
an effect on the wild-type population, the rate of increase in a
chimeric population should be about 1.2-fold per developmental
cycle. If there is active suppression of spore differentiation in
wild-type cells, perhaps because a natural suppression pathway
has been overexpressed in the mutant, a more rapid increase of
the mutant’s frequency in the population could occur. To ask
which mechanism applied, we performed several chimeric stud-
ies with chtA mutants and an isogenic parental strain. The two
cell types were mixed in the ratios shown in Table 1. An aliquot
of each mixture was plated clonally before development to
confirm the ratios of mutant to wild type. Then the mixture of
cells was allowed to develop into fruiting bodies, and the
resulting detergent-resistant spores were dispersed at low density
on lawns of bacteria so they could form individual plaques. The
ratio of mutant to wild type was determined in the spore
population from fruiting bodies. The mutant and wild-type
spores are both completely resistant to the detergent treatment.
As the results in Table 1 show, there was a dramatic increase in

Fig. 1. The phenotype of DH1 (wild type) and chtA: a normal fruiting body
is shown in A. The extended vertical slug-like structure of chtA is shown in B
and also as a drawing in C. Relative slug sizes of DH1 and the mutant are shown
in D and E. Bar 5 0.4 mm in A and D and 0.45 mm in B and E. Arrows indicate
stalk in A or slime sheath in B and C.

Fig. 2. Mutant slugs have an increased prespore zone. Expression of pres-
pore and prestalk markers in wild-type (DH1) and mutant slugs: A and B:
psA-GFP. C and D: ecmA-GFP. Note the larger prespore region in B and
differences in scale bars.
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the mutant’s frequency, even over one cycle. Starting with low
numbers (4.8% or 1.9%) of the chtA cells, there is a 5-fold or
6.5-fold increase in the proportion of chtA spores in the resulting
spore mass. At higher inputs of mutant cells, there was approx-
imately a 2-fold increase in spores with the chtA mutant phe-
notype. The increase was more rapid than found in the original
selection, which took a number of cycles to go from undetectable
to about 3% of the population. In the original selection, the
population was genetically heterogeneous, there were obligatory
growth cycles, and growth and development was on nutrient agar
plates with bacterial lawns. In the experiments shown in Table 1,
cells were carefully washed, and relatively high numbers of cells
were deposited on Millipore filters and sampled immediately
after sori had formed, with no bacteria and no growth phase.

We asked what happened to the wild-type cells that would
account for the increase in the frequency of mutant spores in the
mosaic fruiting body. If the mutant cells force the wild-type cells
in the chimera to enter the stalk cell pathway or otherwise fail
to enter the spore pathway, which leads to death, in a chimera
with chtA cells, more wild-type cells should end up as prestalk
than would normally occur. This is the case. When 80% wild-type
cells and 20% wild-type cells marked with b-gal expressed from
an ecmAO (prestalk) promoter are mixed, about 4% (20% of
20%) of the labeled cells should end up in the prestalk region of
the slug. This results in light staining, as shown in Fig. 4A. When
80% unlabeled chtA cells are mixed with the 20% ecmAO-b-
gal-labeled wild-type cells, many more should turn into prestalk
cells, making a darker prestalk zone, if the model of forced
conversion of wild-type cells to prestalk and stalk cells is correct.
The slugs shown in Fig. 4B are representative of many hundreds

and indicate that chtA cells cause the wild-type cells to enter the
prestalk zone and to express the ecmAO prestalk promoter.
When the chtA cells were labeled with the ecmAO-b-gal con-
struct, no expression occurs in chimeras with wild type, although
expression is detected in a prestalk zone when the mutant
develops alone (data not shown). Thus mutant cells do not enter
the prestalk pathway when wild type is present, but wild-type
cells preferentially enter the prestalk pathway when mutant is
present.

Are wild-type cells that have begun to differentiate in the
prespore pathway influenced by the mutant? If a prespore
promoter fused to b-gal is used to follow wild-type cells that have
become prespore cells, b-gal is expressed in the rear of the slug
and then in the spore mass, as expected (Fig. 4 C, E, and G). If
the mutant is the major partner in the chimera, the wild-type
cells differentiate into prespore promoter in the rear of the slug
(Fig. 4D), but with time these cells appear in the front of the slug,
in the prestalk zone (Fig. 4F). The fate of the cells can be
followed because b-gal is relatively stable. The labeled wild-type
cells go up not to the spore mass but to the upper cup, on top of
the spore mass (Fig. 4H). The upper cup is normally populated
by a category of prestalk cell, but we cannot yet say that these
cells have converted to prestalk cells—only that they have moved
to a prestalk cell region and do not form spores.

The chtA Gene Codes for a Protein with an F-box and WD40 Repeats.
The blasticidin resistance plasmid inserts 26 nucleotides up-
stream from an apparent TAA termination codon. The full
sequence is presented in Fig. 5. The chtA gene encodes a protein

Fig. 3. ChtA cells form spores in chimeras with the wild type. Mutant cells
labeled with an actin promoter expressing b-gal were mixed 1:10 with unla-
beled wild type (DH1). A shows the presence of the mutant cells in the
prespore zone of slugs, and B shows the movement to the spore mass several
hours later. The top two arrows point to mutant cells in the spore mass and the
lower arrow to basal disc cells, which are sometimes labeled.

Table 1. The ChtA cells increase in the population over one cycle
of development

Input vegetative cells Spores after 48 hr

% chtA vs. wild type % chtA vs. wild type

Expt. 1 Expt. 2 Expt. 1 Expt. 2

4.8 1.9 23.9 (53) 12.5 (6.53)
24.5 20.2 46.9 (1.93) 49.6 (2.53)
41.7 43.4 85.2 (23) 73.0 (1.73)

Chimeras were made with AX3 and chtA. After fruiting bodies formed, the
spores were plated clonally and examined for wild-type or chtA phenotypes.
Between 200 and 300 clones were examined in each case.

Fig. 4. ChtA drives wild-type cells into the prestalk region of the sorocarp:
A shows the results of mixing 20% wild-type cells marked with b-gal driven by
the ecmAO prestalk specific promoter and 80% unlabeled wild-type cells
(AX3). In B, 20% AX3 with an ecmAO driven b-gal was mixed with 80%
unlabeled chtA cells. C, E, and G show a mixture of 20% wild type labeled with
the prespore psA promoter driving b-gal and 80% unlabeled wild type (AX3).
D, F, and H show what happens when the unlabeled wild-type cells are
replaced with the chtA mutant.
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of 1,247 amino acids and is produced from an mRNA of about
4.4 kb. The total coding sequence is 3,741 nucleotides, and we
can account for 229 bases as 59 untranslated region. There is one
intron of 141 nucleotides that is inserted between nucleotides 239
and 380 of the genomic sequence. Within the sequence is a
domain that codes for an F-box (33). Fig. 5B compares the
Dictyostelium F-box to those in humans, Saccharomyces cerevi-
siae, and Caenorhabditis elegans. The carboxy terminus of the
ChtA protein codes for five WD40 repeats (indicated by light
gray in Fig. 5) (13, 34).

Recapitulation studies, in which the wild-type gene was again
destroyed by homologous recombination, gave rise to strains
with the same phenotype as chtA. In addition to AX3, a V12
(HH309) axenic strain was disrupted by homologous recombi-
nation, and this produced a strain with the same phenotype as
the mutant (data not shown).

The chtA transcript is developmentally regulated in the wild type.
None can be found during vegetative growth, and it appears by
about 4 hr of development, as shown in Fig. 6. Little or no transcript
could be detected in Northern blots of RNA from the mutant.

Discussion
The selection used here derives from a consideration of the
problems involved in the evolution of organisms in which not all
participants are genetically identical. We postulate that mutants

that are successful at increasing their frequency in chimeras are
affected in mechanisms that are fundamental to cell–cell com-
munication and signaling. The REMI mutagenesis procedure
results in the insertion of a plasmid within a gene and in most
cases causes a null. This allows us to impose genetic diversity on
a previously homogeneous population of amoebae, but it does
not provide a full range of mutagenic possibilities, as would
occur in wild strains. The other limitation of the selection is that
the cheater must present an abnormal phenotype when it is not
part of a chimera. In this selection, the only mutant recovered
was chtA, but this does not mean that other mutants, including
mutants with normal phenotype, could not exist, nor are we
suggesting that this particular mutant would be selected in the
wild.

The ctrA mutant expressed both prestalk and prespore markers:
several models could account for the accumulation of the mutant
cells in the spore masses of fruiting bodies. The chtA mutation could
promote more efficient entry into the aggregate in the earlier part
of development. Time-lapse recordings made of a chimera of 90%
wild-type cells and 10% GFP-labeled chtA cells showed that both
mutant and wild-type cells enter the aggregate with equal efficiency
(data not shown). Another possibility is that the mutant ignores
signals to become stalk and is passive in its cheating. If so, it would
increase slowly in the population, at a maximum rate of 1.2-fold per
developmental cycle. The reconstruction experiment shown in
Table 1 confirmed that the mutant increases more rapidly, espe-
cially at lower inputs. Even with an input of 1y1,000, there is a rapid
increase over eight generations. One way to explain these results is
to postulate that the mutant affects the wild-type cells, preventing
them from turning into detergent-resistant spores or causing them
to turn into inviable stalk cells. The failure of cells missing a crucial
F-box component of the SCF complex to degrade key regulatory
proteins could lead to diversion to the spore pathway and increased
production of stalk cell inducers by an as yet poorly understood
cell-type homeostasis mechanism (35, 36).

An alternative explanation is that chtA cells divide more than
twice when the wild type does not. The literature on cell division
during Dictyostelium development is controversial. Most studies
do not distinguish between initiation of DNA synthesis and the
cytokinesis of the amoebae, which are often binucleate. Thus,
some evidence exists for division of prespore cells (37, 38). Other
studies using different conditions show that DNA synthesis
during development is primarily mitochondrial (39). If chtA were
involved in the cell cycle, one might expect it to be expressed in
growing cells, but it appears only after development begins, as
shown in Fig. 6. If the mutant were increasing from 5% of the
population to about 25% by cell division, without affecting the
wild-type cells, the final fruiting structures should not suffer
from a dearth of wild-type cells and should be normal. However,
we consistently observe that when there is a 5% input of chtA
cells in chimeras with 95% wild type, the resulting spores contain
about 25% chtA mutants (see Table 1), and the resulting sori are
smaller than controls. Despite these observations and the results
shown in Fig. 4, we cannot exclude a contribution to the increase
in chtA cells by division, although we consider it unlikely that
starving cells would divide more than twice to give the results
presented.

F-box proteins mediate irreversible transitions of the cell
cycle, cell-fate decisions, and other events (40), by serving as
adapters between protein targets and the proteolytic machinery
(11, 12, 41). These proteins contain two notable domains, an
F-box domain, such as those shown in Fig. 5, and protein–protein
interacting domains such as WD40 repeats. The F-box domain
binds to a protein called Skp1. A Dictyostelium Skp1 is known
(42). Skp1, in turn, is connected by cullins (43) to a ubiquitinating
enzyme of the E2 class. The WD40 repeats are the domain of the
protein that binds the target of the ubiquitination machinery (11,
12). Targets must be phosphorylated. There is considerable

Fig. 5. The chtA gene codes for a protein with F-box and WD40 repeats: the
diagram (A Upper) shows the relative positions of the F-box and the WD40
repeats (gray). GenBank accession nos. are AF151111 and AF151112 for chtA.
The insertion site of pBSR3 in chtA is shown. The position of the primer used
for 59 rapid amplification of cDNA ends experiments is indicated by an arrow.
The sequence is shown with the F-box (dark gray) and WD40 repeats in lighter
gray and underlined. B shows the homology with several other F-box se-
quences: humans (skp2, accession no. AAC50242) (51), C. elegans (sel10,
accession no. AF020788) (14), and S. cerevisiae (met30, accession no. P39014)
(52, 53).

Fig. 6. The mRNA of chtA is developmentally regulated. A band of 4.4–4.5
kb was detected in wild-type cells after 4 hr of starvation (A Upper). Ribosomal
RNA loading standards are shown below.

3296 u www.pnas.org Ennis et al.



divergence within the WD40 repeats, perhaps accounting for the
diversity of phosphorylated proteins that can be bound and
degraded. The composite of Skp1, cullin, and F-box protein is
known as an SCF complex. The target proteins that bind to this
potential SCFchtA complex are not yet known.

There is one other known F-boxyWD40 protein in Dictyostelium. The
other gene codes for MEK kinase (MEKKa) (44). Deletion of
this gene leads to an expansion of the rear subcompartment
(pstO) region of the prestalk zone and a reduction in the
prespore compartment. The mosaic fruiting body of a mixture of
a MEKKa mutant and wild type shows that the mutant adopts
the stalk cell fate.

The library of mutants known in Dictyostelium allows us to ask
whether any other mutants have a phenotype similar to that of the
chtA mutant and which could act in the same pathway. At the slug
stage, the prespore compartment in the chtA mutant slug increased,
as shown in Fig. 2B, indicating a flaw in proportionality regulation.
This could occur because of a failure to convert prespore cells to
prestalk cells, which occurs during normal development, or it could
result from defects at the time of the initial differentiation of
prespore and prestalk cells. Several mutants with reduced prestalk
regions have been recovered in the past, before the time when their
genes could be isolated (35, 36). A mutant described by Newell and
Ross, NP429, of the slugger E complementation group, may be
similar to chtA because it makes the same extended aerial slugs (27).
More recently, the characteristic short prestalk region of the chtA
mutant has been observed in cells that lack the serpentine receptor
cAR4 (45). This receptor is present only in prestalk cells and
negatively regulates the Dictyostelium Gsk3 homologue, and thus
this system may represent a version of the wingless signaling

pathway that is used to create and regulate a normal pattern of
prestalk and prespore cells (46, 47). Gsk3 is required for spore cell
differentiation. Gsk3-null cells develop into a mound containing
stalk cells but devoid of spore cells (46). The substrates of Gsk3 are
not characterized yet, but by analogy with Wnt systems, it is possible
that an F-box WD40 domain protein targets a b-catenin homologue
for degradation.

We postulate that ChtA controls the concentration of a key
regulatory protein(s) by regulating degradation via the SCF
complex. High levels of this protein would cause the cells to
initiate the spore differentiation pathway. Removing the protein
would be necessary to initiate the prestalk to stalk differentiation
pathway during culmination. We speculate that cells with high
amounts of the protein target(s) of the F-box protein (the chtA
mutant) produce a signal that forces cells with lower amounts of
the protein target (the wild type) to convert to prestalk cells. We
do not yet know the nature of such a signal. These ideas are
consistent with the observation that chtA-null cells in chimeras
with wild type turn into spores and wild type becomes stalk cells.
Signals from the stalk cells (wild type) in the chimera may rescue
the sporulation defect of the mutant that occurs when it develops
alone. A signal from prestalk cells is necessary for final differ-
entiation of the spore cells (48–50).
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