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ABSTRACT: Cellular slime molds (CSMs) possess a remarkable life
cycle that encompasses an extreme act of altruism. CSM cells live as
individual amoebae until starved, then aggregate and ultimately
transform themselves into a multicellular fruiting body. This fruiting
body consists of stalk cells (altruists that eventually die) and spores
(the beneficiaries of this sacrifice). Altruistic systems such as this are
vulnerable to cheaters, which are individuals unrelated to the altruists
that obtain the benefits provided by them without reciprocating.
Here, we investigate two forces that can maintain CSM altruism
despite cheating: kin selection and anticheater adaptations. First, we
present new kinship-based models based on CSM developmental
biology to evaluate the efficacy of kin selection. These models show
that stalk-making genotypes can still be maintained when aggrega-
tions are initiated by multiple “founder” spores, provided that spores
of stalkless fruiting bodies have low rates of dispersal and dispersal
success is a concave function of stalk height. Second, we review
proposals that several features of CSM development, such as the
chemical suppression of the redifferentiation of prestalk cells into
prespores, act as anticheater adaptations.

Keywords: altruism, cellular slime molds, cheater, Dictyostelium, kin
selection, multicellularity.
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In nature, altruistic individuals that sacrifice for the benefit
of other members of their group are common. Sterile in-
dividuals within eusocial insect colonies raise the progeny
of their queen, somatic cells within multicellular organisms
insure the propagation of the germ line, mitochondria and
chloroplasts within eukaryotic cells contribute to the suc-
cess of the nuclear genome, and DNA polymerases rep-
licate genes of other proteins as well as their own (Szath-
mary and Maynard Smith 1995). When cellular slime mold
(CSM) amoebae starve, they join together and eventually
transform themselves into a fruiting body (fig. 1). Some
amoebae become spores, and others become stalk cells;
the former disperse, and the latter die while constructing
the stalk (Whittingham and Raper 1960). Thus, CSM stalk
cells are altruists that, in order to aid spore dispersal, make
the greatest sacrifice possible.

Altruists can theoretically be eliminated by cheaters,
individuals that obtain the benefits provided by the al-
truists without reciprocating (Frank 1994; Michod
1997). The establishment and persistence of cheater ge-
notypes require that chimeric groups (groups contain-
ing both altruists and cheaters) form with sufficient
frequency. Because chimeric CSM groups can form by
the unique process of coaggregation of unrelated amoe-
bae, these organisms should be unusually susceptible to
cheating. In fact, several cheating CSM strains (strains
that have an unusually high propensity to form spores)
have been identified (Filosa 1962; Buss 1982; Hilson et
al. 1994; Ennis et al. 2000; Strassmann et al. 2000; re-
viewed in Pél and Papp 2000). To assay for cheaters,
spores of two strains are first sown together into one
petri dish. A few days later, spores are randomly har-
vested from the resulting fruiting bodies, and then their
genotypes are determined. In early experiments of this
type, the ratio of Dictyostelium mucoroides strain DM-
4-TYPE to strain DM-4-VAR increased from 1:1
among the spores sown to 5: 1 among those harvested,
indicating that the former was less likely to form stalk
cells (Filosa 1962). In later studies, where harvested
spores were used to start subsequent “generations” of
fruiting bodies, putative cheaters were greatly enriched
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Figure 1: Asexual life cycle and steps of simulated life cycle

in the final harvest (Buss 1982; Ennis et al. 2000). Con-
trol experiments have shown that the increase in fre-
quency of putative cheaters was not due to a higher
amoeba-stage replication rate (Buss 1982). Although
most of these studies employed laboratory mutants, in-
vestigations of isolates from soils show that cheating
CSM strains occur naturally (Buss 1982; Strassmann et
al. 2000). Cheating has also been demonstrated for Myx-
ococcus xanthus, a eubacterium with a similar life cycle
(Velicer et al. 2000).

Cellular slime mold cheater amoebae come in two types.
Fixed-allocation cheaters allocate an unusually low pro-
portion of their cells to the stalk in both chimeric and all-
cheater groups, whereas variable-allocation cheaters allo-
cate a low proportion of their cells to the stalk only when

they are in chimeric aggregations (Strassmann et al. 2000).
Our models focus on fixed-allocation cheating because
variable-allocation cheating should not influence clonal
stalk sizes; in theoretical competitions between variable-
allocation strains, the victor is always a strain that sets its
clonal stalk size at the same level selected for in the absence
of cheating (Matsuda and Harada 1990).

One might mistakenly conclude that fixed-allocation
cheating is unimportant for two reasons: few naturally
occurring cheaters are of the fixed-allocation type (Strass-
mann et al. 2000), and fixed-allocation cheaters should
always be eliminated by certain variable-allocation com-
petitors (those that form stalk cells in chimeras with the
same propensity as the former but that produce optimal-
sized stalks in clonal groups). However, although fixed-



Table 1: Variables and parameters used in the text
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Notation Description
All models:
o, a Stalk cell to total cell ratio
n Number of founders
k Number of descendant amoebas per founder
N Number of cells in an aggregation/slug/fruiting body
w Fitness
F Fecundity
D Dispersibility
c Cost of stalklessness
x Exponent that controls shape of dispersibility function
a, Stalk to total cell ratio of a given fruiting body, g

Constant-proportion model:

Q; Constant stalk to spore ratio specified by genotype j
o, Stalk to total cell ratio that maximizes fitness
o Evolutionarily stable strategy value of o
r Kinship coefficient
Constant-size model:
a; Stalk cell proportion in all-altruist fruiting body specified by genotype j
A; Stalk cell number in all-altruist fruiting body specified by genotype j
N, Number of altruistic amoebas in an aggregation

allocation cheaters are relatively less common, they are not
rare; they comprised one out of 13 soil isolates in one
study (Buss 1982) and up to four out of 12 cheaters iden-
tified in another (Strassmann et al. 2000). Furthermore,
scarcity does not necessarily denote unimportance; the rel-
ative dearth of fixed-allocation cheaters may reflect the
greater efficacy of kin selection against them than against
cheaters of the other type. Regarding the second reason,
these competitively superior variable-allocation strains
probably do not arise as often as their fixed-allocation
counterparts because they have a more complex pheno-
type; these strains must adjust their allocation in chimeras
as a function of the allocation patterns of the other
strain(s) in the group (Matsuda and Harada 1990). Fur-
thermore, the ostensibly invincible variable-allocation
strains postulated by Matsuda and Harada (1990), which
only cheat against strains they recognize as foreign, are
still theoretically vulnerable to certain fixed-allocation
cheaters (mutants arising from them that they cannot dis-
tinguish as alien).

In this article, we describe two kinship-based models of
competitions between fixed-allocation cheaters and altru-
ists. Previous kinship-based models of CSMs lack features
necessary to evaluate the efficacy of kin selection because
they make unrealistic assumptions: altruists in chimeras
never become spores (Maynard Smith 1964), fruiting bod-
ies of different sizes have the same dispersal success (Arm-
strong 1984), and stalkless fruiting bodies have zero fitness
(Matapurkar and Watve 1997). Therefore, we have for-
mulated models that relax these assumptions. We then use

these models to analyze whether kin selection acting alone
might be sufficient to maintain altruism in CSMs, a pro-
posal that has been criticized (Atzmony et al. 1997).

Kin selection prevents the elimination of altruistic ge-
notypes by strengthening between-group selection relative
to within-group selection (Sober and Wilson 1998; for
applications to specific systems, see Frank 1994; Rispe and
Moran 2000). Certain group traits, “anticheater” adapta-
tions, also contribute to the maintenance of altruism via
the same mechanism. We close by describing and evalu-
ating several proposals for such adaptations in CSMs.

Kin Selection in Cellular Slime Molds:
Two New Models

Because aggregations descended from two or more CSM
spores are probably not rare (Wilson and Sober 1989), we
have used our models to explore the level of stalk for-
mation that can be maintained when there are multiple
founders. Our models simulate competitions between ge-
notypes that code for different levels of stalk formation in
a life cycle that consists of four stages: random association
of germinating “founder” spores, growth and aggregation,
differentiation, and dispersal (fig. 1; see table 1 for a list
of the models” parameters). First, founder spores are ran-
domly distributed into groups of size n. In the second
stage, each founder gives rise to k descendant amoebae,
which then aggregate with the other amoebae of their
founder group to produce an aggregation of N = nk cells.
(We do not model the movement of foraging amoebae



34 The American Naturalist

because this process should be less important than spore
dispersal in generating the spatial distribution of cells.)
During the third stage, cells differentiate into stalk cells
and spores in accordance with their genotypes; each cell
of genotype j has an «; (model 1) or a; (model 2) prob-
ability of becoming a stalk cell. Finally, spores disperse,
with their success depending on the height of their stalk,
which is a function of the values of «; (or a;) of the ge-
notypes that make up each fruiting body.

The fitness of a genotype in a given fruiting body is a
function of both the number of its spores and the size of
the stalk:

Wle,) = Flo,)D(e,). )

The variables W(«;)) and F(e;) represent, respectively, the
fitness and fecundity (number of spores) of genotype j per
founder cell of that genotype, and D(c,) stands for the
dispersibility of a fruiting body, g, where the proportion
of cells that are stalk cells equals «; the value of D(«,) is
an increasing function of o, and Flo;) = k(1 — «;). Given
i different genotypes, a, is the weighted average of the i
values of ;. Having D increase with o, means that having
a larger stalk bestows a greater benefit, such as enhanced
dispersal (Bonner 1982) or enhanced displacement of
spores away from harmful agents in the soil (Gadagkar
and Bonner 1994). A D that increases with «, is also ap-
propriate if prestalk cells provide benefits that increase
with their frequency, such as an improved ability to locate
and move to better dispersal sites (Inouye and Takeuchi
1980; Miura and Siegert 2000). Although dispersibility in-
creases with «, having too many stalk cells can be detri-
mental because a genotype that increases its D by increas-
ing its c; also decreases its fecundity.

Our formula for D contains two parameters: ¢, the cost
of stalklessness, and x, which determines the shape of D:

D(ozg, 6x) =1—c+ co. (2)

The parameter ¢ permits the assignment of a nonzero dis-
persibility to stalkless fruiting bodies. Spores of such fruit-
ing bodies may occasionally have some “dispersal” success;
they may be dispersed at a rate lower than that of spores
borne on stalks, or they may germinate without being
dispersed. Thus, we have set D (a, = 0) equal to 1 — ¢;
¢ then represents the cost of having no stalk.

Values of x greater than, equal to, and less than one
generate convex, linear, and concave D versus o curves,
respectively. (Figure 2 shows the effects of x on fitness.)
The shape of the D versus « curve describes where the
greatest gains in the dispersibility component of fitness are
made; if, for example, dispersal success increases at a

x=1/3;

Fitness

0.2 0.4 0.6 0.8
a., the proportion of stalk cells

=

Fitness

=
N
=3
-9
5
o
o
@
.

Fitness

Figure 2: Fitness as a function of «, ¢, and x. Within each graph, the
curves (from top to bottom) are for ¢ = 0, 0.2, 0.4, 0.6, 0.8, and 1. This
formulation applies to both models.



higher rate per unit length for taller stalks, then a convex
D is most appropriate. Small values of x are most suitable
if there is a maximum dispersibility asymptotically ap-
proached by taller and taller fruiting bodies.

The Constant-Proportion Model

We have formulated two models that represent different
ways that stalk-making genotypes allocate their cells in
chimeric groups. In our first model, each genotype codes
for a constant proportion of stalk cells, which is expected
when the propensity to become a prestalk cell depends on
a cell-autonomous mechanism. In both pure fruiting bod-
ies and chimeras, the fraction of all cells of genotype j that
are stalk cells always equals o (i.e., the presence of cells
with other genotypes has no effect on genotype j’s cell
allocation).

Within each chimeric group, the genotype with the
lower value of «; is cheating on the other genotype, and
its frequency increases within groups. Consider two ge-
notypes where o, < a,. Suppose that the ratio of genotype
1 amoebae to genotype 2 amoebae is initially 1:1; the
ratio of their spores in the resulting fruiting body will be
1-—a):(01—-a,)>1.

To analyze the constant-proportion model, we deter-
mined the evolutionarily stable strategy (ESS; Maynard
Smith and Price 1973), which is the strategy that resists
displacement by all other strategies. The ESS is the value
of o that satisfies the following equation:

W, -
o, o — 0’ (3)
0 |qoar

where W, .- represents the fitness of a founder of genotype
o in a group where all the other founders are of genotype

5

.

No Chimeras, Linear Dispersability (n =1, x = 1). In
these conditions, the genotype that maximizes fruiting
body fitness, m, drives all others to extinction:

0 for c<

)

m T Y2c—1

2c

for c¢> —

*
(NS NS

Equation (4) shows that when ¢, the cost of stalklessness,
is low, the stalkless form has the maximum fitness. As the
cost of stalklessness increases above one-half, the stalk size
that maximizes fitness increases.
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Figure 3: The value of o that maximizes fitness, e, as a function of ¢
and x. The value of D is concave for x< 1 and convex for x> 1. The
value of ¢, is 0 for x = 1, ¢< 0.5 and for x = 2, ¢<0.75.

No Chimeras, Nonlinear Dispersability (n = 1, x # 1).
When x can vary, the value of «,, that maximizes fitness
is the solution of the following equation (see also fig. 3;
when the solution is negative, «,, = 0):

X x x—1 1 —¢
cx+1)

ol ol =0,for0<c<L1l. (5
x+1

Varying x affects the outcomes as follows: Stalk-making ge-
notypes have the highest fitness only when x is below a
threshold value because only then is the dispersibility of
short-stalked fruiting bodies significantly higher than that
of stalkless fruiting bodies. This means that concave D func-
tions generally favor altruists and convex D functions gen-
erally favor stalkless genotypes. But this does not mean that
more extreme concavity always favors higher levels of al-
truism; in many cases, increasing concavity (by decreasing
x) actually decreases o, (fig. 3). In such cases, decreas-
ing x decreases the dispersal advantage of intermediate-
sized stalks relative to small ones and thus selects for smaller
stalks.

The parameters ¢ and x interact as follows: As ¢ in-
creases, the threshold value of x increases, making it less
likely that the stalkless genotype has the maximum fitness.
As c increases for a given x, the stalk size that maximizes
fitness increases; in other words, larger values of ¢ favor
greater degrees of altruism.

Chimeras Form, Linear Dispersability (n>1, x = 1). To
solve equation (3) for the ESS, we have set W, ., the fitness
of a genotype-« founder in a group where all other foun-
ders are of genotype o/, equal to the genotype’s fecundity,
k (1-o), multiplied by the group’s dispersibility. When
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x = land ¢ = 1, the group’s dispersibility equals its stalk
cell proportion, a, = (1/m)a + [(n — 1)/n]c?, giving

1 -1
W, .. = k1 — a)|—a +— oz*). ©)
n n
Solving for the ESS gives
1
;o= . 7
“ 1+n @)

The ESS can also be expressed in terms of the kinship
coefficient, r (Hamilton 1964, 1970; Frank 1994), which
equals da,/da. To do so, we take the derivative of equation

(6):

d
= k|l—a,+ (01— a)aag

k[—o + (1 — a)r]. (8)

Setting 0W/da = 0 and solving for o in terms of r gives

ad = . )

When each aggregation is founded by only one spore
(n = 1), the amoebae in one group are all related, kinship
is at its maximum (r = 1), and the ESS is the same as
o, the value of o that maximizes group fitness. As n
increases and kinship decreases, o decreases, although «,,
remains unchanged. The difference between o and «,,, can
be thought of as the amount of potential fitness not
achieved; this difference grows larger as n increases.

The parameter k is the number of amoebae descended
from each founding spore. Because it does not differ
among genotypes, the value of k does not affect the value
of the ESS nor does it affect the outcomes of the second
model.

When x = 1 but ¢ # 1, the fitness of strategy o (when
rare) becomes

1 n—1
-a+ —a*). (10)
n n

W, .=kl —a)l —c+c

The ESS for this fitness function is as follows (see also fig.
4):

(A)
3> 0.6
g x=2
Q
N
‘@ 0.4
24 Lx=1
= .
wr
wva 0.2
1723
53]
0.2 0.4 o6 os 1
Cost of stalklessness (c)
(B)
0.6
x=2
0.4

ESS stalk size (u*)
Y

2 3 4 5 6 7 8
Average number of founders (7)

Figure 4: Evolutionarily stable strategy stalk size as a function of (A) ¢
and x (when n = 2) and (B) n and ¢ (when ¢ = 0.9).

0 forc <
* 1+n

@« = 1-0-00+n
Q+n—01—-0ol+n)

(11)

for c>
1+n

Equation (11) shows that when the cost of stalklessness
is low or when the number of founders is high, the
ESS is to make no stalk (o = 0). When c¢ exceeds the
n/(1 + n) threshold, the ESS increases as c increases but
decreases as n increases.

Chimeras Form, Nonlinear Dispersability Functions (n> 1,
x # 1). When x can vary, the fitness of strategy o (when
rare) becomes

1 n—1
—a+——d||. (12
n n

W =kl —a)[l —c+c

The ESS is the solution of the following equation:

x

x e, L—on

= 0. (13)

x+n cx+n)
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Table 2: Number of different cell types in chimeric fruiting bodies of constant-size model

Total altruist cells Total stalk cells Total spores

Cheater-genotype spores®  Altruist-genotype spores

N, (<4) N,
N, (>A) A,

J

N - N,
N — 4,

N - N, 0
N - N, N, — A,

* All cheaters become spores.

Varying x has the following effects: when x is low, o is
always > 0; when x is high, ¢ = 0 for much of the pa-
rameter space (fig. 4). As before, threshold values of x
exist, above which o = 0; these threshold values are lower
than those when n = 1 but behave similarly otherwise.

The Constant-Size Model

It is possible that in chimeras, altruists, being unable to
distinguish between themselves and others, increase their
probability of becoming stalk cells to compensate for the
deficit of cheater-genotype stalk cells. Allocating cells in
this way is expected when the propensity of an altruist to
become a prestalk cell depends on certain diffusible factors
as described in “Discussion.” OQur second model simulates
competitions between altruists employing such an allo-
cation mechanism and a stalkless cheater genotype. In this
model, each altruistic genotype is characterized by a; and
A, the proportion and number, respectively, of its cells
that become stalk cells in all-altruist fruiting bodies:

stalk cells in pure fruiting body  A;

" total cells in pure fruiting body ~ N’

(14)

a;

In chimeric groups, if the number of altruistic cells (N,)
is insufficient to form a stalk of A; cells, then all altruists
become stalk cells, and if N, exceeds A, then A; altruists
become stalk cells and the rest become spores (table 2).

The constant-size model cannot be analyzed using the
ESS approach because in this model, W, . is not defined
for o # 0. Instead, we analyzed pairwise competitions
when either cheaters or altruists were rare, with the fol-
lowing possible outcomes: first, cheaters could prevail in
both conditions, thus going to fixation; second, altruists
could prevail in both conditions; third, both genotypes
could increase in frequency when rare, leading to a stable
polymorphic equilibrium; and fourth, both genotypes
could increase in frequency when common, indicating an
unstable polymorphic equilibrium.

The frequency of an altruistic genotype increases when
rare only if the fitness of a single altruistic founder in a
group of cheaters exceeds the fitness of a single cheating
founder in a group of cheaters. To derive the fitness for-
mula for the former, recall that no altruist-genotype amoe-
bae become spores unless N, > A, then N, — A; altruist-

genotype amoebae become spores. When there is only one
altruist-genotype founder, N, = kand A; = a;N = a;nk,
which gives the following:

for k < a;nk

k — ank for k> ank’ (15)

F(lone altruist) =

The fitness of the altruistic founder, when a;n < 1 is then

W = FD = (k — kna,)(1 — ¢ + ca;). (16)
In the all-cheaters group, the fecundity of one cheater-
genotype founder is k, and the group’s dispersibility is that
of a stalkless fruiting body, 1 — c. Thus, the fitness of one
cheater-genotype founder is

W = k(1 — ¢). 17)
The altruistic genotype spreads when rare only when the
quantity given by equation (16) is greater than the quantity
given by equation (17). This inequality simplifies to

1 an c
—_ < .
ai\l —amn| 1—c¢

Analogous reasoning shows that the fitness of a lone
cheater-genotype founder in a group of altruists always
exceeds the fitness of an altruist-genotype founder in an
all-altruists group, except for the implausible case where
a; is high (> n/[n — 1]) and the dispersibility function is
extremely convex:

(18)

D(n/(n — 1))) .

(D(aj) > - a
Therefore, cheaters almost always exist at equilibrium; fur-
thermore, they drive altruists to extinction whenever in-
equality (18) is false.

Inequality (18) and figure 5 show that for altruists to
exist, four conditions must be met. First, # must be rel-
atively low; smaller values of # favor altruists because then
fewer chimeric groups form. Second, ¢ must exceed a cer-
tain critical value that can be determined by rearranging
inequality (18). Third, x must not be too high. As with
the other model, the stalkless genotype wins when x ex-
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Max/min stalk proportion (a)

0.2 0.4 0.6 0.8 1
Cost of stalklessness (c)
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Max/min stalk proportion (a,)

Average number of founders (n)

Figure 5: Conditions for the stable existence of altruists in the constant-
size model as a function of (A) ¢, a, and x (n = 2) and (B) n, a;, and
x (¢ = 0.9). For x = 1/4, 1/2, and 1, altruists stably coexist with cheaters
in the parameter space below the curves (in both graphs), and only
cheaters stably persist above these lines. For x = 2, altruists and cheaters
coexist in the striped areas, and only cheaters persist outside these areas.

ceeds a certain threshold, unless 7 is low and c¢ is very
high. Fourth, a; must not be too high (or, in some cases,
too low). The variable a; can be thought of as the cost of
altruism; it is the minimum proportion of altruists that
become stalk cells and therefore die. As with o, the de-
parture of the maximum value of g; from «,, represents
the amount of potential fitness not achieved, and this dif-
ference increases as n increases and as c¢ decreases. The
value of g; never exceeds 1/n and has a minimum value
when x is high; in these circumstances, the advantage of
having a very short stalk is too small to be worth it.

Sample Calculations

Our models can be used to determine what values of ¢,
x, and n are required for kin selection to select for the
observed proportion of prestalk cells in clonal groups. In
normal Dictyostelium discoideum fruiting bodies, approx-
imately 14% of the cells are stalk cells and other nonspore

cells (Nanjundiah and Bhogle 1995). Since prestalk cells
are lost during slug migration and then replaced, 14%
represents a minimum value for the initial prestalk cell
fraction. Therefore, we will assume that the initial prestalk
fraction (e, o, or a, depending on the model used) is
approximately 20%.

For kin selection alone to produce a value for o, /c/a;
of 0.2, c must be relatively high, x must be in certain ranges,
and n must be relatively low. For the case when no chi-
meras form, o, never equals 0.2 when x<0.25 or x>
1.5. In the former case, «,, is always smaller; in the latter
case, a, is either 0 or >0.2. For the stalk cell fraction «,,
to reach 0.2, it is necessary, but not sufficient, that ¢>
0.6. In the constant-proportion model, o can reach 0.2
when there are more than one founders, if ¢ is high and
if x is intermediate. For example, when x = 1/2 and
¢ = 0.9, an ESS of 0.2 is achieved when n = 1.6; lower
values of n produce larger ESSs. Similarly, in the constant-
size model, altruists with a; = 0.2 can exist when n> 1,
provided that ¢ is large and x is not too large (table 3).

The outcomes for the constant-proportion and constant-
size models differ when x is low; in the former, altruists
with a stalk cell proportion of 0.2 are always eliminated
by shorter-stalked altruists; in the latter, such altruists can
still persist. This difference arises because genotypes that
make stalks of different sizes can compete against one
another in the constant-proportion model but cannot in
the constant-size model; in this model, one of the com-
peting strains is always the stalkless strain. Thus, in the
constant-size model when x is low, altruists with a; =
0.2 are not eliminated by strains forming shorter stalks
because they do not face them in direct competition.

Discussion

Our models show that competitions involving fixed-
allocation cheaters select for suboptimal stalks, in contrast
to theoretical competitions involving variable-allocation
strains, where clonal stalks of suboptimal size are not se-
lected for (Matsuda and Harada 1990). The ratio of CSM

Table 3: Maximum values of n that allow altruists with a, =
0.2 to coexist with cheaters at equilibrium

x c Maximum #
.25 .5 2.0
.25 9 4.3
5 5 1.5
.5 9 4.0
1.0 .5 NA*
1.0 9 3.2

* No altruists at equilibrium.



prestalk cells to prespores, 1:5, is very low; this suggests
that natural selection has acted to reduce CSM stalk size.

Although the effects of n and ¢ on expected stalk size
are straightforward—increasing the former and decreasing
the latter reduces the stalk size selected for—the effects of
the shape of dispersibility curve are complicated. High
values of x, encoding convex dispersibility functions, gen-
erally make it harder to select for a stalk. However, when
stalks are selected for and when x is below a threshold
value, higher values of x tend to favor larger stalks, as
indicated by the increases in ¢ and in the minimum value
for a,

Each of our models can be related to specific mecha-
nisms that control differentiation into stalk cells and
spores. The initial differentiation of amoebae is influenced
by an amoeba’s cell-cycle position; amoebae that at the
onset of starvation are in mid— and late—growth-2 (G2)
stage normally become prespores, and amoebae in other
stages normally become prestalk cells (Zimmerman and
Weijer 1993; Gomer and Amman 1996; Araki and Maeda
1998; for a review, see Brown and Firtel 1999). Consider
a hypothetical mutant with an extended G2 stage but a
normal-length cell cycle, which would produce a short-
stalked clonal fruiting body. In chimeras, cells of mutant
and nonmutant strains should differentiate with the same
propensities as they would have in pure fruiting bodies,
as in our constant-proportion model, because the differ-
entiation of each cell is controlled autonomously, by its
cell-cycle position and its genotype.

Cheating on another regulatory mechanism should
lead to the dynamics of the constant-size model. Pre-
stalk cells have the ability to redifferentiate into pre-
spores, and vice versa (Bonner 1982), apparently under
the control of a secreted factor that controls gene ex-
pression, the differentiation-inducing factor (DIF-1;
Gross 1994). The concentration of this factor most likely
is regulated by a feedback mechanism arising from its
simultaneous production and degradation, respectively, by
prespores and prestalk cells (Brookman et al. 1987; Kay
et al. 1993). When the concentration of DIF-1 rises, the
prestalk cell population should increase, and the prespore
population should decrease, thus increasing DIF-1 deg-
radation capacity and decreasing DIF-1 production ca-
pacity (Insall et al. 1992; Loomis 1993). Suppose that a
mutant that only forms prespores arises and that its pre-
spores produce DIF-1 at the usual rate. In chimeras of this
mutant and a wild-type strain, the number of wild-type
cells that become prestalk cells should equal that num-
ber in all-wild-type fruiting bodies, as postulated by our
constant-size model, because the rates of DIF-1 production
and degradation are the same as in the wild-type slug.

Given that fixed-allocation cheating is possible, why do
CSMs make any stalks at all? Our analyses show that kin
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selection is sufficient to maintain the observed level of
stalk formation even if there are multiple founders, pro-
vided that # is low, x is small, and c is large. The number
of founders, n, should be low when spores are very widely
dispersed, when amoebae descended from different foun-
ders avoid coaggregation (Buss 1982), or when germinat-
ing spores inhibit the germination of their neighbors, as
has been demonstrated for young spores (Russell and Bon-
ner 1960; Cohen and Ceccarini 1967). Determining which
values of x are most realistic awaits the identification of
the mechanisms of spore dispersal, but concave dispersi-
bility functions are not implausible. The cost of stalkless-
ness, ¢, should be large if spores on short stalks are unlikely
to be dispersed and if survival rates at the (potentially
exhausted) site of the parent fruiting body are lower than
those elsewhere.

Anticheater Adaptations

As noted above, the evolutionary maintenance of altruism
is facilitated in theory by phenomena that diminish the
amount of selection within groups relative to that between
groups. The putative anticheater adaptations described be-
low do this in one of two ways: by reducing the frequency
of chimeric groups or by reducing the fitness advantage
of cheating within chimeras.

Reducing the Probability of Forming Chimeras

CSM strains with somatic-compatibility systems, the first
of three chimera-avoidance mechanisms, avoid aggregat-
ing with cells of other genotypes (Buss 1982). Doing so
should be especially effective against cheating when cheat-
ing strains are preferentially avoided, as was the case in
Buss’s (1982) coculture experiments. Models by Arm-
strong (1984) and Matapurkar and Watve (1997) show
how a second mechanism could work: the advantage of
altruism is enhanced when the distance that amoebae
travel as they forage is reduced. Third, reducing the size
of aggregation territories (the territories within which all
amoebae coaggregate to form one fruiting body; Bonner
and Dodd 1962) should decrease the probability that de-
scendants from different founders coaggregate. Aggrega-
tion territory size is negatively correlated with the con-
centration of a secreted factor, countin (Brock and Gomer
1999), and thus is under genetic control.

Reducing the Fitness Advantage of Cheating
within Chimeric Groups

Randomizing Which Cells Become Prespores. The three pu-
tative anticheater adaptations in this category (using cell
quality to determine cell fate, coercing low-energy cells
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into differentiating, and using cell-cycle position as a sec-
ondary determinant of cell fate) act against two types of
cheaters: those that manipulate the fate-determination
mechanisms to produce more prespores and those that
cheat by foregoing these mechanisms.

An important determinant of an amoeba’s fate is its
level of energy reserves; amoebae with more mitochondria
or with higher levels of stored carbohydrates are more
likely to become prespores (Noce and Takeuchi 1985;
Shaulsky and Loomis 1995). Cheating by strains that ad-
here to this system is suppressed because the determination
of cell fate acts at random with respect to genotype for
strains that produce cells with comparable energy reserves
(Gadagkar and Bonner 1984). Cheaters (and altruists) that
do not use reserve levels to determine cell fate should also
suffer a penalty, if the advantage of allocating high-energy
cells to the spore fraction (increased spore survival) out-
weighs the structural disadvantage of using low-energy
cells for the stalk.

It has been proposed that high-quality cells (those with
the greatest energy reserves) secrete DIF-1, a toxin, to
coerce low-quality cells into becoming prestalk cells (Atz-
mony et al. 1997). Secretion occurs upon starvation, when
the only alternatives available to amoebae are to aggregate
(and differentiate) or to remain solitary and face certain
death. The high-quality cells would be able to simulta-
neously detoxify this compound and differentiate into
prespores, but low-quality cells would not and would be-
come prestalk cells by default. Cheaters abstaining from
toxin degradation to free up resources for differentiating
into prespores would be penalized because they would be
more susceptible to the toxin.

Although DIF-1 appears too late to initiate differenti-
ation (Shaulsky and Loomis 1996), as required by this
scenario, another molecule, cyclic adenosine monophos-
phate (cAMP), may fulfill the role proposed for this toxin.
Cyclic AMP is the molecule responsible for initiating dif-
ferentiation (Firtel 1995) and is initially secreted only by
the amoebae most likely to become prespores (Huang et
al. 1997). In addition, although cAMP is not a toxin, it
does coerce low-quality cells to respond to it by penalizing
them if they do not; amoebae that disregard this signal
must also forego aggregation (Firtel 1995). Thus, cAMP,
like the toxin in the scenario above, is initially secreted by
high-quality cells, initiates differentiation, induces low-
quality cells to become prestalk cells, and penalizes cheat-
ers that ignore it.

As noted previously, a cell’s fate is largely determined
by its cell-cycle position at the onset of starvation. Among
amoebae with similar life cycle durations, this system for
allocating cells acts at random with respect to genotype
and therefore should suppress cheating (Wilson and Sober
1989). Differences in energy-reserve levels among cells in

different cell-cycle positions most likely underlie this effect
(Gadagkar and Bonner 1994).

One would expect that a cheating mutant that arrests
its development during the late G2 phase (and thus locks
in a high level of energy reserves) would insure that it
would become a prespore. However, this type of cheating
would be penalized, if starvation were not imminent, be-
cause wild-type cells would continue to divide while the
cheaters remained idle. A cheating mutant that decouples
its fate from its cell-cycle stage should suffer the same
penalty as one that decouples its fate from its energy-
reserve level because cell-stage and reserve levels are
correlated.

Dividing Asymmetrically to Insure That Some Altruists Be-
come Spores. Sister Dictyostelium discoideum amoebae,
upon starvation, differentiate into different types of cells,
and amoebae that become prestalk cells almost always have
sisters that eventually become spores (Gomer and Firtel
1987). 1f differentiation of altruist-genotype sisters oper-
ates in the same way in chimeric fruiting bodies, then it
should decrease the fitness advantage of all types of cheat-
ers by increasing the probability that at least one of each
pair of altruist-strain sister amoebae will become a
prespore.

In Gomer and Firtel’s (1987) study, divisions that pro-
duced daughters with different predispositions occurred
not only during the aggregation phase but also during the
vegetative phase, prior to starvation. This suggests that
even this solitary phase of the CSM life cycle encompasses
a feature that is an anticheater adaptation.

Policing to Prevent Prestalk Cells from Abandoning Their
Fate. Incipient prestalk cells unrelated to most prespores
in their group should increase their inclusive fitness by
redifferentiating into prespores. In theory, policing for
such transitions (i.e., detecting and eliminating them) is
advantageous at the group level and can be selected for
(Frank 1995; Michod 1996). In CSM mounds and slugs,
DIF-1 inhibits the redifferentiation of prestalk cells into
prespores (Firtel 1995); therefore, this compound may be
considered a policing agent. This interpretation can ex-
plain several phenomena: the cells that would require po-
licing (prestalk cells) are the ones most sensitive to DIF-
1; DIF-1 is not secreted until after differentiation has
started, which is when the need for a policing agent first
arises; and the cells that would benefit most from the
policing agent (prespores) are the ones that produce it.

Conclusions

Kin-selection and anticheater adaptations may seem like
alternative explanations for the maintenance of CSM al-



truism. Models of policing adaptations models do suggest
that effective kin selection may hinder the evolution of
anticheater adaptations by rendering them unnecessary
(Frank 1995, 1996). However, there is no reason to believe
that kin selection and anticheater adaptations are incapable
of operating concurrently. In fact, many of the putative
anticheater adaptations, such as aggregation incompati-
bility systems, reduction of foraging distances, decreasing
aggregation territory size, and asymmetric cell division,
work only within the context of kin selection.

The proposition that kin selection maintains CSM al-
truism has been criticized on several grounds (Atzmony
et al. 1997). First, kin selection acting alone may be too
ineffective when groups have multiple founders and re-
latedness is low. However, our sample calculations show
that it can maintain the observed level of stalk formation
when the average number of founders exceeds one, pro-
vided that the fitness of stalkless fruiting bodies is low and
dispersal success is a concave function of stalk height.
Second, kin selection, it has been argued, cannot explain
the function of the degradation of DIF-1 by prestalk cells;
however, this process is necessary to generate the concen-
tration gradient required, even in clonal groups, to regulate
the proportion of different cell types. A third criticism,
that the operation of kin selection is inconsistent with the
alleged scarcity of cheaters, has been invalidated by evi-
dence to the contrary (Strassmann et al. 2000).

CSM altruism, we contend, has been maintained in part
by a reduced average stalk size, which enables kin selection
to select against even more drastic cheating. Selection for
smaller stalks has probably driven the evolution of two
related traits: increasing the relative duration of the G2
cell-cycle stage and selecting for strains in which only in-
cipient prespores initiate the release of cAMP.

The adaptive function of several other CSM traits, we
have argued, is not to facilitate development within clonal
organisms, as might be expected, but instead is to suppress
both fixed- and variable-allocation cheating. These traits
are the following: the exclusion of unrelated amoebae from
aggregations (which increases kinship within groups); the
regulation of aggregation territory size (which can increase
within-group kinship); the use of energy-reserve levels and
cell-cycle position to determine an amoeba’s fate (which
randomizes which cells become prespores); the integration
of aggregation and differentiation such that they are ini-
tiated by the same signal, cAMP (which forces low-quality
amoebae to differentiate into prestalk cells); the asym-
metric division of amoebae (which insures that at least
one of every pair of starving sisters becomes a spore); and
the secretion of DIF-1 in slugs by prespores (which inhibits
the redifferentiation of prestalk cells into prespores). We
have also proposed that one other trait that suppresses
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cheating should exist: the reduction of amoebae foraging
distances below optimal levels.

The prominence of the features listed above suggests
that the potential for cheating has profoundly shaped cel-
lular slime mold biology. In other phylogenetic lineages,
similar anticheater adaptations have played a signifi-
cant role in the evolution of multicellularity (Buss 1987;
Michod 1996). Among single-celled organisms, coopera-
tion is prevalent; examples include biofilms of Pseudo-
monas or Rhodobacter bacteria, coinfecting Salmonella and
Staphylococcus cells, and communities of Rhizobia within
and outside of legume root nodules (Crespi 2001). As with
CSMs, kinship and anticheater adaptations should play
a significant role in maintaining the altruism of these
organisms.
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