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Synthetic biology (SynBio) covers two main areas:
application engineering, exemplified by metabolic engi-
neering, and the design of life from artificial building
blocks. As the general public is often reluctant to
embrace synthetic approaches, preferring nature to
artifice, its immediate future will depend very much on
the public’s reaction to the unmet needs created by the
pervasive demands of sustainability. On the other
hand, this reluctance should not have a negative
impact on research that will now take into account the
existence of the multiple transitions that cells face over
time. The ages of life—birth, development, maturation,
senescence and death—reflect specific key transitions
and have, until now, rarely been taken into account in
SynBio designs. This results in a mismatch between
novelty and the very long evolutionary time that led to
the existing chassis [remember that this is the common
term used to describe the cellular framework as seen
by synthetic biologists (de Lorenzo & Danchin, 2008)].
It also implies that, in general, transitions between
growth stages will be taken into account with the appro-
priate embodiment of highly specific processes. This is
particularly important when adapting new models to
their host, whether natural or artificial. Adaptation fol-
lows two stages, short-term accommodation of new
entities and long-term assimilation into the cell as a
whole. This requires discrimination between classes of
entities. We suggest that proteins playing the essential
role of Maxwell’ demons, here named Maxwell’s dis-
criminators (MxDs) to refer to their original function, will
permit the assimilation and accommodation of artificial
constructs. As a consequence, we can foresee that
class discrimination, beyond mere recognition, will be
implemented in SynBio 2.0, leading to an authentic par-
adigm shift (Kuhn, 1996), based on conceptions that
embody information as a genuine currency of reality.

The prevailing view of SynBio restricts the field to
the implementation of the de novo writing or rewriting of
genetic programs in model chassis, with two major
aims: metabolic engineering and conceptual design of
synthetic life. In practice, this takes the form of con-
trolled circuits that manage the expression of genes of
interest for pure knowledge exploration or, most often,
for industrial purposes. These circuits are designed in a
manner somewhat similar to that of microprocessors
(Buecherl & Myers, 2022) and implemented in model
organisms selected for their well-known physiology
(Bernhards et al., 2022). The most common are bacte-
ria such as Escherichia coli (Lynch et al., 2022), Bacil-
lus subtilis (Zhao et al., 2022) and more recently
Pseudomonas putida (Duque et al., 2022). In a minor
but conceptually important trend, intended to illustrate
how we can access the minimal set of functions that
could (should) be assembled de novo to make a cell
alive, Mycoplasmas’ chassis have also been used
(Talenton et al., 2022). In these organisms, very elabo-
rate experiments have been developed despite their
restricted translation machinery based on a limited
capacity to modify transfer RNAs and a somewhat lim-
ited use of the genetic code (UGA being translated into
tryptophan, rather than signifying the end of transla-
tion). These engineering processes have been the
source of two major standardization efforts: BioBricks
(see for a recent illustration (Nguyen et al., 2022)) or
SEVA (see (Nikel et al., 2022)), collecting essential
pieces for the construction of new pathways. However,
they have idiosyncratic properties that require better
interoperability, a feature that is gradually being
addressed (Damalas et al., 2020).

In addition to this general trend, we can easily
understand that the current way of building new life
forms is still far from the complete synthesis of an
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artificial cell. Certainly, this would require combining
the synthesis of an artificial molecular carrier for a
modified genetic program with a relevant chassis.
This goes far beyond application engineering as Syn-
Bio is also the paradigmatic way to understand what
life is, by building living organisms from scratch. The
next most obvious line of research was therefore to
change the very nature of the nucleic acid polymers,
replacing nucleotides with building blocks of an
entirely new design (Chaput, 2021). In this context,
the whole chassis must be approached synthetically,
without simply using existing living forms: the (re)con-
struction of life cannot do without the de novo genera-
tion of artificial host chassis (Danchin, 2012). We
expect the current, somewhat limited landscape to
change in the coming years, with the gradual intro-
duction of new chassis based on building blocks very
different from natural ones.

Many efforts are being made in this direction. Yet
they remain limited in scope. Conspicuously, the ages
of life—birth, development, maturation, senescence
and death—are hardly ever explicitly considered in
SynBio’s efforts, which deal mainly with growth. We
can assume that remarkable innovations will now make
it possible to place all these stages and the transitions
from one stage to a subsequent one in an appropriate
context. As we shall see, this will require a new under-
standing of how life manages cell growth, metabolic
processes and the repair of the inevitable errors associ-
ated with any physico-chemical construct. It will require
the implementation in new designs of a key neglected
function of life, that which allows cells to distinguish
between categories of entities, locations or processes.
It will also be necessary to implement concrete solu-
tions to the question of growth homeostasis, which
must control metabolism in such a way that the growth
of a three-dimensional (3D) cytoplasm is consistent
with that of two-dimensional membranes, and finally of
one-dimensional genomes.

SUSTAINABILITY-DRIVEN METABOLIC
ENGINEERING

Engineering is often understood by the general public
as the ultimate solution to difficult problems. It provides
the societal justification for SynBio. At the present time,
this requires placing the field in a context where meta-
bolic engineering will progressively encompass more
and more sustainability requirements (Timmis
et al., 2017). Today, carbon dioxide management is
key. Many studies developed a few years ago are
based on the use of gases (see, e.g., Liew et al., 2016;
Okano et al., 2018). After the standard reconstruction
of chemical pathways, it is expected that the improve-
ment of canonical pathways, e.g. in one-carbon metab-
olism with carbon dioxide, methane or carbon

monoxide as carbon sources (Irla & Wendisch, 2022),
will now expand into the production of multiple sources
of biofuels (Bouzon et al., 2017) or of important chemi-
cals of industrial interest such as ethylene glycol
(Bourgade et al., 2022). This trend is already imple-
mented in a large number of processes, such as those
illustrated in He et al. (2020), and will continue to pro-
gress. Cyanobacteria are fixing carbon dioxide, but still
at a fairly slow rate, and SynBio approaches can do
much to improve performance (Treece et al., 2022). All
this work is advanced with the help of computational
discovery of new pathways and their prospects for
expanding metabolic capabilities by combining sources
of enzymes encoded by genes spread across the tree
of life (Sveshnikova et al., 2022). As an incident, it may
be worth noting that research in the domain of carbon-
negative bioproduction is now developed at a signifi-
cant level in China, and because much relevant work is
developed locally and published in Chinese (Hu
et al., 2022), it becomes important to use the available
automatic translation tools to access the corresponding
knowledge.

A most promising direction, expected to develop at
a rapid pace, is the invention of truly novel metabolism,
with pathways and chemical reactions that do not exist
in living organisms. This trend is illustrated by the
domain of organometallic chemistry, which has matu-
rated at a slow and steady pace for decades. In biol-
ogy, the field started to grow in success 20 years ago.
It seems, as seen in the citations in PubMed, for exam-
ple, to have reached its peak 10 years ago—
contemporary science is very sensitive to fashion—but
we can expect that it will hit the headlines again now.
As an illustration, in a radically innovative approach
based on metal catalysts, bio-orthogonal catalysis—
that is, catalysis that does not rest on catalytic pro-
cesses that emerged during the development of life—is
beginning to gain momentum (Liu & Bai, 2020; Vidal
et al., 2018).

This success is driven by the fact that many of the
obstacles that arise when implementing unusual chem-
istry in living systems are likely to be mitigated by new
biochemical applications based on the extension of
concepts such as those related to compartmentaliza-
tion (Jolly et al., 2022). Indeed, a second major feature
of local implementation of SynBio constructs is the rec-
ognition that many metabolites or precursors of impor-
tant products of industrial interest are not compatible
with each other, as they will have an inevitable ten-
dency to react together. The solution is to implement
compartmentalization, omnipresent in existing living
organisms (de Lorenzo et al., 2015; Quinlivan
et al., 2003). From this perspective, organelle compart-
mentalization for terpenoid synthesis has been the sub-
ject of much research attention, due to the diversity of
the original physico-chemical characteristics of organ-
elles (Jin et al., 2022). A rather different, but certainly
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effective, way of compartmentalizing metabolic reac-
tions is to set up co-cultures involving different organ-
isms that develop sub-pathways assembled together
via their import and export of intermediates. This
approach has been explored in numerous experiments
(Thuan et al., 2022). It is illustrated by the role of micro-
bial communities in selectively stabilizing conditions for
crops to become resilient, for example, see Abdelfadil
et al. (2022) and Tosi et al. (2022). We can expect that,
building on the success of biodiverse microbiomes for
sustainable agriculture, new artificial microbial commu-
nities will be developed (Singh & Ramakrishna, 2021).
It should be noted that the understanding of mycorrhizal
associations is making considerable progress that will
soon lend itself to SynBio designs (Pandit et al., 2022).

However, the main question remains whether and
how all these designs could be implemented under nat-
ural conditions, as the public is still very reluctant to
accept genetically modified organisms (Carter &
Mankad, 2020). In this context, the immediate future of
SynBio-based metabolic engineering will depend very
much on the public’s reaction to the unmet needs cre-
ated by the demands of sustainability in a world domi-
nated by the explosion of the human population. This
makes the anticipation of innovation in this field quite
hazardous. Nevertheless, synthetic microbiota devel-
oped in the laboratory is destined to be invented, at
least as proof of innovative concepts (Chialva
et al., 2022; Rafieenia et al., 2022).

Finally, the key question posed by metabolic engi-
neering, whatever its origins, is whether the constructs
will remain stable over time. Indeed, when alien pro-
teins are introduced into an existing chassis—which
has evolved over billions of years—one wonders
whether they are not recognized as foreign, and pro-
gressively selected against. In practice, the remedy to
this potentially deleterious situation has been to selec-
tively evolve and stabilize the constructions made in
the laboratory (Sandberg et al., 2019). The develop-
ment of new approaches in this area is expected to
change the outcome of difficult designs (Woo
et al., 2022; Zhang et al., 2022). The process of evolu-
tion in the laboratory results in many mutations. Inter-
estingly, the positive outcome of these experiments in
terms of specific mutations is often interpreted as
resulting solely from improvement of the catalytic prop-
erties of the proteins of interest. However, although
generally overlooked, it seems likely that the process of
class discrimination—which allows cells to separate
classes of entities, such as misfolded or aged proteins,
from their functional counterparts—plays a consider-
able role (Boel et al., 2019). This implies that mutations
affecting folding or ageing are certainly critical and
belong to the spectrum of mutations collected during
evolution. This family of functions should be progres-
sively understood in the coming years and introduced
into SynBio designs.

FROM THE PROOF OF CONCEPT TO THE
CONSTRUCTION OF LIVING CELLS

Regardless of the public’s reluctance to deal with
genetically modified organisms unless they are strictly
confined to the laboratory, SynBio research continues
to advance our understanding of what life is. We can
safely anticipate remarkable conceptual and experi-
mental developments in the near future, based on an
extension of the way life has been explored so far in
the artificial setting of the laboratory environment.
Indeed, experiments have long been limited to the anal-
ysis of cell growth under highly standardized and uni-
form conditions that never prevail in natural
environments. The next step will be to study in more
detail the different phases that cells go through over
time. In nature, the ages of life force them to face chal-
lenges of very diverse characters. This trend is also
consistent with the fact that an organism can be consid-
ered alive despite the fact that it does not and will not
multiply until it dies: a stationary life is still a life. The
ubiquity of the ages of life will also highlight that multi-
ple transitions are the hallmark of life, so that what is
interpreted as stress by a common anthropocentric
view is in fact the norm, not the exception (Figure 1).

The necessary passage of time that all organisms
face has led, during the long course of life’s evolution,
to a considerable number of solutions to the problems
of development, maturation, ageing and death. This
evolution has taken place without an ultimate solution,
and all individuals are condemned to die at some point.
Marking all stages where life is expressed, our anthro-
pocentric position means that we have generally limited
the questions raised by the passage of time to the spe-
cific case of the macroscopic development of

F I GURE 1 The ages of life. The vast majority of laboratory
experiments study growing cells and organisms. Yet this is not the
most common state of life. Cells and organisms live for a long time in
a stable state without growing, and this particular stage of life requires
the expression of a limited number of functions that should be
understood in priority.
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multicellular organisms. Yet there is no real reason to
limit the scope of our exploration to these organisms.
Microbes remain key to understand what life is: if we
are lucky enough to have universal rules or processes,
microbes will be the best organisms to test hypotheses
about them. This has an impact on SynBio research.
For example, in single-celled organisms, the emer-
gence of processes such as sporulation shows how life
has evolved to cope with time over the long term. But
we also know that cells that do not sporulate enter a
special state in long stationary phase (Feaga &
Dworkin, 2021), and rules common to these widely dif-
ferent situations may exist.

Provocatively, the inevitability of ageing and death
is sometimes questioned today for various reasons.
Apart from the mistaken idea that bacteria do not age
(see a discussion in Müller and Nebe-von-Caron
(2010)), thus, giving hope to all living organisms,
human hubris tends to make us believe that we will be
able, in the not too distant future, to overcome all the
obstacles we encounter. SynBio is no exception to this
fashionable trend. Not only does it seek to understand
what life is by reconstructing it from scratch, but it also
tries to do better than nature and, why not, to aim for
immortality. While this dream is very hopeful, it tends to
obscure the challenges that lie ahead, particularly
those caused by the inevitability of ageing, which has
given rise to an interesting variety of ways of getting rid
of old entities (e.g., via proteolysis (Harwood &
Kikuchi, 2022)). Everything ages and eventually
decays. It is not surprising that living organisms have,
in the course of their evolution from inert matter, incor-
porated a multitude of structures and processes that
make the cell, the ‘atom’ of life, resistant to a consider-
able variety of challenges, including those that lead to
death. Anticipating what will soon make headlines in
this field is, as we know, an impossible exercise, but,
by limiting our analysis to prokaryotes, we illustrate
how the consideration of the age-of-life issue will soon
transform SynBio along previously unexpected lines.

Novel chassis
It is often assumed that the polymer hosting
the genetic programs, a nucleic acid, is the
only part of the cell’s chassis that is worth
considering for SynBio approaches. Cer-
tainly, this has just been illustrated by a
most innovative application in the creation
of vaccines using a synthetic mimic of
protein-coding sequences, a remarkable
example of SynBio applications, where uri-
dine is replaced with N1-methyl-
pseudouridine (Nance & Meier, 2021), a
rare but still natural nucleoside (Pang
et al., 1982; Wurm et al., 2010). Due to the
undoubted success of this approach, we
can safely anticipate that nucleic acid

mimics will expand beyond synthetic RNAs
used as coding sequences and revive the
long-standing exploration of antisense RNA
approaches (Moon, 2022). Nucleobase-
modified oligonucleotides will be an inter-
mediate step in the search for a generaliza-
tion of substitution of authentic nucleic
acids by analogues (Bartosik et al., 2020).
Nucleic acids, seen as substrates for
chemical reactions and not just as
information-carrying templates, belong to
the chassis of the cell. In this role of a sub-
strate, synthetic constructs will replace nat-
ural nucleic acids as aptamers, for example
(Alves Ferreira-Bravo & DeStefano, 2021;
Mana, Bhattacharya, et al., 2022). At the
same time, the second class of informa-
tional polymers, proteins, will also be modi-
fied in ways that have been developing
steadily over the years (Danchin, 2022).
The majority of the experiments and applica-
tions where analogues play their informa-
tional role, similar to that of a read-only
memory in computers, do not modify the
whole genome of a cell, but limit their action
to one or a few genes. Indeed, one would
expect that modifying the whole chassis of a
living cell would result in a considerable alter-
ation of its general behaviour, including its
ability to generate live offspring, especially
after many generations. It may therefore be
interesting to first explore how life would
react to small changes. This can be done by
replacing the canonical isotopes of the basic
atoms with others, which is what has been
called isobiology. In general, with the excep-
tion of the change of hydrogen to
deuterium—which has measurable but mod-
erate effects—the changes are extremely
small. They can, however, help us to under-
stand some of the key processes that “ani-
mate” chemical biology, notably by tracking
isotope enrichment in mixtures of isotopes of
a given atom (Danchin, 2020). More radical
changes would use atoms avoided by life but
sometimes used, such as fluorine and other
halogens (Alves Ferreira-Bravo &
DeStefano, 2021; Heine et al., 2018), silicon
(Ikeda, 2021) or arsenic (Kabiraj
et al., 2022). The narrow scope of the reac-
tivity of these atoms is such that, when used
in biological processes, they are and will
remain confined to a limited set of metabolic
pathways, which can nevertheless be
expected to attract attention in the coming
years. This exploration is not without its pit-
falls: forgetting the true chemical nature of
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the atoms in the same column of the Mende-
leiev table, supposing that they shared simi-
lar properties (Benner, 2011), some believed
that arsenic could replace phosphate in
nucleic acids. It was soon shown that the
experiments believed to have validated this
illiterate hypothesis—it is well established
that phosphate is unique in that phosphate
bonds are metastable in water at the temper-
ature of life (Westheimer, 1987)—were in
fact based on phosphate contamination in
the media used to prove that bacteria used
arsenic in their nucleic acid backbone
(Reaves et al., 2012).
Important developments in the field of novel
nucleic acid-like polymers have already
been in research pipelines for years under
different names and are collectively known
as xenonucleic acids (XNA) of various
kinds (see Chaput & Herdewijn, 2019;
Alenaizan et al., 2021; Chaput, 2021;
Mana, Kundu, et al., 2022, for recent explo-
rations). While this work is currently devel-
oping in many interesting avenues, we can
be sure that completely different chassis
will be used before long. For example, l-
nucleotides have rarely been considered
((Dantsu et al., 2021), and only 32 refer-
ences at PubMed on 30 July, 2022). The
chemistry of 40-thioribonucleosides has
been known for a long time (Haeberli
et al., 2005), but the interest in these ana-
logues has been revived recently (Betson
et al., 2014). In replication, transcription
and translation, E. coli DNA/RNA polymer-
ases and ribosomes tolerate the replace-
ment of O40 with S40 in the nucleotide,
despite the fact that sulphur has a larger
atomic radius than oxygen. The activity of
these polymers for replication, transcription
and translation has been established
in vitro (Tarashima et al., 2020). Concep-
tual progress will be made when we under-
stand the limitations faced by organisms
when the entire genome has been recoded
using these unusual analogues of the stan-
dard nucleic acid building blocks (see fur-
ther discussion below).

Global recoding
Some work has already explored the transi-
tion from local (usually orthogonal
(Costello & Badran, 2021)) to global SynBio
designs. The most advanced work is with
Mycoplasmas, with entirely recoded
genomes (see Talenton et al., 2022, for an
example of the most recent trends), and

this type of work has also been extended to
the unicellular eukaryote, Saccharomyces
cerevisiae (Zhang et al., 2020), with shuf-
fling genes and merging its chromosomes
into a smaller number (Wang et al., 2018).
A widely explored line is the follow-up of
research into the general exploration of the
genetic code alteration (see, e.g., Shakya
et al., 2022). This goes hand in hand with
orthogonal implementation of specific repli-
cation/transcription and translation path-
ways. Various experiments have modified
the (almost) universal codon usage table to
allow the introduction of non-canonical
amino acids into proteins, limited to a frac-
tion of the genome chassis (de la Torre &
Chin, 2021; Lateef et al., 2022; Tang
et al., 2022). Exploration of the codon
usage table modification has also led to
experiments where the table has been con-
sistently reduced throughout a genome,
thus representing a global recoding of living
cells (Fredens et al., 2019). However, these
experiments did not alter the chemical
nature of the nucleic acid chassis as a
whole, and, at present, there appears to be
only one experiment that created an organ-
ism with an entirely foreign nucleotide in its
entire genome by replacing thymidylate
with 5-chloro-uridylate (Marlière
et al., 2011). Interestingly, the correspond-
ing chassis has yet to be described in its
own physiological and molecular terms,
starting with the identification of its explicit
genomic sequence. This is despite the fact
that the initial construction was carried out
more than 10 years ago, which suggests
that it is reasonable to anticipate new
results in the very near future.
A somewhat similar situation exists in the
progeny of a chassis where all proteins
have been changed, with 4-fluorotryptophan
replacing tryptophan. It was known early on
that the fluorinated metabolite could substi-
tute efficiently for its canonical counterpart
in E. coli (Pratt & Ho, 1975) and a first vari-
ant of the bacteria was found to tolerate a
high proportion of the analogue (Bacher &
Ellington, 2001). It is however only recently,
in Bacillus subtilis, that full replacement
was obtained and mutations characterized
(Yu et al., 2014). Again, as in the case of
the replacement of thymidine by 5-chloro-
uridine, not much has been described about
the physiology and stability of the mutants
obtained, except for an expected change in
tryptophan metabolism control as well as
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changes in RNA polymerase. After a
decade, we can expect to get more
information soon.

EMERGING CORE FUNCTIONS NEGLECTED IN
PREVIOUS SYNBIO STUDIES
All these experiments are convincing proofs of concept,
monitoring growth over a limited time, but how will the
cells cope with the corresponding changes in the long
term? It is probably not surprising that the latter experi-
ments, although still ongoing, have not yet been thor-
oughly exploited. Indeed, the modification of a basic
building block, whether throughout the genome chassis
or in all proteins, should affect the vast majority of the
cell’s functions, making the construct particularly unsta-
ble. And while many mutations have been described in
the mutants, and interpreted as passenger or even neu-
tral mutations, they should be studied in-depth. Indeed,
we should not expect the corresponding genomes to
stabilize easily, nor should we expect that only a few
mutations will generate a stable organism in the long
term. We should not forget that existing natural living
organisms are far removed from the usual timeline of
laboratory experiments. They have witnessed the co-
evolution of their components over billions of years.
This makes these constructs all the more interesting
and gives rise to studies that should soon be available.

Consider, for example, the basic metabolism that
ensures the stability of a genome and its nucleotide
composition. It can be expected to be strongly coupled
to the cell with its environment. Indeed, genomes that
differentiate species from one another can be distin-
guished, among other features, via analysis of their GC
vs. AT content. Thousands of studies have examined
this fundamental signature across the three domains of
life (Li & Du, 2014; Novoa et al., 2019; Reichenberger
et al., 2015). We know that there is a fine balance
between the different pathways maintaining the intra-
cellular nucleotide concentration. Any alteration of this
balance is strongly mutagenic (Kapoor &
Varshney, 2020). As a result of natural selection, over-
all, nucleotide metabolism is organized into two differ-
ent control systems, with the homeostasis of purine
and pyrimidine nucleotide pools organized separately.
The critical importance of the corresponding homeosta-
sis is witnessed by the presence, in minimal genomes
of autonomous organisms such as Mycoplasma
mycoides Syn3.0, of conserved enzymes of purine
metabolism (adk, apt, dgk, gmk, guaC), pyrimidine
metabolism (cmk, dcd, pyrG, pyrH, tdk, tmk, udk,
upp), and both purine and pyrimidine metabolism (dck,
ndk, pnpA). This is despite the presence in the environ-
ment of the cognate metabolites and precursors, asso-
ciated to relevant transporters, which might have been
expected to allow the cell to dispense from these activi-
ties (Danchin & Fang, 2016; Hutchison et al., 2016).

Remarkably, these same genes have also been
deemed dispensable in a complete model of the metab-
olism of this organism (Rees-Garbutt et al., 2021), dem-
onstrating that key features of SynBio requirements
must have been overlooked (Danchin, 2021).

Moreover, cells must differentiate between pro-
cesses that allow them to control damage and orga-
nize repair, whatever their growth status, and those
that require specific growth-related syntheses. Indeed,
like any process governed by the constraints of phys-
ics and the rules of biological chemistry, metabolism,
whether on the scale of small molecules or that of the
biosynthesis of macromolecules, is subject to error.
This is well known for the biosynthesis of nucleic
acids and proteins, but it is also true for the synthesis
of elementary building blocks. Metabolic accidents are
the rule, not the exception (Danchin, 2017; Sun
et al., 2017). This feature has rarely been considered
in SynBio constructs, except, indirectly, in efforts to
make cells encoding the minimal set of essential func-
tions. To gain insight into the nature of the corre-
sponding functions, it is therefore interesting to
explore the contents of minimal genomes and, in par-
ticular, again that of M. mycoides Syn3.0 (Hutchison
et al., 2016). A notable observation from this analysis
is that about 1 in 10 genes encodes a function that
dissipates energy in a role that obviously should not
necessitate energy consumption. In particular, many
of these functions are related to damage control, via
either the degradation of non-functional entities, their
export outside of the cell or their repair. Remarkably,
the only molecular chaperones that remain in the pro-
teome of this synthetic organism is the DnaJK protein,
which appears to allow the cells to dispense from the
GroESL complex omnipresent in Firmicutes
(Danchin & Fang, 2016). In addition, there is a family
of enzymes that deal with possibly toxic variants of
standard building blocks. Pyrophosphate hydrolysis
drives the degradation of the highly phosphorylated
form of modified nucleosides either in a natural path-
way or as a result of accidents. Similarly, various
metabolites undergo energy-dependent catabolism or
export of chemically ‘tagged’ derivatives to differenti-
ate them from their authentic counterparts (Danchin &
Sekowska, 2014; Quinlivan et al., 2003).

Damage control and repair
These observations have led to the search
for explicit functions that allow cells to cope
with the inevitable errors, accidents and
ageing. Of course, the cellular components
of a given type are not made up of strictly
identical copies. The biosynthetic machin-
ery of macromolecules is prone to errors.
Moreover, material things (things with
mass) wither away over time. Even small
metabolites can differ, for example, in their
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stereochemistry. Enantiomers racemize,
hence the cellular content consists of a mix-
ture of functional, canonical entities mixed
with a multitude of variants, some of which
are no longer functional, or worse, perform
wrong functions. Gradually, the organized
structures or processes mix old and youn-
ger entities, and lose their sharpness and
precision. If a particular assembly, such as
that found in the cytoplasm of cells, has a
well-defined structure (i.e. associating
things in specific relationships), this struc-
ture will become distorted, withered and
eventually lost. This opens up a whole cat-
egory of new functions.
In order to control or repair the resulting
damage, the cell must first be able to distin-
guish the canonical entities from the wide
variety of damaged entities, and then sub-
ject the class of altered entities to repair, if
possible, to degradation, or to expulsion
from the cell. This process of discrimination
allows a cell or more complex living organ-
ism to be given explicit meaning (typically
being functional or non-functional). This
process is an information management
function. Understanding it requires an in-
depth analysis of what the functions associ-
ated with class discrimination might
be (Box 1).
This analysis is often unfamiliar to biolo-
gists. It has certainly not yet been included
in the family of concepts and understand-
ings that underpin SynBio research (see,
for example, the postulates used in model-
ling (Rees-Garbutt et al., 2021)). As the
field progresses, it should become clear
that, if only for reasons of reproducibility,
these functions will now be part of its most
advanced new designs. What follows is an
overview of the implications of this new
need, first highlighting references to work
that developed half a century ago and has
been neglected since. For those familiar
with the history of science, this should not
be surprising if one recalls that Mendel’s
work was neglected during a similar period.
Based on the pioneering work of physicist
Rolf Landauer, it is now understood that the
creation of information does not consume
energy. It is the process of discriminating
between background noise and information
that dissipates energy (Landauer, 1961).
Importantly, the corresponding reflection
was linked to an analysis developed by
James Clerk Maxwell in his Theory of Heat
(Maxwell, 1871), and summarized since

then by a metaphor, later named Maxwell’s
demon and here Maxwell’s discriminator
(Figure 2, (Binder & Danchin, 2011)).
A remarkable consequence of this view is
that it extends the current way of quantify-
ing information, via the minimum energy
dissipated on each relevant entity to create
classes. This highlights the critical need to
identify the concrete biological processes
that enable discrimination. Although rarely
known, this view is not new in biology. Yet
it has long been overlooked and, as it is not
introduced explicitly in the standard theory
of information, we can safely anticipate its
revival in the coming years. Fifty years ago,
for example, Horton Johnson—who was
not aware of Landauer’s work—noted that

BOX 1 Recognition and discrimination

A recognition process associates a recognizing
entity with what is recognized. It is a highly spe-
cific process, which guarantees a one-to-one
match, based on the key and lock complemen-
tarity rule that was proposed by Emil Fisher in
1905. This has the consequence that, in terms
of the genetic content of a particular genome,
recognition is extremely costly, as it requires at
least one recognition entity for each element
that makes up the cell. The alternative, well
known in artificial intelligence, is discrimination
between classes of things. In this case, the dis-
criminating entity only needs to sample a suffi-
cient number of features of a thing possibly
belonging to a particular family to tell whether
that thing belongs or not to the class. It is impor-
tant to recall, as did Félix Vicq d’Azyr in the
XVIIIth century, that one can construct relevant
classes where any individual entity does not
have to display simultaneously all the charac-
ters used to define a given class and yet belong
to that class because it displays a sufficient
number of them (Félix Vicq d’Azyr, 1792). This
allows a discriminating agent to be able to iden-
tify any member of a class, without needing, as
in the recognition process, to identify simulta-
neously all the characters defining that class.
As a consequence, two individual entities may
differ significantly while still remaining members
of a particular class. In terms of genetic require-
ments, this is a gene sparing process. As dis-
cussed in the main text, this works at a cost:
the discrimination process will have to dissipate
energy.
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discrimination is exactly the function
described by Maxwell’s demon allegory
(Johnson, 1970). It is the low thermody-
namic efficiency of the kidney, a long-
standing paradox in animal physiology, that
triggered Horton’s reflection. He proposed
that the paradox resulted from the consider-
able dissipation of energy due to the main
function of the kidney, discrimination
between ions of diverse nature (Johnson &
Knudsen, 1965).
In his work, Johnson also emphasized the
role of thermal noise and that of structural
information, particularly via the spatial orga-
nization of relevant entities, showing, for

example, that the dilution of a particular
configuration would tend to make meaning-
ful information gradually disappear. This
vision is very relevant because it can
explain the difficulty of modelling in vitro
what happens in vivo (Danchin, 2022). It is
certain that work on modelling the minimal
functions necessary to enable life results in
a significantly lower number of genes than
that found in the original minimal autono-
mous synthetic organism. In particular, the
presence of the dnaK gene is deemed dis-
pensable (Rees-Garbutt et al., 2021). This
completely overlooks the critical function of
discrimination to build up classes. We can
safely predict that experiments will soon
refute this claim and pave the way for
understanding the importance of Maxwell’s
discriminators in SynBio. Finally, it is also
important to distinguish between general
thermal noise (a direct consequence of the
temperature of life) and the effects of tem-
perature on living structures and pro-
cesses, which is related to meaningful
information (Johnson & Pavelec, 1972). In
short, we can expect to see experiments
soon that measure the way energy is dissi-
pated in SynBio constructs, not only in the
chemical processes involved per se, but
also in the general maintenance of the con-
structs. Typically, at the temperature of life,
the energy dissipated in each implementa-
tion of a discrimination event corresponds
to the hydrolysis of a phosphate bond,
which is about 20–30 times more than that
of the amount actually needed. This may
be considered as a waste, but in fact this
allows the accuracy of the system to be
only slightly affected by thermal noise (Boel
et al., 2019). The future of stable designs of
SynBio organisms with modified building
blocks will require the identification of pro-
cesses where the energy involved is at
least an order of magnitude greater than
that of the local thermal noise, so that the
process can stand out from the
background.

Assimilation and accommodation
As we saw earlier, SynBio manipulates dif-
ferent types of chassis, inserting artificial
constructs for metabolic engineering and
even changing their chemical nature. All
the elements thus combined together have
no reason to harmonize well with the differ-
ent classes of things that have co-evolved

F I GURE 2 An agent that uses discrimination to make classes,
the Maxwell’s demon, modified from figure 2 of Boel et al. (2019).
Although it is basic knowledge in thermodynamics, the metaphor
proposed by Maxwell to suggest how perpetual motion could be
created against the second law of thermodynamics is often
overlooked nowadays. Consider a closed container filled with a gas,
with no heat exchange with the outside, and made of two chambers,
A and B. The chambers are separated by a wall with a small hole in it,
closed by a movable trap door. This door can be opened or closed at
will by an agent capable of making a decision, depending on the
speed of the approaching gas atoms. Let us suppose that the agent
opens and closes this hole, so that only the fastest molecules pass
from A to B, and only the slowest ones pass from B to A. This will
increase the temperature of B and decrease that of A, in contradiction
with the second law of thermodynamics, and allow the formation of
the thermal machine. Remarkably, this type of operation, which
manipulates information, is very reminiscent of the way young
proteins are separated from old ones in yeast or during gamete
formation. When cells grow and form a bud as future offspring, the old
proteins remain in the mother cell while the neosynthesized bud
contains only young proteins (Aguilaniu et al., 2003; Koch-Bojalad
et al., 2021). The discrimination between both classes is performed
by a protein complex that dissipates energy from ATP or GTP in a
process that loads energy in the first step but does not dissipate it
until the complex has interacted with the class meant to be
discriminated against.
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over billions of years in natural cells. In
short, we must expect them to be perceived
as foreign, grouped into a specific class
destined to be repaired, degraded or
expelled from the cell. In a field remote from
SynBio but highly relevant to understanding
the general process of adaptation, psychol-
ogy, Jean Piaget proposed an interesting
dichotomy: when challenged by changes,
the adaptation of the organization of a living
entity follows processes forming two cate-
gories, assimilation and accommodation
(Block, 1982). Generally speaking, assimi-
lation refers to the reintegration of new
external elements into a pre-existing inter-
nal structure; accommodation refers to the
adaptation of the organism to external vari-
ations that it fails to assimilate. Accommo-
dation can be implemented relatively
quickly, while assimilation is a long-term
process.
This can be transposed to cells facing the
challenge brought about by SynBio con-
structs, for example, for the degradation of
plastic things (Brandenberg et al., 2022). A
proliferation of similar studies can be
expected in the coming years, if not
months. They will immediately be faced
with the need to accommodate the new
designs within the host chassis as they will
have to integrate them into their existing
structure. This will result in an evolutionary
phase of the type usually explored immedi-
ately after the implementation of a particu-
lar metabolic design. The subsequent
assimilation stage is more important and,
conceivably, impossible, as it will require
the cell to completely remodel its progeny
in the course of its evolution. This situation
should soon be illustrated by the adaptation
to a new nucleotide, such as 5-chloro-
uridylate.
Identifying agents for class discrimination
However, this view remains descriptive. We
need to identify the actual cellular entities
and processes that drive assimilation and
accommodation. While the process of
assimilation can be envisaged for small
sets of genes—and the existence of wide-
spread horizontal gene transfer supports
this—it seems difficult to accept that it can
work on the laboratory time scale, when
entire genomes are modified. In this case,
the process is likely to take much longer,
being understood as going beyond accom-
modation, requiring much deeper changes
in cellular organization. This is where the

discrimination function of Maxwell’s dis-
criminators comes in. How can we identify,
experimentally, that agents functioning like
this fictitious wizard are actually involved?
At least two families of experiments, which
can be expected to be reconsidered very
soon, illustrate new developments in this
direction. Standard chassis, such as E. coli
strains, are limited in their temperature
range, with normal functioning stopping
below 15�C because RNA and protein fold-
ing is known to be more or less ‘frozen’ at
lower temperatures. Manuel Ferrer and his
colleagues had the bold idea of considering
whether a molecular chaperone from an
Antarctic bacterium, Oleispira antarctica,
transformed into E. coli, could alleviate this
constraint. Unexpectedly, they found that
this was indeed the case (Ferrer
et al., 2004). Temperature is a statistical
property that reflects the degree of agitation
of all entities present in an environment of
sufficient size. This involves, in particular,
water molecules and their associated
hydrogen bonds. Temperature influences
all chemical processes simultaneously to
varying degrees, so it seems difficult to
understand how a single protein could alle-
viate its global effect (Strocchi et al., 2006).
This is unless the local temperature differs
from that of the environment, however.
Remarkably, an experiment that measured
the local temperature of active mitochon-
dria may solve the riddle. In experiments
using thermosensitive colour markers, it
was suggested that mitochondria were
much warmer than the cell in which they
live [(Chrétien et al., 2018), Box 2].
This surprising result—of course disputed
(Lane, 2018)—was attributed to energy dis-
sipation by ATP synthase, acting as a Max-
well’s discriminator (Vigneau et al., 2022).
A similar explanation would fit with the func-
tion of molecular chaperones. Indeed,
hydrolysis of phosphate bonds liberates
energy, with consequences in terms of
local temperature, reflected by changes in
the movements of local water molecules
and hydrogen bonds. Any change in the
efficacy of molecular chaperones, which
act as Maxwell’s discriminators to recog-
nize the proteins that they will fold or refold
(Boel et al., 2019), will increase the energy
they dissipate, and this will change temper-
ature locally. With this understanding,
replacing a mesophilic chaperonin with a
psychrophilic is likely to increase its error
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rate, because it did not co-evolve with its
new environment. In turn, this increases the
local temperature so that it mimics the
mesophilic environment. It should be noted
here that the optimal growth temperature of
the donor organism is in fact anecdotal. It is
the phylogenetic distance between the host
and the donor that should be significant. Is
this hypothesis far-fetched? We can cer-
tainly anticipate that these enigmatic obser-
vations, highly relevant for SynBio, will
presently come to the fore.
Interestingly, further analysis has shown
that temperature sensitivity was associated
with a small number of essential proteins,
including molecular chaperones as
expected, but also metabolic enzymes,
notably related to cytosine metabolism,
cytidylate kinase and cytidine triphosphate
(CTP) synthetase [(de Lorenzo, 2011;
Strocchi et al., 2006) and see Figure 3].
These experiments measured growth, not
just stationary survival. It is therefore highly
significant that these enzymes have been
selected as critical agents for the mainte-
nance of homeostasis during growth (Ou
et al., 2020), a process we are now
addressing.
Understanding non-homothetic growth
Living organisms do not multiply constantly,
as in chemostats. They have to manage

BOX 2 The ‘hot mitochondrion’
As large-scale fermentation units show, heat is
released as a product of metabolism. In particu-
lar, the oxidation of respiratory substrates
drives ATP synthesis and metabolite transport,
with a substantial proportion released as heat.
In Eukarya, mitochondria are major actors in
this thermogenic process. Mitochondrial tem-
perature in situ has been measured under dif-
ferent physiological conditions. A
thermosensitive colour assay showed that
apparently mitochondria were more than 10�C
warmer when the respiratory chain was fully
functional, both in human embryonic kidney
cells and primary skin fibroblasts. This differen-
tial was abolished in cells depleted of mitochon-
drial DNA or treated with respiratory inhibitors.
Note that a difference of 10�C, which seems
considerable at first sight, is only very marginal
at the temperature of life, 300 K, which is the
only quantitative parameter in terms of the
physics of the process that interests us. Yet,
this observation is controversial (Lane, 2018),
but if substantiated, it would validate the idea
that Maxwell’s discriminators expressed in het-
erologous systems dissipate more energy than
their adapted counterparts, locally rising the
temperature.

F I GURE 3 A subset of pyrimidine metabolism. Pyrimidine metabolism channels metabolites through CTP, and CTP synthetase acts as a
rheostat to maintain the correct level of pyrimidine precursors for RNA and DNA synthesis. The core of the metabolism is represented by black
arrows. DNA requires nucleoside diphosphates as precursors to triphosphates, and, in the case of CDP, this requires the degradation of RNA to
CMP by nucleases or to CDP by polynucleotide phosphorylase, as shown by red and dotted arrows. Anabolic steps are represented by blue
arrows. Salvage pathways are represented by green arrows. The arrows with long dashes show the deamination steps that convert cytosine
derivatives into uracil derivatives. The short dashes indicate the steps to dispose of the corresponding elements. Key
phosphoribosyltransferases (acting on orotate for de novo synthesis and on uracil for salvage) are represented by brown arrows. The missing
cytosine homologue (Ou et al., 2020) is crossed out and shown in faded brown, as are the frequently missing steps (in light grey). Finally, a likely
step for storing thymidine derivatives, possibly acting as a flywheel and coupling DNA synthesis to envelope synthesis, is shown with pink
arrows.
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transitions between survival and multiplica-
tion. When they resume growth after a sta-
tionary phase, specific metabolic
constraints associated with growth must be
implemented. Metabolism models are gen-
erally calibrated on the idea that the con-
tent of all the constituent elements will
double with each generation. The neces-
sary non-homothetic distribution of metabo-
lites in the cytoplasm, in a 3D volume,
compared with membranes, which are two-
dimensional, and genomes, which are lin-
ear polymers growing in one dimension, is
almost never taken into account. Yet
growth implies that, unless a particular met-
abolic control has emerged during the evo-
lution of life, there will always be “too
many” precursors to synthesize genes and
genomes and thus pressure to lengthen
genomes, not shorten them. Remarkably,
natural selection has retained a ubiquitous
specificity of metabolic organization,
centred on pyrimidine metabolism, to
enable the corresponding homeostasis.
This is ensured in bacteria by the existence
of ‘rheostats’ such as thymidylate kinase
or CTP synthetase, as well as reserves
playing the role of “flywheel” such as TDP-
sugars, allowing the cell to finely adjust its
growth stage. The ultimate goal is achieved
by channelling de novo synthesis and sal-
vage of pyrimidines through uracil deriva-
tives. The key metabolite in this process is
CTP, synthesized from UTP, and required
for at least three essential metabolic steps.
It is a key component of (1) the synthesis
of host RNAs; (2) the synthesis of cytosine-
based liponucleotide precursors; and
(3) the synthesis or repair of the 30CCA end
of all transfer RNAs required for translation
(Ou et al., 2020). Many other processes
also require CTP instead of ATP, such as
peptide bond formation for coenzyme A
synthesis (Chan et al., 2019) or synthesis
of dolichyl-phosphate for glycosylation in
Eukarya and Archaea (Makarova
et al., 2015). Moreover, intermediary
metabolism is built on mandatory steps of
synthesis and salvage of cytosine-based
metabolites leading to uridine triphosphate,
channelling all pyrimidine metabolism
through CTP (Figure 3).
In the case of new synthetic genomes, par-
ticularly when changing the chemical
nature of pyrimidine nucleotides—such as

the replacement of thymidylate by 5-chloro-
uridylate—it can be expected that, while a
preliminary step of evolution by accommo-
dation is likely (and indeed seen in pub-
lished experiments with this new
component of the genomic chassis), it is
questionable whether true assimilation will
be possible using engineering approaches.
Yet, it can be expected that this will be
explored in the coming years. This should
soon be known as well as in the case of
similar experiments involving programmed
ageing or other substitutes for canonical
building blocks.

PERSPECTIVES

Synthetic biology is at a turning point. The number of
published works in the field is increasing at a rapid pace.
The field is facing a considerable demand for critical
experiments that would enable the design of new engi-
neering models to meet the now universally recognized
goal of sustainability. This requires a radical change in
our understanding of metabolism and its constraints and
is deeply linked to the second major objective of SynBio,
namely to understand what life is. Until now, research
has not seriously addressed the conditions for adequate
adaptation of artificial constructs to the constraints of
their engineered creation, forgetting that it took life over
3 billion years to reach its current state. We believe here
that we will see in the coming years that understanding
the processes that develop accommodation and subse-
quently assimilate new constructs will uncover the
neglected functions that have been suggested in this
overview of the present situation. We anticipate that
these will include agents that behave like Maxwell
demons, named here discriminators, and also embody
the constraints created by the need for homeostasis to
ensure non-homothetic growth when new living cells are
faced with the necessary transitions that accompany all
types of life.
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