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Metabolic cooperation is widespread, and it seems to be a ubiquitous and easily
evolvable interaction in the microbial domain. Mutual metabolic cooperation, like
syntrophy, is thought to have a crucial role in stabilizing interactions and communities,
for example biofilms. Furthermore, cooperation is expected to feed back positively
to the community under higher-level selection. In certain cases, cooperation can
lead to a transition in individuality, when freely reproducing, unrelated entities (genes,
microbes, etc.) irreversibly integrate to form a new evolutionary unit. The textbook
example is endosymbiosis, prevalent among eukaryotes but virtually lacking among
prokaryotes. Concerning the ubiquity of syntrophic microbial communities, it is intriguing
why evolution has not lead to more transitions in individuality in the microbial domain. We
set out to distinguish syntrophy-specific aspects of major transitions, to investigate why
a transition in individuality within a syntrophic pair or community is so rare. We review the
field of metabolic communities to identify potential evolutionary trajectories that may lead
to a transition. Community properties, like joint metabolic capacity, functional profile,
guild composition, assembly and interaction patterns are important concepts that may
not only persist stably but according to thought-provoking theories, may provide the
heritable information at a higher level of selection. We explore these ideas, relating to
concepts of multilevel selection and of informational replication, to assess their relevance
in the debate whether microbial communities may inherit community-level information
or not.

Keywords: cross-feeding, syntrophy, endosymbiosis, social evolution theory, origin of mitochondria, cooperation,
public goods, major evolutionary transitions

INTRODUCTION

Metabolic-mediated interactions and cooperation are both extremely common and widespread
among microbes. However, they do not necessarily and always come hand in hand. A metabolic
interaction may not be cooperative (e.g., inhibition (Netzker et al., 2020)) and cooperation
may not be metabolite-mediated (e.g., host providing services like transportation to non-motile
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partners (Fröstl and Overmann, 1998; Bronstein, 2015)).
Unsurprisingly, metabolite-mediated cooperation dominates
microbial interactions, especially among prokaryotes, and in
communities such as biofilms. While such complex, multi-species
microbial communities are prevalent in nature, dripping with
leaked metabolites and extensive cooperation, they rarely (if ever)
show higher level organization.

Chemical products (nutrients, amino acids (Mee et al., 2014),
siderophores (Cordero et al., 2012), enzymes (Gore et al., 2009),
antibiotic degrading factors (Yurtsev et al., 2013), electrons
(Stams et al., 2006), signal molecules (Antonova and Hammer,
2011), etc.) are secreted actively or leaked inadvertently by
microbes into the intercellular medium, often serving the benefit
of the producer and other community members as publicly
available goods (West et al., 2007b; Cohen et al., 2012; Kallus
et al., 2017; D’Souza et al., 2018; Smith and Schuster, 2019; Evans
et al., 2020; Fritts et al., 2021) both in natural and artificial
environments (Shou et al., 2007; Cavaliere et al., 2017; McCarty
and Ledesma-Amaro, 2019). Public goods, however, generate
conflicts between microbes (Tarnita, 2017). Those exploiting the
goods increase their benefit, usually at the expense of producers,
that may lead to ecological or evolutionary instability (West
et al., 2007b). Nevertheless, metabolically cooperating pairwise
symbioses and complex communities are both widespread and
stable in the microbial world (Pande and Kost, 2017).

A biological individual can stably reproduce because of its
replicating genes and epigenetic development. Individuals are
of prime importance of biology, but are not the sole subjects
of selection and evolution. Traditionally, it was believed that
selection happens mostly at the lower level (those of genes) and
becomes rare at higher levels (individuals, populations, species)
(Lewontin, 1970). However, according to the general approach
((Hull, 1980; Dawkins, 1982; Maynard Smith, 1987), etc.), the
same selection process acts on any entity that can multiply,
inherit properties and, occasionally, variations (called units of
evolution (Maynard Smith, 1987)), be those naked genes, cells,
transient groups or populations. Consequently, selection may
act at multiple levels concurrently, of genes, cells, populations
(Okasha, 2005). And it is only a quantitative matter how
much information at a given level can be stably inherited from
generation to generation. Transition theory (Maynard Smith and
Szathmáry, 1995; Szathmáry and Maynard Smith, 1995) posits
that units can traverse these levels. For example, independent cells
may form transient associations to increase their overall success,
and, ultimately, waive their individual replication for the greater
good of the group. When such entities are irreversibly coupled so
that none can replicate without the other, a bona fide new unit
of evolution emerges and a transition in individuality is made
(Estrela et al., 2016).

According to transitions theory, cooperation may be selected
for at a higher level and could stabilize higher level evolutionary
units, integrating individually reproducing cells (Szathmáry,
2015). Syntrophic microbial partnerships may strengthen to
form obligate symbiosis. For example, most archaea live in
obligate dependence of their syntrophic partners (Pande and
Kost, 2017). But the interesting question is: can metabolic
cooperation itself lead to a major transition in individuality

(Maynard Smith and Szathmáry, 1995; Szathmáry and Maynard
Smith, 1995)? In such a transition, previously free-living
individuals evolve toward strong dependence so that they can
only reproduce as part of an integrated collective (Michod
and Nedelcu, 2003; West et al., 2015). Transitions theory
is predominantly interested in how conflicting interests and
cooperation may yield multiple levels of selection (Okasha, 2005)
and collectives as new evolutionary units. For example, how
microbes overcome their selfish interests to form a mutually
dependent cooperative collective?

While evolution toward a transition increases the degree
of symbiotic organismality (i.e., integration), the transition,
ultimately, is characterized by strict vertical transmission and
mutual dependence of partners (West et al., 2015; Estrela et al.,
2016). The threshold separating these two phases is not well
defined, and we usually are only aware of cases that have already
concluded. Before such a transition, interspecies interactions are
known to be context-dependent, shifting freely between parasitic,
commensal or mutualistic (Bronstein, 1994; Chamberlain et al.,
2014; Chomicki et al., 2020) as partners adapt to each other and
to changes of the environment. The outcome depends on the net
costs and benefits of association (Estrela et al., 2016). It is thus
not clear how and why a metabolic partnership may stabilize
under higher-level selection. We set out to understand whether
microbial communities possess (have ever possessed or may
acquire) the necessary properties to qualify as units of selection.
We review the evolutionary trajectories of metabolically coupled
(cross-feeding) microbial communities where selection may
favor reciprocal cooperation (mutualism) and possibly entail
dependence and integration. We ask whether and how such
communities may become collectives, i.e., units of evolution and
make a transition in individuality. We explore these trajectories
from the general points of view of replicator theory and multilevel
selection. This may help identifying microbial interactions that
entail multilevel selection and may help recognizing how far
particular communities have advanced on the path toward an
irreversible transition in individuality, and ultimately provide
predictions of evolutionary transitions in microbial systems.

COOPERATION AND MUTUALISM

Cooperation, in general, refers to an ecological interaction
between any two individuals, conspecifics or not, where at
least one enjoys a benefit (often cooperation is reserved
for intra-species interactions, and mutualism for inter-species
interactions). Cooperation, formally described, is a higher-order
interaction among replicating entities (Szathmáry, 2013), for
example species. It is an interaction where one species exerts
a positive effect on the reproduction rate of another species.
In other words, species A aids the reproduction of species B.
In chemistry language, this is called cross-catalysis, and means
that the overall growth of species A depends on the density
of species B. This definition so far does not assume anything
about costs payed and benefits received by A, or that there is
any reward or reciprocation from B. Cooperation is an “action
that is beneficial to the recipient regardless of its effect on the
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donor” (Sachs et al., 2004), that is, a cooperative act may or
may not be costly (see later). Nevertheless, in the evolutionary
context, paying to help other organisms will be selected against,
unless there is also benefit for the cooperator, perhaps averaged
over a longer timespan, multiple contexts, or kin (West et al.,
2006). This condition ensures that trophic interactions, such as
microbial predation (where the prey also benefits the predator in
a density-dependent manner), are not categorized as cooperation.

If the benefit is reciprocated, the interaction is reciprocal
cooperation, or mutualism (Bronstein, 2015). Cooperation can
be nutrient mediated (e.g., exchanging metabolic components)
or service type (e.g., transportational or protective) (Bronstein,
2015). Such reciprocity may not be apparent when looking at,
e.g., metabolic interactions, as it often looks like exploitation
(Sørensen et al., 2019). This is because benefits may realize in
different forms and at different timescales, from nutritional and
transportation to protection benefit [for more details see Zachar
and Boza (2020)]. Symbiosis is when partners of different species
live in a physical contact or integration in most or all of their life
cycles for a prolonged time allowing evolutionary adaptations to
take place. Symbiosis is not necessarily mediated by metabolites,
nor is necessarily mutually beneficial (Bronstein, 2015). A special
case of symbiosis, involving metabolic interactions is called cross-
feeding and syntrophy.

HOW MICROBES COOPERATE:
SYNTROPHY AND BIOFILMS

Most of cooperation in the microbial world is dominantly
mediated by metabolites (Fritts et al., 2021). Metabolite exchange
by itself, however, does not induce cooperation: a metabolic
interaction may or may not provide direct or indirect benefit
for one or more party, producer included. If there is benefit for
at least one partner, the metabolic interaction entails an (often
implicit) catalytic aid (Figure 1D). Moreover, the benefit for the
recipient depends on the product produced by the donor, which
can be safely assumed to correlate with the density of the donor.

Cross-feeding (or syntrophy) is a special case of microbial
metabolic cooperation, relying on (accidentally or intentionally)
externalized (by-) products. Historically, cross-feeding referred
to microbial interactions involving transfer of molecules entailing
enhanced growth of participant species (D’Souza et al., 2018).
Often, definitions focus on the transfer of compounds (Morris
et al., 2013), on enhanced growth in the presence of partners
(Fritts et al., 2021), on mutualistic nutrient exchange (Searcy,
2002), on obligate dependence, without which none can grow
(Libby et al., 2019), or on the possibility of enabling new resources
and niches (Schink, 2002; Stams and Plugge, 2009; Libby
et al., 2019). Others simply define syntrophy phenomenologically
as an interaction involving leaked products that increase
the carrying capacity (or growth) of one or more species1

1According to cooperation theory, increasing population density of the partner
species increases the relative fitness of receiver species (Dobay, 2014). In microbial
context, this amounts to the assumption that products realize the cooperative
benefit, and the cooperative efficiency of a product depends on its concentration.
Since product concentration usually depends on the density of producers,

(Jimenez and Scheuring, 2021). There is a rather diverse range
of definitions in the literature (see D’Souza et al., 2018; Smith
et al., 2019), rendering cross-feeding and syntrophy umbrella
terms. Although different types of metabolic interactions rely
on different mechanisms that imply different dynamics (see
later), the literature in general fails to properly formalize,
blurring fundamental differences between them. For the sake of
simplicity, we will use syntrophy to denote a metabolite-mediated
interaction that is beneficial at least to one party.

Syntrophy can form between phenotypically different or
spatially displaced individuals of the same species (Liu et al.,
2015), or between different species (Shou et al., 2007; Hillesland
and Stahl, 2010; Goldford et al., 2018). The significance of
syntrophy in ecosystem functioning and evolution is clear for
three different reasons. First, syntrophy seems to be widespread,
ubiquitous, and easily evolvable. As it turns out, microbes,
especially archaea (Castelle et al., 2015), depend heavily on
products of other prokaryotes due to syntrophic interactions,
being potentially responsible for the unculturability of archaea
(Pande and Kost, 2017) and bacteria (Staley and Konopka,
1985). The ubiquity of microbial auxotrophies (D’Souza et al.,
2018) and metabolic cooperation indicate that it is easy
to encounter complementary metabolisms among microbes,
even without prior co-evolutionary history. Second, metabolic
community, and especially biofilm, design and stability became
one of the leading research areas of artificial microbiology
and biotechnology (Hays et al., 2015; Libby et al., 2019;
McCarty and Ledesma-Amaro, 2019). Third, our increasing
understanding of the frequent metabolic dependencies of archaea
on microbial partners (Pande and Kost, 2017) and the fact that
there is extensive gene transfer between microbial community
members (Gogarten et al., 2002; Madsen et al., 2012) have
shifted mitochondrial origin hypotheses from early phagocytosis
to metabolic syntrophy (Zachar and Szathmáry, 2017; López-
García and Moreira, 2020). According to these, mitochondrial
endosymbiosis has emerged from mutually beneficial syntrophy
of an archaeon and a bacterium that may have evolved as part of
a community rather than as separately living organisms (Martin
et al., 2015; Spang et al., 2019; Imachi et al., 2020; López-García
and Moreira, 2020). As such, syntrophy may have been the
starting point of one of the most intriguing major evolutionary
transitions, the emergence of eukaryotes.

According to Dennis Searcy, there are two major patterns
of syntrophy, flow-through and recycle, and only the latter is
capable of accumulating nutrients (Searcy, 2002). They depend
on different mechanisms that likely entail different dynamics.

Flow-through or waste-removal: The product can
accumulate and self-inhibit the producer, while the partner
cannot grow without the product. Removing the waste helps both
the receiver and the producer to grow. The benefit depends on
the rates of production and removal. For example, H2 production
in methanogenic communities and by endosymbionts (Fenchel
and Finlay, 1991; Embley and Finlay, 1994; Lengeler et al., 1999;

ultimately the benefit of cooperation depends on the density (and production rate)
of producers, as was assumed by, e.g. (Jimenez and Scheuring, 2021). The benefit
of a species is thus ultimately realized in the increased growth rate or carrying
capacity in such a model.
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FIGURE 1 | Different representations of ecological interactions. (A) An ecological hypercycle between two organisms [from Maynard Smith and Szathmáry (1995),
p.58]. This example is deliberately confusing: without further specification, arrows could represent purely trophic interactions, cooperation, or both. It is also not
immediately apparent if there is any auto or cross-catalysis going on. Clearly, a better representation is required to give a full account of the relevant interactions.
(B) Bidirectional cooperative cross-feeding with reciprocal exchange of a costly metabolite (red triangle, blue disk) that benefits both partners, as depicted in
D’Souza et al. (2018). Note, that neither the cost, nor the benefit (cooperative act) is obvious without additional information. As a matter of fact, arrows could simply
indicate the transformation of matter without any cooperative aid. (C) A more accurate representation of a syntrophic interaction: normal arrows indicate production
and consumption, dotted arrows indicate cooperative benefit (catalytic aid). (D) A more precise representation of syntrophy with reproduction made explicit: benefit
is only cooperative if it enhances the growth of the receiver, that is, it feeds back positively on its reproduction.

Fenchel, 2006; Nowack and Melkonian, 2010; Madigan et al.,
2014), or proteobacterial ectosymbionts improving growth of
aerobic protists by removing toxic photosynthesis waste (Hünken
et al., 2008). A special case is the situation where “organisms
combine their metabolic capabilities to catabolize a substrate that
cannot be catabolized by either one of them alone” (Stams and
Plugge, 2009). For example, methane formation and oxidation by
syntrophic communities of archaea and bacteria where reducing
equivalents are transferred in an interspecies electron transfer
(Stams and Plugge, 2009). In obligately syntrophic communities,
for the degradation of specific organic compounds and growth,
both the archaeal and bacterial partners are essential, no one can
degrade it alone. Regarding the origin of mitochondria, hydrogen
hypothesis (Sousa et al., 2016) and organic acid syntrophy (John
and Whatley, 1975; Searcy et al., 1978; Margulis, 1981) fits here.

Nutrient recycling: If a resource is limited in the
environment, neither species can grow unless one can
recycle it back to its initial state becoming available for
consumption again. Species therefore depend on each other.
For example, sulfur cycling between reducer heterotroph
Sulfurospirillum and oxidizer photosynthetic Chlorobium (Wolfe
and Pfennig, 1977), anaerobic ciliate Strombidium purpureum
and endosymbiotic PNSB (Fenchel and Bernard, 1993a,b). In the
mitochondriogenesis context, sulfide hypothesis (Searcy, 1992,
2014) and syntrophy hypothesis (López-García and Moreira,
2020) belong here. This type is especially important, if the cycled
product is required only in catalytic amounts (such as enzymes)
and is quickly regenerated. The benefit in such an interaction
depends more on the rate of regeneration than on the rate of
production, the former being presumably faster.

We must emphasize an important point here. Many
interpretations and illustrations of the syntrophy literature
is insufficient or downright misleading, suggesting that
metabolite exchange automatically entails cooperation.
However, this is not necessarily true. The conversion of
metabolites and the cooperative benefit of these interactions

cannot be represented with a single type of arrow in a
simple interaction graph (Figure 1B). Both metabolite
transformation and catalytic interactions (benefit) must be
explicitly and differently represented to account for microbial
cooperation (Figures 1C,D). The classical illustration of a
tree and a worm forming a cooperative cycle of Figure 1A is
misleading as it simultaneously depicts trophic and cooperative
interactions between partners, without differentiating between
them explicitly.

Cooperation, such as producing a shared metabolite, is a
costly act that benefits the recipient, hence the fitness of the
actors is decreased while the recipient’s is increased. It is easy
to see that without additional mechanisms strategies that do
not produce but enjoy the benefits (free-riders or cheaters)
are expected to reproduce faster and overtake the population
(West et al., 2006, 2007a; Nadell et al., 2009; Tarnita, 2017;
Smith and Schuster, 2019). Consequently, extracellular materials
may act as public goods, generating social conflicts between
microbes (Tarnita, 2017). There is a subtle difference between
public (or shared (Cavaliere et al., 2017)) and common goods.
Public goods are non-rivalrous (one using it does not make it
less valuable for others) while common resources are rivalrous
(one using it diminishes its accessibility or value for others)
(Kollock, 1998; Dionisio and Gordo, 2006). For example, the
extracellular biofilm matrix or extracellular enzymes can be
characterized as public goods, while extracellular nutrients or
leaky macromolecules as common goods. From a game-theoretic
point of view, cooperators contribute to the production of the
public good (or refrain overconsuming the common resource),
while defectors do not contribute to public good (or overexploit
the commons). As a result, defector dominance results in the
degradation of the collective resource (Smith and Schuster, 2019).
For example, the presence of cheater strains in P. aeruginosa
reduced the thickness and density and the population growth
of the biofilm, as such strains do not contribute in extracellular
factor production (public good), but enjoy the benefits (Popat
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et al., 2012). Analogously, a “wasteful” strain with a high rate of
ATP production displaces a “prudent” strain with a high yield of
ATP production when competing for an extracellular common
resource, leading to a tragedy of the commons (MacLean, 2008).
For more information on the challenges posed by free-riders in
syntrophic communities (endosymbioses included), the Reader is
referred to Zachar and Boza (2020), especially to section “Issues
of syntrophic consortia.”

The most widespread of structured microbial communities are
biofilms, in which microbes from all domains establish diverse
social interactions (West et al., 2007b). Biofilm formation appears
to be an ancient prokaryotic feature (Hall-Stoodley et al., 2004).
Biofilms can appear on any surface, from hydrothermal vents
and freshwater bodies through soil and leaves to the internals
of multicellular hosts. They develop by aggregation exhibiting
both temporal and structural succession and differentiation
(Hall-Stoodley et al., 2004). As a result, recruitment of species,
differential gene expression and development of phenotypes are
ordered (Stoodley et al., 2002). Biofilms always produce an
extracellular matrix, secreted by all or some members, and serves
as the medium for various metabolic and facilitating processes.
The matrix sticks cells together, providing protection against
external hazards (e.g., grazing (Seiler et al., 2017)) but also forms
an internal network to facilitate water flow and the exchange of
resources like public goods (Stoodley et al., 2002). In multispecies
biofilms, multispecies spore formation is not expected, thus
they disperse by coordinated degradation of the matrix (Davies,
2011) or by fragmentation via single cells or clusters (Stoodley
et al., 2001; Rumbaugh and Sauer, 2020). This imposes a serious
bottleneck resulting in new colonies being subject to a severe
founder effect (see later). Due to the structure of biofilms,
interactions are localized and neighborhoods are stable for a
prolonged time. In biofilms, but also in other forms of microbial
communities, metabolic cross-feeding (sensu (D’Souza et al.,
2018)) and syntrophic microbial partnerships are ubiquitous and
diverse (Morris et al., 2013; Pande and Kost, 2017). Since most
prokaryotic species cannot be cultured without partners (Staley
and Konopka, 1985; Pande and Kost, 2017; Imachi et al., 2020),
metabolic complementarity is expected to be common and stable
in nature. Furthermore, since syntrophy is a form of cooperation,
it is expected to stabilize larger communities too.

HOW MUTUALISM MAY EVOLVE IN
MICROBIAL COMMUNITIES

In general, ecosystems evolve toward increased productivity
and higher metabolic efficiency, leading to decreased
productivity/biomass ratio and tighter nutrient cycles (Odum,
1969; Loreau, 1998). Both within-cycle and between-cycle
(in terms of material cycles) competition constitute selective
forces that drive this process (Loreau, 1998). One would expect
that natural selection, after sufficiently long time, eliminates
inefficient types and maximizes energy fitness by optimizing
the growth, reproduction, and survival rates, and the efficiency
of energy production (Burger et al., 2021). There are, however,
a few limiting factors and trade-offs (de Lorenzo et al., 2014;

Cavaliere et al., 2017; Burger et al., 2021). First, the lack of
sufficient genetic variation caused by the continual selection
that reduces heritable variation and hence gradually slows
down the evolution of improvements. Second, ecological
compensation and limits to growth. As evolution increases
efficiency considerably, such a population will start to grow faster
and counteracting environmental (ecological) limitations, such
as the carrying capacity or the increased appeal as a resource
of a population with high biomass for predators, will become
stronger impeding the initial growth advantage. Third, continual
coevolution and the Red Queen mechanism. Since the overall
biomass energy delivered by the net primary production is the
ultimate limiting resource for life in the biosphere, there is a
continual selection on all species to increase their shares (Burger
et al., 2021). Due to the continuous ecological and evolutionary
dynamics of species, and often also changing environmental
conditions, evolving a best strategy in a certain biotic and
abiotic environment can only give temporary advantage. The
complex relationship between ecological interactions and
coevolution of species leads to fluctuating levels of inefficiency
at the species level, but higher efficiency at the ecosystem
level (Burger et al., 2021). Such a scenery, however, allows for
the enhancement of energy uptake by means of inter-species
cooperative metabolic interactions.

Segregating conflicting or complimentary metabolic pathways
into separate compartments (such as protocells and cells) and
securing the increasingly efficient flow of metabolites between
these compartments (i.e., syntrophy), either through a medium
or through special structures (Mori et al., 2016; Fritts et al., 2021),
offers a very powerful way to increase metabolic productivity
(van Gestel et al., 2015; West and Cooper, 2016; Tsoi et al.,
2018). Such pathway modularization, a community-level division
of labor, can emerge under various conditions (de Lorenzo et al.,
2014; Cooper and West, 2018), and relies on social interactions
between partners.

Consequently, the emergence of metabolic division of labor
is driven by trade-offs in unicellular organisms, and can be
selected for in several contexts (Goel et al., 2012; Großkopf
and Soyer, 2016; Stump and Klausmeier, 2016; Dragoš et al.,
2018; Louca et al., 2018). For example, a trade-off between
metabolic efficiency in terms of rate and yield in ATP-producing
pathways is hypothesized (Pfeiffer et al., 2001; Helling, 2002;
Gudelj et al., 2007), which tradeoffs materialize because of
the presence of alternative pathways in ATP production and
the related thermodynamic principles (Pfeiffer and Schuster,
2005). Evolutionary game theory-based analysis reveals that
if such alternative pathways are available, evolution should
favor the fast but inefficient energy-production strategy feeding
on a shared primary resource. Once such “wasteful” strategy
outcompetes others and becomes dominant, their waste product
also accumulates in the medium. In theory, the ratios of wasteful
strategies and strategies feeding on their waste products can reach
an equilibrium (Doebeli, 2002; Pfeiffer and Bonhoeffer, 2004;
Pfeiffer and Schuster, 2005), in general favoring the emergence
of stable cross-feeding interactions (Hansen et al., 2007;
Germerodt et al., 2016; Gudelj et al., 2016; Cavaliere et al., 2017;
Stump et al., 2018).
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Besides the rate-yield type of conflicts, many other forms
of conflicts, trade-offs, or complementarities can serve as the
driver for the spatial and chemical segregation of cellular
processes leading to bacterial polymorphism and cooperation
(Doebeli, 2002; Gudelj et al., 2007, 2010; de Lorenzo et al.,
2014; Meijer et al., 2020). The main cellular biochemical conflicts
include competition for intracellular resources (ATP, synthesis
machinery, cellular space, etc.), incompatibility and inhibitory
conflicts, and enzyme-specificity conflicts (Gudelj et al., 2010;
Johnson et al., 2012; de Lorenzo et al., 2014). While some
conflicts can be resolved intracellularly (de Lorenzo et al., 2014),
inter-cellular arrangements are often more effective (Johnson
et al., 2012). Principally, the power of symbiosis lies in the
fact that genetic and metabolic machinery from very distantly
related organisms can be brought together (Maynard Smith,
1991; O’Malley, 2015). The new unit now can be treated as
a dramatic mutational change allowing for a wider range of
adaptations. Such an effect may be less pronounced, but still holds
for microbial syntrophy and cross-feeding interactions as well.

There is ample evidence that syntrophy and metabolic
complementation indeed evolves under various conditions
(D’Souza and Kost, 2016; Großkopf et al., 2016; Mori et al.,
2016; Van Hoek and Merks, 2017; Kallus et al., 2017;
Meijer et al., 2020), and significant metabolic synergy can be
found even between randomly paired partners without co-
evolutionary history but with certain metabolic deficiencies
(Wintermute and Silver, 2010). For example, securing physical
proximity (ecological integration) induce evolutionary processes
strengthening reciprocal fitness feedbacks resulting in a stable
mutual cross-feeding between autotrophs (Harcombe et al., 2018;
Preussger et al., 2020), although there is also a chance that the
strains break free of the initial by-product based partnership
(Preussger et al., 2020).

The most commonly known mechanism driving the evolution
of bacterial syntrophy is provided by the Black Queen hypothesis,
stating that leaky public (or shared) goods and selection for
small genome sizes drive the evolution of mutual dependency
between the members of a consortium (Morris et al., 2012). The
genome size is decreased as cellular economization to ensure
faster growth; often referred to as the streamlining hypothesis
(Giovannoni et al., 2014; Martínez-Cano et al., 2015). At the
same time, genomic reduction can often be understood as a
community-dependent adaptive event: the lost functionality can
be compensated by other members still possessing the necessary
genes and functionality that benefits the whole community via a
commonly available public good (Morris et al., 2012; Martínez-
Cano et al., 2015). Such an adaptive gene loss can result in
a diversity of, pair-wise or networked, mutualistic interactions
and could potentially trigger the evolution of more specific and
intimate mutualisms (Morris et al., 2012, 2013; Estrela et al., 2015,
2016).

Determining the fitness benefits arising from such
dependencies and unraveling the reversibility of such
relationships is particularly crucial. In evolutionary theory, we
can distinguish proximate and ultimate mutualistic dependency
(De Mazancourt et al., 2005; Zug and Hammerstein, 2014;
Chomicki et al., 2020). Although both can be measured by

removing the partner and by comparing the performances before
and after removal, the picture appears to be more complex
and fuzzy. Firstly, measuring the benefits of mutualisms, either
in mono- or in co-cultures, and choosing the most evident
measure, such as biomass, yield, growth rate, resistance against
external perturbations, etc. (including biotic or abiotic sources),
and the time-horizon during which performance in monitored,
remains a puzzling issue (Mitri and Foster, 2013; Chomicki
et al., 2020). Secondly, there are examples in which removal of
the partner results in a short-term decrease in performance,
or can even be lethal, but this may be due to the shared long-
term co-evolutionary history, rather than evolved interspecies
cooperation (De Mazancourt et al., 2005). Such an evolved
dependence may be the result of adjusting to the presence
of a non-beneficial (neutral or harmful) partner from which
there is no getting rid of, and after long evolutionary time, the
removal of this partner can now be detrimental for the host
(Jeon, 1995, 2004; Weinbauer, 2004; Fellous and Salvaudon,
2009; Mitri and Foster, 2013; Zug and Hammerstein, 2014;
Weinersmith and Earley, 2016). But this does not mean that the
host couldn’t perform well without the non-beneficial partner,
only means that the observed genotype is not adopted to the
absence of it (De Mazancourt et al., 2005). Compared to such an
evolved dependence, in true ultimate mutualisms real benefits
are associated with the partnership and indeed none could have
performed as well without the other (De Mazancourt et al., 2005;
Zug and Hammerstein, 2014; Chomicki et al., 2020). Note that
true mutualism can also evolve from evolved dependence, as we
see instances of antagonisms evolving into mutualistic symbiosis
(Fellous and Salvaudon, 2009; Sachs et al., 2011, 2013; Chomicki
et al., 2020).

In a cross-feeding microbial community, the metabolic
performance, and therefore the fitness of each cell depends
directly on a subset of community members (those in direct
interaction with the focal cell, metabolically or otherwise), and
indirectly on the connected community as a whole (Khandelwal
et al., 2013). Although formally the interaction network consists
of pairwise interactions of cells (Faust and Raes, 2012), it can
also enable higher-order interactions that may play a critical
stabilizing role in complex microbiomes (Levine et al., 2017).
While the interactions are mostly cooperative (West et al., 2006,
2007a), a shared metabolism can also be antagonistic (Machado
et al., 2021). There exist highly cooperative communities,
typically composed of members with smaller genomes and a
diversity of auxotrophies. But there are also highly competitive
communities with larger genomes, overlapping nutritional
requirements, and higher antimicrobial activity (Machado et al.,
2021). It seems that competitive communities can better resist
species invasion but not nutrient shift, whereas cooperative
communities are more susceptible to species invasion but
resilient to nutrient changes (Machado et al., 2021).

The division of metabolic labor may trigger niche
emergence or construction by opening novel, more efficient,
or previously inhibited pathways enabling new metabolic
phenotypes (Pearman et al., 2008; Colwell and Rangel, 2009;
Großkopf et al., 2016; Ponomarova et al., 2017; Gatti et al.,
2018, 2020; San Roman and Wagner, 2018; Oña et al., 2021). At
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the same time, division of labor results in a social interaction
that have fitness consequences for both the producer and the
recipient and leads to collective functionality (Crespi, 2001; West
et al., 2006; Ackermann, 2015; Hays et al., 2015). For example,
in the H2-mediated syntrophic interactions in methanogens, the
metabolism of the secondary degrader inhibits further growth
unless the syntrophic partner consumes H2 (Cavaliere et al.,
2017), hence growth is only possible under coexistence.

It has been demonstrated that the evolved members of a
syntrophic consortia are fitter than the non-evolved ancestral
strain and that the consortium itself demonstrates enhanced
biomass productivity, often interwoven with reduced byproduct
accumulation (Bernstein et al., 2012; D’Souza and Kost, 2016;
Harcombe et al., 2018; Preussger et al., 2020; Yang et al., 2020).
Furthermore, coevolution of obligate mutualist bacteria can
result in a faster growth and increase in productivity (Hillesland
and Stahl, 2010; Summers et al., 2010). Growth advantage
(increased Darwinian fitness) due to division of metabolic labor
can be measured relative to prototrophic wild-type cell cultures
(Pande et al., 2013; Pande and Kost, 2017). Enhanced metabolic
activity is another sign of the synergistic effect of cross-feeding
compared to cultures in which all reactions take place within one
organism (Martínez et al., 2016). Densely connected syntrophic
networks may partly suppress competition within guilds whose
members would be in strong competition with each other for a
common resource otherwise (Goldford et al., 2018).

Naturally, the fitness effects (i.e., costs and benefits) of
metabolic interactions are often context dependent (Bronstein,
1994; Chamberlain et al., 2014; Hoek et al., 2016; Zengler and
Zaramela, 2018; Chomicki et al., 2020) and may shift back and
forth on the mutualism-antagonism continuum (Drew et al.,
2021). Factors, such as intermediate cell densities and medium
level of spatial proximity (Kim et al., 2008; Bull and Harcombe,
2009; D’Souza, 2020), presence of other parties, cooperative or
exploiter types, in the community (Harcombe et al., 2016; van
Tatenhove-Pel et al., 2021), as well as resource availability are all
expected to affect the net benefit (Drew et al., 2021).

HOW MAJOR TRANSITIONS MAY
EMERGE IN MICROBIAL COMMUNITIES

A central tenet of transition theory and multilevel selection is that
cooperation of lower level units realize group-level synergies that
can be selected for at a higher level, ultimately establishing a new,
higher level unit of evolution, the group (Szathmáry, 2015). There
are a multitude of multicellular microbial communities based
on metabolite-based cooperative aid where related cells stay
together after division or aggregate via signals. Staying together
may lead to canonical multicellularity, simple or complex, of a
single species as in, e.g., cyanobacteria or metazoa. There are
several social microbial species that evolved such an aggregative
multicellularity (Rainey and Rainey, 2003; West et al., 2007a;
Boyle et al., 2013). For an overview of the different community
types, see Table 1.

However, there is a great difference between a single-(social)
species and a multispecies community. Social multicellularity

depends on the cooperative behavior of members, potentially
having different phenotypes. Metazoa represent a typical case
of fraternal major transition (Queller, 2000), where sister
cells waived their reproductive ability for the common good
of reproducing the multicellular body, with sophisticated
epigenetic inheritance methods (Jablonka and Lamb, 1989, 1995).
Interestingly, no multispecies microbial community seems to
have ever made this transition and evolved to inherit epigenetic
information, possibly because they involve cooperation of
genetically unrelated partners which would require an egalitarian
transition entailing conflicts that are hard to police. Here, we
focus on evolutionary routes, that can potentially lead to higher
level selection in communities, further integrating partners and
may (at least theoretically) open a door to a transition in
individuality (see Figures 2, 3). We set out to explore potential
heritable information of multispecies communities.

If there is a higher level of selection, there must be some form
of population structure, which can facilitate cooperation (Nowak,
2006). Since cooperators sustain the structure (community,
biofilm, group), they can spread better under selection. It would
be informative to approach the problem at hand from a more
abstract viewpoint. One may extend the concept of reciprocal
cooperation of syntrophic microbes to more than two species.
Accordingly, a metabolic community is a set of cooperative
species, where cooperative help is mediated by produced public
goods. The aid may chain (A helps B, B helps C) and form a
network, that would stabilize member species. Ultimately, but not
necessarily, a cycle may form (C helps A). It is formally called
a hypercycle, a theoretical proposal to explain how (prebiotic)
replicators could have coexisted via cross-catalysis (Eigen, 1971).
Theoretically, such a cross-catalysis between organisms can itself
be autocatalytic (multiply), and would feed back positively on all
of the member species and on the collective itself. If so, it can be
superior compared to linear (or non-) cooperative networks, as it
can grow in numbers or compensate against loss via degradation,
side reactions, mutations (Maynard Smith, 1979). If adaptive
traits benefiting the collective emerge and are inherited, they
can be selected for at the collective’s level. In the microbial
domain, it means that adaptations that strengthen the group
(via nonrandom recruitment, association and co-occurrence of
partners) may accumulate and lead to the stabilization of the
population structure. We emphasize that no hypercycle is known
to exist in the microbial world. The real question is, can anything
higher than species inherit changes in a real mutual microbial
community? And can an evolutionary transition in individuality
(West et al., 2015) happen? The answer is not trivial and is
thoroughly debated.

Biofilm as Replicator
A long-standing debate of evolutionary biology is concerned
with the “true” units of evolution (Williams, 1966; Wilson, 1975;
Maynard Smith, 1987). A particularly interesting case is about
the potential reproduction of multispecies microbial metabolic
communities, namely, biofilms. According to some, biofilms
are true reproducing units of evolution on their own right
(Ereshefsky and Pedroso, 2012, 2015; Doolittle, 2013), while
others maintain that they lack the necessary mechanisms and
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TABLE 1 | Properties and examples of various types of community-forming and transitions in individuality.

Community type N Division of labor Higher evolutionary unit
(putative)

Examples

Single species aggregative
community

1 Between different
phenotypes.

Never transited completely to a
new unit of evolution.
Interaction and developmental
patterns may be reproduced.

Biofilm-forming social microbes, e.g.,
Pseudomonas fluorescens (Rainey and Rainey,
2003), Vibrio cholerae, Xanthomonas campestris
and Staphylococcus aureus (Solano et al., 2014),
etc.; eukaryotic cellular slime molds (Dictyostelium).

Single species staying-together
community

1 Between different
phenotypes.

Some completely transited to
higher levels (e.g., animals,
fungi, plants), some not
(Cyanobacteria).

Cyanobacteria, Metazoa, Fungi, higher plants
(Embryophyta), brown and golden-brown algae, red
algae, green algae, charales, etc.

Multispecies aggregative
community

2+ Between different
species and
phenotypes.

Entire community or parts of it
that may form lineages.

Multispecies microbial biofilms, communities of
multicellular organisms, ecosystems,
biogeochemical cycles (Fritts et al., 2021), Gaia
(Stolz, 2016).

Between different
species and
phenotypes.

Interaction and developmental
pattern.

The joint metabolism, regulated assembly,
developmental interactions and phenotypic
functionality of multispecies biofilms may reproduce
at the community level (Doolittle and Booth, 2017).

Between different
species.

Strongly coupled ecto- or
endosymbiotic pair.

Many symbiont-host examples exist (parasitic,
syntrophic, exploitative), but it is unknown if they
have evolved as part of a community or not. Among
prokaryotes, the only example is the presumed
endosymbiosis of mitochondria and their hosts.

Free-living symbiotic pair 2 Between different
species.

Ecto- or endosymbiotic pair.

A new level of selection may evolve when individuals replicate together better than random and have adaptations at the group level. However, a bona fide new unit of
evolution emerges only if individuals waive their independent replication to only reproduce with the group. Putative new units of evolution are in italics.

inheritance pathway to stably pass on information (Nadell et al.,
2009; Clarke, 2016), e.g., changes in biofilm composition akin to
a mutation in the genetic code.

Multiple arguments seem to support biofilms as units of
evolution. Members exhibit coordinated activity (Davies, 2011;
Lyons and Kolter, 2015), and cooperate in a reciprocal and
network-like topology. They make costly investments that are
beneficial for the producer and for others too (Jimenez and
Scheuring, 2021). Benefits may be realized at the collective’s
level (e.g., extracellular matrix) (Mitri and Foster, 2013; Ren
et al., 2015). There may be further biofilm-level adaptations,
however, Clarke has found these not verifiable (Clarke, 2016).
Lichens share many similarities to biofilms (Carr et al., 2021;
Libby and Ratcliff, 2021), and they clearly maintain characteristic
types, that carry on the specific mycobiont and photobiont in
successive lineages, and appear to involve multiple (prokaryotic)
partners (Nelsen et al., 2020; Carr et al., 2021). Lichens provide
an interesting analogy to biofilms as units of selection (Libby and
Ratcliff, 2021), while their development is clearly differing from
the sometimes ad hoc assembly of microbial biofilms.

Clarke has assessed the possibility that (multispecies) biofilms
(or arbitrary subparts of it) may be group-selected units of
evolution (Clarke, 2016), and has convincingly argued, that they
lack crucial aspects to be bona fide groups under selection.
Biofilm cells do not differentiate terminally, and there is not
reproductive division of labor (no lineage loses irreversibly its
reproductive capacity). Members can often be freely exchanged
with functionally equivalent species interactions not being
species-specific. Component biofilm lineages do not migrate
collectively to new niches (Kolenbrander et al., 2010). There is no

real group structure in the biofilm on which group selection could
act, only varied local interaction networks. Without a macrobiotic
host, colonization does not happen via vertical transfer (as
in termites), neither do they form multispecies-spores, lacking
thus an essential mechanism for stable co-occurrence of species.
Hence, they do not form lineages that compete and in which
biofilm-level adaptations are inherited from parent to offspring
biofilm. This is because multispecies biofilms may not reproduce
their structure due to fragmentation (cf. founder effect, see
(Brislawn et al., 2019)) but via successive assembly during which
members are horizontally recruited from the local environment
(Moran and Sloan, 2015; Clarke, 2016; Douglas and Werren,
2016).

This is the appropriate time to elucidate on a subtle
difference, that is often confused by those claiming that
anything that is not a conventional organism (bounded by
skin or vesicle and reproducing as a unit) cannot be subject
to selection. We point out, that multilevel selection should
not be interchanged with group formation and especially with
evolutionary individuality. Selection can act on collectives, given
that there is some better than random chance that members
reappear together from time to time. Selection can act not only on
compartmentalized (bounded) replicators, but also on temporally
compartmentalized (Wilson, 1975, 1979; Matsumura et al., 2016),
or no compartmentation at all in the conventional sense (e.g.,
spatial models, like metabolically coupled replicator systems
(Czárán et al., 2015)), albeit admittedly with weaker effect. Their
dynamics can be described by models of multilevel selection of
the first type (MLS1), compared to the group selection dynamics
of real evolutionary individuals that are themselves collectives of
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FIGURE 2 | A theoretical scenario of the evolution of a microbial facilitation network. (1) Microbes (colored blobs) reproduce independently with self-sustaining
metabolisms. Metabolism is represented as a network of metabolites (black dots) and reactions (black arrows) indicating the main directionality and weight of the
metabolic flow. Inflow and outflow are depicted as arrows pointing in and out of cells, respectively. The yellow background cycle represents a possible evolutionary
route; note that the route can branch or reverse at any point. (2) Phenotypic plasticity allows the organisms to adapt to environmental changes. E.g., mutually
exclusive metabolic pathways within an individual (step 2, separated by a dotted line) can utilize different resources efficiently, but not both (differently colored inflows
at 2a). (3) In a community, different species may specialize on a resource while relying on community members for the utilization of other resources. According to the
Black Queen hypothesis, metabolic division of labor can evolve when the shared metabolism is partitioned and distributed among species that complement each
other via diffusible, leaky products (gray nodes between cells indicate diffusion of released products; 3a, 3b). (4) Selection can further increase cross-dependency,
resulting in a multi-context division of labor with several types of mutual dependencies (i.e., nutritional, protection). Public goods can be exclusively used by two
species (4a), or by anyone in the community (4b). (5) Symbiosis may emerge if two organisms separate from the community by relying less on public goods (5d), by
downregulating pathways relying on third party resources (5c), and strengthening reciprocal cooperation by increased production rates of compounds that benefit
the partner (5a, 5b). Such compounds can still serve as public goods (5b) giving rise to free-riders. (6) Partners can secure a more efficient exchange to exclude
free-riders by privatizing resources (6a). Symbiotic pairs can gradually decouple from the community (6c) which may still provide a stable environment for them. (7)
The transition in individuality becomes complete when no partner can reproduce alone anymore (e.g., endosymbiont gets fully integrated; (7a). The new unit of
evolution acts as a single individual, and the cycle may continue at step 1 (ignoring its higher internal complexity). Ecological and evolutionary timescales are not
separated.

true, bounded reproducing units (MLS2) (Damuth and Heisler,
1988; Szathmáry, 2015; Szilágyi et al., 2017). The point is that
groups of entities (biofilms) may be under selection while they
may not necessarily correspond to evolutionary individuals in the
conventional sense (cells). Population or spatial structure may
ensure that such entities reappear better than random from time
to time and can acquire and inherit adaptations (i.e., can maintain
information). If so, they may evolve to be bona fide groups of
selection, i.e., real units of evolution in the Maynard Smithian
sense (Maynard Smith, 1987), realizing an evolutionary transition
in individuality (West et al., 2015).

While biofilms are likely not individually replicating units
of evolution, their members may be subject to selection at
multiple levels. Community-level properties can be selected for
and inherited in lab environments (Hansen et al., 2007; Ren et al.,
2015), which may happen in nature, given strong selection at
a higher level. Multilevel selection facilitates cooperation that
further benefits the collective. Ultimately, there may just be some
evolutionary potential in a biofilm. The question is then, what
is the information that is stably reproduced from time to time
by the community? Clarke claims, that “there will rarely be
enough genetic heritability across biofilm generations to support
a response to selection” (Clarke, 2016). This claim needs to find
support from explicit statistical measurements of the heritability

of potentially adaptive community-level traits. Investigating
inheritance (if any) of biofilms or lichen thalli might provide
insight on how multispecies communities evolve mechanisms to
ensure group selection and inheritance. Something that can and
should be done in the lab.

Community Interaction Pattern as a
Replicator
A phylogenetically independent metabolic profile is present in
all sorts of natural and synthetic microbial communities (Burke
et al., 2011; Louca et al., 2016, 2018; Goldford et al., 2018; Cui
et al., 2020; Estrela et al., 2022) and potentially in non-microbial
communities like higher-level ecosystems (Veldhuis et al., 2018)
and biogeochemical cycles (Levin, 1998; Braakman et al., 2017).
In other words, the functional profile of microbial communities
seems to be generally more stable or ecologically resilient than
are their taxonomic compositions (Doolittle and Inkpen, 2018).
Most of such communities develop in a successive manner,
where species with fitting functional capacities appear as a niche
emerges, but the specific metabolic functionality rather than a
specific set of species, is required in the process. This is akin
the idea of guilds: a set of different taxonomic units that occupy
the same metabolic niche (i.e., has the same biochemical capacity
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FIGURE 3 | Possible routes for microbial communities to achieve transition in individuality. Communities may be either surface bounded (brown panels) or not (blue
phase). Metabolic, cooperative, and inhibitive interactions evolve between members (for sake of simplicity, arrows denote unspecified positive ecological
interactions). Certain interactions may strengthen, if selection favors them (thicker arrows), certain partners may be lost due to replacement, competition or instability
(grayed out cells). A symbiotic pair may emerge from free-living cells, from a loosely coupled metabolic network or from a surface-bound biofilm. The organized
spatiotemporal structure of biofilms bound to surfaces may facilitate co-dependence and the emergence of cooperative cycles (or pairs), that can be selected for at
the biofilm level (if biofilms compete as lineages). A transition in individuality (red separator) happens when integration of the endosymbiont becomes irreversible and
the pair can only reproduce together. Alternatively (and putatively), a biofilm (or any community) may evolve means to stably replicate as a group and waive the
replication of its independent cells (question mark). Ecological and evolutionary timescales are not separated.

(Burke et al., 2011)) and has the same competitive ability (Estrela
et al., 2022). Guilds contain substantial taxonomic variation,
independent of their initial starting composition (Goldford
et al., 2018; Leventhal et al., 2018), due to multiple causes,
such as the founder effect (random sampling from the initial
species pool into new habitats) (Goldford et al., 2018), neutral
community dynamics due to individual guild-member species
being equivalent functionally and fitness-wise (Aguirre de Cárcer,
2019), dynamic multistability in population dynamics, and the
existence of alternative stable states (Fukami, 2015) potentially
caused by mutual exclusion (Leventhal et al., 2018). There
is an ongoing debate about the role of selective effects vs.
neutral factors during microbial community assembly (Rosindell
et al., 2011; Cira et al., 2018). While community structure
may be shaped by deterministic factors, such as competition
or speciation, structural patterns can also be explained by
neutral forces, such as stochastic birth and death processes
and chance driven immigration (Hubbell, 2006; Sloan et al.,
2006; Rosindell et al., 2011) or by a combination of the
two types (Stegen et al., 2012; Cira et al., 2018). While high
variability is often observed at the species level, there appears
to be a consistency in the topological structure and in the
community composition focusing on higher taxonomic levels
(Goldford et al., 2018).

The phylogenetically conserved functionality of guilds (Estrela
et al., 2022) provides an advantage when colonizing new habitats
by providing robustness against stochastic partner loss and
allowing communities to self-assemble given any member of
the required guild is available. However, it also means that
community members are not specifically required and guild-
members could replace each other. While the global interaction
network is built up more deterministically, the particular species
that take the functional role may be driven neutrally. Moreover,
in general, negative interactions (competition, antibiosis) tend
to reduce the potential diversity of colonizers, while positive
interactions (producing public goods or ecosystem engineering)
are thought to increase it (Canon et al., 2020; Ratzke et al.,
2020). It is often the colonization sequence of certain functional
types that shapes the topology and not the set of species
(Stephens et al., 2015). In general, microbiomes are characterized
functionally rather than taxonomically, and while the overall
structure, metabolic network, guild ratios are similar, the specific
composition is not reproduced stably (Figure 4).

But then why would biofilms be considered replicators on
their own right at all? The only requirement for a biofilm to be
a higher-level replicator is that it stably reproduce some relevant
aspect of the community in successive generations, presumably
due to some form of autocatalytic multiplication. The interaction
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FIGURE 4 | A potential scenario of microbial community assembly driven by deterministic and neutral factors. The colonization of a new habitat may set off from a
specific species (purple founder cell). Options for subsequent partners may have a wide range (pie charts), that correspond to functional types or guilds (color
schemes) that fit into the emerging interaction profile (dotted lines). The particular species recruited from a guild can be due to random chance. Initially, many
alternative pioneers are possible (1b), giving rise to multiple alternative topologies (not shown). Once a recruitment happens (2a), the interaction is realized (2b; solid
lines). After integration, some species can be exchanged (by another species from the same pie chart) without changing the community topology or functional profile.
As species gets integrated into the community (1a, 2a, 3a), the number of further options often declines (2c), as the community presents an increasingly specific
environment to join into. On the other hand, a new species (3a; e.g., ecosystem engineers) may create a local environment favorable for many new species (3b).

pattern is possibly such an aspect as it certainly persists for a
long time, causally derived from the biofilm, and it may inherit
changes. In this regard, this approach is very similar to the
replicator definition of Godfrey-Smith, where the copy of a
replicator is defined as something that is causally derived and is
similar to the parent “in some relevant aspect” (Godfrey-Smith,
2000). This aspect does not have to be subjectively specified. It is
the selection process that differentiates between classes of objects,
where class members are equivalent to each other under selection,
i.e., has the same fitness value in the given local time and space
(Zachar and Szathmáry, 2010). The difference between classes
defines the variability that should be inherited. If a reproductive
system can inherit variants through successive generations of
autocatalytic growth and selection, then the set of variants
(classes) is, by definition, the “genotypic information” of this
replicator system (Zachar and Szathmáry, 2010). For example,
the functional profile of a community may be the property that is
selected for; all else that is unseen by selection (e.g., the taxonomic
composition of the community) is not expected to be heritable
and exhibit neutral dynamics (subject to phenotypic exchange or
plasticity). Taxonomic composition thus cannot be part of the
genotype of the higher-level replicator. The question is, then,
whether there is indeed a higher-level heritable “genotype” that
can be stably maintained for an indefinite time and whether it can
be selected for?

In the recent decade, Ford Doolittle has elaborated on the
idea that something related to the coupled metabolism of
species replicates in a metabolic community, other than the
exact taxonomic composition (Doolittle, 2013). Clarke (2016)
has pointed out, that neither the species composition nor

the metabolic capacity of the community is constant in time,
changing with the environment or due to internal mechanisms
(Doolittle and Booth, 2017). Biofilms may inherit not only the
metabolic profile but a characteristic community interaction
pattern or “interactome” (the joint metabolism, developmental
interactions and phenotypic functionality of constituents). It
is responsible for the development of the same functional
composition (set of guilds) at subsequent habitats (Doolittle,
2013; Doolittle and Booth, 2017). Do such patterns show heritable
variation in fitness that justifies considering them replicators?

According to Doolittle (Doolittle, 2013; Doolittle and Booth,
2017), the crucial mechanism that ensures replication at the
biofilm level is not vertical inheritance of biofilm lineages, but
the adaptive, genetically encoded recruitment of species (or
guild-members) and lateral gene transfer. The latter may ensure
the dispersal of adaptive genes within the guild or community
(Song et al., 2021). Selective recruitment may emerge from co-
aggregation mechanisms (partner recognition and preferential
association and adherence (Katharios-Lanwermeyer et al.,
2014)) and niche transformation. As the niche is successively
transformed by the successive cooperative communities (Gatti
et al., 2018), such mechanisms may more effectively regulate
what species (or functional guilds) and in what order can join
the aggregation. Ultimately, these traits, encoded genetically
in member species, may increase the probability of co-
occurrence (Periasamy and Kolenbrander, 2009; Clarke, 2016).
Goldford et al. (2018) have found in the lab that starting
bacterial communities self-assembled into stable multispecies
communities, stabilized by cross-feeding, regardless of a high
taxonomic variance in composition.
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Lateral gene transfer occurs frequently in biofilms (Song et al.,
2021). Constant gain and loss of genes result in a distribution
of the essential pan-genome between strains of the community
(Fullmer et al., 2015), in which all members carry a set of
core genes, and only a fraction carry accessory genes (Fullmer
et al., 2015; Booth et al., 2016). The pan-genome is therefore
the shared genomic resource and the associated cooperative
meta-cell interaction network (Fullmer et al., 2015). Several
mechanisms are hypothesized to shape pan-genomes, such as
gene-gene or gene-by-environment interactions, positive and
negative frequency-dependent selection, or the Black Queen
mechanism (Domingo-Sananes and McInerney, 2021). Indeed,
a considerable proportion of microbes have disproportionately
small genomes with limited metabolic capacity (Booth et al., 2016;
Stolz, 2016) hence must rely on obligate partners. Such evidence
puts light on the distributed nature of heritable information in
microbial communities and may question how we define ‘cellular’
life and mutual dependency (Stolz, 2016).

As a speculative conclusion, such communities may exhibit a
form of reproduction, from colonization to colonization, as they
reproduce not only the metabolic pattern of the community, but
also the pan-genome (for some extent) and succession order and
the (terminal) ratio of functional guilds (Estrela et al., 2022).
Species do this by relying on genes in members of the broader
phylogenomic group of a guild, encoding responsible metabolic
and niche-constructing traits (Odling-Smee et al., 2003; Laland
et al., 2016) other guilds may benefit from. This way the
metabolic effects exerted on the environment (leaked metabolites,
transformed external resources) become cooperative interactions
as species realize cross-feeding not necessarily simultaneously but
successively in time, as the community assembles and develops.

The succession of guilds and species may yield multi-stable
population dynamics with alternative stable states within a
functional guild (Estrela et al., 2022). This results in different
attractors of community composition, and the evolutionary route
depends heavily on initial conditions and perturbations. If initial
and transient stages can be stably inherited (which we do not
know), then the community-level information (e.g., functional
profile) is not maintained by taxonomic composition or by a
conservative storage (as DNA stores genetic information), but
in the attractors of the dynamical system including populational,
aggregational, and environmental conditions. The added novelty,
in case of microbial biofilms, is that communities themselves
modify their environment as they successively develop, on
a much faster timescale. Experiments show that a niche
constructing strain might have higher fitness in a self-modified
environment than in the original environment (Callahan et al.,
2014). Genetic traits encoding for ordered niche construction are
directly responsible for the canalizing effect during the succession
of guilds and maturing of biofilms. They may even spread during
colonization (or via LGT) and are selected for, as they ensure that
the same guild succession-pattern emerges.

Ecosystems (microbial or above) can persist, reappear and
function stably for a long time, maintaining a homeostatic local
environment. In one dominant view, biotic feedback cycles
(autocatalytic networks (Gatti et al., 2018)) can drive persistence-
based selection (Lenton et al., 2021). Such feedback cycles
include unrelated components performing different functions.

Such cross-cooperation may allow the expansion or emergence of
niches (Gatti et al., 2018, 2020) as was demonstrated in microbial
communities (Großkopf et al., 2016; Gatti et al., 2018; San
Roman and Wagner, 2018; Oña et al., 2021). For physiological
adaptations to happen in co-evolution, prolonged stability of
the environment is required, so that ecological and evolutionary
contexts (balance of benefit and cost) are kept constant (Herre
et al., 1999; Gomulkiewicz et al., 2003; Hillesland, 2017; O’Brien
et al., 2021). A homeostatic microbial ecosystem may provide a
temporal buffer for co-evolutionary processes (Bateman, 2020).

Symbiotic Pair as a Replicator
There is another option for microbes to transit from a
multispecies shared metabolic community to an integrated new
unit of evolution. A real example of egalitarian multicellularity,
albeit not in the conventional meaning of multicellularity, is
obligate endosymbioses (Szathmáry, 2015). Internalization of a
symbiont involves many problems the partners are likely not
preadapted for [selfishness, asynchronous cell cycles, transport,
see Zachar and Boza (2020)]. Microbial partners can nevertheless
benefit form synergies (see the many prokaryotic (Zachar and
Boza, 2020) and protist ectosymbioses (Husnik et al., 2021)).
Such partnerships may ultimately physically integrate to escape
competition at the lower level (Figure 3). It must be noted, that
waiving independent replication often occurs for the (bacterial)
symbiont only (Sachs et al., 2011), which may indicate that
integration has not been concluded. In obligate endosymbiosis, (i)
no species can leave or reproduce without the other; and (ii) both
species retain their metabolic identities without being eaten or
degraded. There are endosymbionts which engage in syntrophic
interactions with their hosts (e.g., H2-scavanging methanogenic
archaea of anaerobic protists (Wagener and Pfennig, 1987;
Fenchel and Finlay, 1992; Gutiérrez et al., 2017; Beinart et al.,
2018; Lind et al., 2018), sulfate-oxidizing ε-proteobacteria that
colonize their surface (Edgcomb et al., 2011)).

Microbial endosymbiosis to protist hosts is diverse and
ubiquitous (Lowe et al., 2016; Husnik et al., 2021), as one
would expect, due mostly to phagocytosis (Nowack and
Melkonian, 2010; Speijer, 2021). However, it is unknown
if any eukaryotic nutritional endosymbiosis arose from an
initially mutual partnership, either as a separate pair or part
of a larger syntrophic community. In more general terms,
we do not know from either in vivo, in vitro or in silico
examples, if a multispecies metabolic community (especially
prokaryotic) has ever given rise to endosymbiosis (Zachar
and Boza, 2020) or at least to exclusively pairwise syntrophic
symbiosis. Neither do we know for certain, if any microbial
endosymbiosis has ever originated from an initially mutually
syntrophic pair. While prokaryotic cross-feeding (communities)
are ubiquitous, no prokaryote is capable of phagocytosis. Hence
the possibility of endosymbiosis among prokaryotes and the
origin of mitochondria remains a conundrum.

The single presumed example of endosymbiosis among
prokaryotes is the possible syntrophic origin of mitochondria,
according to syntrophic theories (Martin et al., 2015; Spang et al.,
2019; Imachi et al., 2020; López-García and Moreira, 2020). These
theories posit an initially mutual metabolic cooperation between
the ancestors of mitochondria and host, instead of exploitation
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by parasitism (White et al., 2018) or by phagocytosis (Martijn
and Ettema, 2013; Zachar et al., 2018). Syntrophy ultimately lead
to the unspecified engulfment of the bacterial partner. Such an
inclusion between syntrophic prokaryotes (or protists for that
matter) has never been documented. On the other hand, the sheer
amount of syntrophies among prokaryotes proves that mutual
syntrophy is an extremely common and stable interaction when
external. Protists either receive their numerous endosymbionts
via eukaryote-specific ways (via phagocytosis) or via parasitism,
which are both well documented (Sachs et al., 2011; Speijer,
2021). The primary plastid of all plants probably had a single
origin (Adl et al., 2018), at which point the host was likely
already phagocytic, even if only rudimentarily (Mills, 2020).
Later re-uptakes of plastid-bearing cells by protists sometimes
retained the phagosomal membrane as a proof of phagocytic
inclusion (Keeling, 2013; Speijer, 2021). On the other hand,
according to a common view, the vast majority of extant host-
bacteria associations are mostly parasitic of origin, and are
costly for the host (Sachs et al., 2011; Keeling and McCutcheon,
2017; Husnik et al., 2021). If syntrophy has indeed enabled and
facilitated endosymbiosis of mitochondria, one must ask, why
such transitions are not seen more often among prokaryotes?

We hypothesize that the lack of (endo)symbiotic examples
originating from a syntrophic community is due to multiple
factors. For eukaryotes, it is mostly because those protists capable
of phagocytosis (i.e., has a mechanism to integrate a symbiont)
are never participating in biofilm formation or syntrophic
communities. Parasitic endosymbionts capable of entering a host
by themselves prefer heterotrophic hosts for energetic reasons,
again not members of biofilms. The issue is clearer in case of
prokaryotic symbioses, where phagocytosis is not an option to
acquire the partner. We do not know how many of the pairwise
syntrophic ectosymbioses of prokaryotes emerged from larger
communities, but there is no example of bona fide endosymbiosis
other than possibly mitochondria (Zachar and Boza, 2020), and
even in that case it is not clear whether they started out as an
exclusive pair or part of a community. The cause must be inherent
to metabolic network topology and stability of communities
(prokaryotic and eukaryotic alike in this regard).

The alternative hypothesis, at least for eukaryotes, is
that endosymbiosis does happen more frequently in larger
communities, but then the pair quickly decouples from or
dominates the network due to the pair benefiting the most
under selection (Figures 2, 3). A third option is that syntrophic
endosymbioses do not come from syntrophic communities.
They may have evolved from syntrophic pairs that were never
part of a bigger community; or syntrophy may evolve after
integration (like the ATP-ADP exchange of mitochondria and
host, as is believed so (Zachar and Szathmáry, 2017)), assuming
the initial interaction was not mutualism (Zachar et al., 2018).
These hypotheses could be tested, by modeling the emergence
of pairwise symbiosis within or without communities and testing
their stability against internal and external perturbation.

One may ask, why exclusively pairwise interactions are not
more common in microbial communities. Syntrophic mutualism
is the microbial realization of a 2-membered cooperative cycle
where both species benefit from the interaction. A natural
extension then is to assume that a 3 or N-membered cooperative

cycle can also emerge, stabilize and be selected for at the
group level. However, no multimembered circularly cooperating
microbial metabolic network is known. There exist communities
with cyclic cooperation (e.g., 3-species Utricularia system
(Ulanowicz, 1995; Ulanowicz et al., 2014)), but microbes usually
form more complex networks: positive interactions are not
necessarily reciprocated (directly, specifically or exclusively) and
a cooperative chain is not guaranteed to close. Most importantly,
direct interactions are often competitive (even inhibitive) leading
to complicated interaction networks, that can still lead to
community stability (Kato et al., 2005). Circular competition
is common, but exclusively circular mutualism is rare, possibly
nonexistent, for N > 2. Naturally, the larger a cooperative cycle
is, the more prone it is to selfish cheaters and destabilization. It
is unknown (and unlikely) if such a network can give rise to a
specific mutual pair that can stably emerge, without strong means
of vertical co-inheritance (like engulfment).

In summary, it is yet unknown if endosymbiosis could or
have ever evolved in multispecies communities from mutual
syntrophy. Based on observable data, we believe that, on
one hand, endosymbiotic integration of mutually syntrophic
prokaryotes is extremely rare. On the other hand, protists likely
acquire their endosymbionts via pairwise interactions (e.g.,
phagocytosis) and not as being part of a community or biofilm.
This, of course, does not mean that any of it is impossible. The
singular case of long term stable endosymbiosis emerging from
mutual syntrophy, as theorized for mitochondria, could be the
result of an extremely improbable event.

CONCLUSION

We have reviewed how microbial cooperation can emerge and
stabilize communities and how they can potentially facilitate a
major transition. We pointed out, that the metabolic topology
(cross-feeding) itself is not enough to analyse cooperation, as it
only defines a trophic interaction mediated by metabolites. One
must know the cooperative topology, the second order catalytic
aid that provides a benefit. We reviewed how cooperation
may emerge via metabolic interactions and public goods in
microbial communities, and have considered the theoretically
possible routes how a microbial community may achieve higher
integration due to cooperation and transition in individuality.
Finally, we have investigated how a multispecies community may
undergo group selection and inherit community-level variations.

If biofilms could somehow undergo a transition in
individuality, there would be a theoretically possible escape
route from the microbial hurdle toward higher level integration
and a major transition, potentially available for prokaryotes too.
Admittedly, some of these ideas are speculative, but they serve a
dual purpose. Firstly, they clearly distinguish between the various
aspects of a community that may or may not carry heritable
information. There may be some epigenetic information (even if
limited) encoded not in genes, that can be subjects of selection
at the level of the collective. Secondly, they identify the possible
routes that may be more realistic in other domains, where
similarly coupled Darwinian systems exist. Biofilms may be
a domain-specific case of a more general idea of replicators
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coupled through (metabolic) facilitation, and while they may
have at best limited heredity that we know of, they may have a
potential for increasing this limit or facilitating a possible future
transition (Robin et al., 2021).

Certain features of a biofilm do contribute to the growth,
survival, and multiplication of the community. While
total information content of a community likely cannot
reappear deterministically from time to time, some subset
of this information may do so, despite severe ecological and
evolutionary fluctuations. One can even state, that these features,
responsible for this subset of information, are replicators as they
re-appear with the biofilm. Indeed, the extended phenotype (the
interaction pattern or the constructed niche of the biofilm) may
be autocatalytically generated and may cross-catalytically help
the biofilm. There is certainly a positive feedback loop (catalysis)
between the properties of the biofilm and biofilm species (their
genes) that benefit the biofilm as their extended phenotype,
leading to positive selection. However, autocatalysis should
not be mistaken for informational replication: biofilm-level
adaptations do not inherit their variations. Without variability
that can be causally and stably reproduced, these extended cycles
cannot inherit information and are thus non-informational
replicators (Zachar and Szathmáry, 2010). The nest of the bird,
the dam of the beaver, the habitat of microbiome may catalyze
the replication of their respective replicators (bird, beaver,
microbes), but they cannot stably inherit variations.

There may be properties of a biofilm, that are replicated
from time to time as the community spreads (guild amounts,
ratios, metabolic capacity, interaction pattern, constructed niche,
etc.). Can any of these inherit changes? This can only be
ascertained if one measures the response to selection and the
heritability of community traits of a biofilm “population” on a
statistical basis. We must emphasize, that niche construction,
causing persistent conditions of the external environment, should
only be considered if persistent external entities can pass on
acquired variation. In reality, variations of the external conditions
likely cause the extinction of the community or won’t affect
its replication: while there may be a causal arrow, there is no
informational arrow from habitat to community.

Recently, there have been advances in artificial engineering
and directed selection of microbial communities (Castle
et al., 2021). Artificial community selection aims at finding a
proper map between community composition and community
function, to improve desired functionalities via selection
(Chang et al., 2021). Theoretical models present promising
results regarding the heritability of community functions (Xie
and Shou, 2021), however, success in establishing long-lasting
modifications in engineered functionalities are yet to be seen in
experimental systems (Albright et al., 2021). Note, that when the
environment repeatedly enforces a single outcome (as often does
under artificial selection), it should not be called replication, as
relevant variations are not inherited.

Is there a chance for a major transition in a multispecies
biofilm then? Certainly. One can imagine directed selection in
the lab that enhances existing mechanisms of association and
prefers novel adaptations that further ensures better together-
replication of partners against competing biofilms. Could it

happen in the wild? We see no theoretical objection to it.
Is there any such living microbial community that have been
transited or are in transition? Not that we know of. But there
are microbial communities that reappear more frequently than
others from time to time (especially, when the species count is
as low as 2; explored in Zachar and Boza, 2020), indicative of
their reproductive and associative stability. Has it ever happened
to a biofilm? Not that we know of. At least not in the sense
one would imagine the compartmented replication of groups of
microbes of the community. One can argue, that if syntrophy
can lead to the integration of individually replicating species,
as mitochondriogenesis theories assume, then it may provide a
particular route how aggregative evolutionary transitions may
happen in the microbial world. On the other hand, the observed
fact that metabolically coupled communities fail to transit to
higher levels of selection and form bona fide groups may be
an indication that this transition is exceptionally hard, at least
in the prokaryotic and protist domains. Maybe, there are other
domains where formally analogous systems can form and have
better chances to achieve a transition.

Doolittle and Booth (2017) claim, that interaction patterns do
vary and that their variation is heritable and causes differential
fitness, leading to the evolution of these networks by natural
selection. That is, there is an “epigenetic” source of heritability
in biofilms, that could support evolution of the biofilm at a group
level. It may turn out that syntrophic communities in this regard
can be considered informational replicators, encoding something
about their dependent metabolism and interactions at the group
level. Likely, this information has limited variability (the amount
of selectively different attractors defined by different functional
profiles), hence biofilms may only have limited hereditary
potential (Szathmáry, 2000). If this is so, we hypothesize, that the
transition from this limited hereditary state to unlimited heredity
is not possible due to the attractor-based inheritance system of
the community. There is just not enough variability for evolution
to select for and improve upon. There is, however, a lack of
modeling to support this at the moment.

But let’s assume for a moment, that some information is
heritable. The biofilm thus likely have at least limited heredity.
If there is heredity, there is differential selection of the variants.
If there is selection, there may be adaptations that affect the
collective and are selected for. Epigenetic systems do exist,
complementing genetic inheritance (Jablonka and Szathmáry,
1995; Jablonka et al., 1998). They also have limited heredity, so
there is nothing unorthodox about assuming that a (microbial)
community may pass on aggregate-level information to new
colonies. At this point we do not claim that any community
property qualifies as a heritable property, we only claim that we
do not see a theoretical objection that such things may or may
have existed. Whether such limited heredity would ever become
practically unlimited and whether it would enable a classical
transition in individuality are unlikely due to the competitive,
distributed and highly variable nature of microbial communities.
If, however, one accepts that such properties could exist, one has
to follow the rabbit hole all to the end, to the full Darwinian suite
that leads to open ended evolution of a new level of informational
inheritance system and thus to a potential major transition.
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