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Abstract Both physiological and evolutionary criteria of biological individuality are underpinned by the
idea that an individual is a functionally integrated whole. However, a precise account of functional
integration has not been provided so far, and current notions are not developed in the details, especially in
the case of composite systems. To address this issue, this paper focuses on the organisational dimension of
two representative associations of prokaryotes: biofilms and the endosymbiosis between prokaryotes. Some
critical voices have been raised against the thesis that biofilms are biological individuals. Nevertheless, it has
not been investigated which structural and functional obstacles may prevent them from being fully integrated
physiological or evolutionary units. By contrast, the endosymbiotic association of different species of
prokaryotes has the potential for achieving a different type of physiological integration based on a common
boundary and interlocked functions. This type of association had made it possible, under specific conditions,
to evolve endosymbionts into fully integrated organelles. This paper therefore has three aims: first, to analyse
the organisational conditions and the physiological mechanisms that enable integration in prokaryotic
associations; second, to discuss the organisational differences between biofilms and prokaryotic
endosymbiosis and the types of integration they achieve; finally, to provide a more precise account of
functional integration based on these case studies.
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1 Introduction

Collective associations are widespread in the biological world and give rise to very different organisations
ranging from associations of bacteria and archaea to societies of multicellular organisms (e.g., social insects).
However, only in certain cases these associations become an integrated individual. Thus, an intense debate
about when collective associations constitute a new individuality has been taking place during the last
decades. The central question underlying this debate can be summarised with Wilson’s words: “at what point
does a society become so well integrated that it is no longer a society” (Wilson 1974, p. 54). Although
Wilson’s question refers to animal societies, it is so general that it can apply to any kind of biological
association. Indeed, it clearly emphasises three fundamental aspects of the transition from a biological
association to an individual: first, there are some specific conditions (Ssummarised by “at what point”) that
permit an association to become a more cohesive whole; secondly, the transformation of an association into a
more cohesive whole involves the achievement of a certain degree of (functional) integration among the
constituent organisms (indeed, they must be “well integrated”); finally, the process of integration among the
parts of the association leads to something “that is no longer a society”, therefore a (new) individual (i.e. an
organism-like associative entity).

In the contemporary debate about composite biological individuality (e.g., biofilms, holobionts, colonies of
insects), the two main approaches usually adopted — i.e. evolutionary and physiological — rely on the idea
that a biological individual is an integrated whole whose functions are strongly interconnected. Yet little has
been said about the conditions that may enable an association to become a functionally integrated individual
and what mechanisms are involved. The reason lies in the fact that the very concept of functional integration,
often considered as a synonym for ‘physiological integration’ (Pradeu, 2010), has not been characterised in
detail. To further complicate matters, functional integration is an especially multifaceted and complex aspect
of biological organisation that includes several important dimensions of a biological system such as
metabolic, regulatory and sensorimotor abilities, development, immunological responses, reproduction, etc.
As a consequence of the unclear character of the notion of integration, not only current general definitions of
biological individuality that appeal to it are somehow undermined, but also the mechanisms allowing an
association to become a more integrated whole are mostly unexplored.

In an attempt to develop the notion of integration in more detail with the help of biological examples, we
first analyse the fundamental physiological mechanisms that could explain the transition from an association
of bacteria towards a new full-fledged, functionally integrated individuality; second, we examine the
different types and degrees of functional integration enabled by different mechanisms, by taking into
consideration their limits and potentials (understood as enabling conditions) to bring about further forms of
integration. In particular, by adopting an organisational approach, we aim to connect the physiological
dimension of the process of individuation with the evolutionary one through an analysis of the role of the
different forms of physiological integration in the reproduction of a collective entity. Finally, we provide a
more precise characterisation of the notion of ‘functional integration’. It is worth pointing out that this paper
is not aimed at drawing up a list of properties (or criteria) that sharply distinguish a loose association of
organisms from an individual, but rather at exploring the conditions that can potentially permit the transition
from the former to the latter and, on this basis, at contributing to a better understanding of what a
‘functionally integrated individual’ is.

Despite the great variety of biological collective associations, we have chosen to focus on two case-studies
from the bacterial and archaeal domains: biofilms (i.e. colonies of single- and multispecies bacteria and
archaea) and the endosymbiotic relationship between two species of bacteria®. These case-studies have been

1 Other collective associations of prokaryotes include colonies stemming from the clones of single species
bacteria/archaea (e.g. Lactococcus lactis or Streptococcus thermophylus) or intracellular parasites (e.g. Vampirococcus
and Bdellovibrio). We will not analyse these cases here as they do not exhibit the features of a stable functionally
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chosen for three reasons: first, they are minimal forms of composite biological systems; second, they exhibit
different physiological mechanisms that allow understanding why the collective association achieves in each
case a very different degree of functional integration among its parts; finally, the endosymbiotic relationship
between two species of bacteria may provide important clues as to the origin of a paradigmatic example of a
new functionally integrated individual, the eukaryotic cell..

The connection between our case-studies lies in three main aspects: first, a common spatial constraint (i.e.
the ECM and the membrane of Tremblaya) that surrounds a set of prokaryotic cells; secondly, the systemic
control of and among the parts, enabled by the common boundary, which affects the type and degree of
physiological integration achieved by the association; thirdly, the evolutionary potential opened up by
different kinds of common boundaries. As we shall argue in the detail, biofilms and the endosymbiosis
between bacteria have diverse spatial organisations that constrain their constituting organisms differently,
providing different mechanisms of collective control®. This provides them with a distinct type of stability
over time and opens up different evolutionary possibilities for an association to give rise to an integrated
individual. This thesis has two important explanatory consequences: first, it sheds light on the connection
between spatial constraints and physiological mechanisms for explaining the functional integration of
collective associations; secondly, it clarifies some important physiological dimensions of the idea of
‘functional integration’, thereby helping to better define the meaning of a ‘functionally integrated
individuality’.

The paper is structured as follows. Section 2 examines some philosophical accounts that appeal to the
notion of functional integration to ascribe individuality to biological associations. Section 3 analyses the
organisation of biofilms and discusses the role of the extracellular polymeric substance (EPS) matrix in
constraining and integrating the activity of the prokaryotic cells that compose them. Section 4 examines the
organisational role played by engulfment and cross-control in the Tremblaya-Moranella association, the only
well-studied case of endosymbiotic relationship between prokaryotes®. Section 5 discusses the organisational
differences between these two forms of association (biofilms and endosymbiosis) by focusing on the roles of
the EPS matrix and engulfment. Hence, it examines the main organisational issues raised by endosymbiosis
and how they may have been solved during eukaryogenesis. Finally, the last section draws some conclusions
on functional integration and biological individuality.

2 Association and integration in biological collective organisations: a critical review

The concept of ‘functional integration’ is often invoked in the debate on biological individuality as a
necessary element in developing an understanding of how living systems constitute coherent wholes both in
evolution and physiology. In this context, this concept is usually employed as an explanans, rather than the
main object of investigation, as the aim is to build general accounts of individuality. In the context of the
debate on evolutionary individuality, for example, Hull (1980) pointed out that in order to be an object of
natural selection a biological system must be able not only to undergo genetic variation and transmit it to the

integrated collective organisation. In the first case, they do not exhibit a common spatial constraint, the EPS matrix. In
the second case intracellular parasitism is a transient not functionally integrated relationship where the host is killed.

2 The focus on current forms of endosymbiosis as a possible way to provide valuable clues as to the role played by
endosymbiosis in the achievement of a ‘strong’ physiological integration in eukaryogenesis moves in a similar direction
to the one explored by Reyes-Prieto et al. (2014). They focus on non-autonomous endosymbionts with extremely
reduced genomes, or ‘symbionelles’, to shed light on the origin of eukaryotic organelles.

3 This idea is in line with the thesis that all multicellular association need to solve the issue of spatial control, and that
different ways of doing so result in different types of organisations and different degrees of integration (Bich et al.
2019).

4 Although the term ‘prokaryote’ is nowadays substituted by Bacteria and Archaea, for the sake of simplicity we
continue to employ this word in the paper to intend the unicellular organisms belonging to the two domains of Bacteria
and Archaea.



offspring, but also to interact with the environment as a cohesive physiological whole. Moreover, integration
underlies reproductive capabilities. As Sober (1991) observes, all groups (e.g. colonies of insects, groups of
cells, parasitic relationships) exhibit a certain kind of functional interdependence which consists of “parts of
different sorts and these parts interact so as to sustain the organism and allow it to reproduce” (p. 275). Sober
suggests that all those functions involved in self-maintenance (e.g. metabolism) and reproduction somehow
exhibit interdependence. Integration is also used to account for the absence of conflict and the presence of a
high cooperativity among the component parts in such a way that they work as “bundles of adaptation”,
where all elements work toward a common evolutionary goal (Queller and Strassman 2009, 2016). In the
same vein, Dupré and O’Malley (2009) emphasise that the functional integration of living beings, including
collective associations, is characterised by the interconnection of metabolic pathways and reproduction.
Metabolic processes are described generically as collaborative activities that entail a certain degree of
functional interdependence. In the case of symbiotic associations, this usually takes the form of co-
metabolism and synthrophy. Reproduction is a more complex issue in collective associations because
vertical transmission and parent-offspring lineages do not always occur (See Skillings, 2016).

It is important to point out that the fundamental aim of this debate is to address the notion of individuality
and not so much to clarify in the detail which types of mechanisms are required for self-maintenance,
reproduction and cooperation. Functional integration, therefore, is used as a general notion in this context.

Hence, biological individuality understood in terms of physiology has received much less attention in the
literature than evolutionary accounts. In this domain the general notion of functional integration is expected
to play an even more important role. In fact, it is still employed generically. It has been emphasised, for
example, that the immune system plays a key role in explaining the interdependence of the functional parts of
organisms and collective associations, because immune interactions “are systemic (as opposed to local) and
[...] responsible for the acceptance or rejection of constituents in the organism” (Pradeu 2010, p. 258; see
also Howes, 1998). This view, however, does not take into consideration the complexity of biological
integration and the fact that a systemic control is performed not only by the immune system, but also by
other regulatory subsystems and mechanisms that modulate and coordinate the functions of the components
of the system. Moreover, the immune system depends on and is maintained by a more comprehensive
physiological regime, which provides the energy for its functioning and coordinates immune activity with
those of the other functional subsystems.

Whereas the philosophical approaches mentioned above rely on the notion of integration as a generic
concept (mostly as an explanans) to develop general accounts of individuality, this paper aims to make this
notion the main focus of the paper and to address it as an explanandum. The objective is to analyse in the
details how functional integration is achieved in biological associations by focusing on specific case studies.
It is important to clarify two points. The first concerns the approach adopted. The paper focuses on the
organisational aspects underlying integration in biological associations, with the aim to identify what
mechanisms enable transitions from loose collective associations to cohesive physiological wholes that are
also capable to reproduce and evolve as units of selection. Focusing on current organisations (Moreno and
Mossio 2015) means in the first place identifying the physiological mechanisms that make possible different
degrees and types of integration. Yet it also implies identifying the possibilities and bottlenecks of different
types of organisation on the evolutionary scale.

The second point is the choice of the case study. To address the problem of how functional integration is
achieved by biological associations and to explore how it can lead to a fully integrated individual, we focus
on associations of prokaryotes (Bacteria and Archaea). The advantages are two. It is a minimal case, whose
organisational features are expected to be less complex than in associations of eukaryotic cells, colonies of
insects etc. In addition, it is widely accepted that it was from associations of prokaryotes that the eukaryotic
cell originated. Therefore, the eukaryotic cell, which is widely accepted as a case of full-fledged biological
individual, can work as a term of reference to discuss how far functional integration can in principle develop



from the association of different prokaryotic organisms. This strategy allows us to identify how distinct
mechanisms can lead to different types and degree of integration.

Several works have emphasised the importance of control and regulatory mechanisms in realising
integration in different types of associations, from the development of multicellular systems (Arnellos et al.
2014; Griesemer 2016, Bich et al. 2019) to the physiology of symbiotic relationships (Catania et al. 2017;
Bich 2019)°. Queller and Strassmann (2009, 2016), for example, have called into question the importance of
spatial contiguity, the indivisibility of the parts, the development from a single lineage and the genetic
uniformity among the members, to point out that it is the control of conflict and a high cooperation among
the members of a society that are necessary for achieving a sufficient degree of functional integration. It is
worth noting that most of these accounts have focused on associations of eukaryotic organisms which exhibit
forms and degrees of integration that are different from those of the prokaryotic world. Indeed, whereas the
former ones give rise to multicellular integrated individuals, it is doubtful whether also the latter do so.

The discussion of these ideas in the specific context of prokaryotic associations has generated a debate
regarding the status of biofilms; in particular, whether or not (and why) they can be considered integrated
individuals. Ereshefsky and Pedroso (2013, 2015) and Doolittle (2013) have recently argued that
multispecies biofilms can be considered individuals, because their extracellular matrix allows for a unitary
interaction with their environment and because they are capable of reproduction, although they lack a high
degree of germ-soma specialisation. In response, Clarke (2016) has argued that a biofilm does not actually
interact as a whole, because “most interactions take place across spatial scales that are much smaller than an
entire biofilm” (p. 205). In addition, since they do not have a collective reproductive system and bacteria can
enter or exit the biofilm, biofilms cannot reproduce as wholes and they cannot vertically transmit genetic
variations to future generations. Therefore, they cannot undergo group selection (Clarke 2016). According to
Clarke (2016), in spite of exhibiting a certain degree of functional cohesion resulting from metabolic co-
dependence and a certain form of collective border, biofilms do not perform collective mechanisms of
interaction and reproduction, and therefore they do not evolve as individuals. One may suspect that these
features depend on the fact that the bacterial components still maintain a sufficiently high degree of
autonomy and the biofilm as a system lacks more comprehensive (global) ways to control the behaviour of
the bacteria.

To explore this different hypothesis, we will analyse the organisational role played by the extracellular
polymeric substance (EPS) matrix and other control mechanisms in biofilms. The aim is to understand how
such structures and mechanisms enable a certain type and degree of functional integration in biofilms, and to
compare it with another type of organisation deriving from the endosymbiosis between bacteria, which has
the potential for a different and stronger type of integration.

3 Collective integration in biofilms: distributed control and the role of the EPS matrix

Biofilms are biological systems realised by ecological communities of (single- or multispecies) bacteria
and archaea and by the extracellular polymeric matrix they produce. The development of a biofilm includes
three sequential steps: first, the attachment of bacteria (or archaea) to a surface and the formation of a
monolayer structure (that binds the bacteria together and to the surface); second, cell division and the
production and deposition of the EPS matrix, which gives rise to a multilayer organisation; third, the
disassembly of the matrix and the dispersion of cells..

> As pointed out by Catania et al. (2017), regulatory networks play a pivotal role in defining the functional integration
of symbiotic partners. These interdependent networks may be co-inherited (via vertical gene transfer) or re-established
in a new generation (via horizontal gene transfer). This argument is also in line with Bich et al. (2016), who have
argued that a functionally integrated organisation hinges on a complex set of regulatory mechanisms that allow it to
coordinate the contributions of its functional parts and to handle perturbations.
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In the first stage of biofilm’s life cycle, individual cells attach to a biotic or abiotic surface by means of
adhesins® and give rise to a monolayer biofilm (Karatan and Watnick 2009). The production of adhesins is
triggered by the concentration of specific substances (e.g. oxygen or sugars) in the environment. The second
stage begins when the spatial proximity of cells triggers the emission of several extracellular signals (e.g.
mechanical, metabolic, inorganic, etc.) and the activation of quorum-sensing (QS) mechanisms, that
collectively promote the synthesis and deposition of extracellular matrix components. At this stage, cells
may attach to one another and to the EPS matrix, thus realising a multilayer biofilm where they undergo
proliferation and differentiation into several cell types (Lopez et al. 2009). In the third stage, the EPS matrix
disassembles and causes biofilm dispersion. This occurs in presence of a massive accumulation of toxic
waste products, or when the system grows beyond the transport and distribution capabilities of EPS channels
and the innermost layers of cells cannot receive enough nutrients. Biofilms employ several regulatory
mechanisms that trigger dispersion in response to different stimuli (e.g. variations in concentrations of
nutritional cues, oxygen and nitric oxide, presence of death bacteria) (Karatan and Watnik 2009).

Thanks to (at least) three types of extra- and inter-cellular control mechanisms — QS, EPS matrix and
bacterial conjugation — a biofilm becomes a cohesive functional unit whose parts act and are maintained
together. Bacterial conjugation is somehow favoured by the close spatial proximity of cells in specific areas
of the biofilm, but it works locally at short (cell-to-cell) ranges. Therefore, we will focus on the former two,
which act at medium ranges’. They constitute the main factors of integration of the whole system, because
they are responsible for the overall development and functioning of the biofilm. QS is a distributed control
system that relies on the concentrations of a set of signalling molecules that allow bacteria to coordinate their
gene expression and trigger many of the changes in the biofilm through gradients of inter cellular activation.
QS is triggered when the autoinducer concentration reaches a critical threshold because of cell density
(Antunes and Ferreira 2009; Elias and Banin 2012). It functions as a feed-forward mechanism: the bond
between signalling molecules and their bacterial receptors activates the expression of several genes,
including those involved in the synthesis of these same signal molecules (Saxena et al. 2018). QS plays a
pivotal role in the co-aggregation of different species of bacteria in multispecies biofilmg, in the increase of
biomass during the formation of a monolayer and a multilayer structure, and it activates a large number of
genes involved in the synthesis of matrix components (Karatan and Watnik 2009). Finally, many bacterial
species employ QS to coordinate the disassembly of the EPS matrix by promoting the inhibition of matrix
components synthesis, the degradation of the matrix, and the synthesis of surfactants (Solano et al. 2014).

The EPS matrix is a dynamic structure that consists of a variety of molecules (i.e. polysaccharides,
proteins, lipids, extracellular DNA (eDNA), metal ions and water), which are bound together by weak
physicochemical interactions (Flemming and Wingender 2010). The many functions of the EPS matrix —
from the retention of water to enzymatic activity, from the organisation of space to protective barrier — are at
the origin of the common developmental dynamics, the metabolic co-dependence, and the enhanced

& Adhesins are cell-surface structures of bacteria that mediate transient or permanent surface attachment.

7 Short range control relies on local cell-to-cell direct interactions. Medium range control is achieved when when an
ensemble of cells is constrained for example by the ECM. In multicellular organisms such as animals it happens at the
level of tissues. QS relies on signals and it can be considered as a distributed medium range control mechanism because
it can affect a large number of cells by generating self-organised gradients. Long range control, instead, has a systemic
reach and has the potential to constrain the activity of all the parts of the system. An example of long-range control
mechanisms from animals is the release of hormones, distributed throughout the system through vascularization (see
Bich et al. 2019 for more details).

8 Let us consider, for example, the colonisation of the human oral cavity by the bacterial species Veillonella atypica and
Streptococcus gordonii. In order to colonise dental surfaces, V. atypica requires the presence of S. gordonii, because S.
gordonii ferments sugars and releases lactic acid, which constitutes the preferred carbon source for V. atypica. The co-
aggregation of bacteria from the two species is made possible by the fact that V. atypica produces a soluble chemical
signal that triggers amylase expression in S. gordonii, thereby increasing the degradation of complex carbohydrates and
lactic-acid production (Keller and Surette 2006).



immunological response of biofilms. Through mechanical forces and concentrations of eDNA, extracellular
signals and enzymes, the EPS matrix places several functional constraints on the cells of the biofilm and it
actively contributes to the realisation and functioning of the overall organisation of the system (Bich et al.
2019). It makes the association of cells much more cohesive and coordinated than in the planktonic state,
leading to a three-dimensional architecture (Steinberg and Kolodkin-Gal 2015). During biofilm development,
the presence of the EPS matrix mechanically inhibits the rotation of the flagella of the cells and triggers
intracellular signal cascades that increase the production and deposition of matrix molecules (Cairns et al.
2014). The ‘activated matrix’ (Flemming et al. 2007) — characterised by the presence of digestive enzymes,
signal molecules, eDNA, lytic enzymes, etc. — is involved in the exchange of genetic material, in the control
of cell behaviour, in the differentiation of cells into persister cells, spores, protease cells (Cairns et al. 2014;
Steinberg and Kolodkin-Gal 2015), and in the control of the mobility of bacteria (Steinberg and Kolodkin-
Gal 2015). The EPS matrix promotes also the spatial proximity of cells and it is responsible for the presence
of extracellular enzymes that give rise to an external digestive system, thus favouring integrated co-
metabolism® and synthrophy® among symbiotic partners (Drago$ and Kovacs 2017). Moreover, fluids can
flow throughout the biofilm by virtue of channels, realised by the EPS matrix, that allow the diffusion of
nutrients to the cells of the innermost layers, and the distribution and removal of metabolic products
(Sutherland 2001), also enabling medium range interaction and communication within the system.

The EPS matrix allows for the formation of different biochemical environments in such a way that
otherwise incompatible bacteria (e.g. aerobic and anaerobic) may co-exist in the same biofilm. EPS matrix
also reduces the diffusion rates of the compounds within the biofilm matrix itself, modulates gene expression
patterns and decreases growth rates of the biofilm cells, making the biofilm robust with respect to external
sources of perturbations and pathogens. In addition, the EPS matrix allows for the interconnection of innate
and induced resistance factors that make the overall biofilm more resistant to external agents (Andersson and
O’Toole 2008), and it favours multicellular strategies and a multilayer structure that inhibit the diffusion of
antimicrobial agents within the biofilm (Stewart and Costerton 2001). As a result, biofilms achieve a certain
form of collective immunological capability and gain a fitness advantage over their planktonic state
(Burmglle et al. 2014).

In nature, multispecies biofilms tend to be more common than single-species biofilms. However, these
latter are present in a variety of infections and on the surface of medical implants (O’Toole et al. 2000).
Single- and multispecies biofilms are essentially similar both in the stages of the extracellular matrix
deposition and degradation (attachment, maturation, and dispersion) and in the mechanisms involved in
bacterial communication (quorum sensing) and bacterial conjugation. Nevertheless, they exhibit some
differences in the interactions among bacterial partners. Multispecies biofilms exhibit much more variety of
exchanges of nutrients and electrons than single-species biofilms, and thus they “gain energy from a series of
reactions that a single species might lack” (Lohse et al. 2018, p. 27). Furthermore, it has been observed that
the inclusion of other bacterial species in a single-species community may provide their members with
numerous physiological advantages (e.g. passive resistance, metabolic cooperation, more efficient DNA
sharing. See Wolcott et al. 2012). It is worth noting that, compared to single-species biofilms, multispecies
biofilms can develop both cooperative relationships leading to increased biomass of the bacterial members
and competitive relationships producing a decreased biomass of all members (Liu et al. 2016). Therefore, it
seems that the life cycle of multispecies biofilms is subject to sharper fluctuations and, therefore, variability
than that of single-species biofilms, thus potentially providing multispecies biofilms with increased
capacities to invade surfaces, proliferate, and develop drug resistance. In the light of all these characteristics,
it seems reasonable to suggest that both single- and multispecies biofilms exhibit the same kind of

® By ‘co-metabolism’, we mean the simultaneous degradation of two compounds: the degradation of the second
compound hinges on the presence of the first compound.
0 By ‘syntrophy’, we refer to the phenomenon by which one species feeds on the by-products of another species.
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physiological integration enabled by the extracellular matrix; nonetheless, internal differentiation and
functional diversity seems to be higher in some types of multispecies biofilms because higher number variety
of metabolic exchanges between bacterial partners.

In the light of the above, what type (and degree) of integration — and therefore, of individuality — does this
form of association achieve? Integration in biofilms is achieved by means of collective control exerted by QS
mechanisms and EPS matrix at longer ranges than those that characterise basic cell-to-cell interactions alone.
This is also a coarse-grained type control, based on differences in concentrations (of signals, control
macromolecules, etc.), that is exerted gradually in space, at short and medium ranges, through gradients of
signalling interactions (QS) and of distributions of EPS molecules. Although this form of control is not
specific — i.e. does not rely on single interactions for a certain effect — it can give rise to a high variety of
behaviours within the collective system.

From the organisational point of view, the EPS matrix structures are higher-level control subsystems
(exerted over the individual cells) that contribute at medium ranges to the structural and functional
cohesiveness and cooperation within biofilms. This is the reason why some authors have regarded biofilms
as interactively and evolutionarily cohesive biological integrated individuals (Ereshefsky & Pedroso, 2013,
2015; Doolittle, 2013), and even as full-fledged multicellular organisms (Shapiro 1988). However, due care
should be exercised with regard to the type and degree of functional integration and individuality of biofilms,
inasmuch as the capability of the EPS matrix to give rise to a fully integrated system is limited by several
factors. Firstly, the EPS matrix does control the activity and fate of their cells only at short and medium
ranges, but not at long ranges (relative to the scale of the system), due to the lack of full-fledged
vascularisation, among other things (Bich et al. 2019). There is no specific constraint that has the capability
of exerting a long-range type of control with a systemic reach. Global effects are achieved through self-
organization, expanding usually by means of gradients, that is: they are the result of coarse-grained
distributed control. Secondly, since the EPS matrix enables some degree of spatial segregation and functional
differentiation only by means of gradients of concentrations, the internal modularity of the system is limited.
Thirdly, the EPS matrix lacks components that make possible modularity and the construction of a global
interface with the environment!!.

In sum, while providing cohesiveness, the EPS does not establish clear-cut global boundaries or interfaces,
nor long range control mechanisms. Therefore, if compared with specialised membrane mechanisms found in
unicellular systems or interfaces such as the epithelium in eukaryotic multicellular systems, the EPS exerts a
weaker and less specific control upon the permeability and selectivity of the system as a whole. Furthermore,
the modulation of fluid transport by EPS channels is limited. This in turn limits the overall capability of the
collective system to grow and to control cells at longer ranges.

Finally, as a consequence of the distinctive organisation realised by biofilms and the kind of control
exerted within them, the type of (collective) reproduction carried out by biofilms is affected by the fact that
the cells may keep their autonomy and revert cell-differentiation. Although some specialised cells may play
the function of spores (e.g. in B. subtilis biofilm, Claessen et al. 2014) and some cheats (e.g. in P. aeruginosa
biofilm) are considered as primitive forms of germ cells (Rainey and Kerr 2010; Hammerschmidt et al.
2014), this type of differentiation — which is the result of self-organisation starting from local interactions
rather than specific control mechanisms — does not satisfy the requirements for units of selection. Moreover,
each germ cell has its own history of mutation as a soma cell before randomly differentiating into a
reproductive spore. In addition, most biofilms are characterised by the entrance and dispersion of cells, so
that it can be claimed that biofilms do not exhibit a type of reproduction coordinated at the level of the whole
system. The lack of a unified reproduction is even more evident in multispecies biofilms, where different
genetic pools are represented in the absence of a reproductive bottleneck.

11 For example, it lacks collagen 1V, which promotes the realisation of interfaces and organ formation in eukaryotic
multicellular systems, due to the role it plays in the basement membranes (Fidler et al. 2017).
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The fact that biofilms lack standard reproductive criteria for individuality (e.g. high levels of germ-soma
specialization, unified reproductive lineages, reproductive bottlenecks) poses some challenging questions
about whether or not they can be regarded as units of selection, and therefore evolutionary individuals. This
issue forms the core of the debate between Clarke’s (2016) and Ereshefsky and Pedroso’s accounts (2013,
2015). According to Ereshefsky and Pedroso (2013, 2015), the criterion of evolutionary individuality based
on the transference of genes from parents to offspring (vertical transmission) within the same lineage is too
narrow. As an alternative, they propose a more open-ended approach according to which the members of
prokaryotic associations (e.g. the prokaryotes of multispecies biofilms and consortia) share genes responsible
for the mechanisms of trait transmission and reproduction. Thus, they “achieve evolutionary individuality but
do not transmit their traits through single-species lineages. [...] Trait transmission in such consortia is
accomplished through both lateral and vertical gene transfer, and the reproduction (or production) of such
consortia is typically accomplished by aggregation” (Ereshefsky and Pedroso 2015, p. 10131). By contrast,
Clarke (2016), who defends a view of heritage and evolutionary individuality based on parent-offspring
lineage, has argued that the EPS matrix cannot give rise to a common lineage, and therefore it is not possible
to regard biofilms as units of selection, since heritable variation occurs at the level of the single bacterial
components rather than at the level of the biofilm as a whole.

4 Endosymbiosis in prokaryotes: engulfment and its implications

In this section, we analyse a very different form of prokaryotic association, one based on (asymmetric)
engulfment of a species of bacteria within another (i.e. endosymbiosis). We are interested in this form of
association because it is presumably of the type that led to a paradigmatic case of highly functionally
integrated system: the eukaryotic cell and its organelles of endosymbiotic origin. Nevertheless, it is essential
to underline that the endosymbiotic events that led to the origin of mitochondria and plastids in the
eukaryotic cell were extremely rare in the prokaryotic world (Lane 2005; Booth and Doolittle 2015),
probably because of the difficulty of overcoming conflicts between two prokaryotes fostering an
endosymbiotic relationship.

Indeed, only one case of evolutionary stable*? endosymbiotic relationship between two prokaryotes has
been discovered so far'3: a y-proteobacterium (Candidatus Moranella endobia) that lives inside a R-
proteobacterium (Candidatus Tremblaya princeps). This association is very peculiar because it is not capable
of an independent form of life; indeed, it exists only enclosed in specialised cells (the bacteriocytes) of a
specific organ (the bacteriome) of the mealybug insects. Phylogenetically, the symbionts entered the
mealybug at different times, the Tremblaya first and the Moranella later, so that their endosymbiotic
relationship originated within the insect. In this sense, this endosymbiotic association shares some
organisational features with the prokaryotic endosymbionts of sap-feeding insects, although in these latter
cases all the prokaryotic symbionts live in the cytoplasm of eukaryotic cells (McCutcheon and von Dohlen
2011; von Dohlen et al. 2001). Like many endosymbionts of sap-feeding insects (e.g. Hodgkinia, Carsonella,

12 By ‘evolutionary stable relationship’, we mean a relationship that persist across several generations and that
undergoes natural selection as a whole.

13 Intracellular bacteria have been identified in some blue-green algae of the species Pleurocapsa minor in the seventies
(Wujeck, 1979), but the physiology of this association has not been investigated. Other cases of intracellular bacteria
invading the periplasm (e.g. Bdellovibrio) or the cytoplasm (e.g. Daptobacter) of other bacteria have been found
(Corsaro and Venditti 2006). However, these cases represent transient symbiotic relationships (i.e. parasites) that do not
give rise to an evolutionary stable relationship.

14 For the sake of our argument, we just focus on the endosymbiotic relationship between the two bacteria (Tremblaya
and Moranella), leaving aside the functional contribution of the insect. Indeed, this paper studies the functional
integration of associations of prokaryotes and not the functional interdependence between prokaryotes and
(multicellular) eukaryotes. Therefore, for clarity, hereinafter we will use the term ‘host’ to refer to Tremblaya, whereas
the term ‘endosymbiont’ refers to Moranella. We will use “mealybug cells” for those eukaryotic cells that contain the
Tremblaya-Moranella association.



Sulcia, etc.), both Tremblaya and Moranella have extremely reduced genomes that affect their metabolic (i.e.
anabolic and catabolic pathways), genomic (i.e. DNA replication, transcription and translation), and
regulatory functions (i.e. metabolic regulation and gene regulation). Moranella’s genome, which is four
times larger than Tremblaya’s®®, codes for RNA molecules and proteins that cannot be expressed by
Tremblaya’s genome; but Moranella’s genome is far from being self-sufficient and the functioning of this
organism depends, in turn, on some of the few gene products from Tremblaya.

In spite of these specificities and of the impossibility to consider the consortium as a living fossil of an
earlier step in the eukaryogenesis, the Moranella-Tremblaya association deserves a careful analysis for our
purposes, precisely because it shows the early-stage implications of engulfment among two types of
prokaryotic cells. Thus, it can shed light on the possibilities opened by this relationship and on the
organisational problems it needs to overcome in order to maintain viability. Let us examine how engulfment
affects this symbiotic relationship.

Engulfment creates a situation that is very different from the one brought about by the EPS matrix in
biofilms, because now the different metabolic organisations (of the host, Tremblaya, and the endosymbiont,
Moranella) share a common selective control boundary, i.e. the Tremblaya’s membrane, a global constraint
which enables a systemic long range control on all parts, and determines the type and degree of physiological
integration between them. Moreover, since one of the organisms is located within the cytoplasm of the other,
global viability requires a different type of functional coordination. Like many endosymbiotic relationships,
Tremblaya and Moranella exhibit metabolic complementation, since the symbiotic partners partially
contribute to the same metabolic pathways. A good example is provided by the metabolism of carbohydrates.
Tremblaya has the genes encoding for only two enzymes of the pentose phosphate pathways (transaldolase B
and transketolase). The rest of the enzymes for the pentose phosphate pathways, glycolysis, the
phosphotransferase system, and the pyruvate dehydrogenase complex are expressed by Moranella’s genome
(Lopez-Madrigal et al. 2013a). Amino acid biosynthesis constitutes another clear example of metabolic
complementation: Tremblaya contains genes encoding for ten essential amino acids, but none of the amino
acid pathways is complete in either Tremblaya or Moranella, so that these pathways need to be
complemented by a patchwork of metabolites and enzymes from both partners (McCutcheon and von Dohlen
2011). Other metabolic pathways are incomplete (e.g. the tricarboxylic acid cycle) or absent (e.g. the
nucleotide synthesis de novo or the synthesis of vitamins and cofactors) in the consortium.

The functional interlocking exhibited by the Tremblaya-Moranella association, however, is much deeper
than metabolic complementarity and complementation — i.e., respectively, the exchange of metabolites or
intermediate substrates — which are widespread in nature and characterise biofilms as well. Importantly,
Tremblaya and Moranella jointly realise the [Fe-S] cluster'®, which is usually not fully preserved in
endosymbionts with reduced genomes (LOpez-Madrigal et al. 2013a). The synthesis and assembly of this
cluster requires a complex molecular machinery, and both members of the consortium are involved in the
synthesis and maintenance of it, thus exhibiting a high degree of coordination. Another important aspect is
that Tremblaya is totally dependent on Moranella for ATP synthesis, a feature that probably makes this
consortium, according to Lopez-Madrigal et al. (2013a), the only known case in which all energy sources
appear to be provided by only one of the partners. This is somehow analogous to what happens in the
eukaryotic cell, where the mitochondria perform this function. Additionally, the cell-envelope structure is

5 Tremblaya’s genome is 138,927 bp in length, whereas Moranella’s is 538, 924 bp (McCutcheon and von Dohlen
2011). The difference in genome size between Tremblaya and Moranella is consistent with the hypothesis that
Moranella penetrated Tremblaya as a secondary endosymbiotic event (L6pez-Madrigal et al. 2013a).

16 The [Fe-S]-cluster is a prosthetic group mainly involved in oxidation-reduction reactions. It plays several important
functions related to energy metabolism and regulation. In particular, it plays a role in bacterial (and mitochondrial)
respiratory complexes, in enzyme catalysis and in the sensing environmental or intracellular conditions to regulate gene
expression (Lill 2009).
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simplified in both bacteria, because both Tremblaya and Moranella have lost most of the genes for the
synthesis of murein and lipopolysaccharides.

The high degree of functional coordination between the endosymbiont and the host can be seen in the
entangled way their genetic functions are realised'’. Transcription requires the contribution of both
organisms. Tremblaya encodes all the essential subunits of RNA polymerase and a single sigma factor, but it
lacks the genes responsible for the basic transcription machinery, and for RNA processing and degradation.
By contrast, Moranella has a minimal but complete transcription machinery and a number of genes encoding
proteins that assist transcription. Furthermore, several transcriptional regulators, the functions of which are
not yet fully known, and which are usually absent in endosymbionts with reduced genomes, have been
retained by the genome of Moranella and they may play a role in the control of the transcription in this
organism. Regarding translation, the consortium performs a very complex functional complementation?® and,
according to Lopez-Madrigal et al. (2013a), it may constitute the only known case for this specific function.
While Moranella encodes more than 80% of the tRNA genes for the consortium, Tremblaya has retained
tRNA genes for the most frequently used codons for alanine and, importantly, those for lysine, which are
missing from Moranella’s genome. Both Tremblaya and Moranella code for a high number of ribosomal
proteins, giving rise to a ribosomal redundancy that could play a (not yet known) functional role for both
symbiotic partners. However, only Moranella encodes ribosome maturation proteins and translational
factors. In sum, the consortium shows a high degree of genetic complementarity: Tremblaya has lost most of
the genes not only for metabolic but also for genomic functions, whereas Moranella has retained different
genes for metabolism and genomic functions that complement those of Tremblaya, giving rise to a highly co-
dependent relationship in which each partner partly contributes to the control mechanisms of the consortium.

In the light of the above, a fundamental question arises: how can this high degree of functional
complementation happen? In order to answer to this question, we have to examine how Tremblaya and
Moranella share functional constituents such as proteins through Moranella’s membrane. In order to perform
its essential cellular functions, Tremblaya needs to import from Moranella’s cytoplasm not only metabolites,
amino acids or carbon sources — as it is typical in common cases of endosymbiosis — but also functional
control components such as proteins, tRNAs, ATP and molecular complexes (McCutcheon and von Dohlen
2011; Lopez-Madrigal et al. 2011; Lépez-Madrigal et al. 2013a)*. The consortium, therefore, requires a
special transport system for the exchange of big molecules between the two partners®. Moranella’s genome
encodes a limited set of active transporters (e.g. the phosphotransferase system for the transport of hexoses)
and two channels (MscL and Ybal) associated with osmaotic stress, which play an important role in the
excretion of low molecular weight molecules (e.g. ions and metabolites) and small cytoplasmic proteins. The
Sec translocon?* machinery of Moranella exhibits a very reduced protein permeability and, therefore, it does
not seem to be responsible for the provision of proteins and RNAs to Tremblaya. Hence, it has been
hypothesised that the protein translocation from Moranella to Tremblaya may be due to a very primitive
mechanism, yet effective in this case. It would consist in a transient perforation of the Moranella plasma

17 See Lopez-Madrigal et al. (2013a) for the details.

8 By ‘functional complementation’, we mean the exchange of components that perform, or contribute to, specific
functions (such as proteins, tRNA, parts of ribosomal machinery etc.) between the members of the association. It is
different from ‘metabolic complementation’ which, instead, consists in the exchange of intermediate metabolic
substrates.

19 The same happens, in lesser degree, in the opposite direction from Tremblaya to Moranella.

20 Exchanging small molecules such as amino acids and metabolites is deeply different than exchanging proteins, tRNA
or other big molecules, and the two cases depend on distinct mechanisms of transport. Unlike our case study, the
endosymbiotic relationship between an eukaryotic host and prokaryotic endosymbionts usually relies only on the
exchange of amino acids between the two partners. The import of amino acids into the endosymbionts and the export of
other amino acids to the host is usually mediated by transporters provided by the host (Duncan et al. 2014).

2L A translocon is a complex of secretory (‘sec’) proteins involved in the translocation of polypeptides across the
membranes.
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membrane and of the osmotic channel MscL, controlled by osmotic stress??. It is made possible by two
factors: 1) the peculiar composition of Moranella’s membrane, more subject to perforation; and 2) the
unequal distribution of metabolic products in the two partners. In this way, the cell wall of Moranella is
transiently damaged and proteins would be able to reach Tremblaya cytoplasm (L6pez-Madrigal et al.
2013b), thus allowing the two partners to exchange control components such as proteins and operate in an
integrated way.

From the above, we can make some important remarks. The establishment of an endosymbiotic
relationship between two bacteria is a condition that has rarely been observed in the biological world,
because engulfment creates an intimate relationship within the cytoplasm of one of the partners which is
difficult to maintain. Indeed, the absence of a compartmentalised nucleus makes the genome of the
prokaryotic host, which is not protected by the nucleus membrane, more susceptible to a bombardment from
pieces of DNA of endosymbiotic origin, in such a way that the host would be genetically unstable and,
therefore, not adaptive (Lane 2015). This is one of the reasons why bacterial engulfment usually takes the
form of a transient and ephemeral parasitic relationship, which ends when the prey (the “host”) is killed (e.g.
Vampirococcus and Bdellovibrio) or the predator leaves the prey (e.g. Daptobacter).

The endosymbiotic relationship between Tremblaya and Moranella shows the exceptional conditions
required nowadays for a viable mutualistic relation. The massive loss of genes?, as demonstrated by
Tremblaya’s genome, implies that many metabolic pathways are absent or incomplete (e.g. those for amino
acid biosynthesis). More importantly, some genetic functions (e.g. DNA replication, recombination, repair,
and transcription), and regulatory processes (e.g. transcriptional regulators and translational factors) are
severally undermined. As we have seen, most of these functions are either complemented or supplied by
Moranella and thus require the joint action of both partners, thus suggesting a highly functional
interconnected organisation in which each bacterium requires the other one. For these reasons, Lopez-
Madrigal et al. (2011; 2013a) make the strong claim that “‘Ca. Tremblaya princeps’ cannot be considered an
independent organism, but that the consortium with its gammaproteobacterial symbiotic associate represents
a new composite living being” (Lopez-Madrigal et al. 2011, p. 5587).

This case study is not aimed at putting the consortium in the same category as, for example, a eukaryotic
cell, characterised by a number of specialised mechanisms that control the interaction between the cell and
its organelles of symbiotic origin. We rather suggest that the engulfment between prokaryotes opens a series
of challenges that need to be overcome in order to maintain a viable association. Unlike in bacterial biofilms,
the establishment of a common boundary (the membrane of Tremblaya) makes possible the control of the
global boundary conditions of the Tremblaya-Moranella system. While in biofilms the EPS matrix allows
medium range control upon ensembles of cells, the endosymbiosis realized by the Tremblaya-Moranella
association depends on a global spatial constraint (the membrane of Tremblaya), which has a (long-range)
systemic reach upon all the components (the molecules and the endosymbionts in the cytoplasm of
Tremblaya). Another important type of spatial constraint is the membrane of the Moranella endosymbionts.
The presence of an internal spatial constraint, the membrane of Moranella symbionts, allows for a further

22 Osmotic stress (or shock) is a sudden change in the solute concentration around a cell causing a change in the
movement of water across the cell membrane.

23 The loss of genes is an interesting feature of many commensal and mutualistic (symbiotic) relationships and it has
been hypothesised that it increases the fitness of the overall associations. Morris et al. (2012) have coined the
expression of “Black Queen hypothesis” to posit that “certain genes or, more broadly, biological functions, are
analogous to the queen of spades. Such functions are costly and therefore undesirable, leading to a selective advantage
for organisms that stop performing them. At the same time, the function must provide an indispensable public good,
necessitating its retention by at least a subset of the individuals in the community (Morris et al. 2012). In most cases
what is shared is metabolic products, giving rise to forms of ‘syntrophic integration’ by forming ecological networks
(Skillings, 2019). In other cases the members of the association share functional components (under collective
constraints such as EPS matrix or a common boundary), thus giving rise to forms of cross-control allowing for forms of
‘physiological integration’ (Bich, 2019).
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compartmentalization and modularity with potential for the evolution of specific controllers capable to
modulate the permeability of the internal compartment, like it has happened in the case of organelles during
eukaryogenesis. In this context, while exerting a systemic constraint at the global level, the endosymbiotic
association exhibits more specific forms of cross control between the members, not achieved by means of
self-organization only, but exerted by functional components from either Tremblaya or Moranella, or by
functional components which are assembled from parts synthesized by both symbionts.

Moreover, the engulfment favours the genetic reduction and functional reorganisation of the two
symbionts, thus leading to symbiotic partners that are necessarily less autonomous than those of a biofilm. A
fundamental aspect of the integration between Tremblaya and Moranella is that they do not only exchange
metabolites and amino acids, but also their main functional components. In the stable context of a nested
endosymbiosis within the mealybug, this consortium has provided primitive, yet effective responses to the
aforementioned challenges, such as the presumed passage of proteins, tRNA, etc. through mechanisms
related to osmotic stress.

5 The organisational implications of the EPS matrix and engulfment: a comparative
discussion

The previous two sections have highlighted the distinctive organisational features of biofilms and of the
endosymbiosis between bacteria: their different types of collective borders which spatially constrain at
different ranges the members of these associations and the forms of controls they enable, from coarse-
grained distributed control in biofilms to more specific fine-grained forms of cross control among the
partners of the endosymbiotic association. In this section, we compare their systemic implications. On the
basis of this comparative discussion, we investigate the conceptual links between the engulfment of the
Tremblaya-Moranella association and that of mitochondria and chloroplasts in the eukaryotic cell.

In the case of biofilms, the role of the collective spatial constraint is played by the EPS matrix: a dynamic
extracellular structure that provides global cohesion, controls the activity of whole groups of bacteria (and
archaea) at short and medium ranges, and maintains the cells adjacent to one another while differentiating
gradients of space characterised by different boundary conditions, thus enabling functional differentiation
and co-metabolism, syntrophy, common development and an enhanced immune response of the overall
biofilm. In the case of the endosymbiosis between two species of bacteria, instead, engulfment provides a
common global membrane (i.e. the membrane of Tremblaya). It is a global spatial constraint that favours an
asymmetric relation between the host and the endosymbiont with a much more intimate and demanding
collaboration between the members of the association, which allows for the establishment of systemic long
range control (relative to the size of the whole system), and enables the realisation of fine-grained specific
control mechanisms to coordinate the activities of the members.

The EPS matrix of biofilms and the membranes of the endosymbiotic associations impose on the symbiotic
partners different types of spatial constraints that affect their collective physiological functions. Although
both EPS matrix and engulfment allow metabolic coordination, they lead to different forms of collective
metabolic organisations. In the case of biofilms, the spatial proximity of bacteria within the EPS matrix
favours co-metabolism and synthrophy, and the release of enzymes in the EPS gives rise to an external
digestive system. However, bacteria keep their autonomy and can in principle develop new metabolic
relationships or leave the biofilm altogether. In the case of endosymbiosis, by contrast, engulfment implies a
very specific set of selective pressures, that paves the way for a symbiotic “rabbit hole” in which incomplete
metabolic pathways of the host are complemented by those of the endosymbiont and vice versa (Bennet and
Moran 2015). Accordingly, in this inescapable association, metabolic interdependences are not facultative
nor easily realisable by interchangeable partners, and they are also much more stable across time (i.e. over
generations) if compared to the case of biofilms.

Yet the difference between bacterial endosymbiosis and biofilm is not limited to the stability of metabolic
interdependencies, but includes two other aspects that have deeper organisational implications. In the first
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place, the bacterial EPS represents a collective and fuzzy spatial constraint, with little and unspecific control
upon the passage of molecules or organisms through it. In the case of engulfment, instead, the membrane of
the host provides the system with a common selective border characterised by global and more precise
mechanisms of control of permeability and transport (i.e. the capability to modulate the internal pH,
concentrations of metabolites, osmotic pressure, spatial and temporal distribution of specific chemicals).
With regard to the internal organisation of space, the EPS allows for a coarse-grained spatial differentiation,
while the membrane of the endosymbionts provides the endosymbiotic association with much more
modularity due to the presence of internal compartments, opening up the possibility for a fine-grained
control of permeability of the endosymbiont membrane and targeted transport of proteins.

In the second place, fundamental differences between the two types of associations arise also in the ways
they control intercellular relations. In biofilms, QS and the EPS matrix exert a distributed control upon the
cells at short and medium ranges, by realising gradients of signalling interactions (QS) and of distributions of
EPS molecules. In engulfed symbiosis, instead, functional coordination requires specific control at all ranges
and avoidance of conflict. In the case of the Moranella-Tremblaya association, for instance, proteins, tRNA
and other control molecules of Moranella need to pass across its membrane to enter the cytoplasm of
Tremblaya (where they can directly control different biosynthetic processes or regulate basic functions). To a
lesser degree, the same happens to some control molecules from Tremblaya, so that the whole consortium
maintains viability through a very basic form of cross-control?* and interlocked regulation®®. Thus,
engulfment cannot succeed unless a tight control of the most fundamental functions of both the host and the
endosymbiont is established. This requires a deep functional re-organisation with an irreversible loss of
autonomy of the former partners.

For these reasons, we suggest that the engulfment between two prokaryotes constitutes the fundamental
requirement for the appearance of a strong, and non-facultative, functional integration between different
symbiotic partners. This type of relationship is very demanding in organisational terms, insofar as such a
specific control requires: (1) the presence of the right components in the right place at a given time; and (2)
the implementation of mechanisms for transporting proteins and other complex control macromolecules
across the membrane of the endosymbiont, not only basic building blocks such as metabolites and amino
acids?,

These different types of physiological integration pose some difficult questions about the relationship
between functional integration, system-level coordinated reproduction, and heredity. It is not our purpose to
find a solution to this complex issue. However, we suggest that in (prokaryotic) collective organisations a
certain level of physiological integration is required to gain the capability of reproducing as a unit, because
the parts need to be functionally differentiated (e.g. between germ and soma) and their activities coordinated
for this purpose. For example, under starvation conditions, some single-species biofilms (e.g. B. subtilis or
M. xanthus) can produce collective forms of reproduction (e.g. the spores of B. subtilis or the fruiting bodies
of M. xanthus) by means of (local) contact mediated signals, that are enabled by the spatial proximity of
cells, and the resulting formation of gradients through self-organisation (Julien et al. 2000; Mufioz-Dorado et
al. 2016). Thus, the existence of an extracellular matrix, which keeps bacteria close to one another, may play
an organizational role not only in establishing a certain kind of physiological integration, but also a diffused

24 By ‘cross-control’, we mean one partner producing the components that control processes in the other.

% By “interlocked’ regulation, we mean the activity of regulatory mechanisms which rely on the components produced
by both partners.

%6 The Moranella-Tremblaya consortium realises transport through a very basic mechanism based on osmosis in
presence of a weakened membrane. In spite of being unspecific and inefficient, it can guarantee the viability of the
consortium in the very stable environment of mealybug cells. In fact, this particular mechanism lacks complex channels
and mechanisms for protein targeting that would allow much more specific control upon the localisation of functional
components. A more stable and robust solution to this problem would instead require a much deeper re-organisation of
the systems involved, which is indeed what it is supposed to have happened during the process of eukaryogenesis.
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and transient, context-dependent (i.e. dependent on starvation conditions) collective reproductive system.
This reproductive system is realised through coarse-grained control, based on local interactions and the
resulting formation of gradients, rather than coordinated by means of global specific control mechanisms.
Similarly, some ‘multi-cellular prokaryotes’ (Claessen et al. 2014; Lyons and Kolter 2015) such as
filamentous bacteria (e.g. N. punctiforme), actinomycetes (e.g. A. lIsraeli) or beggiatoa (e.g. B.
leptomitoformis) exhibit distinct kinds of collective reproduction that seem to be enabled by their spatial
contiguity (e.g. through proteinaceous complexes) and a minimal degree of functional integration (e.g.
through intercellular signals, metabolic co-dependence. See Claessen et al. 2014). In the case of
endosymbiosis, engulfed symbionts are so tightly integrated that they cannot survive autonomously, and the
endosymbionts can only be transmitted vertically due to the role of the host’s membrane as global constraint.
Consequently, the genes of both the host and the endosymbionts jointly change, and these variations can be
selectively transmitted to the new generations, making the whole system a unit of selection. Moreover,
engulfment allows for the implementation of further fine-tuned regulatory mechanisms during the evolution
of the symbiosis to synchronise the processes of growth and division more precisely.

A basic form of coarse-grained physiological integration is therefore a necessary, but not sufficient,
condition for a collective reproduction and a vertical transmission of genes, as shown by biofilms. Although
they have an EPS matrix that allows distributed mechanisms of regulatory control and signalling for
synchronising the members of the association, neither a global (long-range) control upon the reproduction of
the components, nor unified mechanisms for the differential variation of the gene pool of a biofilm have been
reported in the current literature so far (see, for example, Lopez et al. 2009; Liu et al. 2016). As a result, the
cells of single and multispecies biofilms may evolve independently from one another rather than undergo co-
selection, as evolutionary individuals instead do. By contrast, the type of integration enabled by engulfment,
as a common boundary and control constraint, paves the way not only for a higher degree of integration and
functional differentiation, but also for a collective reproduction, despite the fact that the species involved are
different.

The engulfed association among prokaryotes imposes a specific set of constraints on the symbiotic
partners, which determine a dramatic reduction in the endosymbiont genome, and lead to an irreversible
functional dependence between the symbiotic partners. Despite its limits, the relevance of the relationship
between Tremblaya and Moranella consists in the fact that it involves not only a sophisticated
complementation of metabolic and genomic functions between the host and the endosymbiont, but also a
control upon the localisation of proteins and the reproduction and development of the endosymbionts. These
dynamics, which are hardly sketched in the consortium Tremblaya-Moranella, achieve the highest
expression in the eukaryotic organelles of endosymbiotic origin, such as mitochondria and chloroplasts, to
give rise to full-fledged functionally integrated systems: the eukaryotic cells. Since most of the proteins
controlling and regulating the internal processes of proto-mitochondria and proto-chloroplasts were
progressively encoded in the nucleus and synthesised in the cytoplasm of the (host) cell, the appearance,
among other things, of a protein import and targeting machinery played a major role in the conversion of
endosymbionts into organelles. It allowed the host to directly control and regulate the functions of the future
organelle and of the overall consortium (Martin 2010; Cavalier-Smith 2007).

In sum, a viable engulfment establishes several constraints on the organisations of both the host and the
endosymbionts that are much tighter and demanding than those placed by the EPS matrix on the bacteria of a
biofilm. It is not a coincidence, therefore, that only very few cases of prokaryotic endosymbiosis have been
discovered so far. The evolutionary stable internalisation of a prokaryotic organism within another one raises
a series of issues whose solution leads to a deeper reproductive, developmental and metabolic integration,
based on a more precise form of systemic control. Ultimately, they may give rise to the appearance of a
strong integrated identity. The EPS matrix, instead, leads to more ephemeral, although highly successful,
organisations, in which symbiotic partners retain a basic autonomy and are kept together by distributed forms
of control, without a fine-tuned control of the overall development and reproduction.
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6 Concluding remarks

Our case study shows that in the prokaryotic world, a process of association of individuals may lead to
different forms of collective units, with different types and degrees of integration. In this context, functional
integration can be broadly understood as a phenomenon that originates when a set of different and initially
autonomous organisations (each one with its own functional parts) begins to functionally cooperate and share
their local functions. It leads to the establishment of a wider collective organisation where some functional
constraints of the constituent organisations are interlocked and control one another’s processes in such a way
that the whole system achieves viability. In this context we have identified some crucial elements that enable
different types and degrees of functional integration, specifically: (1) different types and ranges of collective
spatial constraints exerted by the EPS in biofilms and by the global membrane in the endosymbiotic
association; (2) different forms of control exerted by both the spatial and the intercellular control
mechanisms, i.e. the distributed coarse grained control characteristic of biofilms and the specific fine-tuned
control realised in the case of endosymbiosis; and (3) the different degrees of cross-control and interlocked
regulation that are required in order to modulate and coordinate intercellular interactions in the different
associations, with especially strong requirements for the endosymbiotic case of Tremblaya and Moranella,
where many of these mechanisms are assembled from functional components produced by both partners.

However, the necessity of the associated parts to achieve a global viability implies that there could not be
an indefinite number of integration possibilities. On the contrary, given a specific set of entities, only a
discrete number of collective organisations are stable on the physiological and evolutionary scales. In our
case, we can find either biofilm-type forms of association or endosymbiotic associations of prokaryotic cells;
but the latter seem, for all the reasons that we have analysed, quite rare and fragile until a completely new
organisation — the eukaryotic cell — is realised.

As we have seen, the appearance of a strong form of functional integration in the prokaryotic domain is a
process characterised by an initial step where different individualities (autonomous entities) enter in a
process of irreversible association. Most symbiotic associations of prokaryotes, like biofilms, cannot be
considered as full-fledged functionally integrated individuals, but rather as communities of (sometimes
highly) coordinated organisms, kept together by means of distributed control mechanisms. Among these
associations, the key for the achievement of a strong functional integration is the creation of an asymmetric
compartmentalisation: a spatial border, a global constraint that functionally acts as a selective frontier
between the associated system and the external environment. At the same time, engulfment is a much more
difficult way of achieving a stable association, and it is at the origin of a long evolutionary travel full of
conflicts.

Engulfment triggers a cascade of events that opens up (and forces) several possibilities for structural and
functional reorganisation and biological novelty in both symbiotic partners. Although we have no traces or
examples of the presumably long process that led to the eukaryotic cell, our case study suggests that this
process might have likely involved the modification or loss of old functions and the appearance of new
capacities, reaching more or less viable intermediate stages until a global robust viability was reached.
Viable internalisation could only have been achieved and maintained by increasing functional integration
through new forms of global control, starting from the modulation of the permeability of the common
boundary, to different systems of transport and targeting of functional components between the partners
through the endosymbionts’ membranes, which in turn made possible the implementation of precise
mechanisms of cross-control and interlocked regulation. All of them contributed towards the generation of a
new and stronger form of individuality with a regulatory machinery in charge of all the internal functions,
exemplified by the composite organisation of a eukaryotic cell, where the original endosymbiotic cells lost
their former autonomy and became organelles. The emergence of a new functionally integrated organisation,
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therefore, requires a functional redefinition of both the original organisms and of the symbiotic consortium
as awhole

In sum, functional integration can generally be defined as the degree to which the different components of
a biological dynamic regime of self-maintenance depend on one another for their production, maintenance,
activity and reproduction. If we take the eukaryotic cell as the reference example of new forms of full-
fledged biological individuality resulting from association between prokaryotes, individuality can be
understood in terms of the degree, scale and precision of the control and coordination of the parts that
collectively make the system a viable functional whole (i.e. an integrated unit). To do so, even the minimal
forms of biological (and, likely, proto-biological) organisation require, in the first place, some internal
functional differentiation (Mossio et al. 2009). A cohesive integration between different functional tasks is
achieved, then, when the differentiation of functions is coordinated at the system level by control and
regulatory mechanisms that (1) act across the different entities participating in the association, and (2) are
exerted in such a way that the differentiated components can contribute through their activity to the
maintenance of the system. As we have seen, biological systems can give rise to different forms of functional
associations, exhibiting different degrees of integration. In this process of integration, the deeper the co-
dependency between the original organisations, the higher is their progressive loss of autonomy,
accompanied by the appearance of new forms of control upon the members of the association.
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