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How/why did the first minimal chemical agents 
emerge at the origins of life?

Adap. Beh. J. Special Issue “Agency”   Barandiaran, X., Di Paolo, E. & Rohde, M. | DEFINING AGENCY

  RESEARCH PAPER     
ment  to  self-generate  and 

maintain  their  own dissip-

ative  organization.  This 

minimal  (or  proto-cellular) 

living  organization  comes 

to  capture  the  essence of 

life, for even complex mul-

ticellular  organisms  ulti-

mately respond to the same 

logic of networked self-re-

generation and self-regula-

tion  through  its  openness 

to the environment.  These 

minimal  models  already 

provide  a  first  empirically 

addressable  sense  of  indi-

viduality  and  normativity 

without  having  to  invoke 

abstract  mentalistic  entities 

such as  “propositional  be-

liefs” and “motivations” or without having to reduce the phe-

nomenology of agency to the “selfishness” of a replicating mo-

lecule (Dawkins 1976).

The  satisfaction  of  the  individuality  condition  is  almost 

straightforward: the very organization of a living system is self-

asserting, by continuously regenerating itself and its boundary, 

living systems are demarcating themselves from their surround-

ing as unified and integrated systems. In doing so they also carve 

an environment out of an undifferentiated surrounding: the or-

ganization of  the system (the way in which components pro-

cesses are nested with each other building up a whole) determ-

ines which environmental features are “relevant” to it, i.e., which 

chemical  components  in  the  environment can affect  it  or  are 

needed for its continued existence. In this way, the environment 

is not just what lies outside the system as demarcated from the 

observer’s point of view but is specified by the system through 

the set of boundary conditions that affect it.  The system as a 

whole is irreducible to the sum of its disjoints parts, as few reac-

tions of a protocellular system would occur in the absence of the 

continued support provided by the the networked reactions as 

an organization (that produce catalysts and molecular compon-

ents at the appropriate rate—sustaining reactions away from their 

thermodynamic tendency) and the presence of a membrane that 

acts both as a container and regulator of these reactions. 

In turn, this is where living individuality naturally leads to 

normativity: component reactions must occur in a certain manner 

in order for the very system to keep going, environmental condi-

tions are good or bad for the continuation of the system, the sys-

tem can  fail to  regain  stability  after  a  perturbation,  etc.  This 

normative dimension is not arbitrarily imposed from the outside 

by a designer or external agent that monitors the functioning of 

the system and judges according to her interests. It is the very or-

ganization of the system that  defines a set of  constraints  and 

boundary conditions under which it can survive (Christensen & 

Bickhard 2002, Barandiaran 2007, 2008 and Mossio et al. 2009). 

In this sense, living systems are subject to a permanent precari-

ousness (Di Paolo 2009) that is compensated by its active organ-

ization. This precariousness implies that whatever the organism 

is  doing  (i.e.  whatever  its 

factual functioning is) there 

is something that it ought to 

do; not for an external ob-

server but for itself, for the 

continuation of its very ex-

istence.  In  Jonas’  words: 

“[for  metabolism] ‘To be’  is 

its  intrinsic  goal.  Teleology 

comes in where the continu-

ous identity of being is not 

assured by mere inertial per-

sistence of a substance, but 

is  continually  executed  by 

something  done,  and  by 

something which has to be 

done in order to stay on at 

all: it is a matter of to be or 

not to be whether what is to 

be  done  is done.”  (Jonas 

1968:243). This type of organization we call autonomous (follow-

ing  Varela  1979—for  latter  developments  see  contribution  in 

Barandiaran  &  Ruiz-Mirazo  2008),  since  it  captures  both  the 

emergence of a self (autos) and that of norms (nomos).

The permanent need for external matter and energy and the 

fragility of living systems, sooner or latter, leads to interactional 

asymmetry: any organism must actively seek for energy gradients 

and regulate its relation with the environment in order to com-

pensate or avoid potentially destructive perturbations. So, over 

the  most  minimal  metabolic  network  endowed with  a  mem-

brane, even very simple life forms posses adaptive mechanisms 

that operate detecting and regulating internal and interactive pro-

cesses. Ruiz-Mirazo and Moreno argue that ion pumping mech-

anism against chemical gradients provide one of the simpler ex-

amples:  internal  concentrations  are  regulated  by  modulating 

membrane permeability according to self-maintenance conditions 

(Ruiz-Mirazo & Moreno 2000, Ruiz-Mirazo & Mavelli 2008). But 

paradigmatically, it is chemotactic behavior moving up metabolic 

substrate gradients,  or moving down poisonous reactant ones, 

what brings simple life forms closer to our intuitive notion of 

agency: the system is coupled to the environment through a spe-

cialized (yet  metabolically  modulated)  sensorimotor  subsystem 

capable to engage on interactive cycles whose modulation (in 

terms of changing the frequency of the direction of rotation of its 

flagella) becomes essential for the metabolic continuation of the 

bacterium.

Minimal life-forms already come to satisfy the necessary and 

sufficient conditions for agency. This does not imply, however, 

that living organization is necessary for agency, nor that all forms 

of agency need to trace their normative or individuality condi-

tions back to living organization. What minimal life provides is a 

clear  and  precise  illustration  of  how individuality,  normativity 

and interactional asymmetry conditions emerge from a natural-

ized framework that can be fully operationalized and even syn-

thesized. What is essential for agency is that, in a manner iso-

morphic  or  analogous  to  that  of  metabolism,  interactive  pro-

cesses can be traced back to a form of organization that displays 

similar properties.
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Figure 1: The figure illustrates the definition of agency: the system is constituted by a 
self-sustained network of processes (pictured as a circle, left) coupled to the 

environment; the systems exerts regulatory constraints over its coupling giving rise to 
agency. [Copyright 2009 Xabier Barandiaran under Creative Commons Attribution 
Share Alike license, freedom is granted to copy, modify and redistribute this work 

provided that this notice is preserved]

Defining Agency. Barandiaran et al. Journal of Adaptive Behaviour (2009)

Biological agent: "An 
individuated autonomous 
organisation that adaptively 
regulates its coupling with its 
environment and contributes to 
sustaining itself as a 
consequence".

Broad Aim



Regulation Mechanisms in Cells

Cellulolytic bacteria secretion 

IF sufficient cellulose in 
environment THEN secrete 
cellulase enzymes to break it 
down into useable glucose

Changes local environment

E.coli nutrient source 
switching (lac Operon) 

IF env glucose conc insufficient 
AND env lactose present THEN 
begin importing and metabolising 
lactose
Changes pathways of energy/
matter flow through metabolism 
itself

repressed. In fact, a second form of control is also at work. Although the presence of
lactose removes the repressor, the promoter alone is not sufficient to start the
transcription. A second regulatory protein (CAP, ‘catabolite activator protein’)
positively controls the activity of the RNA polymerase, binding to the promoter.
This protein is allosterically controlled by cyclic adenosine monophosphate
(cAMP). In the presence of high concentrations of cAMP, due to the absence of
glucose, CAP binds to the promoter. In the presence of glucose the level of cAMP
decreases and CAP is inhibited.

This double mechanism of negative (lactose) and positive (glucose) control
allows the cell to adaptively induce diauxic shifts between the metabolic regimes of
the two sugars, depending on their availability (Fig. 7). Only two responses of all
the possible combinations are permitted by this control subsystem: (a) lactose
metabolism is inhibited when glucose is present; (b) lactose metabolism is activated
when lactose is present and glucose absent. In this way, the mechanism excludes the
non viable regime in which none of the sugars is metabolised, or the costly one in
which both are employed, when it is not necessary. At the same time, by activating
the lac-operon only in the absence of glucose, priority is given to the latter (as the
main carbon source), coherent with the fact that it is the energetically more efficient
sugar to metabolise.

In order to establish whether the lac-operon is a regulatory—rather than a
constitutive—mechanism, it is necessary to verify if it satisfies the set of
organisational requirements provided in ‘‘Biological regulation’’ section. First, we
will examine the decoupling condition (requirement 2 of the list), and then check
whether the other regulation requisites are satisfied, as well.

The regulatory subsystem (consisting of the DNA sequence—promoter, operator,
genes—plus regulatory proteins) and the regulated one (metabolism, or parts of it)

Fig. 7 The regulatory scheme in the case of the lac-operon

260 L. Bich et al.
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B.subtilis 
sporulation 

IF env conditions 
too harsh THEN 
sporulate

Shuts down 
metabolism



How did protocells develop 
mechanisms to: 

1. Regulate internal dynamics 

2. Regulate behaviour towards 
environment (including agent-
agent interactions) 

...that enabled them to survive in 
variable and challenging 
environmental conditions?

Figure adapted from: xabier.barandiaran.net
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Prebiotic Origins of Regulation



How did protocells develop 
mechanisms to: 

1. Regulate internal dynamics 

2. Regulate behaviour towards 
environment (including agent-
agent interactions) 

...that enabled them to survive in 
variable and challenging 
environmental conditions?

Origins of Regulation
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The Model

Araudia
'Formal set of directives'
'Procedural rules'
'Code of conduct'

…Basque for
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Protocell Abstraction

Origins of building blocks of life: A review. Kitadai et al. Geoscience Frontiers (2018)

• We don't capture detailed protocell 
biophysics! 

• We assume reliable division

• We don't explicitly model pre-biotically 
plausible chemical pathways, or catalysts
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Metabolic  
Network

Growth
and division

Pro
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Metabolic Network

• Consuming nutrients 
• Secreting by-products back to medium 
• Growing and dividing (into equal daughters)
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• Consuming nutrients 
• Secreting by-products back to medium 
• Growing and dividing

• Dynamically changes import enzyme levels  
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environmental state
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Regulatory Network Tinkered into Functionality by Evolution

'Knowledge' about how to best respond to potential environmental conditions, 
over evolutionary time becomes "sedimented" in regulatory network function
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No explicit fitness 
function! only survival 
of reactor wash out!
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Fig. 2 | Model types commonly used for studying emergent properties of microbial communities. a–d, Ecological models. Four commonly used 
ecological models are illustrated with conceptual diagrams showing the captured ecological interactions/processes, and the associated mathematical 
model formulations. The equations shown are examples and could be varied to be more realistic by, for instance, making growth rates non-linearly 
dependent on resource availability, for example, via Monod-like kinetics (as in c) or by introducing species-specific carrying capacities to make growth 
logistic. Parts of the equation that correspond to elements in the conceptual diagram are matched by colour, whereas the grey elements are those not 
explicitly present in the equations shown. See Supplementary Table 1 for further details including the notations used. A uniform background colour 
represents a homogenous (and closed) environment. e, Genome-scale metabolic models. Akin to trait-based models, these aim at capturing the 
near-complete metabolic and biosynthetic capabilities of all community members as encoded in their genomes. a,b, Populations and/or resources are 
shown as groups for the purpose of illustration but the model assumes a spatio-temporally homogeneous distribution (effectively making the system like 
a well-stirred reactor). We further note that the boundaries between different model types depicted here (a–e) are not rigid and each model type can be 
extended beyond its typical application.
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Emergent simplicity in microbial
community assembly
Joshua E. Goldford1,2*, Nanxi Lu3*, Djordje Bajić3, Sylvie Estrela3, Mikhail Tikhonov4,5,
Alicia Sanchez-Gorostiaga3, Daniel Segrè1,6,7, Pankaj Mehta1,7†, Alvaro Sanchez2,3†

A major unresolved question in microbiome research is whether the complex taxonomic
architectures observed in surveys of natural communities can be explained and predicted
by fundamental, quantitative principles. Bridging theory and experiment is hampered
by the multiplicity of ecological processes that simultaneously affect community assembly
in natural ecosystems. We addressed this challenge by monitoring the assembly of
hundreds of soil- and plant-derived microbiomes in well-controlled minimal synthetic
media. Both the community-level function and the coarse-grained taxonomy of the
resulting communities are highly predictable and governed by nutrient availability, despite
substantial species variability. By generalizing classical ecological models to include
widespread nonspecific cross-feeding, we show that these features are all emergent
properties of the assembly of large microbial communities, explaining their ubiquity in
natural microbiomes.

M
icrobial communities play critical roles
in awide range of natural processes, from
animal development and host health to
biogeochemical cycles (1–3). Recent ad-
vances in DNA sequencing have allowed

us to map the composition of these communities
with high resolution. This has motivated a surge
of interest in understanding the ecologicalmech-
anisms that govern microbial community as-
sembly and function (4). A quantitative, predictive
understanding of microbiome ecology is required
to design effective strategies to rationally manip-
ulate microbial communities toward beneficial
states.
Surveys of microbiome composition across a

wide range of ecological settings, from the ocean
to the human body (2, 3), have revealed intriguing
empirical patterns in microbiome organization.
These widely observed properties include high
microbial diversity, the coexistence of multiple
closely related species within the same functional
group, functional stability despite large species
turnover, and different degrees of determinism
in the association between nutrient availability
and taxonomic composition at different phylo-

genetic levels (3, 5–10). These observations have
led to the proposal that common organizational
principles exist in microbial community assembly
(6, 7). However, the lack of a theory ofmicrobiome
assembly is hindering progress toward explaining
and interpreting these empirical findings, and
it remains unknown which of the functional
and structural features exhibited by microbiomes
reflect specific local adaptations at the host or
microbiome level (10) and which are generic
properties of complex, self-assembled micro-
bial communities.
Efforts to connect theory and experiments to

understand microbiome assembly have typically
relied on manipulative bottom-up experiments
with a few species (11–13). Although this approach
is useful for providing insights into specific mech-
anisms of interactions, it is unclear to what extent
findings from these studies scale up to predict the
generic properties of largemicrobial communities
or the interactions therein. Of note is the ongoing
debate about the relative contributions of com-
petition and facilitation (14, 15) and the poorly
understood role that high-order interactions play
in microbial community assembly (11, 16, 17). To
move beyond empirical observations and con-
nect statistical patterns of microbiome assembly
with ecological theory, we need to study the as-
sembly of large numbers of large multispecies
microbiomes under highly controlled and well-
understood conditions that allow proper com-
parison between theory and experiment.

Assembly of large microbial
communities on a single
limiting resource

To meet this challenge, we followed a high-
throughput ex situ cultivation protocol to mon-
itor the spontaneous assembly of ecologically

stable microbial communities derived from nat-
ural habitats in well-controlled environments;
we used synthetic (M9) minimal media con-
taining a single externally supplied source of
carbon, as well as sources of all of the necessary
salts and chemical elements required for micro-
bial life (Fig. 1A). Intact microbiota suspensions
were extracted from diverse natural ecosystems,
such as various soils and plant leaf surfaces
(methods). Suspensions ofmicrobiota from these
environmentswere highly diverse and taxonomi-
cally rich (fig. S1), ranging between 110 and 1290
exact sequence variants (ESVs). We first inocu-
lated 12 of these suspensions of microbiota into
fresh minimal media with glucose as the only
added carbon source and allowed the cultures to
grow at 30°C in static broth. We then passaged
the mixed cultures in freshmedia every 48 hours
with a fixed dilution factor of D = 8 × 10−3 for a
total of 12 transfers (~84 generations). At the end
of each growth cycle, we used 16S ribosomal
RNA (rRNA) amplicon sequencing to assay the
community composition (Fig. 1A and methods).
High-resolution sequence denoising allowed us
to identify ESVs, which revealed community struc-
ture at single-nucleotide resolution (18).
Most communities stabilized after ~60 genera-

tions, reaching stable population equilibria in
nearly all cases (Fig. 1B and fig. S2). For all of
the 12 initial ecosystems, we observed large mul-
tispecies communities after stabilization that
ranged from 4 to 17 ESVs at a sequencing depth
of 10,000 reads; further analysis indicated that
this is a conservative estimate of the total rich-
ness in our communities (figs. S3 and S4 and
methods). We confirmed the taxonomic assign-
ments generated from amplicon sequencing by
culture-dependent methods, including the iso-
lation and phenotypic characterization of all
dominant genera within a representative com-
munity (fig. S5).

Convergence of bacterial
community structure at the
family taxonomic level

High-throughput isolation and stabilization of
microbial consortia allowed us to explore the
rules governing the assembly of bacterial com-
munities in well-controlled synthetic environ-
ments. At the species (ESV) level of taxonomic
resolution, the 12 natural communities assembled
into highly variable compositions (Fig. 1C). How-
ever, when we grouped ESVs by higher taxonomic
ranks, we found that all 12 stabilized communities—
with very diverse environmental origins—converged
into similar family-level community structures
dominated by Enterobacteriaceae and Pseudo-
monadaceae (Fig. 1D). In other words, a similar
family-level composition arose in all commun-
ities despite their very different starting points.
This is further illustrated in fig. S6, where we
show that the temporal variability (quantified
by the b diversity) in family-level composition
is comparable to the variability across inde-
pendent replicates. The same is not true when
we compare taxonomic structure at the subfamily
(genus) level.
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Metabolic Trade-Offs Promote Diversity in a Model Ecosystem

Anna Posfai,1 Thibaud Taillefumier,2 and Ned S. Wingreen1,3
1Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, New Jersey 08544, USA

2Department of Mathematics and Department of Neuroscience, The University of Texas at Austin, Austin, Texas 78712, USA
3Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544, USA

(Received 20 September 2016; published 12 January 2017)

In nature, a large number of species can coexist on a small number of shared resources; however,
resource-competition models predict that the number of species in steady coexistence cannot exceed the
number of resources. Motivated by recent studies of phytoplankton, we introduce trade-offs into a resource-
competition model and find that an unlimited number of species can coexist. Our model spontaneously
reproduces several notable features of natural ecosystems, including keystone species and population
dynamics and abundances characteristic of neutral theory, despite an underlying non-neutral competition
for resources.

DOI: 10.1103/PhysRevLett.118.028103

An astonishing characteristic of life on Earth is its great
variety. In tropical rainforests, more than 300 tree species
may be found on a single hectare [1], while in one gram of
soil, the number of distinct microbial genomes has been
estimated at ∼2000–18; 000 [2]. Explaining this great bio-
diversity has been a main focus of research in ecology. One
major conceptual challenge is embodied by the so-called
“paradox of the plankton” [3]: in the framework of simple
resource-competition models, it has been argued that the
number of species indefinitely coexisting cannot exceed the
number of resources [4–7]. Yet, in apparent contradiction to
this theory, which is known as the competitive exclusion
principle [8], some marine ecosystems host a hundred or
more coexisting species of phytoplankton [9], competing
for only a handful of abiotic nutrients [10].
The limit on diversity set by the competitive exclusion

principle could be overcome in many possible ways.
Even within simple resource-competition models, diverse
populations may emerge from intrinsically oscillatory or
chaotic dynamics [11,12], though the stability of such
solutions in the face of long-term evolution has been
challenged [13]. Looking beyond resource competition,
there are many proposed mechanisms for diversity,
generally falling into three (nonexclusive) categories:
(1) systems never approach steady state due to temporal
variation of the environment, e.g., weather changes [3,14]
or seasonal cycles [15]; (2) real environments are hetero-
geneous in space, e.g., due to environmental gradients such
as temperature, salinity, or exposure to light [16]; (3) eco-
systems are limited by factors other than resources, e.g.,
predation [17,18] or self-limiting toxin production [19].
(For reviews see [20,21].)
While the above mechanisms are likely all broadly

relevant, in the context of phytoplankton, it was recently
suggested that diversity may also persist due to trade-offs
between different traits or abilities [22]. With this in mind,

we present a simple resource-competition model in which
species are constrained by a trade-off between their differ-
ent resource utilization abilities. In this model, organisms
collectively shape the resource concentrations around them
to produce a state equally favorable for all, and hence,
an unlimited number of species can coexist. While the
model is highly simplified, it highlights how both trade-offs
and environmental shaping can contribute to ecological
diversity.
We employ a classical resource-competition model [23]

to investigate the population dynamics of m species
competing for p types of nutrients. A “species” σ is
specified by its metabolic strategy, namely the coefficients
of its rate of utilization of each nutrient: ~ασ¼ðασ1;…;ασpÞ.
Conceptually, ασi is proportional to the number of
enzyme molecules allocated by the organism to importing
and processing nutrient i. We assume that enzymes for
different nutrients may have different costs wi, but to reflect
“trade-offs,” all organisms have the same fixed enzyme
budget:

Pp
i¼1 wiασi ¼ E.

We further assume a well-mixed system such that the
concentration of nutrients is homogeneous and is determined
by the nutrient supply rates ~s ¼ ðs1;…; spÞ, by the uptake of
nutrients by organisms, and by a degradation or loss rate μi.
We denote the per-enzyme rate of consumption of nutrient i
by ri. A relevant choice for ri is the Monod function
ci=ðKi þ ciÞ, but it can be any monotone increasing,
continuously differentiable function of ci with rið0Þ ¼ 0.
The kinetics of nutrient concentration ci is therefore given by

dci
dt

¼ si −
!X

σ

nσðtÞασi
"
riðciÞ − μiciðtÞ; ð1Þ

where nσ is the population of species σ. Since metabolic
reactions typically occur on a faster time scale than cell
division, we assume a separation of these time scales. It
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Example Cross-Feeding Ecological Arrangements



Chemical Dynamics in Chemostat
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Case Study 1: Single Protocell Species
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Case Study 1: Single Protocell Species
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Case Study 2: Minimal Mutualism
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A Note: Temporary "Quasi-Species" Often Develop
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Case Study 3: Competition
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Summary
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model, exploring if regulatory mechanisms 
emerge in an evolving protocell ecology 
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Summary

• Model is abstract, but is intended as a tool to 
help us think about why minimal agency 
evolved in protocell populations

• Metabolism / Ecology / Evolution multi-scale 
model, exploring if regulatory mechanisms 
emerge in an evolving protocell ecology 
under forcing input of a flow reactor

• Does not give mechanistic detail about how 
regulation emerged, but rather sees under 
what conditions regulatory networks develop 
in response to environmental challenges, if 
there is the potential to develop (abstract) 
regulatory networks
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• Get selected for? (over static enzyme levels) 

• Increase ecological robustness to varying reactor inputs? 

• Allow protocell species to learn long-term trends? 

• Increase ecological diversity / dynamic complexity?

Do protocell regulatory networks:

We Wanted to Answer Questions Like These 

More 
experimentation 
needed

• How is phylogenetic adaptation related to ontogenetic 
adaptation?

?



Interesting Research Avenues

Pro
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Level

Level

• Toxins • Reg. networks 
also sensitive to 
non-imported 
nutrients in 
environment

3

• AND requirement 
for nutrient uptake

• Major evolutionary 
changes enabled 
(protocells can 
change diet)

• More complex 
protocell ecologies

Protocells unfold novel 
behaviours in terms of 

competition/cooperation 
strategies with their peers 
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