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The Lithbea Domain

Jaime Gómez-Márquez

The tree of life is the evolutionary metaphor for the past and present
connections of all cellular organisms. Today, to speak of biodiversity is not
only to speak of archaea, bacteria, and eukaryotes, but they should also
consider the “new biodiversity” that includes viruses and synthetic
organisms, which represent the new forms of life created in laboratories.
There is even a third group of artificial entities that, although not living
systems, pretend to imitate the living. To embrace and organize all this new
biodiversity, I propose the creation of a new domain, with the name Lithbea
(from life-on-the-border entites) The criteria for inclusion as members of
Lithbea are: i) the acellular nature of the living system, ii) its origin in
laboratory manipulation, iii) showing new biological traits, iv) the presence of
exogenous genetic elements, v) artificial or inorganic nature. Within Lithbea
there are two subdomains: Virworld (from virus world) which includes all
viruses, regarded as lifeless living systems, and classified according to the
International Committee on Taxonomy of Viruses (ICTV), and ii) Humade
(from human-made) which includes all synthetic organisms and artificial
entities. The relationships of Lithbea members to the three classical woesian
domains and their implications are briefly discussed.

1. The Conceptual Framework

Understanding what life is and being able to discriminate be-
tween what is a living system and what is not is of great concep-
tual importance for biology. Clarifying these concepts has impli-
cations for research on the origin of life, the search for extrater-
restrial life, the resolution of the dilemma of whether viruses are
inert entities or living systems, and for establishing whether syn-
thetic organisms or artificial life forms (hereafter A-life) should
be considered living beings or not. Without being clear about
this, we would never be able to describe in an integrated way all
the biodiversity (natural or not) that inhabits our laboratories and
ecosystems. Therefore, we need a conceptual framework that al-
lows us, in the first place, to establish whether viruses and all
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these synthetic organisms and life form
A that make up the new biodiversity are
living beings or not, to be able to classify
them in a coherent way. Unfortunately,
the scientific community has not yet es-
tablished a universally accepted doctrine
on the definition of life and living being,
hence my reference in this study is my
proposal on both concepts.[1]

My definition of life arises from the
analysis of the seven traits common
to all living systems: i) organic nature
(the biochemistry of life is based on
the chemistry of carbon), ii) entropy-
producing (living beings are open ther-
modynamic systems that preserve their
internal order by exporting entropy to
the outside), iii) self-organizing (sys-
tems far from thermodynamic equilib-
rium or dissipative structures can spon-
taneously self-organize), iv) reworkable
pre-program (all living systems con-
tain a mutable molecular program writ-
ten in their genome), v) capacity to
interact and adapt (any living system

develops its vital functions through multiple interactions and is
capable of adapting to new circumstances), vi) reproduction and
vii) evolution (reproduction allows the perpetuation of species
and makes the evolutionary process possible).

From the analysis of these traits, I define life as an interactive
process occurring in entropy-producing, adaptive, and informa-
tive organic systems. Note that this definition of life does not in-
clude reproduction and evolution because both traits are not nec-
essary for life; they are optional or facultative traits because not
all organisms reproduce and/or evolve (e.g., a sterile animal such
as a mule cannot reproduce but is nevertheless a living being).
According to this definition of life, a living being is an entropy-
producing, adaptive, and informative organic system, i.e., the liv-
ing system is the “container” where the vital process takes place.
Note the importance of the system-process duality, which means
that without the living being (the system) there is no life, and
without life (the process) the living being ceases to be ordered
and decays.[1]

With this definition, it is easy to see why a volcanic rock, a
quartz crystal, a complex algorithm, or a metallic robot are not
structures that we can identify and classify as living systems. For
example, a quartz crystal, although it is a highly ordered struc-
ture like any living being, is not a living system because it is
neither an organic system, nor does it have genetic informa-
tion, nor does it can adapt or evolve (evolution is a consequence
of the adaptive process) through something like mutation and
reproduction.
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2. Viruses as Lifeless Living Systems

The biological significance of viruses is unquestionable, and they
should not be ignored if we are to understand the processes of
horizontal gene transmission, the cause of many diseases, the
evolution of species, the dynamics of ecosystems, or the bio-
geochemical cycles.[2–6] Despite this, viruses have been system-
atically excluded as components of biodiversity because of their
acellular nature and because they were not considered living
beings.[7]

Are viruses living systems? This question raises one of the
most prominent controversies in the field of biology. Viruses are
somewhere between living and inert: when they are outside the
cell, they are passive structures waiting for the moment to infect
their biological host, but when they find it, viruses develop their
entire vital strategy to perpetuate themselves. Outside the cell,
viruses only have the potential to infect cells, they are just highly
organized and informative organic systems that show no signs of
life, they are lifeless living systems. On the contrary, when a virus
infects a cell, it manifests all the characteristics of a living system
(entropy production, expression of its genetic information, self-
organization, capacity for interaction and adaptation, reproduc-
tion, and evolution) and, as it meets all the requirements to be
alive, it should be considered a living system.[1]

In short, viruses are obligate intracellular parasites that do not
need to be a cell but, like any parasite, use their host for their
own benefit. Viruses pursue the same goals as all living cellu-
lar beings: to survive and reproduce or remain in the host cell.
The viral duality between the inert organic system (outside the
cell) and the living system (during the infection) is what makes
viruses to be considered as lifeless living beings and, therefore,
as components of the biodiversity that exists on our planet.

3. Synthetic Organisms and A-Life Forms

In the midst of the biological revolution brought about by the
great conceptual and technological advances in many areas re-
lated to the life sciences, synthetic organisms are playing a ma-
jor role in the development of our society. They are living en-
tities that are not the result of a natural evolutionary process
but have been manufactured through direct cellular or genetic
manipulation.[8] Synthetic biology involves redesigning organ-
isms for useful purposes by engineering them to have new abili-
ties, consequently, synthetic organisms, understood as biological
entities constructed in the laboratory from natural biological sys-
tems, are living systems because they meet all the requirements
necessary for the life process.[1] Synthetic biology is already trans-
forming the way we grow food, produce substances of health in-
terest, carry out certain industrial processes, etc., and its impor-
tance will increase over time.[9,10]

In a broad sense, A-life could be understood as the synthe-
sis and simulation of living systems, being more closely related
to artificial intelligence (hereafter AI) and the design of entities
that aim to mimic the living,[11,12] as compared to synthetic bi-
ology that aims to build new living systems that are based on
organic matter, i.e., carbon biochemistry. Three types of A-life
are commonly mentioned in the scientific literature: i) soft A-life
(soft from software), which deals with mathematical and com-
putational models; ii) hard A-life (hard from hardware), which

refers primarily to mechanical robots; iii) wet A-life, which in-
cludes synthetic organisms based on carbon chemistry.[13] Soft
and hard A-life cannot be considered as living entities because
neither computer programs nor robots or robot-like devices are
constructed and function according to the biochemistry of life,
they do not meet the requirements to be considered as a living
system.[1,14] However, wet A-life is very different from soft and
hard A-life, and since it uses organic matter to create new biolog-
ical entities it falls within the field of synthetic biology[8,15]; I do
not consider wet A-life forms as artificial entities but true living
systems because they meet all the characteristics to be alive.

In brief, we could define synthetic organisms as authentic liv-
ing systems that, not being the result of a natural evolutionary
process, have all the necessary characteristics to develop the vital
process, while A-life (soft and hard) are non-living entities that
imitate living ones.

4. Brief Consideration of Artificial Selection

Traditionally, artificial selection techniques have been used to di-
rect the evolution of species of agricultural and livestock or com-
panion animal interest.[16] Thus, the researcher selected the pre-
ferred trait and then breed the organism to produce offspring
with the desired phenotype. Artificial selection is synonymous
with human-directed evolution, and, like natural selection, it
works by selecting genotypes and phenotypes, except that in the
latter it is nature that makes the decisions about which genetic
changes should remain in the species. I consider that the organ-
isms obtained by artificial selection cannot be qualified strictly
as synthetic organisms because neither the system used to ob-
tain them (selective breeding that alters gene frequencies) nor the
modifications in the genome were obtained by direct genetic ma-
nipulation altering the gene content, the genetic code, or what-
ever it may be.

5. The Tree of Life and the New Biodiversity

When we talk about biodiversity and the evolution of species,
we always turn to the “tree of life”, a brilliant idea echoed by
Darwin[17] in his seminal book on the origin of species by nat-
ural selection when he wrote: “The affinities of all the beings
of the same class have sometimes been represented by a great
tree. I think this simile largely speaks the truth”. In this line,
in the late 20th century, it was proposed a new conception of
the “tree of life” that grouped cellular organisms into three do-
mains: Archaea, Bacteria, and Eukarya, as the highest rank of
classification.[18] Later on, the discovery of a myriad of diverse
archaeal lineages changed our understanding of the evolution-
ary relationships among the three domains of life and the origin
of eukaryotes.[19] At the present time, with the genome revolu-
tion underway, the classification of biodiversity is increasingly
refined, although a consensus that satisfies the entire scientific
community has not yet been reached.[20,21]

In the 21st century, do the current trees of life in their many
variants represent all the biodiversity on our planet? And the an-
swer I understand should be negative because viruses are not
there, and neither are synthetic organisms (I do not mean to
say that these trees are wrong but that they do not include all
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Figure 1. The Lithbea domain. This domain is divided into two evolutionarily unrelated subdomains: Virworld, which includes all realms of viruses
following ICTV rules, and Humade that comprises all human-made entities. Synthetic organisms are non-natural living systems (except for ILS), and
A-life forms that are non-living systems (the double-arrowed dotted line indicates that wet-life should be included within the A-life forms and synthetic
organisms). SVS, synthetic viral systems; GMV, genetically modified viruses; SGV, synthetic genome viruses; SCO, synthetic cellular organisms; WLO,
weird living organisms (the expression “weird mix” refers to all these strange organisms such as the xenobots or the system known as brainoware);
GEO, genetically engineered organisms; SGO, synthetic genome organisms; GMO, genetically modified organisms; TGO, transgenic organisms; GED,
gene-edited organisms; CAO, codon-altered organisms; ASC, altered standard code; UGC, unnatural genetic code; SRO, synthetic replicon organisms;
SCS, synthetically cellular systems; LSC, living synthetic cells; ILS/ACC, incomplete living systems/artificially created cells.

biodiversity). Unlike viruses, the apparent exclusion of synthetic
organisms from the tree of life is due to the fact that these crea-
tures are not the result of the natural evolutionary process, al-
though some of them could be included within Archaea, Bacteria,
or Eukarya because they did not lose their essence as a species,
i.e., a transgenic mouse is still a mouse although it is no longer
the exclusive fruit of the evolutionary process.[14] There are other
synthetic organisms that are very different from any known cellu-
lar form and that could not be included or resemble any organism
belonging to the Woesian domains.

6. The Lithbea Domain

The Lithbea domain, an acronym for “LIFE-on-THE-Border Enti-
ties”, was born from the idea of grouping and classifying all those
biological (viruses and synthetic organisms) and biological-like
(A-life) entities that were not included in the tree of life (it should
be noted that lineage and phylogeny have not been determining
factors for the classification system presented here). The A-life
forms are included because although we cannot consider them
as true living systems, they resemble them more and more and
help us to understand the phenomenon of life.[14] Figure 1 shows
the complexity of the Lithbea domain.

The criteria for entering Lithbea are: i) the acellular nature
of the living system (e.g., viruses), ii) the non-natural origin of
the living system (e.g., transgenic organisms), iii) the presence
of novel biological traits (e.g., xenobots), iv) the presence of ex-
ogenous genetic elements (e.g., plasmids), and v) the artificial or

inorganic nature of entities that mimic the life process or the liv-
ing system (e.g., A-life forms).

In Lithbea there are two subdomains: Humade (a term derived
from the contraction of the expression Human-made) which in-
cludes all synthetic organisms and A-life forms, and Virworld (a
term derived from the contraction of the expression Viral world),
which includes all viruses present in nature (obviously viruses
could also be created in the laboratory and thus form part of syn-
thetic entities). Unlike the tree of life that shows us the existence
of common ancestors, the entities belonging to Lithbea do not
have a common ancestor and, consequently, the construction of
the tree of life of the Lithbea domain is not based on phylogeny
and ancestry, but on the criteria mentioned above. On the other
hand, it should be noted that the entities belonging to Humade
and Virworld are not isolated entities but can interact with each
other and with prokaryotic and eukaryotic organisms. Further-
more, certain synthetic organisms included within Lithbea, such
as transgenic organisms, have not lost their species identity and
therefore might also form part of the Woesian domains even if
their origin is no longer completely natural.

7. The Viral Subdomain (Virworld)

There are several ways to classify viruses considering aspects
such as capsid structure, nucleic acid type, physical properties,
host species, or the disease caused by their infection.[22] In
this respect, it has been recently proposed four principles or
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recommendations to guide the construction of a coherent and
comprehensive virus taxonomy.[23]

Within the Lithbea domain, the viral subdomain includes all-
natural viruses classified according to the International Commit-
tee on Taxonomy of Viruses (ICTV) taxonomy (Figure 1 shows
only the six realms). The ICTV is the official body that classifies
viruses and by contrast to the taxonomy of cellular organisms, the
taxonomic framework for viruses must adapt to the current view
that viruses have multiple origins (polyphyly) and that their diver-
sity cannot be represented in a single tree that encompasses the
entire virosphere.[24,25] So far there are six realms within the ICTV
taxonomy, each of which is inferred to represent a unique mono-
phyletic evolutionary origin of its component viruses, although
recent evidence suggests that the number of independent and
ancient evolutionary origins of viruses may be even greater.[25,26]

Trying to figure out the evolutionary history of viruses is fasci-
nating. Viruses may have arisen from mobile genetic elements,
may have preceded cellular life, may have originated from free-
living forms that became obligate intracellular parasites, or may
have arisen by a yet unknown mechanism.[27,28] Biologists have
debated how to classify these lifeless living things and how to re-
late them to the tree of life. The main problem is that we do not
know for sure what has been or what their origins have been,
but whatever it is, viruses and their hosts have been ecologically
and evolutionarily intertwined.[4,29] Be that as it may, a universal
taxonomy of viruses is essential for a comprehensive view of the
virosphere and their evolutionary relationships.

8. The Human-Made Subdomain (Humade)

The Humade subdomain comprises all synthetic organisms and
A-life forms and is divided into two major groups: i) Synthetic or-
ganisms (non-natural organic living systems) and ii) A-life forms
(non-living systems that mimic life). As I mentioned earlier, wet
A-life entities would be included in the group of synthetic organ-
isms although some researchers include them as a type of A-life
(this duality is shown in Figure 1).

9. Synthetic Organisms

Synthetic biology expands the biodiversity of the planet by con-
structing new organisms with structural and/or functional el-
ements that are different from natural ones.[8,15] Its develop-
ment has gone hand in hand with advances in molecular biology,
biotechnology, and, more recently, AI, and synthetic organisms
will increasingly have a wide range of applications in various sec-
tors, such as medicine, agriculture, energy, manufacturing, and
food. The future will bring us hitherto unimaginable creatures
that will be increasingly present in our societies and ecosystems.

Within synthetic organisms there are two categories: i) Syn-
thetic Viral Systems (SVS), and ii) Synthetic Cellular Organisms
(SCO). The criterion for establishing these two categories is the
acellular or cellular nature of biological entities. SVS includes all
viruses employed in genetic engineering-related techniques and
viruses whose genome has been synthesized in the laboratory.
SCO are classified according to the type of genetic manipulation
they have undergone and the way they have been created in the
laboratory.

SVS is divided into two different classes: i) Genetically Mod-
ified Viruses (GMV), and ii) Synthetic Genome Viruses (SGV).
SCO is divided into three different classes: i) Genetically Engi-
neered Organisms (GEO), ii) Weird Living Organisms (WLO),
and iii) Synthetic Cellular Systems (SCS).

10. The SVS (Synthetic Viral Systems)

SVS comprises all viruses whose genome has been modified for
cloning, medical or biotechnological applications (recombinant
viruses or GMV), and viruses whose genome has been wholly or
partially synthesized in the laboratory (SGV).

GMVs are viruses that have been genetically modified by in-
sertion, deletion, or mutation in the viral genome without los-
ing their ability to infect. GMVs have been used for multiple pur-
poses related to cloning, DNA sequencing, or basic biological re-
search, as well as for medical, agricultural, pharmaceutical, and
biotechnological purposes.[30,31] In medicine, GMVs can be used
to target and destroy cancer cells, treat various genetic diseases as
gene and cell therapy tools, or serve as vaccines or vaccine deliv-
ery agents.[32] For example, different viral vectors have been used
in preclinical and clinical trials as vaccines against serious dis-
eases caused by infectious agents such as HIV, and Plasmodium
sp.(Malaria), Ebola and SARS-CoV-2.[33]

The combination of techniques in the field of synthetic bi-
ology and computational biology has led to the production of
viruses whose genome is synthetic, manufactured in whole or
in part in the laboratory. The first virus assembled from syn-
thetic oligonucleotides was a poliovirus.[34] This milestone in syn-
thetic virology was followed by the generation of the first syn-
thetic genome corresponding to bacteriophage phiX174.[35] Sub-
sequently, the construction of an infectious horsepox virus in
2018 from synthesized DNA raised considerable doubts and con-
cerns about the possibility of creating human pathogenic viruses
in the laboratory.[36] Synthetic virology has come a long way, and
its future looks very promising, with numerous positive applica-
tions ranging from medicine to agriculture, although not with-
out risks.[37,38] We now have the technological power to resurrect
viruses or create new viruses in the laboratory for multiple pur-
poses. In this sense, scientists, legislators, and society in general
should act responsibly by making a reasonable balance between
progress and the dangers associated with this powerful technol-
ogy.

11. SCO (Synthetic Cellular Organisms)

11.1. The GEO (Genetically Engineered Organisms)

Redesigning organisms to produce a certain substance like trans-
genic rice with beta-carotene or acquire a new capacity like bac-
teria used for bioremediation, are two examples of the initial
goals in synthetic biology. Since then, scientific progress is lead-
ing us to advances in genome manipulation that were unthink-
able not long ago. GEO includes organisms whose genetic mate-
rial (the genome or the genetic code) has been modified to give
them new properties, organisms whose genome is fully synthetic
or semi-synthetic, and organisms that contain extrachromoso-
mal elements. There are four groups of GEO: Genetically Mod-
ified Organisms (GMO), Synthetic Genome Organisms (SGO),
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Codon-Altered Organisms (CAO), and Synthetic Replicon Organ-
isms (SRO).

11.1.1. The GMO (Genetically Modified Organisms)

A GMO is a genetically modified organism whose genomic modi-
fications are not the result of selective mating (artificial selection)
or natural recombination, but the result of DNA manipulation
in the laboratory. DNA sequences can be introduced, amplified,
or deleted within a species, between species, or even between
kingdoms. There are two types of GMO: transgenic (TGO) and
gene/genome-edited (GED) organisms.

A TGO is a living system whose genetic composition has been
modified by introducing a foreign gene by means of biotechno-
logical techniques. TGOs are used for basic biological research
as well as for applications related to food supply, human health
like the production of substances of therapeutic interest, and the
mitigation of environmental pollution. DNA can be transferred
within individuals of the same species like a transgenic mouse ex-
pressing lactase in the mammary gland to produce low–lactose
milk in vivo,[39] between different species like the introduction
of rabbit DNA fragments containing the beta-globin gene into
mouse germ-line cells[40] or even between kingdoms like the ex-
pression of firefly luciferase gene in transgenic tobacco leaves.[41]

In the GED organisms, the alteration of the genome is
performed using nucleases that have been engineered to tar-
get a specific DNA sequence, where they introduce cuts en-
abling the removal of existing DNA and the insertion of re-
placement DNA.[42,43] Gene editing involves the insertion (gene
knock-in), silencing (gene knock-out or loss-of-function), dele-
tion, or replacement of DNA to obtain a new function or
phenotype.[44] Of particular interest is the clustered regularly
interspaced short palindromic repeats/CRISPR-associated pro-
tein 9 (CRISPR/Cas9) technology, whose applications have pro-
foundly changed biological research.[45] CRISPR-Cas genome
editing systems have transformed our ability to manipulate, de-
tect, and visualize specific DNA and RNA sequences in living
cells. The ease, accuracy, affordability, and of this system ro-
bustness of this technology have revolutionized genome editing
for research ranging from fundamental science to translational
medicine.[46,47] For example, the high efficiency and accuracy of
the CRISPR/Cas9 technique allow us to explore the functions
of cancer-related genes, greatly increasing our understanding of
cancer genomics.[48] Although this technique has apparent ad-
vantages for gene therapy, CRISPR/Cas9 brings its own set of
limitations which must be addressed for safe and efficient clinical
translation.[49] Another example of the power of this technology
is the edition of genes involved in metabolic pathways to create
organisms that produce valuable compounds such as biofuels,
drugs, and industrial chemicals.[50] The incorrect use of CRISPR-
Cas technology could pose a risk and danger; the debate about the
implications of this technology both in the scientific community
and in society is important.

In addition to other issues unrelated to biology, GMOs could
have very serious impacts on biodiversity if they interact with nat-
ural species. In this regard, the production of transgenic animals
and crops has raised concerns about their potential ecological im-
pact, especially if these organisms escape or are released into the

wild and may interbreed with wild flora and fauna. Obviously,
the same or even greater concerns arise when we think of genet-
ically modified microorganisms because their ability to mutate
and reproduce is much greater. Three different examples of these
GMO-nature interactions and the risks associated with them are
as follows:

i. Interspecific hybridization between Atlantic salmon (Salmo
salar) and brown trout (Salmo trutta) has been demonstrated
through experimental crosses using the growth hormone
transgene.[51,52] In this particular case, this interspecific hy-
bridization (which could also occur among many other eu-
karyotic and prokaryotic species) makes it necessary to assess
the ecological and evolutionary consequences of the presence
of these growth-accelerated genetically engineered fishes in
natural ecosystems.

ii. The introgression of transgenes from genetically modified
crops to their wild relatives has been widely reported.[53] More
recently, it has been shown the ecological and evolutionary
consequences of transgene introgression in a Mexican wild
cotton (Gossypium hirsutum) population.[54] In general terms,
we could say that the biological consequences of the pres-
ence of one or more transgenes in a wild species will depend
largely on the type of transgene, its insertion site, the plant
density, and ecological factors.

iii. The presence of transgenic microbes outside the laboratory
could lead to their uncontrolled spread, affecting ecological
processes through interaction with native populations and
food chains. In addition, there would be the risk of transfer of
transgenic DNA by horizontal gene transfer that could give
rise to new pathogens. All this makes it important to take
all the necessary precautions to avoid unpredictable negative
consequences that are very difficult to reverse.[55]

11.1.2. The SGO (Synthetic Genome Organisms)

Synthetic genomics is a nascent field of synthetic biology that
involves two basic operations: the synthesis of complete genomes
or chromosomes and the utilization of these synthetic nucleic
acids to make viruses or living cells. In this context, SGOs are
those synthetic organisms whose genome has been entirely or
partially synthesized in the laboratory.[56,57] In the near future, the
creation of new SGOs will have a strong impact on many areas
of our society related to medicine or biotechnology such as, for
example, the development of the next generation of vaccines or a
new industrial revolution to produce food and chemicals.

The first synthetic bacterial genome was completed in 2008
with the synthesis of the genome of Mycoplasma genitalium
(named as M. genitalium JCVI-1.0), a bacterium that can cause
urinary and genital tract infections in humans.[58] This achieve-
ment marked an important milestone in synthetic biology be-
cause it was the first time a complete genome was synthesized
from scratch in a laboratory. Thereafter, the same team con-
structed Mycoplasma mycoides (M. mycoides) JCVI-syn1.0, the
first living cell with a fully artificial genome, by first synthesiz-
ing the bacterial chromosome sequence and then transferring it
into a Mycoplasma capricolum (M. capricolum) recipient cell to
create new M. mycoides cells controlled solely by the synthetic
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chromosome.[59] In 2016, the genetic information of JCVI-syn1.0
was reduced to produce JCVI-syn3.0, which harbors the smallest
genome – 531 kb and 438 genes – of any free-living prokaryote.[60]

Later on, it was created JCVI-syn3A for better growth, demon-
strating the polygenic nature of cell division and morphology in
a minimal cell.[61]

Genome minimization and re-functionalization are very at-
tractive research topics because minimal genomes (the smallest
possible number of genes required to support a living cell un-
der a defined set of conditions) may help to find an answer to
age-old questions like What is life? and improve the applications
of synthetic biology.[62] In this regard, the reduced genome of
the synthetic bacterium JVC-syn3A was modified to include the
Spiroplasma genes involved in motility to create the smallest-ever
moving cell.[63] Moreover, natural selection can rapidly increase
the fitness of a synthetically constructed minimal cell that has
been stripped of all but its essential genes, demonstrating the ca-
pacity of a minimal cell to survive and evolve (Morger–Reischer
et al. 2023).[64]

In the eukaryotic world, a strain of the yeast Sacharomyces cere-
visiae (S. cerevisiae) whose genome is more than 50% composed
of synthetic DNA has been produced by combining seven syn-
thetic chromosomes into a single yeast cell, resulting in a strain
with more than 50% synthetic DNA that survives and replicates
similarly to wild yeast strains.[65] This discovery is a milestone
in SGO research because, until now, scientists have generated
artificial genomes from various viruses and bacteria, but yeast
would be the first eukaryotic organism with a viable genome par-
tially generated in the laboratory.[66] Very recently, the in vivo as-
sembly of chromosomal fragments in the moss Physcomitrium
patens has been published.[67] The researchers produced pheno-
typically near-wild lines of the moss in which one-third of the
coding region of a chromosomal arm is replaced by chemically
synthesized, redesigned fragments. We are only at the begin-
ning of this new genomic revolution and these advances with
yeast and moss are paving the way for the synthesis of new
eukaryotic genomes and opening many windows to study the
functioning of genomes and for the creation of new “ amazing”
organisms.

11.1.3. The CAO (Codon-Altered Organisms)

The genetic code refers to the set of instructions needed to con-
vert the information contained in protein-coding genes into pro-
teins, and it is its universality that allows organisms to exchange
genetic information, even between evolutionarily distant species,
and to express an eukaryotic protein in bacteria. The technolog-
ical advances in genetic engineering not only allow us to create
synthetic genomes but also to alter the genetic code.[68] Here, we
define CAO entities as synthetic organisms in which the genetic
code has been altered. In this type of living system, we are modify-
ing the genetic code to change the sequence of codons, to reduce
the number of triplets, or to introduce new unnatural codon vari-
ants. There is no doubt that CAO organisms could be very useful
in the production of synthetic proteins, or in the design of new
substances.

There are two main variants of organisms with the natural ge-
netic code altered: i) ASC (from Altered Standard Code) that in-

cludes those living systems with variations in the number of stan-
dard codons or reassigning the significance of the codons, and ii)
UGC (from Unnatural Genetic Code) that includes those organ-
isms with non-natural triplets and/or non-natural amino acids.

To synthesize proteins, the translation machinery of the cells
uses 64 triplet codons for the canonical 20 amino acids; 18 of
these amino acids are encoded by more than one codon which
means that the genetic code is redundant. The first ASC organ-
ism was a variant of Escherichia coli (E. coli) with the number
of codons used to encode canonical amino acids reduced to 61,
by genome-wide replacement of target codons with defined syn-
onyms. To achieve this reduction, 18214 codons were recoded to
create an organism that uses 59 codons to encode the 20 amino
acids and enables the deletion of a previously essential trans-
fer RNA.[69] The generation of organisms with a reduced ge-
netic code, avoiding redundancies without losing information,
has been a major scientific achievement that has shown that
life can operate with a reduced number of synonymous sense
codons. A different example of alterations of the genetic code
was the development of E. coli cells with an amino acid-swapped
genetic code that reassigns two of the six codons from serine
to leucine during translation, making the cells resistant to vi-
ral infection.[70] This amino acid-swapped genetic code makes
cells completely resistant to viral infections by mistranslating vi-
ral proteomes and prevents leakage of synthetic genetic informa-
tion by relying on serine codons to produce proteins that require
leucine. As the authors suggest, these findings may provide the
basis to make any organism safely resistant to all natural viruses
and prevent genetic information flow into and out of genetically
modified organisms.

The UGC organisms are synthetic living systems with an
expanded nucleotide alphabet by making DNA with unnatural
nucleotides.[68] Expansion of the genetic code, in which a sin-
gle amino acid is replaced by a non-natural amino acid, is also a
way to create new proteins or to label proteins without disturbing
their structure and thus to better visualize them in living cells.[71]

One of the pioneering experiments in this field was the use of en-
gineered tRNAs capable of incorporating non-canonical amino
acids using four-letter codons.[72,73] Subsequently, it was created a
semisynthetic organism that can stably store genetic information
using a six-letter, three-base-pair alphabet[74] and it was demon-
strated for the first time that synthetic organisms can use non-
natural nucleotides for DNA replication, RNA transcription, and
protein translation in vivo.[75] Another major milestone in syn-
thetic biology was the construction of “Hachimoji” DNA which
is a genetic system composed of eight letters that can be tran-
scribed by a modified RNA polymerase in the laboratory.[76] The
applications of modifying or extending the genetic code are po-
tentially enormous, but we should be aware of the potential risks
of these technological advances.

Nature also experiments with variants of the ACGT alphabet.
This is the case of the genome of certain bacteriophages in which
adenine (A) has been substituted by 2-aminoadenine (Z). These
phages contain DNA with an alternative genetic alphabet (ZTGC)
that evades the attack of bacterial restriction enzymes allowing
the persistence of these viruses in toxic environments.[77] Given
that our knowledge of the virosphere is far from complete, one
wonders how many surprises its study will bring us in the coming
years, and there will probably be many.
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11.1.4. The SRO (Synthetic Replicon Organisms)

Replicons are units of DNA that can replicate autonomously
within a suitable host. Synthetic Replicon Organisms (SRO)
are organisms that have been transformed with a replicon to
give them one or more new functions. This is the case of uni-
cellular organisms (bacteria and yeasts) transformed with plas-
mids, a replicon widely employed in recombinant DNA tech-
nology or genetic engineering. Plasmids are extra-chromosomal
circular double-stranded DNA molecules that replicate indepen-
dently of chromosomal DNA. Scientists have harnessed plas-
mids as cloning vectors to amplify and manipulate genes and
DNA fragments, as well as to express recombinant proteins in
well-established prokaryotic and eukaryotic hosts, such as E. coli
or S. cerevisiae. These organisms transformed with recombinant
plasmids produce important chemicals such as biopolymers or
biofuels and proteins like insulin or growth hormone of high
therapeutic value.[78] In addition, designing and constructing
plasmids from smaller fragments to form complex functional
DNA molecules (such as biochemical pathways and genetic cir-
cuits) is an excellent synthetic technology for molecular biology
studies.[79,80]

An interesting application of the use of SRO is the de-
velopment of cellular systems for in vivo continuous direct
evolution.[81] Thus, using this system, it was established a syn-
thetic orthogonal replication system in E. coli that allows for ac-
celerated evolution[82]; to reach this objective, the researchers de-
signed a mutant orthogonal DNA polymerase that does not copy
the bacterial genome and selectively increases the mutation rate
of the orthogonal replicon.

11.2. The WLO (Weird Living Organisms)

Among all the new synthetic organisms, the WLO represents
a heterogeneous group of weird living creatures, which are de-
signed and created by combining non-biological technologies like
AI and biological techniques such as embryo manipulation or
molecular bioengineering. The first member of this group of
bizarre organisms were the “xenobots”, a kind of living robot
designed using an AI evolutionary algorithm to predict which
organisms could deploy useful tasks and build from embryonic
cells of the frog Xenopus laevis.[83] Xenobots are like miniature ma-
chines made from living embryonic frog cells that spend a little
over a week crawling or swimming around a Petri dish before
disintegrating (as they do not eat, their lifespan is short). The
AI program evolves groups of frog cells, based on their shape,
to perform any task of interest to the scientists. These strange
creatures self-replicate in an unpredicted way never been seen
in nature, very different from what we know in other eukaryotic
organisms.[84]

Another member of the WLOs completely different from
the previous one is a hybrid biocomputer built by combining
laboratory-grown human brain tissue with conventional elec-
tronic circuitry; this hybrid system, with the name “Brainoware”,
can complete tasks such as voice recognition.[85] To make the hy-
brid system, the researchers also used an AI hardware approach,
they placed a single organoid onto a plate containing thousands
of electrodes, to connect the brain tissue to electric circuits. To

test the capabilities of brainoware, the system was employed to
do voice recognition by training the system with recordings of
people speaking. Among other potential applications, this study
opens the possibility of creating biological computers.

Research with xenobots, brainoware system, and other bizarre
creatures generated by the combination of AI and biological tech-
niques could be very beneficial for the future, for example, to
program these biological entities for decontamination tasks or
for regenerative medicine. Xenobots and brainoware are just the
beginning of WLO, but I am convinced that there will be more
awesome synthetic living systems coming soon.

11.3. The SCS (Synthetically Cellular Systems)

The term SCS includes all synthetic (sometimes referred to by the
term artificial) cellular systems created in the laboratory. It con-
sists of two classes: LSC (Living Synthetic Cells), which refers to
living cells totally created in the laboratory (there are no mem-
bers of this category yet), and ACC (Artificially Created Cells) or
ILS (Incomplete Living Systems), which are cell-like structures or
minimal cells that mimic one or more cellular functions; I keep
the name ACC because it appears frequently in the specialized
literature although in no case are artificial cells but pseudo-cells
that are capable of carrying out some cellular function but cannot
be considered living systems.

LSC would be those living cellular systems that have been cre-
ated from scratch in the laboratory, following a bottom-up ap-
proach, i.e., assembling all the fundamental organic and inor-
ganic components of a cell within a membrane, thus generating
a living system that has, at a minimum, a genome, a cytoskele-
ton, and a basic metabolism sufficient to obtain energy and build
new molecules to grow.[86,87] Once this goal was achieved, the
next step would be to get this primitive living system to repro-
duce and evolve. From that point on, cellular complexity could be
increased at both the subcellular and multicellular levels. How-
ever, scientists have not yet succeeded in creating this minimal
cell in the laboratory, although good steps are being taken in this
direction. A significant advance was the introduction of two types
of bacteria in membrane-free droplets, leading to the formation
of an artificial cell with a functional and compositional complex-
ity reminiscent of living cells.[88] Despite the technical difficulties
in creating a viable cell, it is very likely that in the coming years
or decades, scientists will succeed in creating life in the labora-
tory and for this reason, I have included in the classification of
“Synthetic Organisms” the LSC within the SCS. The creation of
life from inanimate matter, besides opening a new universe for
synthetic biology, will help us to solve the great mystery of biol-
ogy, which is none other than the origin of life and the beginning
of the evolutionary process.[89]

When we refer to ACC or ILS, the first thing to say is that since
the concept of artificial cells was proposed in 1957, the terms “ar-
tificial cells” and “synthetic cells” have been used interchange-
ably, without there being a precise definition of them.[90] Here I
use the term “artificial” because it is the most used term in the
literature on the subject. ACC or ILS entities (also known as min-
imal cells) are engineered encapsulated particles that can be en-
dowed with various functions by incorporating bioactive materi-
als, such as DNA, RNA, and proteins, within a membrane.[90,91]
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An example of this technology is the strategy to assemble biocom-
patible cell-sized hydrogel-based artificial cells with a variety of
different embedded functional sub-compartments, which act as
engineered synthetic organelles.[92] The construction of artificial
cells has great potential in the study of fundamental biological
questions such as example, the origin of life or the organization
of cells, and also for use in applications related to disease treat-
ment and biotechnology.[90,93,94]

12. A-Life Forms

As I mentioned earlier, the aim of A-life is to design and an-
alyze systems and processes related to natural life using com-
puter modeling simulations, robotics, and biochemistry.[12] How-
ever, biological systems classified within wet A-life could well be
considered as belonging to the field of synthetic biology. From
this standpoint, there are only two different types of A-life: soft
A-life that refers to computational modeling and simulation of
lifelike behaviors, and hard A-life, which is related to physical
robots or artifacts made of metal and plastic, including medical
nanorobots defined as untethered nanostructures that contain an
engine or can transform diverse types of energy sources to me-
chanical forces and perform a medical task (Kong et al. 2023).

Soft and hard A-life forms are not living entities because they
do not meet all the requirements to be considered living, just as
a flight simulator is not an airplane or a photo of a landscape a
tangible reality.[1] The soft and hard A-life forms have nothing
equivalent to genetic material, are not based on carbon biochem-
istry, and cannot adapt and evolve in response to changes in the
environment, whereas living systems have a modifiable genetic
program, can interact with their environment, and adapt to new
circumstances, and consequently can evolve to give rise to new
species. These entities always depend on their human designer,
they cannot evolve by themselves because of chance and natural
selection. A computer program or a sophisticated robot can never
be a living system because the moment it becomes a living being
it ceases to be a program or a robot. Nonetheless, although soft
and hard A-life are not organic entities in which the vital process
takes place, they try to imitate the living or design algorithms or
systems that could eventually have a biological fit.

13. Concluding Remarks

First: The new biodiversity. In general, when talking about biodi-
versity, reference is always made to the variety of prokaryotic and
eukaryotic species that make up ecosystems, but viruses and syn-
thetic organisms are not mentioned. This should not be the case
because the evolutionary relationship of viruses with their natu-
ral hosts and their role in ecosystems is unquestionable and be-
cause synthetic organisms can also colonize ecosystems and even
hybridize with their natural “relatives”. I have no doubt that fu-
ture studies on evolution, biodiversity, and ecology will take into
account the creatures belonging to the Lithbea domain because
their relationship with other living beings on the planet will be
increasingly intense.

Second: The unpredictability of the unknown. In the 21st cen-
tury, we are faced with a growing box of biological surprises that
are the result of enormous progress in biology and new technolo-

gies. These new biological entities may be very useful in the fu-
ture for medical, environmental, or industrial purposes, but they
also generate new dangers derived from the unpredictability of
the unknown.[14] We will never be fully certain of the outcome
and consequences of the creation of a new synthetic living being.
Even if the unknown could become largely predictable, there will
always be a principle of uncertainty, as is the case with the pro-
cesses of the subatomic world.

Third: Evolution that evolves. S. Newman,[95] in an interesting
reflection on the inherent forms and the evolution of evolution,
argues that “Once a novel kind of biological matter has been con-
stituted, evolution is channeled in new, preferred directions, ….”.
In this direction, it is possible to speculate that new rules may
appear in the evolution of some of the synthetic living beings
because their creation is not the result of a natural process (it
has not been tested by natural selection), but of direct changes
in the genetic program or the development of new synthetic be-
ings. Perhaps the best evidence of this so far is the xenobots, be-
cause frog cells, released from their natural developmental path-
way, are organized in distinctly un-frog-like ways, they clustered
into spherical clumps that behaved like tiny organisms. Anyway,
in my opinion, in order to try to predict the evolution of synthetic
organisms, at least four factors must be taken into account: i) the
process of creation of the synthetic organism because it will affect
both its internal dynamics and its relationship with the environ-
ment; ii) the unpredictability of the unknown or, in other words,
the emergence of new rules governing the evolution of synthetic
organisms; iii) the influence of the laws of physics and chemistry,
from which living matter cannot escape; iv) the principle of inex-
orability that says “things are so because they must be so” and
that applied to synthetic organisms tells us that if the synthetic
organism wants to fly it will need wings, that if it wants to grow
it must feed itself, or that glucose will be converted into pyruvate
unless we have introduced changes in the glycolytic enzymes.[96]

Fourth: Playing Gods (the mention of God has no religious
component but a metaphorical one). Before the advent of the bio-
logical revolution, the ability to design and create new life was the
“exclusive power” of the Gods, but now we have the capacity to
control our own evolution and that of other species, and to man-
ufacture new living beings with characteristics some of which we
cannot even imagine. That is why it is very important at this point
to set ethical limits, to establish legal rules that, without muti-
lating scientific progress, do not allow the creation of biological
aberrations or microbial weapons of mass destruction.

Fifth: Questions in the air. The advances in molecular biology,
computer technologies, and biological engineering that make
this revolution possible raise many questions for which we do
not yet have a clear answer. Let me give some examples. If or-
ganisms with an altered genetic code or synthetic genome were
released into the wild, could they hybridize with their natural rel-
atives and eventually displace them by taking their place in the
ecosystem? What would happen if a synthetic pathogenic mi-
croorganism could escape from the laboratory and infect human
populations? Could large-scale cultivation of genetically mod-
ified plants displace wild species and cause irreversible dam-
age to the ecosystem? What would happen if xenobots or other
strange living beings invaded our environment? And so on and so
forth. We have to find a balance between scientific progress, the
safety of people, the maintenance of ecosystems, and the ethical
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principles that tell us that not everything goes for the sake of sci-
entific success.
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