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In Dictyostelium discoideum, cells that become part of the stalk or basal disc display behaviour that can be interpreted as
altruistic. Atzmony et al. (Curr Sci 72:142—-145, 1997) had hypothesised that this behaviour could be the outcome of an
adaptive strategy based on differing intrinsic quality as reflected by phenotypes that indicate differences in potential for
survival and reproduction, followed by intercellular competition among amoebae of differing qualities. Low-quality
amoebae would have a poor chance of succeeding in the competition to form spores; they could enhance their chances of
survival by adopting a presumptive stalk strategy. Here we extend the hypothesis by making use of recent findings. Our
approach is based on the view that an evolutionary explanation for the apparent altruism of stalk cells in D. discoideum
must apply broadly to other cellular slime moulds (CSMs) that exhibit stalk cell death. Further, it must be capable of being
modified to cover social behaviour in CSMs with an extracellular stalk, as well as in sorocarpic amoebae whose stalk cells
are viable. With regard to D. discoideum, we suggest that (a) differentiation-inducing factor, thought of as a signal that
inhibits amoebae from forming spores and induces them to differentiate into basal disc cells, is better viewed as a mediator
of competition among post-aggregation amoebae and (b) the products of the ‘recognition genes’, tgrB and tgrC, allow an
amoeba to assess its quality relative to that of its neighbours and move to a position within the aggregate that optimises its
reproductive fitness. From this perspective, all cells behave in a manner that is ‘selfish’ rather than ‘altruistic’, albeit with

different expectations of success.

Keywords.

1. Introduction

Traits that appear to be socially beneficial and individually
disadvantageous have long engaged evolutionary biologists,
because on the face of it, individual-level natural selection
should counteract their spread. The long-term persistence of
such traits seems unlikely: the system seems to be intrinsi-
cally susceptible to destabilisation by a ‘cheater’ individual
that benefits from sociality without paying the cost. Among
eukaryotes, sorocarpic amoebae present the problem in its
simplest form. These amoebae are common soil microor-
ganisms that are found in many of the major eukaryotic
groups of life. Their name comes from the remarkable
example of convergent evolution that they exhibit: when
they run out of food, spatially separated cells aggregate and
construct a fruiting body made up of a mass of dormant
spores above an upright stalk (Brown and Silberman 2013).
In some groups the stalk—which plausibly is an aid to spore
dispersal—is made up of viable cells; in some it consists of
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an extracellular exudate; and in yet others it is made up of
dead cells (Bonner 1967, 2009; Brown 2010; Brown et al.
2010). The last situation, which is common in the Dic-
tyostelid or cellular slime moulds (CSMs), has attracted
much interest among evolutionary biologists as an example
of altruistic behaviour in a simple organism. Not unexpect-
edly, it has commonly been viewed through the lens of group
or kin selection (Bonner 1967, 2009; Kaushik and Nanjun-
diah 2003; Gilbert et al. 2007).

In Dictyostelium discoideum, the best studied species,
fruiting bodies consist of two main cell types, stalk and spore.
Under standard conditions, some 20% of the amoebae build a
stalk in the course of undergoing active cell death, while the
other 80% form a mass of live spores (Raper 1940). After
aggregation and before fruiting, there is an intervening motile
stage known as the slug, which is a polarised cell mass. The
anterior cells of the slug consist mainly of presumptive stalk
(pre-stalk) cells; these pull the posterior, which consists
mainly of presumptive spore (pre-spore) cells (Inouye and

49


http://crossmark.crossref.org/dialog/?doi=10.1007/s12038-018-9734-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12038-018-9734-9&amp;domain=pdf
http://www.ias.ac.in//jbiosci

50 Amotz Zahavi et al.

Takeuchi 1979). If provided access to food, a pre-stalk or pre-
spore cell can de-differentiate back into an amoeba and resume
feeding and dividing; in some cellular slime moulds (though
notin D. discoideum), this can happen also when the migrating
slug encounters food (Shaffer 1961). The slug keeps moving
for some hours on a laboratory plate or, in nature, until it
reaches the soil surface. At this point the pre-stalk cells situ-
ated at the anterior come to a halt and undergo active cell death
while forming an erect stalk. Meanwhile, pre-spore cells in the
posterior 80% of the slug climb on top of the stalk and form
spores. Some pre-stalk cells cup the spore mass above and
below, and others form a basal disc at the bottom of the stalk
(Sternfeld 1998; Mujumdar ef al. 2009). By raising the spore
mass above the surface, the stalk can facilitate spore dispersal
via passing insects or worms; so it plays a major role in
improving the chance that a newly germinated amoeba can
find food elsewhere.

It is in this context that stalk cell death has been studied as
altruistic behaviour displayed by pre-stalk cells, as it gives
the impression of having evolved to increase the fitness of
the pre-spores. There are several publications that try to
explain pre-stalk cell behaviour in D. discoideum as an
example of group selection acting via genetic relatedness
(i.e. of kin selection). Findings of clonal wild-type popula-
tions appear to support a model whereby high relatedness
stabilizes cooperation in fruiting body formation. Indeed,
Gilbert et al. (2007) discovered wild-type natural popula-
tions in which fruiting bodies tended to be largely clonal, a
state of affairs that would favour kin selection (without being
essential for it). Kuzdzal-Fick et al. (2011) measured spore
formation in chimeric fruiting bodies generated from 1:1
mixes of a laboratory strain of D. discoideum Ax4 (the
ancestor), and putative genetic variants that had been cul-
tured in the laboratory for several generations (the evolved
lines) under either of two conditions. They found that when
the evolved lines had gone through several life cycles under
conditions that predisposed low relatedness (which meant, in
their case, leading to good mixing), ‘cheater’ mutants had
arisen in the lines: the ‘cheater’ contributed disproportion-
ately to forming spores in the chimera. On the other hand,
when the evolved lines came from a background of purely
vegetative life cycles interspersed with single-cell bottle-
necks (putatively ‘high-relatedness’ conditions), the pro-
portion of cheaters that evolved was significantly lower.

While these studies identify relatedness as a possible factor
that can stabilise social behaviour, they also show that stability
depends on effects which are based on the group as a whole,
i.e. effects that may not be attributable to relatedness per se.
Indeed, as was found earlier in the case of the sister species D.
giganteum (Kaushik et al. 2006), the ‘cheater’ phenotype in D.
discoideum too depends on the social context, as Saxer et al.
(2010) discovered when they carried out competition experi-
ments similar to those described above on strains isolated from
nature. They found that the propensity of a cell line to ‘cheat’

was context-dependent. For instance, the strains that displayed
cheater-like behaviour were not the same in low-relatedness
and high-relatedness lines. Besides, a ‘winner’ that prevailed
in pairwise mixes with each of five strains contributed no more
than its fair share when pooled with all five. Laboratory studies
on wild isolates showed that the tendency of different geno-
types in a group to segregate correlates poorly with genetic
relatedness (Gilbert et al. 2012). While not bearing on the
significance of kin selection per se, or on the capacity for high
relatedness to act as a barrier against ‘cheating’ in general (e.g.
Bastiaans et al. 2016), this suggests that in D. discoideum and
other CSMs, factors other than relatedness may be important
for influencing a cell’s propensity to be part of a social group
and be capable of displaying ‘altruistic’ behaviour. Presum-
ably, reasons such as these prompted Saxer ef al. (2010) to
draw attention to “the importance of new approaches to
studying interactions in D. discoideum”.

The ‘new approach’ we advocate for understanding the
persistence of so-called altruistic behaviour in D. discoideum
is very much the old approach of conventional Darwinian
selection based on inter-individual competition. Atzmony
et al. (1997) hypothesized that for a cell of relatively low
quality, the chance of success (i.e. of forming a spore) would
be nil, were it to attempt the pre-spore route. On the other
hand, by surviving longer than it would have otherwise, such
a cell could hope for some fitness advantage by following
the pre-stalk route. In other words, the behaviour of pre-stalk
cells could be ‘selfish’ rather than ‘altruistic’. The aim of this
paper is to extend the hypothesis that the pre-stalk strategy is
likely to provide a fitness benefit to the very cells that adopt
it, i.e. to the cells of lesser quality. Since the objection
pointed out in the first sentence of the present paper—that
individual-level natural selection should be expected to
counteract their spread—seems to refute the above con-
tention, our main aim is to make a case for taking the
individual-level selection hypothesis seriously. The equally
important task, of assessing critically how plausible the
hypothesis of group (or kin) selection is relative to individual
selection, will be taken up elsewhere.

Earlier discussions of the evolution of multicellularity via
the aggregation of amoeboid cells have raised the possibility
that the unicellular to multicellular transition may have orig-
inated via self-organisation among pre-adapted cellular units.
In such a view, natural selection would have acted subse-
quently, and its effect would have been to stabilise the tran-
sition, in other words to make it a normal part of the life cycle
(Nanjundiah 2016, 2017). Here the focus is rather on multi-
cellular groups that have already come into being and exhibit
developmental cell death. As pointed out by Atzmony et al.
(1997), once group living has evolved, the action of selection
on the cells that constitute a group cannot be ignored. The
present article expands on that argument by taking a re-look at
older results on D. discoideum with the help of information
that has become available since then. Specifically, we use
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recent findings on the genetic basis of individual recognition,
details of the cell fate of pre-stalk cells and on improved
understanding of the noxious properties of a metabolite, DIF-
1, to reinforce the previous suggestion regarding how indi-
vidual-level selection might operate in CSM aggregates. Our
reasoning rests on the propositions that (a) some sub-types of
pre-stalk cells are viable and only a portion of pre-stalk cells
undergo cell death; (b) at every stage of the life cycle, even
genetically identical cellular phenotypes differ with regard to
fitness-related traits (e.g. nutritional status, calcium content,
cell cycle phase); (c) therefore, competition for reproductive
advantage always exists and may be facilitated by signalling;
and (d) in the wild, CSM social groups are often genetically
heterogeneous, with the component clones competing to
become reproductives (Fortunato et al. 2003; Sathe et al.
2010; Strassmann et al. 2000). We conclude with an extensive
discussion and propose experimental tests of the hypothesis.
Where appropriate, we make use of findings on D. giganteum,
other CSMs, or sorocarpic amoebae generally.

2. The pre-stalk population is composed of sub-types
which differ in function and viability, and pre-spore cells
may be heterogeneous with respect to the qualities
required to become a spore

The term ‘pre-stalk behaviour’ implicitly assumes that the pre-
stalk population is homogenous and contributes equally to the
fruiting body, and as such, that all pre-stalk cells have the same
fitness. However, gene expression patterns and functional
studies show that there are at least four sub-types of pre-stalk
cells. They display a distinct spatial organisation within the
slug, with locations that are correlated with their final positions
in the fruiting body. One sub-type forms the base of the stalk,
another forms the stalk proper, and two others cradle the spore
mass from below (‘lower cup’) and above (‘upper cup’) (Jer-
myn et al. 1989). The upper and lower cups are formed by
anterior-like cells which are pre-stalk cells found in the pos-
terior pre-spore region of the slug and are classified as pre-
stalk based on cytology (Sternfeld and David 1981; Devine
and Loomis 1985) and gene expression profiles (Gaskell et al.
1992). The upper cup lifts the ascending pre-spore mass and
the lower cup supports it (Dormann et al. 1996; Sternfeld
1998; Mujumdar et al. 2009).

Crucially, upper and lower cup cells remain amoeboid and
therefore potentially motile even after the fruiting body has
formed (Hayashi and Takeuchi 1981; Sternfeld and David
1982). Also, these cells are viable; being amoeboid, they can
resume feeding and divide if the spore mass is dispersed to a
favourable location quickly. Dubravcic ez al. (2014) found
that ~15% of starved D. discoideum amoebae continue to
remain solitary when the rest have completed aggregation.
Their response to starvation (apparently) is not to become
part of an aggregate, but instead to take a chance on a fresh

source of food appearing quickly. Modelling shows that
given the right environmental conditions, this can work
(Tarnita et al. 2015). Upper and lower cup cells seem to
follow a strategy similar to that of cells that do not aggre-
gate. Needless to say, in the long run the absence of food will
lead to the death of both classes of non-sporulators, whereas
differentiated spores will continue to remain viable.

It may be counter-intuitive to think that there is a fitness
advantage associated with the strategy of pre-stalk cells
undergoing cell death. However, one should consider the
specific context and mechanisms underlying this process in
CSM amoebae. Developmental cell death in D. discoideum
shares some, but not all, features of metazoan apoptosis
(Kawli et al. 2002). Crucially, in D. discoideum, cell death
does not result in DNA fragmentation in the same manner as
in ‘classical’ apoptosis (Cornillon et al. 1994). Apoptosis in
multicellular organisms results in short DNA fragments,
which precludes cells undergoing apoptosis from usefully
transfecting other cells. Long segments of DNA in the
extracellular space produced by the active cell death of pre-
stalk cells could potentially transfect pre-spore cells or
geminating spores. Horizontal gene transfer can serve as a
means of ensuring the transmission of a portion of the
genome through neighbouring cells, a phenomenon which is
well-documented in many species of bacteria (Johnston et al.
2014). However, there is no evidence of horizontal gene
transfer in CSM development, so at present we can only
speculate on its contribution to the fitness of pre-stalk cells.

There are tantalising hints that pre-spore cells too constitute
a heterogeneous class. In part, the hints come from the finding
that the minimal promoters that are required for gene expres-
sion in anterior and posterior pre-spore cells are not the same
(see Haberstroh and Firtel (1990), Kibler et al. (2003) and
discussion in Nanjundiah and Saran (1992)). Heterogeneities
among pre-stalk and pre-spore cells raise an important ques-
tion. Could there be a basic, which is to say pre-aggregation,
functional heterogeneity among cells prior to the stage when
they constitute an aggregate? We examine this possibility next.

3. Even before aggregation, amoebae differ with respect
to their potential to form a spore or stalk cell

Pre-aggregation amoebae of D. discoideum differ in ways
that correlate with whether they will become a spore cell or
stalk cell after aggregation (reviewed in Nanjundiah and
Saran 1992). When mixed with amoebae that were not
provided extra metabolisable sugar during growth, a larger
than expected fraction of ‘high sugar’ amoebae end up in the
spore mass (Leach ef al. 1973; Noce and Takeuchi 1985).
When mixed with amoebae that are in the early G2 phase of
the cell cycle at starvation, amoebae that are in the mid-to-
late G2 phase contribute preferentially to forming spores
(McDonald 1984; Weijer et al. 1984). Finally, pre-
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aggregation amoebae spontaneously develop differences in
their sequestered and free calcium content; ‘high calcium’
cells show a tendency to die and form stalk, in contrast to
‘low calcium’ cells, which tend to form spores (Saran ef al.
1994; Azhar et al. 1996). In short, cell cycle phase, response
to DIF, cell calcium, sugar-related nutritional status and cell
fate are correlated (Azhar et al. 1997, 2001; Thompson and
Kay 2000a). We refer to a pre-aggregation cell whose ten-
dency to form a spore is higher than its tendency to form
stalk as a ‘high quality’ cell, and to one that has a higher
tendency to form stalk than spore as a ‘low-quality’ cell.
Importantly, the terms signify relative attributes. This means
that when their companions are cells of still lower quality,
cells that were of low quality in an earlier context, now
qualify as high-quality cells.

Until the fruiting body is fully formed, the pre-stalk and
pre-spore states remain labile, which reinforces the notion
that ‘quality’ is a relative property. If a slug is cut perpen-
dicular to its length, the anterior—posterior distinction in cell
fates gets re-specified within each fragment (Raper 1940).
Thus, anterior pre-stalk cells of the slug can trans-differen-
tiate into pre-spore cells and vice versa, though the phe-
nomenon is not equally efficient in both directions (Raper
1940; Sakai 1973; Shaulsky and Loomis 1993). Inouye
(1989) showed that pre-stalk to pre-spore conversion was
inhibited by a factor or factors released by pre-spore cells.
Conceivably one of the factors could be DIF, to which we
turn next.

4. Diffusible chemicals involved in differentiation can
provide information regarding the relative quality
of cells

A number of signals are involved in the coordination of
development in D. discoideum. Among the most widely
studied are two that have a role in intercellular communi-
cation: cyclic AMP, which affects the organisation of the
aggregating amoebae (Bonner 1949; Shaffer 1957; Schaap
and van Driel 1985), and the family of hexanones known
generically as differentiation-inducing factor (DIF) (Morris
et al. 1987). The DIFs are polyketides, planar oxygenated
aromatic compounds, many of which are used by fungi and
other organisms as antibiotics and anti-predation agents
(Asahi et al. 1995). DIF-1 is a doubly chlorinated and
methylated phenolic derivative synthesized by a malonyl-
condensing polyketide synthase (Austin et al. 2006). In the
following we focus on DIF-1, as it is the only signal that has
been studied in detail with regard to spatial variation. For
simplicity, we use the terms DIF and DIF-1, the form that is
most potent in D. discoideum, interchangeably, leaving open
the possibility that there are meaningful differences in the
roles played by different isoforms of DIF—or for that matter,
by hitherto unknown substances that play similar roles.

Initially DIF-1 was believed to be essential for the dif-
ferentiation of pre-stalk cells, but this was later shown to be
incorrect (Thompson and Kay 2000b). Rather, it induces cell
death and is necessary for the differentiation of basal disc
cells (Saito et al. 2008). Counter-intuitively, DIF-1 produc-
tion is higher in pre-spore cells than in pre-stalk cells, and
pre-stalk cells produce more of a dechlorinase enzyme that
degrades it, compared to pre-spore cells (Brookman et al.
1987; Insall et al. 1992). This contributes to a concentration
gradient of DIF that increases from the anterior to the pos-
terior of the slug.

Besides its signalling role, DIF-1 is known to be a directly
toxic chemical with inhibitory activity. DIF-1 functions
similarly to an uncoupler, in the sense that by dissipating the
membrane potential, it reduces the ability of D. discoideum
mitochondria to produce energy (Shaulsky and Loomis
1995). Hence, the inhibitory activity of DIF-1 may be more
effective on low-quality (presumptive pre-stalk) cells than
high-quality (presumptive pre-spore) cells. Pre-spore cells
replicate their mitochondrial DNA (Shaulsky and Loomis
1995); thus high-quality cells can compensate for the
reduced efficiency of their mitochondria in the presence of
DIF-1.

It is difficult to identify the benefit that a pre-stalk cell
might gain from responding to DIF. What could be the
benefit derived by synthesising a receptor that responds to
DIF by activating a pathway of active cell death? And,
assuming there is a benefit, why should such a cell also
invest in producing an enzyme that degrades DIF? Consid-
ering the structure of DIF and its toxic effects on mito-
chondria, the response to DIF can be interpreted as a
mechanism that defends the cell from its toxicity either by
binding or degrading it. We suggest that the gradient of DIF
(Brookman et al. 1987) along the slug reflects a relative
quality which determines the role of a cell in the fruiting
body. That would favour a distribution of cells along the
anterior—posterior axis of the slug with, on the whole, a
decreasing propensity to differentiate into stalk from anterior
to posterior. While there is no evidence that such is the case,
observed differences in properties along the length of the
slug indicate that the possibility deserves to be explored
(Durston 1976; Lokeshwar and Nanjundiah 1983; Haber-
stroh and Firtel 1990; Kibler et al. 2003).

5. Inter-individual recognition may serve as a means
of quality-dependent assortment

The allelic constitution at two loci, #grBI and tgrCI, affects
the tendency of D. discoideum amoebae to cooperate with
other amoebae (the two are members of large gene families,
and not all members have been analysed; G Shaulsky, per-
sonal communication). These findings appear to favour an
explanation of altruistic behaviour in amoebae based on kin
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selection, as they revealed a mechanism which allows cells
to associate preferentially with their kin (Hirose et al. 2011).
Indeed, when two populations with different recognition
alleles were mixed, they tended to form separate slugs.
However, while allele identity may be correlated with
genetic similarity, it cannot ensure it. In other words, a cell
that makes use of one or two gene products for recognising
kin also renders itself vulnerable to a ‘cheater’ that carries
the relevant allele(s) but is genetically less similar overall.
Further, recent information (Ho and Shaulsky 2015) shows
that the tendency to segregate from cells of the ‘non-self’
type weakens after the formation of the slug and before the
amoebae make the final decision that commits them to
develop into stalk cells. A minority of cells with different
alleles at the zgr loci is tolerated in slugs formed by cells
with the majority allele, and later may also succeed in the
competition to form spores. By itself, this minority may not
contain enough cells to form a slug of a size sufficient to
generate a motive force that can enable it to migrate suc-
cessfully to the soil surface (Bonner ef al. 1953; Inouye and
Takeuchi 1979). Further, while monoclonal CSM popula-
tions are observed in the wild, this does not appear to be the
rule. Filosa’s (1962) pioneering study identified distinct
phenotypes, and presumably distinct genotypes, among the
clones that constituted a single fruiting body; some clones
were incapable of aggregating on their own. Kaushik and
Nanjundiah (2003) reported on a fruiting body (likely D.
giganteum) that contained at least 10 clones and Sathe et al.
(2010) found that 15 out of 17 samples of D. giganteum and
D. purpureum collected in the wild existed as polyclonal
groups, with up to 9 clones in a single fruiting body (Sathe
et al. 2010).

These considerations do not rule out an inter-individual
recognition role for tgrB/C, but they suggest that the role
may not depend on the generation of monoclonal slugs.
Instead, based on the following grounds, we suggest that the
advantage of possessing the recognition genes zgrB/C does
not rely on association with kin: (a) the factors which select
for a trait need not be the same as those which stabilize it;
(b) the expression of the recognition genes covaries with
cellular quality (an assumption which can be tested); and
(c) cells within the slug can benefit from sensing their rel-
ative quality.

Indeed, Wang and Shaulsky (2015) found that two func-
tions, operating through distinct pathways, can be associated
with the tgrB/C pair of gene products. The first is to favour
the formation of a slug whose constituent amoebae have the
same recognition allele. The other is to allow cells to par-
ticipate in forming a common fruiting body. A recent study
has shown that tgrCl functions as a ligand and tgrB1
functions as its receptor (Hirose et al. 2017). We speculate
that this ‘secondary’ function of the recognition genes allows
individual amoebae to advertise their relative quality and
assess the quality of neighbouring cells. In order to achieve

this, information related to each other’s quality is continually
exchanged through the products of the recognition genes.
There is a precedent for what we are suggesting: at least one
other class of cell-surface recognition system is known that
leads to the sorting of cells according to the level of
expression of the relevant molecule (Duguay et al. 2003).
There are numerous observations from behavioural stud-
ies in animals which demonstrate that individuals compete
within sets of phenotypically similar individuals, where the
relevant set is defined by the sex, species or other classifying
features of the individual (e.g. males compete against males
for mates or territory). The most severe conflicts occur with
individuals of similar quality (Meller 1987; Barrette and
Vandal 1990). This suggests that individuals avoid conflicts
with far superior or inferior individuals; in the former case
the chance of success is low, while in the latter case the
potential benefit may be of lesser value. To avoid wasteful
conflicts, individuals advertise qualities which are of value
within their set (such as the ability of individuals of a species
to cope with its particular ecological challenges). Such sig-
nals, which are unique to the set, may also serve as signals
that advertise belonging to the set (Zahavi 1993; Zahavi and
Zahavi 1997). If the same principles of within-group com-
petition are relevant to cell—cell interactions in developing
CSM amoebae, it is possible that the tgrB/C gene products
(or yet to be discovered equivalents) also serve as signals
providing information on relative phenotypic quality.

6. Discussion

While models of indirect selection may explain the presence
of a trait through the advantage conferred to the group vis-a-
vis other groups, a model of direct selection must consider
the adaptive significance of each trait at an individual level.
Here we have considered the selective advantage of some of
the phenotypes composing the fruiting body. We have sug-
gested that the pathway that leads to the differentiation of
pre-stalk cells may be interpreted as an alternative to
adopting the pre-spore pathway. The alternative strategy
gives lower-quality cells that are incapable of becoming
spores a chance to survive, or, through active cell death, the
possibility of transfecting neighbouring cells.

The consideration of alternative perspectives regarding the
evolutionary stability of cooperation in CSM amoebae may
also be crucial for integrating information on the genetic
mechanisms underlying development of D. discoideum with
observations and experiments on pure and chimeric groups
of D. giganteum wild types (Kaushik and Nanjundiah 2003;
Kaushik et al. 2006; Sathe et al. 2010, 2014; Nanjundiah
and Sathe 2013). Besides the obvious fact that laboratory
studies can mimic the spatial and temporal complexities of
the natural environment (physical, chemical and biotic) only
approximately, there is the awkward fact that only the
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broadest features of the relevant natural conditions are
known to us. As in other groups, social interactions in the
CSMs can involve complex factors such as dependence on
developmental background, the number of strains and their
relative proportions and ecological factors; these are only
beginning to be explored (Nanjundiah and Sathe 2011, 2013;
Tarnita 2017). Hence the importance of being open to
qualitatively different explanations for the evolution of
social behaviour than what one might infer from laboratory-
based experimental results. It is interesting that two of the
leading advocates for a gene-centred view of evolution and
a kinship-based view of the evolution of social behaviour,
respectively, had doubts about the usefulness of those
views as explanations of ‘altruistic’ behaviour in the CSMs
(Williams 1966, pp 224-225; Hamilton 1972, p 225). In
both cases, their uncertainty derived from Filosa’s (1962)
finding of significant phenotypic, and presumably genetic,
variation among the cells that made up a social group in the
wild and with the likely number of such variants within a
group.

Our approach has been guided by a principle of parsimony
that may be expressed as follows. An evolutionary expla-
nation of the apparent altruism of stalk cells in D. dis-
coideum must apply broadly to other CSMs that exhibit stalk
cell death. Further, it must be capable of being modified to
cover social behaviour in CSMs with an extracellular stalk,
as well as in other sorocarpic amoebae that may have viable
stalk cells. We justify the principle on the basis that for all
practical purposes, sorocarpic amoebae occupy similar
physical niches (Olive 1975) and are therefore likely to be
subject to similar selective pressures.

Viewed thus, the phenomena that need to be explained
belong to two categories. On the one hand, there is what one
may call the ‘engineering problem’ of constructing a fruiting
body. The engineering problem appears to have been solved
first by sporocarpic amoebae. In them, a single amoeba
forms a fruiting body by secreting an extracellular stalk; the
amoeba itself differentiates into a spore cell at its top (which
may cleave to form more spore cells; Olive 1975). On the
other hand, there is the ‘biological problem’ of accounting
for the evolution of a stalk by a multicellular aggregate, as
happens in the sorocarpic amoebae. In fact, depending on
the species, there are two biological problems. The first is to
explain the origin of a cellular stalk made up of viable cells;
the second is to explain a cellular stalk in which the cells are
dead. A recent molecular phylogeny raises the interesting
possibility that within the Amoebozoa, the trait of sporo-
carpy could be ancestral to sorocarpy (Kang et al. 2017).
This means that the engineering problem may have been
solved by a sporocarpic ancestor and its operational basis
(though not necessarily the trait itself) carried over in soro-
carpic amoebae.

It remains to account for the evolution of aggregation and
address the two biological problems. We suggest the following

set of evolutionary events that could, but need not, occur
sequentially. Because “grades of organizational complexity
need not reflect clades of closest relatives” (Nanjundiah et al.
2018), it is pointless to speculate on whether the steps followed
in sequence, or occurred independently in different lineages.
(i) The aggregation of single sporocarpic amoebae may have
been favoured given that for the same energetic input per cell, a
bunch of stalks is mechanically more stable than a single stalk
(Kaushik and Nanjundiah 2003). (ii) Following aggregation,
inter-individual competition could have resulted in a subset of
cells being compelled to form part of the stalk while remaining
viable. The argument is similar to the one we have been
making, and is based on differences in pre-aggregation quality,
except that in this case the relatively low-quality amoebae
would constitute a stalk made up of viable cells. On the rea-
sonable ground that dispersal efficiency improves with height
above the substrate, their chances of being dispersed would be
lower than that of relatively high-quality cells, which would
form spores and be positioned above the stalk. (iii) The actual
death of stalk cells would be an independent evolutionary step.
Its effect would be to maximise the difference in relative fit-
ness between high and low-quality cells. D. discoideum hap-
pens to be a species that permits us to speculate on the
molecular players behind the final step.

We will comment briefly on the two central issues that our
approach emphasizes before concluding with a list of pos-
sible tests of the main hypothesis.

6.1  Why do low-quality cells become pre-stalk cells?

We suggest that amoebae compete for a chance to form
spores, and that the outcome of the competition is influenced
by DIF-like chemicals and perhaps other signals. The latter
may include cyclic AMP, which continues to be secreted after
aggregation is completed. The toxicity of DIF also explains
why low-quality cells produce an enzyme to degrade it—they
do so in order to protect themselves. Why do low-quality,
presumptive pre-stalk cells respond to DIF-1 (and, in D.
discoideum, also to its analogues, though less efficiently;
Masento et al. 1988) by investing in producing the pre-stalk
phenotype rather than by trying to become spores? The reason
may be that a low-quality amoeba that finds it difficult to
compete successfully to form a spore is better off investing its
limited resources in becoming a pre-stalk cell.

Earlier we drew attention to a minority of pre-stalk cells that
do not move to the front of the slug. We suggest that among cells
of relatively low quality, these cells are of the highest quality;
they are best capable of withstanding the level of DIF
encountered in the posterior of the slug. Among them, the
anterior-like cells form the upper and lower cups and remain
alive as amoebae. In other words, in the case of the anterior-like
cells, the pre-stalk strategy actually leads to survival (though, in
the absence of food, presumably not for as long as a spore can
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survive). If the anterior pre-stalk cells are removed from a slug,
and as the slug proceeds to regenerate a new tip, what were
anterior-like cells previously constitute the new anterior pre-
stalk cells (Sternfeld and David 1982). We predict that in the
newly regenerated slug, there will be a fresh subset of anterior-
like cells generated from cells that come next in the hierarchy of
quality. Another subset of pre-stalk cells consists of the rear
guard cells that are found at the very posterior of the slug
(Bonner 1967). They end up eventually as the basal disc, which
isdead tissue. At present we are unable to satisfactorily correlate
their spatial location and behaviour.

6.2 Cheaters

CSM amoebae whose ancestors lived in environments with
high predation and high competition to form spores are likely
to have evolved to produce more DIF and also tolerate high
levels of DIF [for example, by producing more of its
degrading enzyme, as was suggested in Atzmony et al.
(1997) and confirmed by Thompson and Kay (2000a)]. When
a clone of such amoebae is mixed with a clone that produces
less DIF (for reasons to do with its own evolutionary back-
ground), the former is expected to contribute dispropor-
tionately more to spores than the latter. The expectation can
be tested by experiments that study predation and identify the
toxic effects of DIF-1. Clones that produce more spores than
other clones that form part of the same composite fruiting
body have been referred to as cheaters (Strassmann et al.
2000). Terming these clones cheaters suggests that they
manipulate other clones to become pre-stalk cells. In the
context of differentiation to pre-spore or pre-stalk cells, this
would involve the release of higher levels of DIF. If, as we
suggest, DIF was selected due to its toxicity, which ensures
its reliable correlation with quality, these clones produce
more spores due to their tolerance of higher levels of DIF.

Mathematical models based on intercellular signalling and
competition between cells for spore formation successfully
account for two features of D. discoideum development that
are relevant to the present context. The first is the accuracy
with which cell type proportions are determined (Nanjundiah
and Bhogle 1995). The second is the fact that ‘cheater’-like
behaviour can be a simple consequence of differing pro-
duction rates of, and sensitivities to signals among strains
that are otherwise identical (especially, identical with regard
to cell type proportions; Uchinomiya and Iwasa 2013).

6.3 Tests

According to our perspective, the apparent altruism of pre-
stalk cells in D. discoideum should be viewed as a conse-
quence of individual-level selection acting on amoebae of
varying phenotypic quality that compete to form spores. It is

evident that the details of the model rest on the experimental
evidence currently available, and will need to be modified in
two ways: first, as new facts become available, and second,
in order to account for the diversity of developmental out-
comes in the CSMs (Bonner 1967, 2009) and, more broadly,
in the non-dictyostelid sorocarpic amoebae that are found in
most of the major groups of life (Brown and Silberman
2013). Still, the verbal model sketched in this paper leads to
testable predictions pertaining to the underlying assumptions
regarding particulars that were not previously studied.

1. It is possible to test whether DIF serves as a means of
defence by presenting amoebae with a potential preda-
tor and observing its release and potency.

2. It is possible to test the toxicity of DIF. We would
expect DIF to be harmful to amoebae in the absence of
the respective receptors and degrading enzymes.

3. The release of DIF should depend on phenotypic quality
and also on the cell’s position in the slug. Hence, we
expect that the level of release of DIF would change
after the slug is divided transversely. Pre-spore cells in
both anterior and posterior fragments should compete to
remain pre-spore cells by re-adjusting their production
of DIF in accord with the quality of the cells with which
they will be competing.

4. The expression of the recognition genes tgrB/C should
vary with cell quality in addition to the stage of
differentiation. Measuring their expression at different
positions along the slug should reveal a differential
profile, reflecting the gradient of phenotypes in the slug.
Cells in the anterior, which will become pre-stalk cells,
would have an expression profile that differs from those
in the posterior.

5. If amoebae indeed use the differential expression of
tgrB/C to navigate to their optimal position within the
slug, we would expect to find that populations from
different phenotypic backgrounds will migrate to
different regions in a gradient of the recognition gene
products.

6. The prediction that dying stalk cells transfect surviving
cells and thus transfer some of their DNA to the next
generation is also testable.
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