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ABSTRACT

Phenotypic plasticity of physiological functions enables rapid
responses to changing environments and may thereby increase the
resilience of organisms to environmental change. Here, we argue that
the principal hallmarks of life itself, self-replication and maintenance,
are contingent on the plasticity of metabolic processes (‘metabolic
plasticity’). It is likely that the Last Universal Common Ancestor
(LUCA), 4 billion years ago, already possessed energy-sensing
molecules that could adjust energy (ATP) production to meet
demand. The earliest manifestation of metabolic plasticity,
switching cells from growth and storage (anabolism) to breakdown
and ATP production (catabolism), coincides with the advent of
Darwinian evolution. Darwinian evolution depends on reliable
translation of information from information-carrying molecules, and
on cell genealogy where information is accurately passed between
cell generations. Both of these processes create fluctuating energy
demands that necessitate metabolic plasticity to facilitate replication
of genetic material and (proto)cell division. We propose that LUCA
possessed rudimentary forms of these capabilities. Since LUCA,
metabolic networks have increased in complexity. Generalist founder
enzymes formed the basis of many derived networks, and complexity
arose partly by recruiting novel pathways from the untapped pool
of reactions that are present in cells but do not have current
physiological functions (the so-called ‘underground metabolism’).
Complexity may thereby be specific to environmental contexts and
phylogenetic lineages. We suggest that a Boolean network analysis
could be useful to model the transition of metabolic networks over
evolutionary time. Network analyses can be effective in modelling
phenotypic plasticity in metabolic functions for different phylogenetic
groups because they incorporate actual biochemical regulators that
can be updated as new empirical insights are gained.

KEY WORDS: Metabolism, Acclimation, Environmental change,
Network, Cell division

Introduction

The phenotype of an individual organism reflects interactions
between its genotype and the environment. However, phenotypes
can be modified independently from their DNA nucleotide
sequence by epigenetic mechanisms that act both within and
between generations (Burton and Metcalfe, 2014). Such
‘phenotypic plasticity’ (see Glossary) is a regulated response that
can be beneficial because it adjusts the rates of physiological
functions to compensate for the immediate impacts of changes in the
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environment (Havird et al., 2020; Loughland et al., 2021; Schulte,
2014). Physiological rates often shift with acute changes in
temperature, salinity, pH and other environmental parameters.
Plastic responses can modulate the sensitivity of physiological rates
to this environmental variability, and can do so at different time
scales (Schulte et al., 2011). Within the lifetime of an organism, the
environment experienced early in development can influence
the adult phenotype (‘developmental plasticity’) (Burggren,
2018). In post-embryonic organisms, relatively long-term (weeks)
environmental changes can induce shifts of physiological rates
(‘acclimation”) (Guderley, 2004). Developmental plasticity and
acclimation can act together or individually to reduce variance in
physiological rates across environmental gradients, and thereby
potentially increase organismal resilience to environmental change
(Beaman et al., 2016). Additionally, environments experienced by
previous generations can have lasting and heritable effects on
offspring phenotypes (‘transgenerational plasticity’) (LeRoy et al.,
2017).

In this Commentary, we present a framework for the evolution
of phenotypic plasticity in metabolic functions (which we will refer
to as ‘metabolic plasticity’) in terms of fundamental cellular
mechanisms. Specifically, we focus on compensatory plasticity in
energy (adenosine triphosphate, ATP) production to maintain
cellular function (Guderley, 1990). We argue that metabolic
plasticity is constitutive to cells, and that it is an ancient pre-
requisite for life. However, metabolic regulation became more
complex over evolutionary time, and we suggest that phylogenetic
lineages can have differing capacities for plasticity because their
regulatory networks (see Glossary) differ.

All biochemical reactions that lower the entropy of a reaction
system require input of energy. Energy metabolism (see Glossary) is
therefore fundamental for life, and energy transduction systems that
produce ATP even precede the advent of life (Milshteyn et al.,
2019). An evolutionary perspective on metabolic plasticity must
therefore start at the origin of life itself and we anchor the origin of
metabolic plasticity and of Darwinian evolution to around the Last
Universal Common Ancestor (LUCA; see Glossary). We review
chemical energy (e.g. ATP) production in pre-biotic structures and
discuss how metabolic pathways became more complex in living
organisms to form networks that now underlie whole-organism
performance such as locomotion and metabolic rates. We suggest
that a Boolean network analysis (see Glossary) can be useful in
modelling plasticity in networks with different topologies, and we
provide worked examples to demonstrate this approach.

Metabolism at the origin of life

The use of free energy to build complex molecules from smaller
building blocks is essential for all life (Kaufmann, 2009). This
process is not unique to life and also occurs in non-living systems,
where molecules are synthesised from simpler precursors. For
example, reduced gas mixtures produced amino acids and
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Glossary

Amphiphilic

An amphiphilic compound has both hydrophilic (water attracting) and
lipophilic (lipid attracting) properties. Cell membranes are amphiphilic,
and amphiphilic compounds form liposomes which may resemble early
protocells.

Attractor

Favoured state or series of states of a network.

Boolean network

Analytical network approach that links different network nodes with
logical statements.

Anabolism and catabolism

During anabolism, chemical building blocks and energy-rich substrates
are stored, while catabolism denotes the breakdown of stored
compounds to synthesise ATP.

Chemiosmotic energy

Chemical energy produced by electron transport coupled with a proton
gradient across a membrane-like structure. Mitochondria produce ATP
by chemiosmosis.

Darwinian threshold

A theoretical stage when vertical gene transfer (i.e. across cell
generations) increased in importance, leading to an improved
genealogy of cells and ultimately to Darwinian evolution.

Founder enzymes

Generalist enzymes that could react with a broad range of metabolites.
Founder enzymes are thought to give rise to more complex networks,
and are well connected in extant metabolic networks.

Last Universal Common Ancestor (LUCA)

Hypothetical cellular structure at the transition between abiotic chemistry
and biology.

Metabolism

We use this term here to refer to energy metabolism; that is, the
production of ATP or cellular storage of high-energy molecules.
Phenotypic plasticity

Here, we use a relatively narrow definition of plasticity as the expression
of different phenotypes by the same genotypes in response to
environmental signals. Plasticity may be induced during early
embryonic stages (developmental plasticity), or via the gametes of
previous generations (transgenerational plasticity). Phenotypes may
also change within juvenile and adult organisms in response to
environmental variation (acclimation).

Primordial soup

Mixture of organic chemicals from which life may have originated.
Promiscuous reactions

Reactions of a single enzyme with multiple metabolites.

Regulatory networks

Network of interacting molecules that regulate fluxes of metabolites and
gene expression. ‘Metabolic networks’ refer specifically to networks that
regulate energy metabolism.

Replicator

Molecules that could make identical copies of themselves thought to
comprise an information carrier such as a nucleotide plus a catalytic
peptide.

Underground metabolism

Pool of promiscuous reactions by founder enzymes that do not have
current physiological importance, but which provide a source for
potentially beneficial reactions in response to environmental change.

nucleobases in the Miller—Urey experiment (Miller and Urey,
1959). Similar compounds were present in a 4.5 billion year old
meteorite, indicating that the chemical composition of reagents and
products in the Miller-Urey experiment resembles chemical
conditions before the origin of life (Kauffman et al., 2020;
Sephton, 2002). Interestingly, under certain physico-chemical
conditions, the abiotically produced ‘primordial soup’ (see
Glossary) from the Miller—Urey experiment contained sufficient
nutrients to support life (Xie et al., 2015). An alternative to the

heterotrophic primordial soup scenario is that complex chemical
structures arose autotrophically in hydrothermal vents or on
dehydrated metal surfaces, and obtained their energy from H,
oxidation on Fe(Ni)S surfaces, for example (Camprubi et al., 2017).

A crucial question is how these early chemical structures
transitioned to living organisms. The capacity for self-replication
and self-maintenance is an essential requirement for life and
Darwinian evolution (Koonin et al., 2020). At a prebiotic level,
molecules called ‘replicators’ (see Glossary) had the capacity to
make identical copies of themselves. The exact characteristics of
prebiotic replicators are not known, but self-replicating RNA
molecules show that this is chemically possible (Wochner et al.,
2011; Wolk et al., 2020). It is likely that replicators immediately
preceding the origin of life were nucleopeptides, where peptides
provided the catalytic activity necessary to replicate the molecule
based on the chemical information contained in an information
carrier such as RNA (Piette and Heddle, 2020).

For effective replication, it is critical to keep the information
carrier and catalyst in close proximity. Some form of
compartmentalisation was therefore essential (Schreiber et al.,
2019). The first prebiotic protocells were thought to be surrounded
by amphiphilic lipid membranes (see Glossary) (Deamer, 2017).
However, it is also possible that protocells were formed by
amphiphilic protein building blocks that self-assembled from
prebiotic amino acids (e.g. Miller—Urey-type amino acids), which
are robust to environmental variation (Schreiber et al., 2019).
Compartmentalisation by the formation of ‘protocells’ in prebiotic
chemistry permitted accumulation of small molecules, including
ATP analogues (Deamer, 1997; 2017; Sugiyama et al., 2020).
Consequently, molecules travelled between the internal and external
environments. However, maintaining the interior milieu of the
protocell at a different chemical composition from the exterior
environment would require the regulation of transport of substances
through the envelope (membrane) of protocells. Liposomes, which
are spherical vesicles bounded by an amphiphilic lipid bi-layer, are
likely to closely resemble prebiotic protocells and are relatively
impermeable to most substances (Gibard et al., 2018). In living
cells, transport is facilitated by proteins that exchange ions or
actively transport target molecules using energy (e.g. ATPases).
However, even in prebiotic cells, substances could traverse the
liposomal membrane in the absence of transport proteins, facilitated
by biophysical factors alone (Sugiyama et al., 2020).

The compartmentalisation of protocells and the transport of
molecules into and out of the protocell compartment required
structural complexity (i.e. low entropy) that relied on energy input.
At a more complex level than simple storage, anabolism may be
defined as the use of free energy to assemble pre-existing building
blocks into larger structures that reduce the entropy of the system
(Clarke, 2019; Kaufmann, 2009). Increasing complexity in
(prebiotic) chemical structures would require sustained sources of
energy to facilitate assembly of more complex structures, so that the
system had to be coupled to a source of free energy (Ducluzeau
et al,, 2014). Potential environmental energy sources include
mechanical energy (Hansma, 2010), electromagnetic radiation,
chemical energy, heat and ionic potentials (Deamer, 1997).

Submarine hydrothermal vents with their unique chemistry and
heat input from volcanic activity are a possible site for the transition
from prebiotic to biotic systems (Brunk and Marshall, 2021; Martin
et al., 2008). The amphiphilic lipid bilayer of protocell liposomes
or similar structures also enabled a chemiosmotic energy source
(see Glossary), established by proton gradients coupled to electron
transport (Ducluzeau et al., 2014; Milshteyn et al., 2019; Simakov
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et al., 2021). This chemiosmotic energy source is reminiscent of
electrochemical gradients seen in mitochondria of extant eukaryotic
organisms (Milshteyn et al., 2019). The universal prokaryotic
ancestor possessed a rotor—stator ATP synthase that could couple
proton flow to ATP production (Sousa et al., 2016), so that ATP
synthesis driven by electron transport and proton gradients was
already present very close to the origin of life. Similarly, the Krebs
cycle, which is central to energy metabolism in modern organisms,
originated under prebiotic conditions (Ritson, 2021). Hence, there
was considerable ‘metabolic’ complexity in the prebiotic world,
which was eventually co-opted into energy metabolism of living
cells.

At a more complex structural level, transport processes would
require considerable energy to import necessary building blocks and
keep ions inside the protocell at different concentrations from the
outside environment (Melkikh and Sutormina, 2019). Ion transport
in protocells may have involved using the energy from
hydrolysation of ATP to ADP+P to pump protons across the cell
membrane. The resulting proton gradient could then facilitate
transport of Na*, K™ and CI~ (Melkikh and Sutormina, 2019). It is
likely that LUCA possessed transport mechanisms such as ATPases
in addition to transport mediated by proton gradients (Melkikh and
Sutormina, 2019). Similarly, building complex structures from
simple precursors (e.g. polymerase activity) requires energy, which
in simple replicators would have been supplied by external
environmental sources as outlined above (Kaufmann, 2009; Toner
and Catling, 2020). However, as complexity grew from replicators
to protocells and cellular organisms, a reliable supply of ATP
became essential, particularly because the compartment (protocell,
cell) itself also needed to replicate (Schreiber et al., 2019). Some
configuration of chemiosmotic pathways (electron transport
associated with proton pumping) is likely to have supplied ATP in
LUCA (Ducluzeau et al., 2014).

Darwinian evolution is contingent on metabolic plasticity

Darwinian evolution occurred sometime after LUCA. LUCA is a
theoretical construct that links abiotic chemistry to the first
microbial life (Weiss et al., 2018). The consensus is that LUCA
was a compartmentalised entity that possessed a version of the
nucleotide—protein genetic code as well as the metabolic capacity
for self-replication and for structural maintenance (Weiss et al.,
2016). However, early protocells leading up to LUCA possessed
only imprecise information processing (e.g. translation) and had
weak genealogy across cell divisions, generating imprecise proteins
referred to as ‘statistical’ proteins with variable amino acid
sequences (de Farias et al., 2015). Instead of a single line of
ancestors, the predecessors of LUCA are best thought of as
communities of interacting prebiotic protocells (Woese, 1998). The
weak genealogy diminished the efficacy, or even precluded the
possibility of natural selection. Nonetheless, there was biological
innovation, which is thought to have arisen from horizontal transfer
of materials and information (genes) among communities of early
protocells (Levin and West, 2017; Woese, 2002). As cell design
became more complex chemically, cellular components became
more integrated with each other, forming interacting modules.
Horizontal transfer of cellular components became more difficult,
because of the greater functional interdependence of individual
components within the modules (Sambamoorthy et al., 2019). At
this critical point, referred to as the ‘Darwinian threshold’ (see
Glossary), greater integration of individual components also
increased the effectiveness of information processing systems
(e.g. translation), and vertical gene transfer (i.e. across cell

generations) increased in importance, leading to an improved
genealogy of cell lines and ultimately to Darwinian evolution
(Woese, 1998; 2002).

The transition from chemistry to biology, and the adaptation of
biological systems to novel environments are tightly linked to
energy metabolism (Dibrova et al., 2012; Woronoff et al., 2020).
The increasing connectedness of the components within cells
increased the demand for more precise metabolic regulation to
maintain different components and to sustain the energy levels
necessary for cell division (Zhao et al., 2019). Replication of cells
and genetic material to produce the next generation would have
caused considerable variation in energy status. The cell would
have to switch from anabolism (see Glossary), when chemical
building blocks and energy-rich substrates are stored, to catabolism
(see Glossary) that release ATP for biosynthesis and transport
during cell division. Switching between anabolic and catabolic
states ensured that energy levels remained relatively constant despite
fluctuating requirements, and it represents the first manifestation of
metabolic plasticity (Fig. 1). The principal components of metabolic
plasticity, energy sensing and regulated energy production by
chemiosmosis, for example, were present in pre-biotic systems.
This capacity for metabolic plasticity enabled replication and
transmission of genetic material to subsequent generations, or at
least greatly facilitated it. Without compensatory adjustments of
energy balance, replication would have had to rely on the haphazard
availability of energy in excess of that necessary for maintenance.
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Fig. 1. Conceptual summary. In prebiotic chemistry, the potential for
chemiosmotic ATP production, similar to that in modern mitochondria, already
existed and facilitated more complex structures such as protocells. Division of
protocells and replication of genetic material in protocells caused variable
energy demands, including cycling and stochastic variation. Sensing of cellular
energy status and adjusting energy production to fluctuating demand so that
energy status remained relatively constant represents the first manifestation of
metabolic plasticity. Metabolic plasticity supported vertical (i.e. across cell
divisions) information transfer and cell genealogy on which Darwinian
evolution depended (the Darwinian threshold). The underground metabolism
in living cells provides a vast pool of reactions that can be harnessed for
adaptation to novel environments and thereby promotes complexity. Increased
complexity manifests in metabolic networks.
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Hence, metabolic plasticity would have changed the nature of
vertical gene transfer across generations from a random process
driven by environmental fluctuations to a constituent characteristic
of the cell, thereby heralding Darwinian evolution.

Increasing complexity of metabolic systems

Energy metabolism requires the concomitant evolution of multiple
enzymes and enzyme—metabolite interactions. Ancestral ‘founder’
enzymes gave rise to more complex metabolic interactions and
networks. Founder enzymes (see Glossary) are likely to have started
as generalist enzymes that are now well connected in complex
networks. Generalist enzymes can react with multiple metabolites.
These so-called ‘promiscuous’ reactions (see Glossary) by
generalist enzymes comprise the ‘underground’ metabolism
(Guzman et al., 2019) consisting of a myriad of reactions and
metabolites. Most promiscuous reactions do not have any current
physiological benefits. However, the ‘underground metabolism’
(see Glossary) is important because it provides a vast source of
potentially beneficial reactions, which may be harnessed when
organisms are exposed to different environments (Copley, 2020;
Guzman et al., 2019). Promiscuous reactions therefore promote new
enzyme activities, and support adaptation to new environments.

Novel pathways mediated by promiscuous reactions could
theoretically occur at any stage of evolution, and all organisms
carry reagents (e.g. proteins, nucleotides) that do not have known
functions. Yeast cells and Escherichia coli display novel reactions
in response to environmental changes via non-specific enzyme
reactions (Grassi and Tramontano, 2011; Guzman et al., 2019), and
hidden reactions in the central carbon metabolism of E. coli are
recruited in response to accumulation of intermediate metabolites
(Nakahigashi et al., 2009). The extent to which promiscuous
reactions contribute to novel physiological functions across taxa
remains unresolved, although the potential is huge considering
the vast number of molecules with unknown functions in cells
(Noda-Garcia et al., 2018; da Silva et al., 2015). Diversification
of pathways can be further enhanced by genome duplications
and mutations (Copley, 2020). Consequently, metabolic network
structures and complexity changed in response to the specific
contexts within which different phylogenetic lineages evolved
(Fig. 2). These molecular dynamics in response to novel
environments may also promote metabolic plasticity.

A guiding principle for even the simplest metabolic reactions is
that they have to be thermodynamically favourable. An energy
source such as ATP in catabolic pathways is therefore essential to
provide the energy necessary for reactions to proceed. Not
surprisingly, ATP, ADP and ATP synthase are among the most
connected compounds in the metabolic network of E. coli (Light
and Kraulis, 2004). Self-replication and ultimately vertical gene
transfer and cell division relied heavily on ATP availability that
could sustain the complete replicatory cycle. The challenge of
sufficient energy supply for replication would have increased as
cellular structures became more complex, with their greater
requirements for transport of building blocks and synthesis of
macromolecules (Clarke, 2019). A mechanism that could match
cellular ATP demand to ATP supply, and in some sense even predict
it, would have greatly facilitated the transition from abiotic
chemistry to cell genealogy and organismal evolution. Any such
adjustments would represent compensatory phenotypic plasticity.
The most ancestral known mechanisms by which this could be
achieved are cystathionine B-synthase (CBS) domains, which could
function as stand-alone energy sensors (Scott et al., 2004). CBS
domains are present in Archaea, Bacteria and Eukaryota, indicating
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Fig. 2. Evolution of major cellular regulators of metabolism. The timeline
on the x-axis summarises major evolutionary events from a prebiotic world and
the Last Universal Common Ancestor (LUCA) to the appearance of eukaryotes
and diversification of eukaryotes from the Last Eukaryotic Common Ancestor
(LECA). The right y-axis lists some major regulators, and their evolutionary
origin is indicated by the horizontal blue lines (see main text for more details).
Figure based on an idea in Seebacher (2018); note that the x-axis is not to
scale. PGC-1, peroxisome proliferator-activated receptor gamma coactivator
1; PPAR, peroxisome proliferator-activated receptor; DNMT, DNA
methyltransferases; TET, ten-eleven translocation enzymes; HDAC, histone
deacetylases; KAT, lysine acetyltransferases; AMPK, AMP-activated protein
kinase; TOR, target of rapamycin; CBS, cystathionine p-synthase.

that they arose in a common ancestor close to LUCA (Gomez-
Garcia et al., 2010; Hardie, 2007). CBS domains bind adenosine
derivatives (AMP, ADP), and their deletion causes metabolic
disruption and disease in prokaryotes and eukaryotes (Alexandre
etal., 2019; An et al., 2020; Anashkin et al., 2017). AMP-activated
protein kinase (AMPK) is a more derived energy sensor in all
eukaryotes (Fig. 2), and it switches the cell from an anabolic state to
a catabolic state when the energy status decreases (Gonzalez et al.,
2020; Roustan et al., 2016). The regulatory AMPKy subunit is
composed of four CBS domains, and archaeal CBS domains are
structurally similar to those on AMPKY, and bind AMP in a similar
manner to AMPKYy, indicating a conserved function (Gomez-Garcia
et al., 2010; King et al., 2008).

AMPK is now integrated within complex networks of metabolic
regulation (Roustan et al., 2016). AMPK in modern taxa restores
energy balance in response to cell division, exercise, cold exposure
or a change in diet, for example (Craig et al., 2018; Zhao et al.,
2019). It does so partly by blocking its counterpart, target of
rapamycin (TOR), which promotes protein synthesis and growth
(Gonzalez et al., 2020). In modern taxa, the long-term effects of
AMPK activation include enhanced capacities of mitochondria, and
a shift to slow, oxidative muscle fibre types in vertebrates (Hardie,
2007; Ljubicic et al., 2011). AMPK thereby induces compensatory
plasticity that buffers metabolic and locomotor performance from
environmental variability (Box 1). Even though AMPK and other
regulatory proteins are evolutionarily ancient, there are considerable
differences in metabolism and metabolic plasticity between
phylogenetic groups (Box 1; Fig. 2). This metabolic diversity
may be captured in a network analysis, which could be a useful
modelling tool, particularly if it incorporated interactions between
actual proteins and pathways.
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Box 1. Interactions between regulators

Different metabolic regulators appeared over evolutionary time (Fig. 2)
and their interactions now form metabolic networks that influence a wide
range of physiological systems beyond energy production. These
networks are far too complex to do justice to here, but some examples
may be useful to illustrate the point. An evolutionarily ancient interaction
occurs between AMPK and histone deacetylases (HDAC), which are a
protein family of prokaryotic origin. HDAC together with their counterpart,
lysine acetyltransferases (KAT), remove or add acetyl groups to proteins,
respectively, thereby altering protein function (Vancura et al., 2018). In
the case of histones, addition and removal of acetyl groups by KAT and
HDAC relaxes or condenses chromatin structure to facilitate or block
access of transcriptional regulators to DNA, respectively (Sheikh and
Akhtar, 2018). Consequently, gene expression programmes change,
and HDAC can modulate plastic responses to temperature change
(Seebacher and Simmonds, 2019). AMPK and HDAC also interact to
modulate muscle phenotypes. Activated AMPK triggers the transport of
HDAC out of the nucleus and thereby lifts repression of myocyte
enhancer factor 2 (MEF2) (Gaur et al., 2016). MEF2 promotes a shift
from fast to slow muscle fibre types, which enhances aerobic metabolism
and endurance (Dial et al., 2018).

In vertebrates, there are several interacting regulators, including the
autonomic nervous system, adipokines, insulin and thyroid hormone,
which have broad regulatory functions across numerous physiological
systems (Fig. 2). For example, thyroid hormone is a regulator of
metabolism and metabolic plasticity that is interlinked with AMPK (Little,
2021). Thyroid hormone induces AMPK activity in skeletal muscle
(Mullur et al., 2014), and both AMPK and thyroid hormone induce the
expression of the ‘metabolic master controller PGC-1a. (peroxisome
proliferator-activated receptor gamma coactivator 1 alpha) (Branvold
etal., 2008). PGC-1a. co-activates transcription factors such as PPARYy to
induce metabolic plasticity by increasing metabolic activity in response to
cold and exercise (LeMoine et al., 2010).

DNA methyltransferases (DNMT) and demethylases (e.g. ten-eleven
translocation enzymes; TET) are other groups of proteins of ancient
origin (Fig. 2) that alter access to DNA by, respectively, adding methyl
groups to or removing them from the DNA molecule (Aliaga et al., 2019;
Catania et al., 2020). DNA methylation patterns can be modified during
early development by environmental stimuli such as temperature and
diet, and these patterns can be passed on across generations
(Mendizabal et al., 2014). DNA methylation is therefore a key
mechanism mediating both developmental and transgenerational
plasticity. AMPK links different types of plasticity by also regulating
DNA methylation via phosphorylation of DNMT and TET (Fiedler and
Shaw, 2018; Marin et al., 2017). The mechanisms briefly discussed here
represent only a small number of nodes and vertices in metabolic
networks, but demonstrate how diversification leads to increasingly
integrated regulatory networks.

Boolean network analysis of metabolic plasticity

Phenotypes emerge from underlying biochemical networks.
Networks consist of nodes connected by edges. Nodes comprise
molecules that interact with one another as defined by the
connecting edges. Regulatory molecules such as transcriptional
regulators (e.g. transcription factors, chromatin modifiers) influence
a large number of downstream nodes, and thereby play an important
role in determining metabolic phenotypes (Ortmayr et al., 2019).
The function of the network is largely dependent on its stability,
and decreasing stability also decreases the predictability of the
regulatory outcomes (Shmulevich et al., 2002). Modelling
interactions between known regulators within networks is an
effective way to explore their function, and modelling networks
of different phylogenetic groups can provide insights into the
evolution of plasticity. The challenge of this approach lies in
uncovering the mechanisms regulating metabolism in different taxa,

but its strength is that newly discovered regulators can be
incorporated easily into network models.

Boolean networks are a simple way to model interactions
between known regulators qualitatively (Dutta et al., 2019). The
evolutionary histories of some regulators such as AMPK and TOR
are well known (Roustan et al., 2016) and can therefore serve as an
example of how interactions can be incorporated into Boolean
network models. Conceptually, metabolic plasticity is induced by
an environmental input that changes the energy status of a cell (e.g.
cell division, temperature or exercise). A decrease in energy status
(i.e. an increase in AMP) activates AMPK and switches the cell
between anabolic and catabolic states in a compensatory response to
increase ATP production and restore energy balance (Fig. 3). This
process can be modelled in a Boolean network as a simple switch
between anabolism and catabolism induced by increasing AMP
levels (Fig. 3). From this basic on—off switch, the network may be
enhanced by including other known metabolic moderators, thereby
building more complex interactions between nodes that more
closely resemble what is known from experimental data. For
example, TOR may be included as a mediator of anabolism, and
chemiosmosis as the principal catabolic ~ATP-production
mechanisms. Network complexity increased over evolutionary
time: mitochondria became the dominant site for chemiosmosis
and, in animals, regulators such as thyroid hormone and peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (PGC-1)
appeared, and muscle fibre type (e.g. different myosin heavy chains)
became linked to metabolic phenotypes (Fig. 2; Box 1). These
different molecules are known interact with each other, and these
interactions can be added as nodes and edges to the network. In
addition to positive interactions, such as the induction of PGC-1 by
thyroid hormone, there are also trade-offs. Upregulation of ATP
production introduces inefficiencies in energy transduction (Salin
et al., 2018) and induces potential costs such as the production of
reactive oxygen species (ROS) (Loughland and Seebacher, 2020),
both of which would influence ATP production negatively. These
different interactions are known from the literature, and adding them
to the network builds an increasingly realistic representation of
metabolic plasticity. The networks produced here (Fig. 3) (Miissel
et al., 2010) are factually correct, but are oversimplified. However,
they serve the purpose of demonstrating the utility of network
analyses.

Biochemical networks are perturbed by environmental impacts,
and the capacity of the network to resume its core functions (e.g.
compensatory ATP production) is important for the overall success
of the cell. The robustness or stability of Boolean networks can be
analysed by estimating the Hamming distance, which represents the
number of transitions or ‘flips’ needed to move from the disturbed
state back to the most favoured states or cycle of states (‘“attractors’;
see Glossary) of the network (Wang et al., 2012). Robustness
increases, i.e. Hamming distance decreases (Fig. 3), with increasing
complexity of the network, because complexity increases functional
redundancy. Functional redundancy means that the same outcome
may be achieved via different pathways, which makes the system
less vulnerable to perturbation of any one pathway (Ross et al.,
2021; Sambamoorthy et al., 2019). Hence, robustness depends on
the number of nodes in a network as well as on their interactions
(Wilmers, 2007). Compared with random networks of the same
complexity (comparisons with 100 simulated random networks),
only the more complex biological networks are statistically more
robust than random (i.e. the probability that the robustness in a
biological network equals that of a random network is <0.05). This
makes sense in terms of network design principles (Sambamoorthy
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et al., 2019), and maybe because the most basic manifestation
of metabolic plasticity arose spontaneously under the right
environmental conditions in pre-biotic chemistry, while the more
complex networks were subject to selection.

The probability of achieving particular attractors in any particular
network can be modelled (Shmulevich et al., 2002). In the simple
networks with a single switch from the anabolic to the catabolic
pathway, the outcome is always an upregulation of ATP (P=1).
However, the situation changes in more complex networks that
also incorporate inefficiencies and costs. For example, ROS
production and mitochondrial inefficiencies reduce the probability
of increased ATP production (Fig. 3). This result indicates that

0.6 =7 T T T

Network

Network

when ROS production is high and energy transduction efficiency
is low, there is a possibility that upregulating catabolic pathways
may not lead to net increases in ATP. An extreme example
of this is brown adipose tissue, where increased catabolic flux
does not result in ATP production (but heat production instead)
because of the extreme inefficiency of mitochondria (Jastroch et al.,
2018).

In summary, the strengths of Boolean network analyses are:
(i) networks are constructed based on empirical relationships; (ii) they
can be modelled explicitly for different evolutionary stages and
phylogenies; and (iii) they can be updated as new empirical
information becomes available. Where the data are available, the
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Fig. 3. Metabolic plasticity as a Boolean network. (A) Phenotypic plasticity
of energy metabolism (metabolic plasticity) can be represented conceptually
(A) by an environmental stimulus (e.g. decrease in temperature, cell division or
exercise) that decreases the energy status in the cell. In a compensatory
response, the cell increases catabolic reactions (blue) and slows anabolism
(red), thereby increasing ATP production to restore energy balance. (B) In a
hypothetical protocell, an environmental impact that decreased energy status
would have increased AMP concentrations, which would have been detected
by an energy-sensing molecule, the cystathionine B-synthase (CBS) domain.
The CBS domain would have switched the cell towards catabolism and ATP
production. (C) From this ancestral state, metabolic networks became more
complex to incorporate anabolic regulators such as target of rapamycin (TOR),
and the simple CBS domain evolved into the AMP-activated protein kinase
(AMPK) to regulate ATP production by chemiosmosis. (D) In animals,
increasingly complex metabolic networks incorporated other regulators such
as thyroid hormone (TH) and peroxisome proliferator-activated receptor
gamma coactivator 1 (PGC-1). Chemiosmosis is performed by mitochondria,
and muscle function and fibre type (e.g. myosin heavy chains, MHCs) became
closely linked to metabolic phenotype and ATP production. However,
metabolic networks are not perfectly efficient and there may be potential costs
of metabolic regulation such as production of reactive oxygen species (ROS),
both of which (E, magenta nodes) would decrease ATP production. (F) The
robustness of a network to perturbations increases with increasing complexity
(decreasing Hamming distances indicate increasing robustness), and only the
more complex biological networks could be more robust than a randomly
assembled network with the same components (G; P<0.05 is based on
simulations of 100 networks and indicates the probability that robustness of
biological networks equals that of random networks). (H) Markov chain
simulations of the networks show that the probability of achieving
compensatory upregulation of ATP decreases when inefficiencies and ROS
production are present in the network. Note that the networks shown here
(B—E) are realistic empirically but not comprehensive, and serve to exemplify
the utility of applying network analyses to study plasticity. Networks were
produced in the BoolNet package in R (Missel et al., 2010).

networks can be expanded in many ways. For example, they can be
used to test hypotheses about how metabolic plasticity (compensatory
ATP production) is affected by upstream regulators of the nodes
shown here (e.g. thyroid stimulating hormone, thyroid releasing
hormone), and how feedback from the output (i.e. ATP production)
may modify attractor states. In a sense, the Boolean network
represents a synthesis of the literature that can be modelled under
different contexts. Ideally, a more quantitative approach such as
representing relationships between nodes with differential equations
would provide more quantitative insights into metabolic plasticity
than the logical Boolean approach, which cannot model continuous
quantitative responses. However, at this point, empirical data
quantifying these relationships are not available, so the logical
approach is a good first approximation.

Conclusions

We argue that a fundamental form of metabolic plasticity was a pre-
condition for the emergence of cell genealogy and Darwinian
evolution at the origin of life. Phylogenetic differences and diversity
in the manifestation of metabolic plasticity then arose via the
elaboration of underlying mechanisms. Within our framework, the
evolutionary origin of metabolic plasticity was not a response to
particular environmental conditions, such as variable or stable
environments, but is essential in all environments. It is interesting
and relevant, however, to understand which environmental contexts
promoted the diversity in metabolic plasticity that is evident among
modern taxa. For example, genetic drift may have produced
diversity (Nielsen, 2009) and changed the pool and expression of
underground reactions. Alternatively, selection may have favoured
particular reaction systems or networks in particular environmental
contexts.

Some interesting questions for future research include: (i) what
were the regulatory mechanisms in early biotic cells, and how did
they emerge from pre-biotic chemistry?; (i) how did those
regulatory systems evolve to produce the metabolic diversity in
extant taxa and (iii) what was the relative importance of genetic and
epigenetic mechanisms (Ashe et al., 2021) in shaping regulatory
networks within individuals and across phylogenies?; (iv) what is
ultimately the best mathematical approach to model these regulatory
networks?; and (v) do phylogenetic differences in regulatory
networks constrain plasticity and affect the vulnerability of
different lineages to environmental change? We think that a
mechanistic approach like the one we present here can make an
important contribution to answering these questions, and to
understanding plasticity and its evolution.
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