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Abstract

Microbes have evolved many fascinating and complex ways of interacting with conspecifics.
Perhaps one of the most interesting is aggregative multicellularity, wherein independent cells
come together and adhere to one another in order to form a larger entity. The fundamental
benefits of active aggregation into multicellular groups generally remain unclear, and there are
many open questions about what selective pressures led to the evolution of this behavior in
various eukaryotic and prokaryotic taxa, most notably the dictyostelids and the myxobacteria.
Aggregative multicellularity can be partitioned into three main phases: coming together,
staying together as a group, and disaggregation. Different selective pressures may have led to
adaptations unique to each phase. While aggregative microbial systems generally form elevated
multicellular structures such as fruiting bodies, these can vary in complexity and morphology
even among closely related species. What evolutionary forces shaped such morphological
diversification remains unknown. Strains that are not genetically identical can co-aggregate,
which can impact group-level function either positively through functional synergy or
negatively through harmful exploitation. Such chimerism within aggregates is likely to have
played important roles in shaping the evolution of microbial multicellularity. Much further
research is needed into the evolutionary forces and processes leading to and shaping the many
forms of microbial aggregation.

6.1 Introduction

Microbes have evolved many fascinating and complex behaviors. They were long thought
of as self-sufficient single cells that compete with each other for resources, but in fact many of
their interactions benefit each other. In particular, some microbes can actively aggregate into
cooperative multicellular groups. This ability has evolved independently multiple times
throughout the tree of life, suggesting that it provides particular benefits to the organisms which
possess it. Obligately multicellular organisms have also evolved aggregative behaviors (see
Box 6.1), but here we focus on aggregation among reproductively autonomous cells.

Microbes can form a variety of multicellular associations, including filaments, biofilms,
and fruiting bodies (Grosberg and Strathmann 2007; Claessen et al. 2014). Filaments form
when newly divided cells adhere to one another rather than separating (Flores and Herrero
2010; Flardh et al. 2012). Biofilms form when cells stick to each other and then attach to a
surface. This can involve clonal adhesion, as in filament formation, but the biofilm may also
passively recruit external cells (passive aggregation) (Smith et al. 2015; Trunk et al. 2018), or
these cells may actively join the biofilm using directed motility (active aggregation) (Houry et
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al. 2010). We do not cover microbial filaments or biofilms in this chapter because active
aggregation is not the primary force driving the formation of either. Fruiting bodies, however,
are raised or extended cell mounds generated primarily by active aggregation and within which
cells often differentiate into stress-resistant spores.

Fruiting body formation has been documented in four Eukarya supergroups: Amoebozoa
(Dictyostelia and Copromyxa), Discoba (Acrasidae), Holozoa (Fonticula), and SAR/Harosa
(Sorodiplophrys in Stramenopiles, Sorogena in Alveolata, and Guttulinopsis in Rhizaria)
(Figure 6.1) (Sugimoto & Endoh 2006; Brown, Spiegel, and Silberman 2012; Brown et al.
2012b; Brown and Silberman 2013). These organisms can be found in a variety of
environments (Swanson, Vadell and Cavander 1999) and have similar multicellular life cycles.
Their process of aggregation often results in fruiting bodies (sometimes known as sorocarps),
whose morphologies can differ greatly across species (see Chapters 5 and 8 and Figure 6.1).
Of these taxa, Dictyostelia is the best described, thanks to the well-known model species
Dictyostelium discoideum (Kessin 2001; Bonner 2009).
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Figure 6.1. Representative examples of fruiting body morphologies across different taxa.
Drawings are at different scales and are based on: M. xanthus and C. crocatus (direct
observations), D. discoideum (direct observation), P. pallidum (Kawabe et al. 2015), C.
protea (Brown and Silberman 2013), F. alba (Brown and Silberman 2013), A. rosea (Brown,
Spiegel, and Silberman 2012), G. vulgaris (Brown and Silberman 2013), S. stoianovitchae
(Olive and Blaton 1980), S. stercorea (Dykstra and Olive, 1975).

Some Bacillus species (Branda et al. 2001; Claessen et al. 2014) form fruiting bodies, but
the most famous bacterial fruiting bodies are those formed by species in the order



Myxococcales. The myxobacteria, or “slime bacteria,” were first identified by Roland Thaxter
(Thaxter 1892), who found and examined fruiting bodies on decaying wood. The best known
myxobacterium is Myxococcus xanthus (Yang and Higgs 2014). In addition to being models
for studies of aggregative development, both D. discoideum and M. xanthus have become
model experimental systems for studies of the ecology and evolution of microbial social
behaviors (Velicer and Vos 2009; Medina et al. 2019).

Active aggregation seems to be adaptive. Aggregative behaviors are energetically costly
and are regulated by complex genetic pathways, so they presumably evolved via selection.
However, other evolutionary processes may have played a role. In this chapter, we consider
why aggregative multicellularity might be adaptive and which features may be nonadaptive.
We discuss evolutionary hypotheses for the origin, maintenance, and complexification of
several diverse forms of aggregative multicellularity, focusing on systems that use motility to
aggregate. The chapter is organized according to three temporal phases of aggregate life cycles:
first, the process of active aggregation, or coming together; second, life in the aggregate; and
third, disaggregation and post-aggregate behavior (Figure 6.2). It ends with a discussion of
chimeric aggregates (those composed of multiple genotypes) and an outlook on the broader
relevance of studying this intriguing phenomenon.
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Figure 6.2. Stereotypical life cycle of aggregative multicellular organisms divided into three
major stages. 1) coming together: Single cells and/or cell groups actively aggregate and
adhere to one another to form a multicellular structure. ii) life in the aggregate: Cells interact
within the aggregate while group-level behaviors and morphologies become more
pronounced. In the drawing, an early multicellular aggregate develops into a mature fruiting
body. In some cases, the aggregate may be dispersed as a whole to a new location by an
external force. In other cases, the aggregate may not be dispersed before environmental
conditions which previously favored aggregation change to again favor growth and
disaggregation. iii) life after aggregation: Once spores have been exposed to nutrients (e.g.,
prey) and germinated, cells may reduce local cell density by migrating away from the
aggregate before living asocially or (e.g., dictyostelids) or in cooperative groups (e.g.,
myxobacteria) until the next cycle of aggregation.

6.2 Coming together

Multicellular aggregates begin when cells seek each other out and stick together,
increasing their local density. We consider two types of forces at work during this process:
those responsible for increasing cell density and those responsible for maintaining it. Cell



density can be increased by physical forces external to the aggregating cells, in which case this
step of aggregation is passive (Arias Del Angel et al. 2020). For example, cells can encounter
and stick to one another as they are transported by flowing liquid. Alternately, cells can
aggregate by motility, an agent-like behavior (Arias Del Angel et al. 2020). In this case, cells
call and search for each other by producing and responding to chemical cues or signals (Du et
al. 2015; Kroos 2017). We will focus on forms of aggregative multicellularity in which cells
use motility to actively increase their local density, such as fruiting body formation (Claessen
et al. 2014; Du et al. 2015), rather than those generated more passively, such as flocculation of
planktonic yeast cells (Verstrepen and Klis 2006; Trunk 2018). Regardless of whether cell
density increases passively or actively, cells will maintain high density under physical
disturbance only if they establish stable physical contacts by producing cell-cell adhesins or by
using chemoattraction and motility behavior to remain near one another, both of which
constitute active behavior.

6.2.1 Aggregation in myxobacteria and dictyostelids

The myxobacteria and the dictyostelids are by far the most studied taxa in which motility-
driven aggregation has evolved. In both, cells in sufficiently dense populations respond to
nutrient deprivation by aggregating into cell mounds. These increase in size and, at least in
some species, in morphological complexity as more cells join and development proceeds,
culminating in the formation of a fruiting body. Some cells die during development, while
others differentiate into stress-resistant spores (Stenhouse and Williams 1977; Wireman and
Dworkin 1977; O’Connor and Zusman 1988; Kessin 2001; Lee et al. 2012). Other fruiting body
forming eukaryotes aggregate in a similar fashion, with a few exceptions. For example, the
Copromyxa protea fruiting body is composed entirely of living cells, which one by one move
to the top of the structure and encyst (Spiegel 1978).

In the myxobacteria, mounds of aggregated cells gradually morph into elevated fruiting
bodies with species-specific phenotypes (Grilione and Pangborn 1975; Spréer, Reichenbach,
and Stachenbrandt 1999). Within fruiting bodies of M. xanthus, cells may die, convert to
spherical spores, or remain rod-shaped. Development in M. xanthus involves complex
regulatory pathways and multiple temporally regulated inter-cellular signals (Kroos 2017). The
highly conserved bacterial stringent response, in which nutrient deprivation induces (p)ppGpp
synthesis (Kroos 2017), has been evolutionarily integrated with a myxobacteria-specific
quorum-sensing system, and the combination triggers aggregative motility behavior upon
depletion of extracellular amino acids. In M. xanthus, the quorum signal that triggers
aggregation is a mix of amino acids derived from degrading cell-surface peptides; this has been
termed the A signal (Kaplan and Plamann 1996). Simple aggregation of cells in response to A
signal may have been an early adaptation in the evolution of myxobacterial multicellularity
prior to the evolution of more complex structures, though so far there are no studies which
examine this hypothesis.

Aggregating and sporulating usually happen together. However, some M. xanthus
genotypes sporulate extensively without aggregating (Velicer, Kroos and Lenski 1998; La
Fortezza and Velicer 2021), which raises the question of whether sporulation evolved prior to
aggregation. Which of the genes necessary for spore production are also necessary for fruiting
body formation remains to be fully determined. Many myxobacterial species actively aggregate
prior to sporulating rather than simply sporulating in place in response to starvation cues, which
could be done immediately and without expending energy on aggregating, suggesting that there
are adaptive benefits to sporulating within a fruiting body. Additionally, most M. xanthus
mutants that are defective at aggregation are also to some degree defective at spore production,
indicating deep evolutionary integration of these processes.



In the dictyostelids, cells in nutrient-rich environments appear to interact with each other
rarely and briefly (Kessin 2001). They usually feed on bacteria, which they find by following
traces of folic acid that prey cells release into their surroundings (Pan, Hall, and Bonner 1972).
However, when prey are scarce, dictyostelid cells become social. This transition to
multicellularity can be easily induced and observed in the lab by manipulating nutrient
concentrations. D. discoideum cells secrete cAMP to actively attract each other, though the role
of cAMP is not limited to chemotactic aggregation (Du et al. 2015, Meena and Kimel 2017,
Kawabe et al. 2019), and different species of amoebae use cAMP at different stages of
aggregation (Kawabe et al. 2019). As for the myxobacteria, there seems to be a dearth of
dictyostelid studies testing for adaptive benefits that the earliest stages of aggregation may
provide in their own right.

6.2.2 In situ aggregation benefits: The shelter hypothesis

It seems plausible that the modern forms of aggregative multicellular structures evolved
gradually. For example, in dictyostelids aggregation into fruiting bodies is hypothesised to have
evolved through co-option of the process leading to macrocyst formation, a simpler form of
aggregation present in many species (Kessin 2001). In general, aggregative structures
presumably originated as slightly raised cell mounds which may have emerged in response to
similar selective pressures. Simple biofilm associations have been reported to protect cells from
abiotic stressors and biotic dangers (Oliveira et al. 2015; Trunk et al. 2018), and multicellularity
has evolved in experimental populations of algae in response to predation pressure (Herron et
al. 2019). Cells in the interior of an aggregate may be sheltered either by more distal cells
(Smukalla et al. 2008; Kawaguchi et al. 2020) or by a layer of extracellular material produced
at the group surface (Kirby, Garner and Levin 2012; Vega et al. 2014). The predatory nematode
Caenorhabditis elegans has been observed to induce aggregation in D. discoideum (Kessin et
al. 1996). This might be an indirect effect of increased competition for prey bacteria rather than
an escape mechanism in direct response to C. elegans; regardless, these simple aggregates
appear to protect cells from predation.

Larger groups may do a better job of protecting cells, and aggregation is a faster and more
cost-effective way than cell division to increase group size (Pentz et al. 2020, Tarnita, Taubes
and Nowak 2013). Active aggregation into simple cell mounds may have increased protection
from stress beyond what can be achieved within flat colonies or biofilms. Such simple shelter
benefits are likely to have been one of the forces that selected for the earliest evolutionary
stages of active aggregation.

There are inherent challenges in attempting to test the shelter hypothesis. For one thing, we
don’t have access to the non-aggregating ancestors of aggregating lineages. One could use non-
aggregating mutants of extant genotypes as an alternative, although there is always the
possibility for the mutations to create confounding effects. One could compare these mutants
with wild-type strains and with other mutants that arrest development after early aggregation
in order to investigate whether there are shelter benefits realized at that point that are not
contingent on later, more complex morphological development, sporulation, or aggregate
dispersal.

6.2.3 Influence of ecology on aggregative processes

Regardless of the selective forces that first favored primitive aggregation, the ecological
factors involved in modern processes of aggregation differ across taxa. One natural isolate of
D. mucoroides needs the presence of a specific fungus (Mucor hiemalis) in order to aggregate
and develop into fruiting bodies (Ellison and Buss 1983). The protist Acrasis rosea generally
requires a light:dark cycle in order to fruit (Reinhardt 1968). Aggregates of the myxobacterium



Stigmatella aurantiaca form spore-bearing fruiting bodies only when exposed to light (Qualls,
Stephens and White 1978). In M. xanthus, interaction with some other bacterial species can
induce aggregation (Berleman and Kirby 2007), and the nutrient conditions triggering
aggregation vary even among strains of the same species (Kraemer, Toups and Velicer 2010).
These examples suggest that the evolution of aggregates from simple mounds into the range of
structures seen today was likely influenced by varied and complex aspects of the specific
ecologies of the organisms.

6.3 Life in the aggregate

Primitive aggregation, once evolved, potentiates further adaptive innovations. For example,
aggregating lineages might evolve cell-surface adhesins to stabilize the aggregate or changes
in aggregate size and morphology that increase shelter benefits or provide aggregate-dispersal
benefits. However, identifying adaptive versus non-adaptive features of aggregates and of
cellular behavior within aggregates can be challenging.

6.3.1 Active aggregate migration

While myxobacteria swarm cooperatively during vegetative growth (Mufioz-Dorado et al.
2016), aggregated Dictyostelium cells migrate together only during development in amorphous
multicellular structures called slugs. Cells within a slug are not fully committed to continuing
the developmental program until the slug begins to transform into a vertical fruiting body, at
which point cells commit toward terminal differentiation into either stalk cells or spores
(Kessin 2001). Slugs exhibit photo- and thermotaxis, and slug migration has been hypothesized
to be an adaptive group behavior that improves positioning for subsequent fruiting body
formation and spore dispersal (Kessin 2001; Bonner 2009). Slugs can migrate across some
terrain more easily than single cells, and larger slugs are able to migrate over a larger area than
smaller slugs (Foster et al. 2002). As discussed in chapter 8, motile slugs may provide
dispersal-related benefits. However, not all dictyostelids form motile slugs (Bonner 2003,
Nanjundiah 2016, see chapter 8), and the evolutionary forces that led some genera to acquire
this trait, whereas others did not, are worth investigating.

6.3.2 Cell fates within aggregates

One of the most evolutionarily fascinating features of many aggregative systems is that
some cells die and some survive as spores. Joining an aggregate therefore can come with a high
degree of fitness uncertainty. The extent of cell death may vary greatly across aggregative
systems. In Myxococcus, only a minority of cells become heat-resistant spores under laboratory
conditions, and extensive cell lysis occurs during aggregation, which has been suggested to be
important for spore formation (Wireman and Dworkin 1977, O’Connor & Zusman 1988, Lee
et al 2012). In dictyostelids, ~20-30% of the aggregated cells die and become part of a stalk
while the remainder become viable spores elevated by the stalk (Kessin 2001). The
mechanisms that determine whether aggregated dictyostelid cells die or survive as spores seem
to be stochastic rather than deterministic, although developmental fate becomes more
predictable if cells’ physiological states are different at the onset of aggregation (Leach,
Ashworth and Garrod 1973; Saran 1999; Azhar et al. 2001, Nanjundiah and Sathe, 2011 and
2013). Among the Copromyxa amoebae and the Acrasids, all cells remain alive during
aggregative development. An initial Copromyxa cell founds a fruiting body by sporulating, and
subsequently arriving cells travel to the top of the rising fruiting body and sporulate in turn
(Spiegel 1978).

Differing cell fates during development have been viewed as a social “division of labor”
that harms some individuals and benefits others in order to serve a greater social good (Zhang,
Claessen and Rozen 2016). For social amoebae, it has been proposed that the extent of cell



death in stalks may reflect an evolutionary tradeoff between the advantages of greater dispersal,
which is hypothesized to be a result of increased cell death leading to taller stalks, versus a
higher fraction of cells surviving to the next life-cycle (Kaushik and Nanjundiah 2003; Votaw
and Ostrowski 2017). For the myxobacteria, in addition to hypotheses regarding fruiting body
height and dispersal, it has also been suggested that components released by dying cells may
be integrated into the spore coats of sporulating cells (Tientze et al. 1985), although this has
not been clearly demonstrated. In all systems, there is still much to learn regarding the
evolutionary forces that determine the extent of cell death during aggregative development.

6.3.3 Cells that remain outside the aggregate

Once aggregation has begun, cells must cooperate for development to proceed. However,
in both M. xanthus and D. discoideum, not all cells respond to developmental signals by
entering aggregates. Such non-aggregating cells are referred to as “peripheral rods” in M.
xanthus (O’Connor & Zusman 1991), whereas in D. discoideum they are called “loners”
because individual cells remain isolated (Tarnita et al. 2015). D. discoideum loners avoid the
prospect of dying in a stalk, and they may have an advantage if fresh nutrients become available
while the rest of the population is involved in development because they can re-start vegetative
growth and then divide more rapidly than aggregated cells, which eventually face an
irreversible commitment to development (Dubravcic, Baalen, and Nizak 2014; Tarnita et al.
2015). It has been proposed that peripheral rods (O’Connor & Zusman 1991; Kroos 2017) and
loners (Tarnita et al. 2015, Rainey 2015) may represent bet-hedging strategies that optimize
long-term fitness in fluctuating environments. Consistent with this hypothesis, the frequency
of D. discoideum loners in a population is a heritable trait and therefore potentially subject to
selection (Dubravcic, Baalen, and Nizak 2014; Rossine et al. 2020). Evolution experiments
which manipulate nutrient levels over time could be performed to test such bet-hedging
hypotheses in both myxobacteria and social amoebae.

6.3.4 Aggregate dispersal: The dispersal-benefit hypothesis

It has long been assumed that fruiting bodies enhance dispersal of spores and that this was
a driving force in the emergence of these structures (Stanier 1942; Bonner 1982 and 2009;
Kaiser 1993 and 2001). The dispersal-benefit hypothesis is attractive in light of the observation
that aggregates can be induced by harsh environmental conditions (Tarnita, Taubes and Nowak
2013). Spores in taller fruiting bodies may have a greater likelihood of being picked up by an
animal vector (smith, Queller and Strassmann 2014) or translocated by water or air. Does
aggregative structure formation in fact increase average dispersal relative to the absence of
development? And if average dispersal is increased, does it actually increase average cell
fitness - by making it more likely for spores to experience a resource-rich environment - relative
to sheltering in place? Studies that address either of these questions experimentally are few;
most treatments of these questions involve speculation regarding potential implications of
fruiting body architecture and the evolutionary purpose of cell death during aggregative
development. For example, it has been hypothesized that taller stalks better facilitate dispersal
(Bonner 2009; Sathe et al. 2010), and smith, Queller and Strassmann (2014) provide empirical
evidence for this. It has also been proposed that utilizing dead cells to construct a stalk, as
occurs in Dictyostelium, could be an adaptive innovation (Kaushik and Nanjundiah 2003) to
produce taller, more robust stalks which might do more to facilitate dispersal than stalks built
from living cells, as in the Acrasids (Brown 2011) and Copromyxa (Spiegel 1978), or stalks
built from secreted extracellular components, as found in the Holozoa (Brown 2009).

One difficulty with the dispersal-benefit hypothesis is that it does not explain the
morphological diversity of fruiting bodies seen across taxa. Beyond the core commonality of
elongation away from a surface, fruiting bodies vary dramatically in size, shape, color, and



complexity, not only across major taxa divisions (see Chapters 5 and 8) but also within
monophyletic groups. For example, some myxobacterial species generate highly elevated and
elaborate morphologies whereas others merely aggregate into simple, slightly heightened cell
mounds (Fig. 6.1) (Dawid 2000). Such variation in fruiting body characteristics is hard to
explain solely as a means to increase spore dispersal. Another difficulty is that mere
aggregation into short, dense mounds may not suffice to provide dispersal-related benefits, and
so the dispersal-benefit hypothesis may not explain the evolution of aggregation prior to the
emergence of larger and more complex fruiting body morphologies.

6.3.5 Non-adaptive vs adaptive explanations of morphology and behavior

Laboratory evolution experiments in myxobacteria have shown that fruiting body
morphology can evolve rapidly (Velicer et al. 1998; La Fortezza and Velicer 2021). For
example, one recent study has found that the morphological evolution of fruiting bodies can be
strongly influenced by social interactions between genotypes during aggregative development
(La Fortezza and Velicer 2021). However, different evolutionary forces may be responsible for
the morphologies of aggregates in natural populations.

While fruiting body morphology may have been influenced by selection, historical
contingency and chance have likely also played a role in determining which lineages evolved
taller and more complex fruiting bodies and which evolved smaller, simpler forms (Gould and
Lewontin 1979; Travisano et al. 1995; Blount, Lenski and Losos 2018). Analogizing to
organismal features, Lewontin and Gould (Gould and Lewontin 1979) famously remarked that
the spandrels in Venice’s San Marco Basilica can easily be viewed as having been designed to
optimize display of the remarkable mosaics found on them, when in fact the spandrels are
primarily aspects of architectural design which support the cathedral domes. Their point was
that non-adaptive explanations for origins of organismal features should not be excluded
without sufficient cause.

The relevance of indirect evolution in aggregative systems is highlighted by outcomes from
several evolution experiments with myxobacteria that have recently been dubbed MyxoEEs
(Rendueles and Velicer 2020). Forces other than direct selection have been shown to drive
evolution of a range of traits, including extreme cheating phenotypes (Velicer, Kroos and
Lenski 2000), social fitness inequalities between specific genotypes (referred to as cheating in
Dictyostelium literature (e.g. Khare et al. 2009)), facultative social exploitation during
development (Nair et al. 2018), kin-discrimation phenotypes (Rendueles et al. 2015), colony-
level morphology (Rendueles et al. 2020), quality as phage host (Freund et al. 2020), and even
susceptibility to cheating (Schaal et al. 2021). Disentangling which features of aggregative
systems evolved as adaptations and which did not remains a major challenge for future
research.

6.4 Life after aggregation

There are striking contrasts among organisms in how cells behave when aggregates
disband. In particular, the myxobacteria appear to differ from amoebae in the degree to which
germinating spores and vegetative cells continue to interact and to cooperate. Whereas
amoebae may live comparatively solitary lives except when they undergo aggregative
development (Rubin et al. 2019), the myxobacteria remain social throughout their life cycle.
For such systems that cooperate extensively during growth, aggregation may have density
benefits that extend beyond the formation, survival and dispersal of spores (Ramsey and
Dworkin 1968).

Both dictyostelids and myxobacteria initiate spore germination once environmental
conditions near the aggregate become favorable, but while high density inhibits spore



germination in D. discoideum (Cotter and Raper 1966; Ceccarini and Cohen 1967, Kessin
2001), M. xanthus spores germinate better at higher density (Pande et al. 2020). Such positive
density-dependence of spore germination may therefore have promoted the evolution and
maintenance of fruiting body formation in the myxobacteria but appears unlikely to have done
so in the dictyostelids.

Freshly germinated cells face many potential challenges, including abiotic stressors such
as acidity, difficulties in finding and consuming prey and encountering biotic enemies.
Germinating in high-density aggregates appears to help myxobacteria meet such challenges.
M. xanthus is sensitive to even mild acidity but grows much better under acid stress at higher
density (F Fiegna, S Pande, H Peitz, GJ Velicer, unpublished results). The rate at which groups
of M. xanthus cells swarm across surfaces depends greatly on local cell density (Kaiser and
Crosby 1983), which suggests that spores germinating in aggregates may be better than single
spores at moving toward prey and away from dangers. There is indirect evidence that
myxobacteria may sometimes benefit from being at high density during predation (Rosenberg,
Keller and Dworkin 1977) and if this hypothesis is correct, spores germinating within fruiting
bodies may have a predation advantage over non-aggregated spores. Additionally, like humans
and other animals, bacteria frequently kill members of their own species (Granato et al. 2019);
in the myxobacteria, higher density groups are more likely to survive these interactions
(Rendueles, Amherd and Velicer 2015). In pairwise competitions between M. xanthus natural
isolates, the genotype in the majority tends to have an advantage at killing or antagonizing the
opponent. Spores will fare better in such combat by having germinated together rather than
alone.

Dictyostelids are not known to engage in social motility, group hunting, lethal frequency-
dependent warfare, or cooperative growth under stress. Germinated D. discoideum cells are
asocial - moving, hunting, and reproducing as individuals and becoming cooperative only upon
starvation. Advantages of aggregation in the dictyostelids may be limited to shelter and
dispersal benefits, in contrast to the myxobacteria, whose cells appear to benefit from aggregate
formation not only during development but also later during subsequent growth and collective
migration. Such delayed indirect benefits of aggregation may have worked in concert with
shelter and dispersal benefits in promoting its evolution in some systems.

6.5 Genetic diversity within aggregative systems: The challenge of chimerism

Because the types of aggregates examined here are not formed by a single dividing cell,
they provide an opportunity for genetically distinct lineages to come together. While bacterial
biofilms, for example, can contain many different genera (Nadell, Xavier and Foster 2009),
even single-species aggregates often harbor genetic diversity (Filosa 1962; Buss 1982; Flowers
et al. 2010; Sathe et al 2010; Kraemer and Velicer 2011; Nanjundiah 2016; Wielgoss et al.
2019). The potential for genetically distinct cells to cooperate, coalesce, and compete within
cell aggregates creates the possibility for selection to operate at multiple levels - that of the
single cell and that of the aggregate as a whole. In this way, whether aggregated groups are
monoclonal or chimeric can determine the benefits and costs of actively aggregating with
others (see Chapter 7).

Chimeric aggregates may be more frequent in nature than monoclonal ones. High local
genetic diversity found in soil samples of both Myxococcus (Vos and Velicer 2006; Kraemer
and Velicer 2011) and Dictyostelium (Fortunato et al. 2003; Ostrowski et al. 2015) indicates
that genetically distinct strains can be close enough to each other that co-aggregation is at least
a possibility. In M. xanthus, chimeric aggregates have indeed been isolated (Wielgoss et al.
2019). In this case, genotypes from the same fruiting bodies were very closely related,
suggesting that they recently diverged from a common ancestor and remained in close enough



proximity to co-aggregate. The cellular slime mold Acrasis rosea also forms chimeric fruiting
bodies, although one strain tends to dominate, and the fruiting body shows features
characteristic of those formed by that strain in monoculture (Reinhardt 1975). In dictyostelids,
natural samples frequently yield distinct isolates capable of forming chimeric fruiting bodies
(Filosa 1962; Buss 1982; Flowers et al. 2010; Sathe et al 2010; Nanjundiah 2016), although
some D. discoideum fruiting bodies appear to be monoclonal (Gilbert et al. 2007; Gilbert,
Queller and Strassmann 2009). Additionally, distinct genotypes of D. discoideum (Gilbert et
al. 2007), D. giganteum (Kaushik, Katoch and Nanjundiah 2006), and D. mucoroides (Filosa
1962) have been observed to readily co-aggregate in the lab. Future comparisons of whole-
genome sequences among co-aggregated cells will provide a finer-scale understanding of the
degree of chimerism in natural aggregative systems (Wielgoss et al. 2019).

Negative effects of chimerism often dominate discussions of this phenomenon. Co-
aggregation of distinct genotypes can reduce aggregate fitness, a phenomenon known as
‘chimeric load’ (Kraemer and Velicer 2011). Chimeric load can be observed even when all
genotypes are equally proficient at development in monoculture. For example, chimeric M.
xanthus fruiting bodies contain fewer spores when the mixed strains originated from different
natural fruiting bodies (Mendes-Soares et al. 2014; Pande and Velicer 2018). Similarly,
chimeric D. discoideum slugs migrate slower than clonal slugs of the same size (Foster et al.
2002). Such chimeric load might result from active antagonisms between genotypes or simply
from dysfunctional divergence. A special form of chimeric load is ‘cheating load’ (Travisano
and Velicer 2004; Fiegna and Velicer 2003), in which the presence of aggregation-defective
cheaters in groups of aggregation-proficient cells reduces group-level spore productivity. Such
negative effects of chimerism might be expected to lead to the evolution of mechanisms that
limit it, a prospect that has received much attention (e.g. Strassmann ef al. 2011). However,
intrinsic patterns of cell growth in spatially structured habitats may sometimes suffice to greatly
restrict chimerism in aggregating groups (smith, Strassmann and Queller 2016) even in the
absence of kin-discriminatory traits.

In some cases, chimerism may increase the benefits of aggregation (Foster et al. 2002;
Pineda-Krch and Lehtild 2004; Pande and Velicer 2018). Strains with different phenotypes may
be able to complement each other and increase overall group productivity (Bonner 1967). In
Mpyxococcus, for example, natural isolates sampled from the same fruiting body produced fewer
spores in monoclonal groups than when they underwent development together, suggesting
synergistic interactions among these genotypes (Wielgoss et al. 2019). In another example, in
pairwise mixes of three strains of D. giganteum, there was a significant tendency for one strain
to be favored over the other in spore formation. However, when all three strains were mixed
together, such asymmetry was significantly reduced, suggesting that there are higher-order
interactions stabilizing the coexistence of different genotypes (Kaushik, Katoch and
Nanjundiah 2006). As with other aspects of aggregate formation, the effect of chimerism is
influenced by ecological conditions and by divergence across taxa.

6.6 Conclusion

Modern evolutionary theory originated mainly from studies of plants and animals that
develop from a single cell. But in many taxa, there are single-celled organisms which have a
very different life cycle, living at lower density under good conditions and then actively
aggregating and forming a multicellular structure when conditions are bad (Fig. 6.2). The
formation of these structures raises fascinating evolutionary questions. Why do cells aggregate
even though this provides an opportunity for genetically different cells to take advantage? How
have these complex processes emerged and changed over time? What is the relative strength
of selection at different levels of these systems?
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By organizing themselves into multicellular aggregates, these organisms challenge our idea
of biological individuality (Godfrey-Smith 2009; Ereshefsky and Pedroso 2012; Monte and
Rainey 2014; West et al. 2015; Lidgard and Nyhart 2017). In general, obligately multicellular
organisms reproduce via a single-cell bottleneck, so the group as a whole is the unit of selection
(Lewontin 1970). For aggregating organisms, however, the unit of selection is context-
dependent. Developmental aggregates can be seen as a survival bottleneck, but they are
composed of cells which retain reproductive autonomy for the majority of the organismal life
cycle.

Group-level selection may explain the emergence of some aspects of aggregative
multicellular processes. However, the adaptive character, if any, of many traits specific to
multicellular aggregates has not been clearly demonstrated. Even the most basic adaptive roles
of the fruiting body structure itself require further investigation, and counterpoints to the
dispersal-benefit hypothesis should be explored more extensively. The evolutionary causes of
variation in fruiting body morphologies are even less well explained, although study of more
recently evolved aggregative organisms such as Sorogena stoianovitchae (Lasek-Nesselquist
2001) may provide fresh insights distinct from those gained by study of more ancient systems.

Studying aggregating organisms is difficult because they can be challenging to isolate and
to observe under natural conditions. To date, for example, the cellular slime mold Fonticula
alba seems to have only been isolated once (Brown, Spiegel, and Silberman 2009).
Guttulinopsis vulgaris (Brown et al. 2012b) and Sorodiplophrys stercorea (Tice 2016) are the
only members of their supergroups (Rhizaria and Stramenopiles, respectively) known to show
aggregative multicellularity. As a result, most studies of aggregative multicellularity have been
conducted on dictyostelids and myxobacteria, and on very few species from those two groups.
Development of new isolation methods may reveal a broader diversity of aggregative microbial
systems in nature and so provide a more thorough understanding of the evolutionary forces that
can shape aggregative multicellularity.

Box 6.1 — Aggregative behaviors

Here we use the terms aggregative behavior and aggregation to refer to those processes in
which single units come together to form or join a group, which represents a higher-level unit
of organization and potentially of selection. Aggregation occurs not only among autonomously
reproducing cells (the focus of this chapter), but also among cells within animal bodies and
among multicellular animals. Examples of cellular aggregation within animal bodies include
aggregation among platelet cells during wound healing (Savage, Almus-Jacob and Ruggeri
1998), germ-line and mesenchymal cells during embryogenesis (Savage and Danilchik 1993;
O’Shea 1987), single sponge cells after dissociation (Wilson 1907; Padua et al. 2016), and
cancer cells in the bloodstream during metastasis (Aceto et al. 2014). Animal groups such as
herds, flocks, and schools also result from aggregative behavior. Many of the proposed
advantages and disadvantages of aggregating into groups are similar for cells and animals,
including protection from abiotic stresses and predation and enhanced migration (Krause and
Ruxton 2002; West et al. 2015). Although very different from group formation, plants and
fungi exhibit coming-together-like behavior in the act of fusing to form chimeric organisms
composed of two or more distinct genotypes (Buss 1982). For example, hyphae of genetically
distinct fungi can fuse and form chimeric fruiting bodies (Glass et al. 2004) and plant chimeras
can emerge from genetically distinct individuals that merge during growth (Frank and
Chitwood 2016).
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