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What are the major scientific challenges of the first half of the 21st century? Can we
establish the priorities for the future? How should the scientific community tackle them?

This book presents the reflections of the Spanish National Research Council (CSIC)
on 14 strategic themes established on the basis of their scientific impact and
social importance.

Fundamental questions are addressed, including the origin of life, the exploration
of the universe, artificial intelligence, the development of clean, safe and

efficient energy or the understanding of brain function. The document identifies
complex challenges in areas such as health and social sciences and the selected
strategic themes cover both basic issues and potential applications of knowledge.
Nearly 1,100 researchers from more than 100 CSIC centres and other institutions
(public research organisations, universities, etc.) have participated in this analysis.
All agree on the need for a multidisciplinary approach and the promotion of
collaborative research to enable the implementation of ambitious projects focused
on specific topics.

These 14 “White Papers”, designed to serve as a frame of reference for the
development of the institution’s scientific strategy, will provide an insight into
the research currently being accomplished at the CSIC, and at the same time, build
a global vision of what will be the key scientific challenges over the next decade.
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ABSTRACT

How life appeared on Earth and how then it
diversified into the different and currently
existing forms of life are the unanswered
questions that will be discussed this volume.
These questions delve into the deep past of our
planet, where biology intermingles with geology
and chemistry, to explore the origin of life and
understand its evolution, since “nothing makes
sense in biology except in the light of evolution”
(Dobzhansky, 1964). The eight challenges that
compose this volume summarize our current
knowledge and future research directions
touching different aspects of the study of
evolution, which can be considered a
fundamental discipline of Life Science. The
volume discusses recent theories on how the
first molecules arouse, became organized and
acquired their structure, enabling the first
forms of life. It also attempts to explain how this
life has changed over time, giving rise, from very
similar molecular bases, to an immense
biological diversity, and to understand what is
the phylogenetic relationship among all the
different life forms. The volume further
analyzes human evolution, its relationship with
the environment and its implications on human
health and society. Closing the circle, the
volume discusses the possibility of designing
new biological machines, thus creating a cell
prototype from its components and whether
this knowledge can be applied to improve our
ecosystem. With an effective coordination
among its three main areas of knowledge, the
CSIC can become an international benchmark
for research in this field.
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EXECUTIVE SUMMARY

Some of the mayor known unknowns of modern science deal with how life ap-
peared on Earth and how from there it diversified into the different life forms
present today. These questions delve into the deep past of our planet, where
biology intermingles with geology and chemistry, to explore the origin of life.
In addition, by learning how biological systems change over time, we can de-
sign novel biological machines based on this knowledge to fulfil unmet tasks.
The main overarching theme addressed in this topic is evolution, given that
“Nothing makes sense in biology except in the light of evolution” (Theodosi-
us Dobzhansky, 1964). Understanding evolution will provide us with clues
about the origin of life, and on the precise molecular mechanisms that oper-
ate in living beings and how they change in time. We will then be ready to at-
tempt putting together these mechanisms in novel ways, paving the way for
synthetic biology. Evolution is the single most overarching and one of the few,
if not only, general principles in Biology.

In this volume, we explore and discuss various aspects related to the study of
evolution, considered as a fundamental and central discipline in the Life
Sciences, which should permeate the different areas of research in the com-
ing years. The eight challenges that compose this volume summarize our cur-
rent knowledge and future research directions in different but related aspects
of this central theme.

Paola Bovolenta, Miguel Manzanares and Javier Buceta (Topic Coordinators) 9
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The first challenge analyzes the origin and early evolution of life with the aim
of explaining the synthesis of biochemical components and their polymeri-
zation to originate functional and information-bearing biopolymers respon-
sible for the biochemistry of life, as well as to their coupling in autonomous
systems with evolutionary capacities. Understanding the foundations of life
and its evolutionary diversity also requires deciphering the three-dimension-
al structure and dynamic nature of all macromolecules, how they assemble
and function in a coordinated, timely and precise manner. The second chal-
lenge addresses this problem and discusses how this knowledge could foster
our understanding and treatment of diseases, and enable us to exploit biolog-
ical processes for biotechnological purposes and for designing new biological
entities.

Once created, “life” has evolved giving rise to an immense biological diversi-
ty, the proportion of which we do not really know. The third challenge discuss-
es how the widespread application of high-throughput genomic techniques
will allow the reconstruction of the Tree of Life and the identification of
genomic targets of natural selection, providing fundamental keys to under-
standing the genesis of this diversity. However, are all genomic changes re-
flected in phenotypic changes? The fourth challenge aims to answer this ques-
tion by analyzing how a phenotype is generated. This is a fundamental
question in biology, with practical implications for human health, food pro-
duction or climate change, that also affects several areas of engineering and
the social sciences. This same problem can be analyzed with a systemic ap-
proach. Thus, the fifth challenge aims at generating a mechanistic and evolu-
tionary understanding of genotype-phenotype maps at multiple scales using
a combination of mathematical, molecular and cellular approaches.

Within the evolutionary scenario, Human Evolution has always attracted par-
ticular attention. The sixth challenge seeks to understand the processes of so-
cial and biological adaptation that took place throughout human evolution-
ary history. These processes have molecular, genetic, behavioral, social and
anatomical morphological dimensions, the understanding of which can only
be resolved with new multidisciplinary and technological approaches. Close-
ly linked to our curiosity about human evolution is our need to understand
why we get sick and more generally why living beings get sick. Diseases are
the result of homeostatic alterations, caused by endogenous (for example, he-
reditary diseases or cancer) or exogenous (for example, infections or poison-
ing) disturbances. The seventh challenge examines diseases as the result of

10 Origins, (Co)Evolution, Diversity and Synthesis of Life
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co-evolutionary processes, providing a perspective that provides a better pre-
dictive capacity, for example, in the evolution of pandemics, and may allow
fight diseases more efficiently.

Closing the loop and linking to the first, the eighth challenge examines the
possibility of assembling a minimal vital unit with programmable function-
ality. Being able to build a synthetic cell from its essential components should
contribute to our understanding of the basic principles of life, providing tools
for novel solutions for environmental and biomedical problems.

The CSIC is in a unique position to face the challenge of understanding evo-
lution with all its implications and ramifications, and through an effective co-
ordination among its three major areas of knowledge, it can become an inter-
national benchmark for research in this field.

INTRODUCTION

Some of the mayor known unknowns of modern science deal with how life ap-
peared on Earth and how from there it diversified into the different life forms
present today. These questions delve into the deep past of our planet, where
biology intermingles with geology and chemistry, to explore the origin of life.
In addition, by learning how biological systems change over time, we can de-
sign novel biological machines based on this knowledge to fulfil unmet tasks.

The main overarching theme addressed in this topic is evolution. Not because
of much repeated is Theodosius Dobzhansky 1964’s statement less true: Noth-
ing makes sense in biology except in the light of evolution. Understanding evo-
lution will provide us with clues about the origin of life, and on the precise mo-
lecular mechanisms that operate in living beings and how they change in time.
We will then be ready to attempt putting together these mechanisms in nov-
el ways, paving the way for synthetic biology. Evolution is the single most over-
arching and one of the few, if not only, general principles in Biology.

In this topic, we explore and discuss several aspects related to the study of
evolution, as a fundamental and core discipline in Life Sciences, which must
permeate different research areas in the coming years.

Origins, trees and the genesis of the phenotype. The origin and early evolution
of life is one of the most challenging scientific topics, as it aims at explaining
the synthesis of biochemical building blocks and their polymerization to give

Paola Bovolenta, Miguel Manzanares and Javier Buceta (Topic Coordinators) 11
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rise to functional and informative biopolymers responsible for life’s biochem-
istry. This was a complex process that allowed the transition from chemistry
to biology on Earth, perhaps even beyond our planet. Multiple mechanisms
could have contributed to biogenesis, including the synthetic reactions in as-
trophysical environments, the delivery of organics by meteorites and come-
tary nuclei, as well as the geophysical and geochemical processes that took
place on early Earth, about four billion of years ago. The discovery of over two
hundred small molecules in interstellar space and extra-terrestrial bodies sug-
gests that basic prebiotic processes are ubiquitous in the Universe.

The combination of compounds in different environments on early Earth gave
rise to a growing number of bio-monomers, which could eventually couple
into autonomous systems. These would represent the first self-reproducing
and evolvable organisms should have been able to keep their molecular com-
ponents together and distinguish themselves from their environment; stay
away from thermodynamic equilibrium by capturing energy and material re-
sources from the environment; and transmit heritable information to their
progeny. Membrane compartments, metabolic machineries and replication
mechanisms should have thus originated and combined in the transition from
complex (though still thermodynamically driven) chemical systems into pro-
to-biological ones and, eventually, into (kinetically and spatially controlled)
living organisms.

Understanding how these components come together and change is also a fun-
damental aspect of modern evolutionary studies. This requires deciphering
the three-dimensional structure and dynamic nature of all macromolecules
underlying living processes, and how they ensemble and function in a coordi-
nated, timely and precise manner. Addressing this challenge will allow us to
understand and treat diseases, harness biological processes for biotechnologi-
cal purposes and synthetically design new biological entities. Macromolecu-
lar machines, formed mostly by proteins and nucleic acids, have been perfect-
ed through evolution, becoming more complex, sophisticatedly regulated and
integrated into dedicated operative pathways. In the case of proteins, the ma-
jor working molecules of life, their functions are largely dependent on their
three-dimensional shape and dynamics. It is therefore necessary to learn these
processes at atomic level to understand the molecular mechanism of action
in depth, including its dynamics, which would allow us to find solutions for
their malfunctioning and ultimately create new activities for our benefit in
biomedicine and biotechnology. In the case of the nucleic acids, the

12 Origins, (Co)Evolution, Diversity and Synthesis of Life
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structural landscape is much more diverse than previously thought. Non-reg-
ular DNAs are emerging as key structures in a variety of biological processes,
such as genome transcription, repair or telomere maintenance, and RNA tran-
scripts, including small and long non-coding RNAs appear to regulate almost
every step of gene expression and have broad impacts on development and
disease.

Paradoxically, the function of an increasingly number of proteins, protein re-
gions and also RNAs appears to reside in their ability to remain unstructured.
These intrinsically disordered macromolecules are involved, among other
things, in promoting changes in the physical state of the cell milieu (liquid-lig-
uid phase separation), allowing the formation of membrane-less cell compart-
ments with multiple purposes such as transient storage or stress-response
functions.

A further level of complexity is the analysis of how, where and when these
macromolecular machines assemble and act in concert. The cell can be con-
sidered as a factory with multiple and sometimes short-lived compartments
where the macromolecular content depends on cell needs and must be care-
fully controlled. This subcellular arrangement of macromolecules and their
corresponding associated functions — termed “molecular sociology” of the
cell — has a purpose that needs to be recognised. Of particular interest is the
role of membranes not only as barriers to separate cellular components, but
also as clustering regions for specific functions in which membrane proteins
have key roles. A thorough comparative structural analysis of proteins, RNA
and macromolecular complexes working in similar processes in different or-
ganisms will provide essential information to reconstruct the history and evo-
lution of life. Ultimately, this knowledge will allow us to design new biologi-
cal objects and entities and harness synthetic biology.

A fundamental aspect in evolutionary studies is to unravel the history behind
diversification of life and being able to organize living beings in a structured
and meaningful tree of life, where the relationships between species is estab-
lished. The advent of high-throughput sequencing permits assembling chro-
mosome-level genomes, characterizing single-cell transcriptomes, and deter-
mining epigenomic modifications. Once widely applied to the diversity of
living organisms, the reconstruction of the Tree of Life and the identification
of the genomic targets of natural selection will be achieved. Main efforts will
be centred on obtaining samples from biotic frontiers, dealing with giant ge-
nomes and important proportions of repetitive elements, identifying

Paola Bovolenta, Miguel Manzanares and Javier Buceta (Topic Coordinators) 13
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homology types and ploidy, detecting genomic hallmarks of selection, infer-
ring candidate gene functions, and on gathering and incorporating long term
natural history, geological, ecological, and environmental associated metada-
taunder a phylogenetic framework. In the long run, we should be able to cat-
alogue biodiversity, unveil the mechanisms underlying evolutionary adapta-
tion, and to direct our conservation efforts based on evidence.

Knowing the basic cellular constituents and how they appeared during evo-
lution, the next open question is understanding how these basic molecular
and cellular systems achieve a higher-level organization as individuals. Here,
we have to comprehend the development, maintenance and decline of living
beings, i.e. the genesis, of the phenotype. A multidisciplinary approach based
on the framework of evolution needs to address how biological information
is stored and how this information is maintained, inherited, and changed, as
well as how this encoded information drives the emergence of the phenotype,
i.e. of all perceivable traits and processes of living systems. We also must un-
derstand how predictable is the phenotype, in order to assess our capacity for
engineering living systems. Finally, it is paramount to address how new phe-
notypes evolve and what are the temporal and spatial scales of evolutionary
phenotypic changes.

Social, environmental and health implications of human evolution. Questions
posed when studying evolution acquire a distinct interest when applied to the
human being. Not only can evolution help us understand the origin of our spe-
cies and the historical patterns of migration and colonization of various hab-
itats around the world, but also provide a fresh look at another seemingly more
distant problems such as health and disease.

One of the greatest challenges in the study of human evolution is to under-
stand the social and biological adaptive processes that took place along our
evolutionary history. In a deeper timeframe, the continuous sourcing of
full-genomes from multiple species that afford information about the phylog-
eny of our lineage allows for detailed studies on when and how some hu-
man-defining traits appeared along evolution. The application of -omics tech-
niques to the study of the past now enable researchers to tackle a range of
questions that previously were targeted almost exclusively by disciplines in
the Humanities such as History and Archaeology, when investigating migra-
tions; or in Medicine, such Medical Genomics, when investigating the genet-
ic architecture of complex traits and diseases. In a deeper timeframe, the con-
tinuous sourcing of full-genomes from multiple species that provide

14 Origins, (Co)Evolution, Diversity and Synthesis of Life
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information about the phylogeny of our lineage allows for detailed studies on
when and how some human-defining traits appeared along evolution.

As for the study of human cultural and behavioural evolution, primarily ad-
dressed through archaeological studies, disciplinary challenges should at-
tempt to redefine the role of technology in shaping past societies but also in
transforming the environment, as well as the nature of interactions between
biotic and abiotic agents throughout the evolution of our Genus. We should
aim at the identification of patterns, rather than events, in the course of the
behavioural and cultural evolution of our species.

To what extent biotic versus abiotic evolutionary factors dictate divergent tra-
jectories in the human past is one of the top questions in the study of past hu-
man behaviour. From the role of climate in early human adaptations to its rel-
evance in the emergence of food production, the secular interest in the
influence of abiotic causes in social evolution is now leading to a shift in per-
spective. The new grand challenges in social evolution should highlight, for
example, the importance of mammal community structure in the shaping of
early human behaviour, or the impact of human actions over fauna and flora
and, in recent times, even over the climate.

Although often neglected, the emerging field of evolutionary medicine is pro-
viding fresh answer to long sought-after questions. Diseases result from the
disturbance of the physiological homeostasis of organisms, and they can be
endogenous (e.g., heritable diseases, developmental constraints or cancer) or
exogenous (e.g., infections or intoxications). In as much as organisms them-
selves, and the way they interact with their biotic and abiotic environments,
are the result of evolutionary forces, their diseases are also the result of com-
plex co-evolutionary processes. By incorporating an evolutionary perspec-
tive, we would better understand and combat disease. This can be applied not
only to human, but also to farm animals and crop diseases. Important areas
of research are the study of the origins and spreading of new infectious agents,
the appearance of multi-drug resistant microorganisms, or the dynamics of
cancer cells and tumour growth. Also, the study of the evolution of microbial
communities will be of great importance, in light of the role of the microbi-
ome in multiple aspects of health and disease. Furthermore, understanding
the origin of broad multigenic medical conditions such as diabetes, obesity,
cardiovascular disease, autoimmune diseases, and in the long run aging, will
sure be instructive to design novel therapeutic approaches.

Paola Bovolenta, Miguel Manzanares and Javier Buceta (Topic Coordinators) 15
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All these processes are governed by the same basic and universal forces of evo-
lution: mutation, genetic drift, migration, natural selection, and adaptive
trade-offs. It is becoming increasingly clear that solutions to such complex
problems potentially involve every level of organization, from molecules to
populations.

Future life: mastering evolution? As we have discussed above, evolution is a
complex, multilevel process that operates at long time scales. Therefore, it be-
comes obvious that it can only be understood from a systems perspective.
Though we have a considerable wealth of experimental data, the major chal-
lenge is to develop models and theoretical frameworks to understand empir-
ical results and to pose better focused experimental questions. One of the first
unsolved questions, as previously described, is how phenotypes arise from
genotypes. Can complex biological functions be constructed from simpler
modules? How do regulatory circuits emerge? What are the limits to the de-
sign of robust and portable functional modules? Answers to these questions
will assess the validity of reductionist approaches, as opposed to viewing in-
novation as an emergent phenomenon, arising from network-like distribut-
ed properties. In a broader framework, we should be concerned about the
mechanistic origin of evolutionary transitions, and on the role played by ex-
ternal forcing versus contingent or stochastic phenomena in their
generation.

Evolution itself can be viewed as a tool for Synthetic Biology, since directed
evolutionary selection is a way to attain desired functions. A major goal is to
integrate design with a selection-driven exploration of phenotypic spaces. Ad-
vances will be conditional on the construction of large evolutionary platforms
where experimental evolution informed by design and theory can proceed en
masse. Research at the frontiers between evolutionary science, climate, and
ecology address not only how will the ecosystem be affected by these organ-
isms, but also how will the organisms be affected by the ecosystem in a rapid-
ly changing environment.

Obviously, the questions posed above impact directly on the aims of synthet-
ic biology, that are to assemble a minimal living unit with programmable func-
tionality. Achieving this grand challenge, building a synthetic cell from scratch,
will contribute to our understanding of the basic principles of life and its or-
igin from lifeless components. It will also provide novel solutions to outstand-
ing environmental and health-related problems.

16 Origins, (Co)Evolution, Diversity and Synthesis of Life
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We still do not understand how these pieces interact in a coordinated way to
develop cellular functions. In this line, the generation of life from the molec-
ular components existing on the primitive earth is one of the great enigmas
oflife, and thus a major scientific challenge. Synthetic biology offers new strat-
egies for its resolution. From a fundamental perspective, the integration of
molecular modules that will give rise to functional synthetic cells will help to
reveal the limits of life. In this regard, we can envision that the merging of syn-
thetic biology with molecular and cellular evolution may end up in the syn-
thesis of living cells from scratch, the function of which will be tuned by con-
trolled evolutionary mechanisms. Other novel approaches that take into
consideration evolutionary principles and integration of smaller independ-
ent units is that of swarm robotics. To put it simply, understanding how evo-
lution produced living systems as those around us, will allow us to design and
generate artificial living systems from scratch.

A quantitative analysis of a collective effort. A quantitative approach using a
wordcloud analysis (Fig. 1), which identified the most represented terms in
the collection of the eight chapters that follow, allows to draw some general
conclusions about the most important concepts stressed in this white book.
As one might have guessed, evolution in biology, is the main theme of these
chapters thus justifying the quote from Theodosius Dobzhansky that we used
to start this introduction (“Nothing makes sense in biology except in the light
of evolution™).

Interestingly, underlying this main theme, we can clearly see the foundations
and approaches that can help to understand evolution in a broad sense. Thus,
these chapters or challenges (C) have revealed that the likely most valid ap-
proach to understand the “evolution problem” must be necessarily multi-scale
and integrative: from the genome to the whole organism, including their eco-
logical and social relations, and including all the intermediate scales (e.g., mol-
ecules, cells, ...). This idea is beautifully captured and stressed by the term
“Systems” in the wordcloud. The reasons that justify this methodological view-
point is the complexity, and the intricate network of interactions between
components at different scales, that leads to the relations between structure
(in abroad sense) and function. A second conclusion refers to the tools need-
ed to implement such progress of the field: newer technologies, computation-
al and engineering approaches, and theoretical frameworks able to propose
quantitative models and mechanisms, are needed in combination with genom-
ic and synthetic biology approaches. A third conclusion refers to the possible
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applications derived from these studies. Thus, a deep understanding of “bio-
logical evolution” by these means is the way to gain knowledge and to propose
solutions about diseases (e.g., cancer), their possible environmental drivers,
and, eventually, to shed light into the origin of the emergent phenomenon that

we call Life.

Evolution @ CSIC. As outlined above and explored in more detail in the fol-
lowing pages, only the collective effort among researchers belonging to the
three domains in which the CSIC is currently divided -Life, Materia, Society-
can lead to a better understanding of Life, its origin, diversity and long histo-
ry of co-evolution, meaning with this term, that the evolution of each single
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organism depends on that of the surrounding environment, including organ-
isms, though the time scale might be different. The CSIC stands at a unique
position among nationwide research organizations to tackle the challenge of
understanding evolution with all its implications and ramifications. The CSIC
counts with specialized research institutes dedicated to the study of living and
fossil biodiversity, multiple institutes where the study of molecular mecha-
nisms acting during evolution is a mayor goal, and dedicate research institutes
to genomic evolution or system biology as well as with centres that address
the different branches of mathematics, physics, chemistry, social sciences and
humanities. This fragmented organization however should evolve at the same
pace that research evolves. Mayor challenges can only be addressed from
multidisciplinary perspective. The participation of researchers belonging to
all the three major CSIC domains to the assembly of this topicis a clear reflec-
tion of this trend. Thus, the CSIC has the tools, the manpower, the knowledge
and, more importantly, collectively has identified the most salient and unex-
plored challenges for the next decades within this topic. The grand challenge
that now needs to be addressed is to efficiently coordinate the activity of a
large number of researchers with different background and expertise, to cre-
ate the appropriate settings for their activity, to foster without hesitation the
emergent approaches, to increase the critical mass, to educate the scientists
of the future and give them freedom and independence to explore their own
ideas from the very beginning and to provide them with the financial support
to be internationally competitive.

Physical proximity and continuous exchange of ideas is still the best breeding
ground for innovative research. The creation of a dynamic Evolutionary Bi-
ology centre where to develop the activities here proposed should be thus
among the mid-term goals of this grand challenge.
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ABSTRACT

The origin and early evolution of life is one of
the most challenging and interdisciplinary
scientific topics. It aims at explaining the
synthesis of biochemical building blocks and
their polymerization to give rise to functional
and information-carrying biopolymers
responsible for life’s biochemistry, as well as
their coupling in autonomous systems with
open-ended evolution capacities. CSIC has the
potential to actively contribute to this field
thanks to the highly relevant work already being
developed by several of its research groups, the
strong complementarities detected and the
synergies that are bound to emerge among
them, as well as with their collaborators in
Spanish universities, other OPIs and
international partners.
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EXECUTIVE SUMMARY

The origin(s) of life was a complex process that allowed the transition from
chemistry to biology on Earth, perhaps even beyond our planet. Multiple mech-
anisms could have contributed to biogenesis, including the synthetic reactions
in astrophysical environments, the delivery of organics by meteorites and co-
metary nuclei, and the geophysical and geochemical processes that took place
on early Earth, about four billion of years ago. The discovery of over 200 small
molecules in interstellar space and extra-terrestrial bodies suggests that basic
prebiotic processes are ubiquitous in the Universe. Low molecular weight com-
pounds have indeed been found in asteroids (parental bodies of meteorites) and
comets: therefore, such minor bodies could have decisively contributed to the
enrichment of the so-called “primordial soup” with organics and CHONPS-con-
taining molecules. The combination of endogenous and exogenous compounds
in different environments on early Earth gave rise to a growing number of bio-
monomers, which could interact through self-assembly processes and catalyt-
ic activities operating in aqueous solution and reactive interfaces (including wa-
ter-ice and water-lipid) as well as on mineral and metal surfaces.
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Open questions in the field of prebiotic chemistry include: the abiotic synthe-
sis of the required organic molecules in plausible physicochemical conditions;
origin of the homochirality of current biomonomers (e.g., sugars, nucleotides
and amino acids); self-assembly and polymerization of certain biomonomers
into longer polymers, such as RNA or peptides, in homogeneous or heteroge-
neous media; formation of amphiphile-based vesicles with enough permea-
bility; rise of biochemical functions in compartmented microenvironments;
origin of basic metabolic activities and heritable information; supramolecu-
lar association of the complex molecules generated; establishment of a genet-
ic code and the origin of ribosomes, as well as the progressive genotype/phe-
notype decoupling. The first self-reproducing and evolvable cellular organisms
should have been able to: i) keep their molecular components together and
distinguish themselves from their environment; ii) stay away from thermo-
dynamic equilibrium by capturing energy and material resources from the en-
vironment; and iii) transmit heritable information to their progeny. Mem-
brane compartments, metabolic machineries and replication mechanisms
should have thus originated and combined in the transition from complex
(though still thermodynamically driven) chemical systems into proto-biolog-
ical ones and, eventually, into (kinetically and spatially controlled) living
organisms.

Prebiotic chemistry and biochemistry have dealt with partial aspects of such
a complex problem. However, the physicochemical mechanisms involved in
the formation of those infra-biological subsystems, when implemented and
developed separately, often turned out to be incompatible. As discussed be-
low, higher levels of molecular heterogeneity, together with the use of systems
chemistry-based approaches, provide a more realistic scenario for the origins
of life. In this framework, the traditional replication-first (i.e. the RNA world
model) vs. metabolism-first (either autotrophic or heterotrophic) controver-
sy, can be substituted by a scenario in which the key molecules (including
monomers and oligomers, metal and mineral catalysts, or reactive interfaces
with water-based media) could all co-evolve from the beginning, forming
mixed, pre-biochemical interaction networks.

The implications of this new approach will be described in this chapter, both
regarding the individual units (as self-maintaining systems with an internal
organization) and in relation to their collective and long-term evolutionary
dynamics (based on competition, collaboration and selection processes among
those individuals, including the proto-ecological networks and syntrophic
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relationships they must have established). Such an interdisciplinary approach
can be accomplished by the CSIC groups and their partners in this scientific
challenge.

1. INTRODUCTION AND GENERAL DESCRIPTION

From astrochemistry to astro-biochemistry:

the quest for prebiotic molecules in space

The space in between stars is not empty but contains a high number and di-
versity of atoms, high-energy nuclei, (sub-)micron-sized dust particles and
molecules. The study of their abundances and reactions occurring in space,
and their interaction with radiation, is called Astrochemistry. This is a young
discipline halfway between Astrophysics and Chemistry that started with the
detection of the first molecules in space (the diatomic radicals CH and CN and
the molecular ion CH") in the late 1930s with optical telescopes. We had to
wait until the late 1960s to discover other molecular species such as OH, H,0
and NH, at centimetre wavelengths thanks to the development of radio-tele-
scopes. Fifty years later, over 200 molecular species have been reported in
space to date, which reveals that our Universe is molecular (see the Cologne
Database for Molecular Spectroscopy, CDMS, for an up-to-date inventory of
the molecular species detected in space).

Most of these molecules are organic and contain abundant interstellar ele-
ments such as H, C, N, and O. They are found across different environments
(i.e., cold dark clouds, hot cores, circumstellar envelopes around evolved stars,
etc.) through the analysis of the molecular line emission in spectroscopic sur-
veys carried out at centimetre, millimetre and submillimetre wavelengths.
These surveys are extremely congested with lines, known as “astrophysical
weeds”, which belong to the many molecules present in the interstellar me-
dium (ISM).

A significant fraction of the species detected in space corresponds to large and
heavy molecules (what, in this context, means that they have more than 5 at-
oms in their structures) named Complex Organic Molecules (COMs). The for-
mation and survival of these large molecules is somewhat surprising. The ISM
and the space around stars (the circumstellar medium, CSM), are harsh envi-
ronments for molecules in general, and especially for COMs, because they are
exposed to energetic phenomena such as UV/X-ray radiation, cosmic rays or
shock waves.
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Among the COMs detected in the ISM, there is a subset of species relevant for
prebiotic chemistry and for theories of the origins of life (Patel et al., 2015).
These include cyanamide (NH,CN), cyanoacetylene (HC,N), glycolaldehyde
(HOCH,CHO), formamide (NH,CHO), or urea (NH,CONH,), which are nowa-
days routinely detected in the ISM (e.g. Belloche et al., 2008; Jorgensen et al.,
2012; Jimenez-Serra et al., 2020). Despite this huge progress, the building blocks
of terrestrial life such as amino acids (e.g. glycine), nucleobases (e.g. adenine)
or relatively complex sugars (e.g. ribose) remain to be reported in ISM. Never-
theless, the presence of amino acids or monosaccharides precursors (Cocinero
etal., 2012; Haykal et al., 2013; Pefia et al., 2013; Alonso et al., 2019; Calabrese et
al., 2020) and their prebiotic molecules in space (Alonso et al., 2016), is of ut-
most importance to understand the chemical processes that could lead to the
formation of the building blocks of life, making their detection in the ISM al-
most as important as that of the amino acids or monosaccharides themselves.

Geochemical reactions and geological niches for the origin of life
The very name that geologists have given to the first 500 million years of the
Earth, the Hadean eon (a Greek name that refers to the hell) is because the
childhood of the planet was believed to be a hell, an inhospitable world of ex-
treme conditions, of intense ultraviolet (UV) radiation, high temperature, no
liquid water, and innumerable volcanoes and magma seas. This view has how-
ever changed drastically in recent years thanks to the information inferred
from some rare preserved zircon crystals. The Earth and Earth-like planets
and moons presented the required chemical and physical conditions for life
to flourish much earlier than originally thought, i.e. about 4.4 billion years ago
(Wilde et al., 2001). This is important when considering the time scales of the
different processes involved in prebiotic chemistry.

Unveiling how a lifeless planet was like at that time is one of the inevitable
tasks in the field of origin(s) of life. Water condensed on the surface of the
planet soon after the solidification of the first ultramafic crust. The thermal-
ly-driven interaction between water and ultramafic minerals (serpentiniza-
tion) unavoidably created an alkaline and reduced hydrosphere and a meth-
ane-rich atmosphere. Under these physicochemical conditions the planet
should have been a global factory of simple and complex organic compounds
(Garcia-Ruiz et al., 2020). The question of why there is no evidence of the ex-
istence of life elsewhere may be then due to the difficulties to synthesize the
simplest microorganisms, not so much the initial chemical building blocks, as
explained next.
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1.3. Prebiotic chemistry

Prebiotic chemistry encompasses the physico-chemical processes that occur
within a given planetary environment, from its formation to the emergence
of the first self-replicating systems on which the Darwinian process can be-
gin to operate (Eschenmoser, 2007; Ruiz-Mirazo et al., 2014; Pross, 2016).
Some of the key open questions include: i) the abiotic origin of the required
organic molecules (the main field of prebiotic chemistry); ii) the origin of the
homochirality of all the current bioorganic compounds, as it is currently ac-
cepted that it is impossible to construct any functional biopolymer using mix-
tures of enantiomeric compounds; iii) the polymerization of monomers, mo-
lecular self-assembly and reactivity on surfaces; iv) supramolecular association
of the generated complex molecules and vesicle formation, within the frame-
work of prebiotic systems chemistry (see below).

The hypothesis commonly accepted to explain the origin of life is that simple
inorganic molecules (for instance, CH,, CO,, N,, NH,, or others single C mol-
ecules such as HCN, formamide or urea) reacted to form more complex or-
ganic compounds (Marin-Yaseli et al, 2016; Mompean et al., 2019) or even ol-
igomeric/polymeric substances (Mann, 2013; Ruiz-Bermejo et al., 2019) that
then underwent subsequent reactions to yield biologically functional mole-
cules. These compounds self-organized and self-assembled to increase the or-
ganization at molecular level. Such a succession of chemical processes is con-
sidered as the most likely pathway for the emergence of the first living
organisms. Therefore, the first step to verify this theory is to check how the
components of proteins and nucleic acids, or the constituents of other proto-
biological polymers, could be formed under abiotic conditions. Among the rel-
evant physicochemical scenarios for prebiotic chemistry to operate, both
“warm little ponds” and hydrothermal systems could have played a significant
role. Also, oceanic organic and inorganic surface products could be transmit-
ted within aerosols to the atmosphere, where they were then exposed to ra-
diation and electrical discharges in the form of lightning, thus contributing
to the origin of organic molecules under abiotic conditions.

Additionally, understanding how single chirality emerged on Earth (i.e., the
homochiral L-amino acids and D-sugars in biopolymers) during molecular
evolution is a crucial feature of any scientifically coherent proposal. Chemi-
cal evolution theory, therefore, not only should account for the transition from
prebiotic chemistry (i.e., a diverse pool of relatively simple achiral or racemic
building blocks) to protobiology (supramolecular entities such as proteins,
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polysaccharides, nucleic acids, and bilayer lipids, capable of mutual interac-
tion, self-organization and Darwinian evolution) (Breslow and Cheng, 2009;
Mann, 2013; Krishnamurthy, 2017), but it must also provide answers to out-
standing questions such as: i) when did biological homochirality emerge?; ii)
why is there a chiral bias for L-amino acids and D-sugars?; iii) how were chi-
ral nonracemic amino acids and sugars formed from simple achiral molecules
in the absence of asymmetric catalysts?

Answers to these questions require applying physical chemistry, chemical
physics and non-equilibrium thermodynamics to understand chiral symme-
try breaking and chiral amplification in prebiotically plausible, model reac-
tion systems. This involves the study of autocatalytic reactions, chemical
self-replicating systems, and chiral symmetry breaking processes, as precur-
sors to the origin of biological homochirality (Ribo et al., 2017). Equally im-
portant are the conditions imposed by the thermodynamics of far from equi-
librium systems and especially entropic aspects of molecular mirror symmetry
breaking, and the application of maximum/minimum entropy production cri-
teria as selection principles for these nonlinear chemical networks (Hochberg
and Ribd, 2019; Hochberg and Cintas, 2020).

The interactions and reactivity between biomolecules and mineral surfaces
are also important pieces in the puzzle of prebiotic chemistry, as minerals may
adsorb and concentrate such biomolecules acting as catalysts for biochemi-
cal reactions. In addition to the widely accepted “primordial” or “prebiotic
soup” theory, Huber and Wachtershauser proposed the “iron-sulphur world”
theory, which states that the first reactions that led to the formation of ami-
no acids did not occur in a bulk solution in the oceans but on the surface of
minerals (such as pyrite), as they facilitate prebiotic polymerization and
chemical reactions between organic molecules (Huber and Wachtershauser,
1998). Mineral surfaces could enable almost any type of catalysis, including
those with low specificity and efficiency. However, the environmental condi-
tions that favour molecular mineral adsorption, the reactions that can oper-
ate in such a heterogeneous system, and the precise nature of mineral-mole-
cule interactions must be studied in detail. Surface science techniques are
reliable tools to approach the study of molecular processes on catalytic min-
erals surfaces (Sanchez-Arenillas and Mateo-Marti 2016; Galvez-Martinez et
al., 2019; Mateo-Marti et al., 2019). Simulations of polymerization processes
using simple small molecules, especially under conditions thought to be plau-
sible on early Earth and on other planets and moons, meteorites or comets,
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are of intrinsic interest to understand chemical evolution towards biology
(Lavado et al., 2018; Ruiz-Bermejo et al., 2019).

In parallel, on-surface synthesis has recently emerged as a promising approach
to obtain carbonaceous nanostructures or complex molecules with atomic pre-
cision. Both one-dimensional polymers and intricate molecular structures have
been synthesized directly on surfaces (Martin-Gago et al., 2011; Méndez et al.,
2011). This method is based on the precise understanding of the interactions
between adsorbed molecules and the surface of some materials, which catalyse
coupling covalent reactions. One of the merits of on-surface synthesis is the
ability to open new reaction pathways that are not possible via standard organ-
ic chemistry. This novel approach could thus provide an additional pathway,
complementary to the proposed synthetic wet chemistry, to explain, for in-
stance, the abiotic polymerization of nucleic acids from nucleotides, with or
without the need of their previous chemical activation (Ferris, 2006). This is
bound to have important implications for the origin of the RNA world.

1.4. The path to an RNA world

The discovery that certain specifically folded RNA molecules perform cata-
lytic functions (acting as RNA enzymes or “ribozymes”) put on the board that
RNA can combine genotype and phenotype in a single molecular entity. This
remarkable finding strengthened the hypothesis that the current world of liv-
ing organisms, based on the flow of genetic information DNA->RNA-proteins,
was preceded by an era when RNA was the sole genetic material and catalyst
(Atkins et al., 2011; Ruiz-Mirazo et al., 2014).

Therefore, in the past few decades, experimental studies of the chemical roots
of biochemical systems have been dominated by an RNA-centric perspective.
In these studies, the construction of the molecular alphabet of RNA has fo-
cused primarily on the chemistry of hydrogen cyanide (HCN) or formamide
(CHO-NH,, a hydration product of HCN), as possible prebiotic precursors of
nucleic acids (Oré and Kimball, 1961). However, essential questions remain
to be solved: i) how were the building blocks of biopolymers (nucleotides and
amino acids) formed?; ii) how were the first nucleosides formed and what was
their fate in Earth’s prebiotic environment?; iii) how were phosphate and/or
other plausible linker groups, incorporated to chemical evolution (the so-
called phosphate problem)?; iv) how were proto-biopolymers formed giving
rise to supramolecular organizations which allowed the emergence of a sys-
tem capable of Darwinian evolution?; and v) what are the plausible scenarios
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in which the interaction between prebiotic chemistry and local geochemistry
allowed the formation and chemical evolution of biopolymers?

In this field, one of the biggest challenges is to understand how the polymer-
ization of the first proto-RNA structures took place, which led to supramolec-
ular organization, selection and evolution towards macromolecular aggre-
gates with essential biochemical functions, such a proto-ribosomes. The origin
of the genetic code and full-fledged ribosomes allowed the information cod-
ed in RNA to be translated into proteins, thus decoupling the phenotype from
genotype and triggering the broad exploration of the functional space (includ-
ing catalytic activities required to establish a protometabolism) by a growing
number of protein families (Ruiz-Mirazo et al., 2017).

However, protein-coding information only represents a small portion of the
genetic load of modern-day living organisms. Indeed, an overwhelming
amount of functional RNAs (named non-coding RNAs, ncRNAs) has been
identified in current cells, providing evidence that the functional plasticity of
the RNA has lasted until modern life. As a relevant example, RNA catalyses
the peptide bond formation in ribosomes and provides the scaffold for the
transfer of information from RNA to proteins, which supports the hypothe-
sis that RNA preceded proteins in evolution, although peptides (and several
low molecular weight molecules) could have modulated and complemented
the catalytic properties of RNA (Ruiz-Mirazo et al., 2014).

Moreover, ncRNAs represent a critical piece in the process of gene expression
regulation in most living organisms (Atkins et al., 2011). Additionally, RNA
molecules with different capabilities have been produced from complex pop-
ulations by in vitro selection/evolution experiments, leading to both artificial
and engineered natural ribozymes (Puerta-Fernandez, 2003; Joyce, 2004), as
well as to aptamers with the desired target-binding activities (Briones, 2015)
that show an increasing applicability in biotechnology and biomedicine (e.g.,
Sanchez-Luque et al., 2014; Moreno et al., 2019a). This methodology mimics
the natural evolutionary processes in a test tube, under experimentally con-
trolled conditions, and has greatly expanded the functional versatility of the
RNA and its role in the origin of life (Joyce and Szostak 2018).

RNA function is an intrinsic consequence of its three-dimensional folding in
solution, which in turn relies on the degenerated sequence-structure RNA map
(different sequences can fold into the same secondary and tertiary structure, as
it will be discussed below). Additionally, specific functions can be currently
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performed by certain RNA structural domains that have been incorporated
through evolution into much larger and versatile RNA molecules (that can con-
tain both coding and non-coding regions), while, conversely, independent-
ly-structured short RNA molecules can have come together and play a new cat-
alytic or regulatory role (Briones et al., 2009). Viral RNA genomes are good
examples of such a functional versatility, fine-tuned through evolution. They
encode structural/functional RNA domains that establish a close communica-
tion between them to render a complex and dynamic network of RNA-RNA in-
teractions, the so-called RNA interactome, which ensures the completion of the
viral cycle within the host cell as well as the virus adaptation to the cellular en-
vironment (Romero-Lopez and Berzal-Herranz, 2020).

Different biochemical and biophysical methods have been used to search for
ancient RNA elements that have preserved their specific secondary and/or
tertiary structure in viral genomic RNAs and cellular mRNAs. This approach
has been defined as “archaeological”, as it can discover hidden evolutionary
patterns through a non-phylogenetic and non-representational strategy
(Ariza-Mateos et al., 2019). In particular, tRNA-like elements have been found
in structurally or functionally relevant positions both in viral RNA and in cer-
tain mRNAs examined. The ligation-based concatenation (Briones et al.,
2009) of these RNA motifs (among others) could have occurred in the RNA
pools already present in the RNA world (Witzany, 2020). The extensive alter-
ation of nucleotide sequences that likely triggered the transition from the pre-
decessors of coding RNAs to the first fully functional mRNAs (which was not
the case in the stepwise construction of ncRNAs), hinders the phylogenet-
ic-based identification of RNA elements that could have been active before
the advent of protein synthesis. Therefore, the archaeological method is a way
to deepen into the structural /functional versatility of those RNA elements
that had to adapt (losing their original function) to the selective pressures op-
erating in the evolution from the RNA world to an RNA-protein world, in
which the coding capacity of the progressively longer mRNAs was favoured
(Ariza-Mateos et al., 2019).

1.5. Prebiotic systems chemistry as a new approach

in the origins-of-life research

Systems chemistry represents a new research strategy in molecular sciences
and encompasses a holistic view of complex chemical systems, understood as
sets of diverse molecules interconnected through transformation and/or self-as-
sembly processes. This field is called on to provide key insights into the
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resolution of major open scientific questions, such as how living entities could
emerge from inert matter (in connection with the origins of life research) and
whether it is possible to engineer artificial life-like processes and materials (in
relation with the field of synthetic biology and nanotechnology). Toward this
goal, it is common to study the merging of different biological building blocks
into synthetic systems, with properties arising from the combination of their
biomolecular components. This approach is normally based on self-organiza-
tion and/or chemistries that are dynamic in nature, and by looking closely at
chiral effects of those components to reach specific morphologies. The long-
term goal of this strategy is to create chemical networks and assemblies with
emergent properties that are characteristic of life (Morales-Reina et al., 2020).

In the context of origins-of-life research, the concept of chemical evolution is
central, as it encompasses plausible physicochemical mechanisms by which
the first living protocells could have been assembled. Historically, this term
began to be used shortly after the first steps in the field of prebiotic chemis-
try were taken, though its use has gained a renewed energy in recent years,
thanks to the emergence of the field of prebiotic systems chemistry (Ruiz-Mira-
zo et al.,, 2014). The general view is that, in order to understand the transition
from inanimate matter to living organisms, complexity must be embraced at
the chemical level. We currently assume that the first living entities must have
comprised, at least, a proto-cellular compartment, a proto-genome and an au-
tocatalytic metabolic network supporting the system with energy and sub-
strate molecules. Moreover, the replication dynamics of these three subsys-
tems must have been coupled for the efficient reproduction of the system as
awhole. Such requirements involve a great level of complexity, regarding both
the molecular structure of the protocell components and their interaction dy-
namics, the establishment of which seems highly unlikely in the absence of
an evolutionary driving force (de la Escosura, 2019). Indeed, the development
of highly dynamic and integrated protocell populations (rather than complex
reaction networks in bulk solution, sets of artificially evolvable replicating
molecules, or even these same replicating molecules encapsulated in passive
compartments) provides the most appropriate evolutionary framework to ad-
dress the difficult problem of how prebiotic chemistry bridged the gap to full-
fledged living organisms (Shirt-Ediss et al., 2017).

30 The Origins of Life. From Chemistry to Biology

© CSIC © del autor o autores / Todos los derechos reservados



VOLUME 2 | ORIGINS, (CO)EVOLUTION, DIVERSITY AND SYNTHESIS OF LIFE

1.6. Emergence of function and molecular innovation

in a pre-cellular world

One of the main difficulties in the way from simple chemical compounds to
the first cell regards the emergence of functional molecules, which are basic
bricks that may subsequently allow, through a process of trial-and-error, the
construction of more complex ensembles endowed with a broader function-
al repertoire. The five essential concepts in the emergence of the first self-rep-
licating molecular entities can be summarized as follows:

a. The phenotypic bias reflects the redundancy of the genotype-to-
phenotype map. Sequences, in the form of random polymers, may
uniformly explore the space of genotypes; however, phenotypes, here
understood as molecular structures (and potentially functions) are not
equally sampled. The fact that certain structures are way more likely
than others (e.g. short open, random RNA sequences fold into hairpin-
like structures; if circular, they preferentially adopt rod-like folds) may
be behind the emergence of functions such as ligation (Briones et al.,
2009) or of viroid-like replicators (Catalan et al., 2019).

b. The high dimensionality of sequence spaces entails the existence of
astronomically large quasi-neutral networks of genotypes that guarantee
a costless navigation and an efficient exploration of new molecular
functions (Manrubia et al., 2020). A side effect of phenotypic bias is that
the vast majority of sequences map into large, frequent phenotypes:
these abundant phenotypes are parsimoniously attainable if evolution
starts at any other viable phenotype. Thus, once any basic function is
serendipitously found, the non-trivial topology of the genotype-to-
phenotype map almost ensures that additional functionalities will
emerge.

c. The emergence of a function does not imply its fixation. For a new
function to become conspicuous, there should be an empty ecological
niche. Sometimes, the molecular niche might be implicitly available (as
could be the case of ligation, cleaving or replication once functional
polymers are present), while in others it might be absent and it may
appear as a new layer of complexity that depends on previously fixed
functions (as in niche construction). An example could be molecular
parasites, including viruses and viroids: selfish replicators that take
advantage of the self-replicating machinery but do not give back to the
system. Once parasites are in place, new parasites might find it difficult
to displace the initial, opportunistic colonizers. Functions that increase
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complexity, or the ability of the system to self-replicate, are subject to
similar dynamics. The result of such first-come-first-served processes in
molecular ecology is the well-known “frozen accidents” in evolution:
suboptimal solutions whose only advantage is to have arrived first. The
arrival of function is deeply related to phenotypic bias (Schaper and
Louis, 2014).

d. An often forgotten mechanism favouring adaptation and the emergence
of new function is molecular promiscuity. This is particularly true for
RNA, as one given sequence may easily adopt different conformations
(and, potentially, different functions) when the physical-chemical
environment changes. Examples are RNA switches, which might be an
important mechanism at early stages of innovation (Schultes and Bartel,
2000). Secondary functions are a potential source of innovation and, at
the same time, confer robustness to the system by performing, if needed,
the primary function of a different molecule. This can be also
understood as a case of molecular mimicry, a feature exploited by certain
viroids that are disguised as DNA double-stranded molecules to replicate
by means of a DNA polymerase.

e. Afinal mechanism relies on synergistic interactions among functional
molecules. The relevance of horizontal gene transfer (HGT) is difficult to
overstate when discussing genome construction, as is the role that
modularity might have played in the origin of complex functions
(Briones et al., 2009). However, a simpler situation, not requiring the
stable association of genes or modules, might arise when multiple
functions are co-circulating in an open environment. A paradigmatic
example of such transient associations might be extant multipartite
viruses and virus-satellite associations (Lucia-Sanz and Manrubia,
2017). In the context of the origins of life, such associations might have
been much more frequent and loose since the multi-layered, hierarchical
architecture later fostered by the appearance of microorganisms’
consortia, metazoa, and ecosystems at large, was not yet in place.

1.7. The role of the Theory of Complexity in origins-of-life research
While the application of the tools associated to the Theory of Complexity has
been very fruitful in other contexts, their potentiality in unveiling the first
steps of life has not been sufficiently assessed. This novel vision requires a
cross-disciplinary approach, where theoretical tools taken from the combi-
nation of complex network theory and game theory are reinforced with both
numerical work and in vitro experiments.
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Extensive computer work has already been developed in the context of digi-
tal life (Wilke & Adami, 2002). The goal here was to model how different dig-
ital organisms struggle for resources, mutate and adapt, thus mimicking real
life. This perspective has been especially useful to cast light on what Stephen
Jay Gould called “replaying the tape of life” repeatedly to find out what kind
of biosphere would be obtained in each case. Questions like whether life is an
inevitable consequence of the chemical interaction among the ingredients of
the primordial soup, or whether it is an extremely rare event, can benefit from
this approach. Most of the work done, however, has been strictly numerical
and based on computer platforms where digital organisms compete for re-
sources such as memory and CPU time.

On the other hand, the combination of complex network theory, game theo-
ry and digital life remains vastly unexplored, both from the theoretical and
the numerical perspective. The extent by which this combined approach can
enlarge our knowledge and comprehension of the origins of life (not only on
Earth, but in a generic environment) fulfilling the basic requirements for its
appearance, is an open question.

1.8. Clues from synthetic biology

Synthetic biology involves the rational design and synthesis of complex biolo-
gy-based or bio-inspired systems that display useful functions, even ones that do
not exist in nature (Auslidnder et al., 2017). Such an innovative approach could
allow finding a second example of life, through the chemical synthesis of an ar-
tificial cell (Solé 2016). In this regard, the living cell is considered as a highly com-
plex factory equipped with chemical machines that perform a variety of tasks,
which can be engineered to originate novel systems with programmable func-
tionality. One of the main goals of synthetic biology is to identify a minimal con-
figuration of a biological cell capable to fulfil its most important tasks: growth,
replication, metabolism and energy production. In this line, the question about
the origins of life is addressed by an experimental bottom-up approach (comple-
mentary to the top-down approach, which modifies pre-existing, current cells)
that involves the reverse-engineering of a particular biological function using a
minimal set of natural, modified or synthetic molecular components in the ab-
sence of cells (Fletcher 2016; Schwille et al., 2018; Yewdall et al., 2018.).

The construction of such minimal or artificial cells using a targeted design will
contribute to complete our understanding of how the building blocks of mod-
ern cells collectively operate to transition into a living system. Because a
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basic requirement for the origin of life is the compartmentalization, consid-
erable efforts have been done to establish cell-sized compartments in the form
of controllable droplets and lipid vesicles, using a variety of technologies such
as microfluidics (Supramanian et al., 2019). Significant progress has also been
made in the bottom-up reconstitution and quantitative understanding of es-
sential cellular machineries (including DNA processing, cell division, self-or-
ganized spatial protein patterns, cell-free gene expression systems) in cell-
like containers (Schwille et al., 2018; see Challenge 8).

All these rapid advances, together with those in prebiotic systems chemistry
and nanotechnology, allow us to tackle the problem of integrating basic indi-
vidual systems to a (currently unknown) level of complexity where life-like
properties can emerge (Schwille, 2017; Stano, 2018). To overcome this com-
plexity barrier, theoretical and computational studies will be essential in guid-
ing the experimental progress. Engineering sciences must also be involved, as
they are very successful in dissecting complex systems into a controllable set
of functional modules. The application of these approaches to cellular com-
plexity will allow compiling the basic elements that can assemble the essen-
tial biochemical functions (Fletcher, 2016). In the field of the origins of life,
the main challenge will be to understand how functional modules self-organ-
ize in time and space so that autonomous cell-like properties emerge.

2. IMPACT IN BASIC SCIENCE PANORAMA
AND POTENTIAL APPLICATIONS

2.1. Basic and philosophical aspects to be addressed

A minimal list of philosophical issues that deserve attention in any research
plan on origins of life (Mariscal et al., 2019) include the following: i) the na-
ture of life and the quest for a definition of life; ii) the explanatory power of
origins-of-life research, in which the universal (i.e., true for origins every-
where), historical (descriptions of life’s origin on Earth), and synthetic (pos-
sible ways of originating life) research programs overlap, all with interesting
scientific projections; iii) the strategies for such a research, typically thought
of as either top-down (inferring from current life back to the last universal
common ancestor, LUCA) or bottom-up (starting from non-life and working
out how to get life started), which face different epistemological problems and
require distinct philosophical commitments; iv) the metabolism-first vs. rep-
lication-first debate, which has been challenged by systemic approaches (see
below); v) the nature of evolution prior to LUCA, which was certainly
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different from contemporary evolution, i.e., the onset of selection; vi) the na-
ture of entities prior to LUCA, which are sometimes thought of as loose com-
munities; vii) the challenges of origins of life which are common to multidis-
ciplinary sciences: competing research programs, diverse standards of
evidence, and communicating across disciplinary divisions; viii) the develop-
ment of new theories or tools, which offer opportunities for new avenues of
research, but may also constrain others.

2.2. Looking for the key components of life in interstellar space

To deepen into the connections between the molecular repertoire in inter-
stellar space and the origins of life, a novel approach has been recently initi-
ated, by looking at the problem from the point of view of a (bio)chemist in-
stead of an astrophysicist. It focuses on the search in the ISM of the precursor
organic molecules required for the origin of nucleobases and complete ribo-
nucleotides that could have given rise to an RNA world (Powner et al., 2009;
Patel et al., 2015; Becker et al., 2019). This strategy has already delivered the
first detections in space of key reactants and products within this scheme,
such as glycolonitrile (OHCH2CN; Zeng et al., 2019), cyanomethanimine
(HNCHCN; Rivilla et al., 2019) and urea (Jimenez-Serra et al., 2020).

However, this is just the starting point. Prebiotic chemical schemes also in-
clude other species such as carboxylic acids, fatty acids, fatty alcohols, amino
acids, sugars and polyaromatic hydrocarbons (PAHs). A large fraction of these
compounds has been detected in meteorites (as e.g. ribose; Furukawa et al.,
2019) and in comets (as e.g. glycine; Altwegg et al., 2016). Interestingly, nucle-
obases were also identified in carbonaceous chondrites (Martins et al., 2008;
Callahan et al., 2011). This implies that such relatively large molecules, and/
or their precursors, could have formed originally in interstellar space, being
later on delivered to Earth by impacts of meteorites and cometary nuclei.

The goal of the ISM group at CAB for the next decades, is thus to populate the
interstellar prebiotic chemistry scheme, so to determine what organic com-
pounds could be formed already in the ISM. With that aim, the group has de-
veloped new astronomical data analysis tools (the MAdrid Data CUBe Anal-
ysis package, MADCUBA) and experimental setups (the ultra-high-vacuum
chamber ISAC), not only to search for these molecules, but also to try to un-
derstand their formation pathways in space (Mufioz-Caro et al., 2002; see
C9.6). These efforts will be combined with astrochemical modelling of com-
plex organics in the ISM (Quenard et al., 2018).
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To accomplish this goal, spectroscopy plays an essential role. The identifica-
tion of a certain molecule requires the direct comparison of the frequencies
(molecular rotational lines) observed using radio-telescopes, with the exper-
imental ones obtained in the laboratory. Computational methods improve day
by day, but they are not able to predict the frequencies of a molecule with the
needed accuracy and, therefore, there is no other option than to characterize
the molecule in the laboratory. The Spectroscopy Group of the University of
the Basque Country (UPV-EHU) and Instituto Biofisika (CSIC/UPV-EHU)
has designed and built instrumentation in the centimetric microwave region.
The goal is to combine different time and frequency domain spectroscopic
tools at centimetre, millimetre and sub-millimetre wavelengths, to provide
the precise set of spectroscopic constants that could be used to search for these
species in the ISM. This work will be essential for the scientific exploitation
of future instrumentation such as the Square Kilometre Array (SKA), in which
Spain (and more in particular, the ISM group at CAB), is heavily involved (Cra-
dle of Life Science Working Group).

2.3. The role of mineral surfaces in the origin of life

Both thermodynamic and kinetic reasons sustain the proposal that minerals
played a key role in the chemical and protobiological routes to first living organ-
isms. Montmorillonite (Ferris, 2006), as well as many other minerals (includ-
ing zeolites, sulphides, iron-oxide and silica) have been proposed to speed up
the synthesis of molecules required for life as we know it, as well as the polym-
erization reactions that gave rise to RNA and peptides (Saladino et al., 2019).

Experimental work has been done to support these claims but still misses a good
understanding of the structural reasons of why and how mineral surfaces cat-
alyse reactions relevant to prebiotic chemistry and early metabolism (Hazen,
2010). This challenge will require mineralogists, organic chemists, material sci-
entists, biochemists, catalysis chemists and microbiologists, to work synergis-
tically in the following tasks: i) to search shortcuts to chemical routes towards
polymerization, compartmentalization, UV protection, and the formation of
complex molecules eventually capable to replicate, such as polypeptides, nu-
cleic acids, or other molecules not “invented” by life; ii) to search for autocata-
lytic chemical processes that could provide energy to trigger reactions showing
high kinetic barriers; iii) to understand the demonstrated ability of silica to ad-
sorb organic compounds and to catalyse their reactions. This, together with the
exploration of other iron and magnesium minerals, will open new avenues for
discovery of the pre- and protobiological history of this planet.
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Within this framework, to search for oldest remnants of life is also crucial for
setting the younger limit of the lifeless planet and the geochemical conditions
triggering the appearance of life and Darwinian evolution (see Challenge 3).
Unfortunately, this is by no means an easy task (Javaux, 2019). Since the very
first micro-palaeontological studies on the oldest remnants of life, it was ob-
vious the difficulty to rigorously assess biogenicity, i.e. whether a feature has
been formed by life or not. Neither isotopic signatures nor organic matter it-
self are unambiguous biosignature, since it may be synthesized abiotically in
many different environments. Putative microfossils and microbially-induced
sedimentary structures, such as stromatolites, are neither reliable as they can
be the results of abiotic processes. The ability of purely inorganic physical and
chemical processes to mimic cellular remnants of early life has been demon-
strated experimentally, so that morphology by itself cannot be used as a cri-
terion for biogenicity (Garcia-Ruiz et al., 2003). The problem of primitive life
detection here or elsewhere must be approached with an unbiased search, i.e.
we should look for mineral bizarre patterns (either morphological, physical
or chemical) and then apply a protocol containing criteria for biogenicity and
non-biogenicity. Finally, the unexplored subject of bacterial taphonomy
should be developed in parallel to the investigation of abiotic mineral
self-organization.

2.4. Scientific objectives in the field of prebiotic chemistry

Ongoing research in the field of prebiotic chemistry includes the influence of
the physico-chemical environmental conditions on the primary processes that
generate complex organic compounds from simple molecules in gas and liquid
phases, as well as in ices. Different sources of energy will be studied, including
a broad range of temperatures, cold and hot plasmas, UV photolysis, impact
shocks and vaporization. Furthermore, the interaction of biomolecules on me-
tallic and mineral surfaces will inform about the stability of adsorbed molecules
under different environmental conditions, self-assembling processes and het-
erogeneous catalysis in connection with the origin of life. This could give clues
on the emergence of far-from-equilibrium systems based on the oscillatory
Krebs-type cycles, eventually paving the way for a proto-metabolism.

Of particular importance is the elucidation of single handedness of biomon-
omers (e.g., amino acids and nucleotides) and polymers (e.g., peptides or nu-
cleic acids) and whether symmetry breaking was produced by physical forces
(able to cause small, yet significant, enantiomeric imbalances in chiral organ-
ics formed in extra-terrestrial media) or took place after polymerization
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(Cintas, 2016; Hochberg and Ribd, 2019; Hochberg and Cintas, 2020). Indeed,
molecular asymmetry represents a biosignature of life (Glavin et al., 2020)
that motivates investigations of abiotic mechanisms and places life in abroad-
er perspective. Thus, there is need to study the enantiomeric selection driv-
en by chiral molecules adsorbed on surfaces and that triggered by crystalliza-
tion of non-chiral molecules (e.g., sodium chlorate), usually following
autocatalytic pathways, which are dominant in our planet owing to the exist-
ence of a hydrosphere (Viedma et al., 2015).

A key aspect in this framework is to develop the theoretical aspects of prebi-
otic chemistry and the origin of molecular chirality. A major focus will be stud-
ying autocatalytic reaction systems, chemical self-replicating systems, and
chiral symmetry breaking systems, as precursors to the origin of biological
homochirality. The goal is to analyse relevant reaction networks, using phys-
ics, physical chemistry and numerical simulations to study their dynamic sta-
bility properties (perturbation theory), their critical properties (via the dy-
namic renormalization group), the role of intrinsic diffusion-limited noise
(stochastic methods), and their spatial and temporal evolution (numerical
simulations). Another promising direction is to exploit astrochemical mod-
els for reactions in the ISM considering naturally occurring physical process-
es, such as chiral photochemistry, that may influence the formation of small
enantiomeric excesses in simple chiral organic molecules found on dust
grains.

2.5. Deeping into the role of RNA in the origin and early

evolution of life

There are two main schools of thought regarding the origin of RNA: RNA is
either the product of sequential prebiotic reactions that gave rise to ribonu-
cleotides (Sutherland, 2016) or the outcome of the chemical /pre-biological
evolution from other genetic polymers (Hud et al., 2013; Higgs and Lehman,
2015). Although key advances have been produced in this field (Powner et al.,
2009; Patel et al., 2015; Becker et al., 2019), the demonstration of a direct preb-
iotic synthesis of RNA is facing numerous challenges, which reinforces the
hypothesis that the availability of heritable information may have started with
an ancestral proto-RNA polymer. Finding a plausible ancestor of RNA that
might have resulted from molecular self-assembly would conciliate the preb-
iotic chemistry and the geochemistry found in planetary environments
(Ruiz-Mirazo et al., 2014). One possibility relies on the introduction of non-ca-
nonical bases that fit well in a nucleic acid structure (such as barbituric acid,
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a prebiotic analogue of uracil, Menor-Salvan et al., 2009; Menor-Salvan and
Marin-Yaseli, 2013) and form nucleosides spontaneously, overcoming the
challenges of the direct prebiotic synthesis of canonical nucleosides.

When discussing about the origins of life, modern authors very often refer-
ence the famous letter which Charles R. Darwin sent to Joseph D. Hooker
in 1871, in which he mused about a “warm little pond, with all sorts of ammo-
nia and phosphoric salts... that a protein compound was chemically formed
ready to undergo still more complex changes”. Using the physical and chem-
ical properties of urea, a key molecule in prebiotic chemistry, the warm little
pond model combines into a single scenario the geochemistry of the Archean/
Hadean Earth, the unique chemistry in the atmosphere in this era, and the
chemistry of phosphates. The problematic nature of phosphates, the predom-
inant form of phosphorus, stems from their extremely low solubility and their
inability to readily form organophosphates. This makes it difficult to propose
ameaningful geochemical model and gives rise to the phosphorylation prob-
lem in the origins of life field. Prebiotic cyanide could be the precursor of key
prebiotic chemicals, such as urea and ammonium formate, and can directly
promote the synthesis of nucleotides by mobilization of phosphate from min-
erals. Hence, if we assume the presence of cyanide, urea and phosphate min-
erals on Early Earth, it could be possible that prebiotic chemistry and miner-
als established a system in which the formation of nucleobases, nucleosides
and prebiotic phosphorylation could have been readily achieved in a simple
scenario consistent with geochemistry and planetary geology (Burcar et al.,
2016; Burcar et al., 2019; Burcar and Menor-Salvan, 2020).

Additionally, to gain insight into the knowledge of the RNA role in the origin of
life would require a combination of biochemical, biophysical, mutational and
phylogenetic analyses, together with the use of novel computational tools, in
the context of different biological models (Briones et al., 2009; Atkins et al., 2011;
Romero-Lépez and Berzal-Herranz, 2013; Takahashi et al., 2016; Moreno et al.,
2019b). Understanding the function of the plethora of current ncRNAs should
be addressed to trace some of the key biological processes of life. Moreover,
knowing the functional diversity of RNA and their mechanisms of action, as well
as the architecture of its interactome (i.e. the relationship between the struc-
ture and the biological function in viral and cellular RNAs), should enlighten
the role of this biopolymer in the origin and early evolution of life (Atkins et al.,
2011; Ariza-Mateos et al., 2019). The additional development of new molecular
tools by in vitro selection strategies would also help to elucidate the function of
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structural elements contained in cellular RNA molecules.

A quantitative assessment of the issues related to the emergence of complex
function and molecular innovation in a pre-cellular world, will require substan-
tial trans-disciplinary research. Mathematical analyses of genotype-to-pheno-
type-to-function map, new computational approaches that permit an unbiased
characterization of sequence spaces, and experiments tailored to respond spe-
cific questions have to be developed (Manrubia et al., 2020; Challenge 5).

2.6. The application of Theory of Complexity in the field

of origin of life

This novel line of research aims at analysing life as a process that emerges
spontaneously from the complex interaction (competition/cooperation)
among networked systems that represent the biochemical structures exist-
ing in early Earth. This research will benefit from the current understanding
of how networked systems are organized, interact and evolve obtained by the
application for more than a decade of complex network theory to real systems
(Boccaletti et al., 2006). Indeed in many cases, a network has been shown to
be anetwork of networks, and although the detection of modules within a net-
work has been thoroughly studied, the influence of the networks’ intercon-
nections on their dynamical processes, still represents a challenge. For in-
stance, these interactions are crucial in processes such as spread of diseases,
knowledge and even rumours (Aguirre et al., 2013). The interaction between
the building bricks of life is not an exception. Thus, developing a theory that
fully describes the competition and cooperation between biological and/or
chemical networks, making use of a synergy between network and game the-
ory (Iranzo et al., 2016) - both in equilibrium and out of the equilibrium
(Buldt et al., 2019) - becomes a necessary requirement to understand the first
steps of life. In addition, each one of the many biochemical networks already
described in the literature (protein, genetic, metabolic, or neutral genotype
networks, among others), has peculiarities and it seems difficult - if not im-
possible - to extract general behaviours and properties. A thorough analysis
of which of these networks might be applicable (and how) to describe the tran-
sition from chemistry to biology, or the necessity of developing ad hoc net-
works to better describe the idiosyncrasy of the prebiotic world, will be also
of critical importance to achieve the goal.

2.7. Challenges in the field of prebiotic systems chemistry
There are currently various lines of experimental and computational work,
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which focus on the construction of proto-cellular assemblies through the in-
tegration of the three basic subsystems of cellular life through different kinds
of physicochemical processes. Research on self-replication, autocatalytic net-
works and self-reproducing compartments are the most important ones, but
they all face several inherent problems and limitations. First, most of the work
has been performed with molecular components taken from existing living
organisms (e.g., phospholipids, peptides, oligonucleotides, etc.), assuming they
would have been available on the prebiotic Earth. This is a useful approach to
study functional models of the first protocells, yet it is highly improbable that
those biomolecules could have been produced spontaneously through
non-evolutionary processes (condensation reactions, random amino acid or
nucleotide polymerizations, etc.), in sufficient quantities and with adequate
structure/sequence to exert their role. Moreover, a strong limitation lies in
the difficulty of integrating the complex dynamic behaviours of each separate
subsystem (de la Escosura, 2019). In order to overcome such limitations, many
scientists have realized that unravelling the main pathways and mechanisms
for chemical evolution will require investigating molecular assemblies that
are able to regulate the production of their own ingredients from the simplest
building blocks (e.g., fatty acids, simple sugars, amino acids, nucleobases, etc.).
This implies great challenges in both synthetic and supramolecular studies
dealing with organic and inorganic reaction networks, as well as in analytical
chemistry, due to the extremely complex messy mixtures involving hundreds
of dynamic reactions operating in parallel. Recent, significant steps have been
made in the challenge to connect synthetic organic chemistry and the bio-
chemistry related to ‘core metabolic pathways’ (Keller et al., 2016; Coggins
and Powner 2017; Muchowska et al., 2017; 2019; Springsteen et al., 2018) in-
volving a remarkable diversity of species and in the absence of enzymatic cat-
alysts. However, the current standard molecule-collecting analytics (nuclear
magnetic resonance, chromatography with detection, mass spectrometry, etc)
do not seem sufficient to address such complexity, and they will have to be
complemented with high-throughput screening methods, adapted from the
biological “omic” disciplines (genomics, proteomics, metabolomics, etc) and
computational modelling to unravel emergent behaviours within those mix-
tures (Ruiz-Mirazo et al., 2014).

A second key aspect is evolvability. This relates to the capacity of living systems
to process heritable information, coded in DNA and used to instruct how the
cell works. The emerging overall picture shows that information processing in
cells occurs through a hierarchy of genes regulating the activity of other genes
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through a complex interactome and metabolic networks. There is an implicit
semiotic character in this way of dealing with information, based on function-
al molecules that act as signs to achieve self-regulation of the whole network
(de la Escosura, 2019; Ariza-Mateos et al., 2019). In contrast to cells, chemical
systems are not capable to process information. Yet, they must have preceded
biological organisms, and evolved into them. Hence, there must have been
prebiotic molecular assemblies that could somehow process information, in
order to regulate their own constituent reactions and supramolecular organ-
ization processes. A great challenge for the near future is thus to investigate if
there are universal principles pervading the way information processing de-
termines an ever-increasing dynamic complexity of the material world, par-
ticularly in (and possibly towards) its living manifestations. This perspective
also raises the question of whether there is a causal relationship between in-
formation processing and evolution, not only in living organisms but also in
abiotic stages of chemical evolution (de la Escosura et al., 2015; Ruiz-Mirazo
etal., 2017). Furthermore, considering that protocell populations should be
considered the proper units of prebiotic evolution, three experimental chal-
lenges aimed at constructing protocell systems should be considered: coupling
chemical reaction networks with vesicle dynamics, finding conditions and
mechanisms for minimal functional integration, and characterizing the evo-
lutionary dynamics of pre-Darwinian protocells (Shirt-Ediss et al., 2017).

2.8. Towards the first protocells

Prebiotic systems chemistry is superseding the classical controversies around
the origin of life based on dichotomies such as the early vs. late emergence of
compartments, metabolism-first vs. genetics-first models, or autotrophic vs.
heterotrophic scenarios (Peretd, 2005; Ruiz-Mirazo et al., 2014). Experimen-
tal results in prebiotic systems chemistry suggest that proto-metabolism on
Archaean Earth generated a small set of biomonomers that prefigured extant
biochemistry (Pereto, 2019; see Challeng 5 and Challenge 8).

There are, nevertheless, relevant challenges ahead when trying to implement
experimental systems with increasing levels of complexity. 1) We need to know
more about the dynamic coupling of lipid vesicles with heterogeneous chem-
ical mixtures of small molecules and polymers (Murillo-Sanchez et al., 2016),
as well as their experimental evolution into more robust systems that simu-
late protocells with pre-Darwinian or Darwinian behaviour. This would in-
clude the exploration of evolutionary processes in the context of protocell
population/selection experiments (Budin and Szostak, 2011; Adamala and
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Szostak 2013) or even the emergence of the first proto-ecological or syntroph-
ic relationships among protocells, as it is recently argued in (Ruiz-Mirazo et
al., 2020). 2) The merging of systems chemistry with experimental evolution
methodologies is an absolute must if we are to bridge the gap between proto-
metabolism and functionally integrated protocells (Ruiz- Mirazo et al., 2017;
Shirt-Ediss et al., 2017). In short, solutions hardly accessible by rational de-
sign can be found by the own system’s dynamics. Therefore, merging labora-
tory, computational, robotics, microfluidics and synthetic biology technolo-
gies is compulsory to explore in depth the transition from simple chemical
mixtures to systems with complex behaviours (Scharfet al., 2015). 3) Certain
aspects, however, still require significant and persistent research efforts, in-
cluding finding the paths to the emergence of autocatalytic networks of reac-
tions exhibiting dynamics of prebiotic relevance.

3. KEY CHALLENGING POINTS

The origin of life is a multidisciplinary field involving physics, chemistry, bi-
ology, and geology, with relevant implications for social sciences and human-
ities. The approach proposed here combines the knowledge of different groups
at CSIC. This should position our institution not only as a national leader in
the field, but also will place it in a privileged situation to compete and collab-
orate with other leading international institutions. Within this framework,
the key points to be addressed are the following:

e Searchin the ISM of the precursor organic molecules required for the
origin of life and to try to understand their formation pathways in
interstellar space.

e Analysis of mineral patterns (morphological, physical or chemical)
present in some of the oldest remnants of life and application of a
protocol containing criteria for biogenicity and non-biogenicity.

e Investigation of chemical routes towards the synthesis of biomonomers,
polymerization of peptides and nucleic acids, as well as molecular
self-assembly on mineral or metal surfaces.

e Design and implementation of prebiotic chemistry experiments that
generate complex organic compounds from simple molecules in gas and
liquid phases, as well as in ices, using sources of energy such as different
temperatures, cold and hot plasmas, UV photolysis, impact shocks and
vaporization.

e Study of the enantiomeric selection driven by chiral molecules adsorbed
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on surfaces, as well as that triggered by crystallization of non-chiral
molecules.

e Development of theoretical aspects of prebiotic chemistry and the origin
of molecular homochirality.

e Investigation of how the phosphate and other plausible linker groups
were incorporated to chemical evolution, in particular to RNA.

e Todeepen into the sequence-structure-function-evolution relationships
in RNA molecules and populations.

e Experimental analysis of the structure and function of ncRNAs as well as
their interaction patterns in selected viral and cellular RNAs.

e To perform in vitro evolution experiments using complex molecular
mixtures, within the framework of prebiotic systems chemistry.

e Investigation of the self-assembly of complex molecules and vesicle
formation in different experimental settings, as well as the coupling of
chemical reaction networks with vesicle dynamics.

e Integration of experimental, computational and synthetic biology
technologies to explore the transition from simple chemical mixtures to
systems endowed with complex behaviours.

e Toidentify the universal principles that allow information processing to
determine the increase in dynamic complexity of the living world.

e Use of new computational approaches that permit an unbiased
characterization of sequence spaces and the analysis of genotype-to-
phenotype map.

e Development of a theory to describe the competition and cooperation
between chemical and/or biological networks, making use of network
and game theories, both in equilibrium and out of the equilibrium.
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SUMMARY FOR THE GENERAL PUBLIC

ASTROCHEMISTRY PREBIOTIC CHEMISTRY ORIGIN(S) OF LIFE BIOLOGY

A simplified view of the path from astrochemistry to biology, showing some examples of the molecules and
aggregates involved (adapted from Ruiz-Mirazo et al., 2014). The bottom panels depict putative scenarios
for astrochemistry, prebiotic chemistry on early Earth and the origin(s) of life.
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(14)

(15)
}—‘ H;NAC$N

S Detected in the ISM Non detected in the ISM yet

———— Biochemistry (aqueous solution) synthesis routes from
—

———— Powner+2009, Patel+2015, and Kitadai+2018,

b |nterstellar (gas phase) chemistry route by Rivilla+2019b
FIG. 1. Summary of the chemical scheme of the RNA-world scenario. Extracted from Powner et al. (2009), Patel et al.
(2015), Kitadai and Maruyama (2018), and Rivilla er al. (2019b; see the different colors for the arrows). Solid-line boxes
indicate molecules that have been detected in space, while dotted-line boxes denote those species that remain undetected in
space. The goal of this diagram is to visualize at once how many primordial RNA-world prebiotic species have been
detected in the ISM, and how they are related to each other. The names of the molecules shown are as follows: (1) hydrogen
cyanide; (2) formaldehyde; (3) glycolonitrile; (4) glycolaldehyde: (5) cyanamide; (6) glycolic acid; (7) cyanide; (8) me-
thenamine; (9) enol form of glycolaldehyde; (10) cyanohydrin; (11) urea; (12) 3-oxopropanenitrile; (13) cyanoacetylene;
(14) cyanomethanimine; (15) aminoacetonitrile; (16) glyceraldehyde; (17) 2-amino-oxazole; (18) cytosine; (19) adenine;
(20) glycine:; (21) dihydroxyacetone (DHA); (22) glycerol; (23) beta-ribocytidine-2’,3’-cyclic phosphate (pyrimidine ri-
bonucleotide). HCN, hydrogen cyanide; ISM, interstellar medium. Color images are available online.

Schematic representation of the relationship between the scientific fields of astrochemistry (bottom panel:
Jimenez-Serra et al., 2020) and prebiotic chemistry (middle panel: de la Escosura, Briones and Ruiz-
Mirazo, unpublished), showing examples of the molecules and processes involved. The top panel depicts
the transition from chemical to biological evolution, in which the compartment-metabolism-replication
coupling (CMR) is identified as a key step in the origin of life (Ruiz-Mirazo et al., 2017).
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ABSTRACT

Understanding the bases of life and its
evolutionary diversity requires deciphering the
three-dimensional structure and dynamic
nature of all macromolecules underlying living
processes, and how they ensemble and function
in a coordinated, timely and precise manner.
Addressing this challenge will allow us to
understand and treat diseases, harness
biological processes for biotechnological
purposes and synthetically design new
biological entities.
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EXECUTIVE SUMMARY

Life relies on a myriad of processes carried out by macromolecular machines,
formed mostly by proteins and nucleic acids. These machines have been per-
fected through evolution, becoming more complex, sophisticatedly regulat-
ed and integrated into dedicated operative pathways. Understanding the bas-
es of life and its evolutionary diversity requires deciphering the atomic nature
of these macromolecules, to explain how they are synthesized and assembled,
and how they function in a coordinated, timely and precise manner. In the
case of proteins, the major working molecules of life, their functions are large-
ly dependent on their three-dimensional shape and dynamics. It is therefore
necessary to learn these processes at atomic level to understand the molecu-
lar mechanism of action in depth, including its dynamics, which would allow
us to find solutions for their malfunctioning and ultimately create new activ-
ities for our benefit in biomedicine and biotechnology. In the case of the nu-
cleic acids, the structural landscape is much more diverse than previously
thought. Non-regular DNAs are emerging as key structures in a variety of bi-
ological processes, such as genome transcription, repair or telomere mainte-
nance, and RNA transcripts, including small and long non-coding RNAs ap-
pear to regulate almost every step of gene expression and have broad impacts
on development and disease. Paradoxically, the function of an increasingly
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number of proteins, protein regions and also RNAs appears to reside in their
ability to remain unstructured. These intrinsically disordered macromole-
cules are involved, among other things, in promoting changes in the physical
state of the cell milieu (phase separation), allowing the formation of mem-
braneless cell compartments with multiple purposes such as transient stor-
age or stress-response functions. Future studies should attempt to understand
what triggers the formation of these novel membraneless bodies, and what is
their relationship with their aqueous surrounding.

A further level of complexity is the analysis of how, where and when these
macromolecular machines assemble and act in concert. The cell can be con-
sidered as a factory with multiple and sometimes short-lived compartments
where the macromolecular content depends on cell needs and must be care-
fully controlled. This subcellular arrangement of macromolecules and their
corresponding associated functions - termed “molecular sociology” of the
cell - has a purpose that needs to be recognised. Of particular interest is the
role of membranes not only as barriers to separate functions but also as con-
centrating points of specific ones in which membrane proteins have key roles.

The knowledge provided by structural biology and biophysical techniques will
shed light on the evolutive changes that have generally driven macromole-
cules towards a higher complexity order, in most cases resulting in a finer tun-
ing, and a higher control of their activities. A thorough comparative structur-
al analysis of proteins, RNA and macromolecular complexes working in similar
processes in different organisms will provide essential information to recon-
struct the history and evolution of life. Ultimately, this knowledge will allow
us to design new biological objects and entities and harness synthetic
biology.

1. INTRODUCTION AND GENERAL DESCRIPTION

Life as we know it, with its extraordinary diversity of forms, their seemingly
purposeful behaviour, and their ability to grow and reproduce, relies on a myr-
iad of processes carried out by macromolecular machines formed mostly by
proteins and nucleic acids. Life was born when a minimum set of these func-
tional macromolecules assembled, and somehow compartmentalized using
the first membrane-like structures, into self-perpetuating systems. These
macromolecular machines have been perfected through evolution, becoming
more complex, sophisticatedly regulated and integrated into dedicated

56 Structural Bases of Life and Evolution of Macromolecular Complexity

© CSIC © del autor o autores / Todos los derechos reservados



VOLUME 2 | ORIGINS, (CO)EVOLUTION, DIVERSITY AND SYNTHESIS OF LIFE

operative pathways. Understanding the bases of life and its evolutionary di-
versity requires deciphering the atomic nature of these macromolecules, ex-
plaining how they are synthesized and assembled, and how they function in a
coordinated, timely and precise manner. This goal can only be achieved by the
joint venture of research groups covering a broad range of disciplines. The
CSICisin aprivileged position to tackle this ambitious challenge thanks to a
thriving and coordinated community of qualified researchers focusing on dif-
ferent aspects of the structure and function of macromolecules.

Proteins are the major working molecules of life, performing key functions,
which are largely dependent on their three-dimensional shape and dynam-
ics. To carry out their activity, proteins undertake molecular recognition pro-
cesses with other biomolecules, in which non-covalent interactions are cru-
cial. Thus, it is necessary to understand these processes at atomic level to 1)
understand the molecular mechanism of action in depth, including its dynam-
ics; 2) find solutions for their malfunctioning; and 3) create new activities for
our benefit in biomedicine and biotechnology. Our scientific community has
numerous groups devoted to study the link between the structure and func-
tion of proteins as well as how they acquire their final 3D structure —some-
times assisted by other macromolecules—, and how chemical energy fuels con-
formational and mechanical changes to exert their action. Many diseases stem
from defective proteins with altered functions or impaired structural prop-
erties, and thus, our research has a clear biomedical orientation. Besides, pro-
teins are the common targets of medical treatments, either to restore func-
tion or to combat infectious diseases or tumours, and can also be manipulated
for biotechnological purposes. Therefore, obtaining structural information
of proteins is key for a better design of drugs with therapeutic or biotechno-
logical applications. The same can be said about nucleic acids. The landscape
of DNA structures is much more diverse than thought some years ago, and
non-regular DNAs are emerging as key structures in a variety of biological
processes, such as genome replication, transcription and repair, telomere
maintenance, etc. On the other hand, RNA transcripts, including small and
long non-coding RNAs appear to regulate almost every step of gene expres-
sion and have broad impacts on development and disease (Djebali et al., 2012).
Understanding the structure of proteins and nucleic acids has made possible,
for instance, to design novel genome editing tools such as CRISPR/Cas. De-
spite decades of intense research effort, we are far from understanding many
of the general rules that determine how biomacromolecules acquire their fi-
nal shape, and experimental structural determination is a basic need.
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Naturally, experimentation and computational analysis go side by side help-
ing us to decipher the structural and dynamical basis behind biomolecular in-
teractions. This knowledge will allow us to design and synthetize new cata-
lysts, scaffolds or drugs a la carte, with higher efficiency, stability or new
purposes to intervene or emulate biological processes, bringing us closer to
the challenge of constructing artificial (synthetic) life.

Paradoxically, the function of an increasingly number of proteins, protein re-
gions and also RNAs appears to reside in their ability to remain unstructured.
We have very limited knowledge on these intrinsically disordered macromol-
ecules, which might acquire defined conformations upon interaction with oth-
er cellular components, or promote changes in the physical state of the cell
milieu (phase separation), allowing the formation of biomolecular conden-
sates (or membraneless cell compartments) with multiple purposes such as
transient storage or stress-response functions. Future studies should tackle
the fine analysis (in vitro and in vivo) of how disordered macromolecules in-
troduce order, what triggers the formation of these novel membraneless bod-
ies, and what is their relationship with their aqueous surrounding. Despite
the advances in solving 3D structures of isolated proteins or assemblies, we
are far from understanding the number and versatility of macromolecular
complexes in the cell and when, where, and how they assemble and act in con-
cert. The cell can be considered as a factory with multiple and sometimes
short-lived compartments where the macromolecular content depends on
cell needs and must be carefully controlled. A precise knowledge of protein
and nucleic acids homeostasis — the fine balance between synthesis, folding,
misfolding and degradation - is needed to extract some general rules on when
and where macromolecules are present. Then, these macromolecules associ-
ate in more or less dynamic and transient complexes, and likely interact with
other macromolecular assemblies either free or anchored to membranes, DNA
or other cellular structures, to execute myriads of cellular functions that do
not occur randomly. This subcellular arrangement of macromolecules and
their corresponding associated functions — dubbed “molecular sociology” of
the cell (Robinson et al., 2007) - has a purpose that we aim to recognise. An
integrative approach combining numerous techniques, and the development
of new ones, will be needed for understanding the dynamic arrangement of
subcellular structures, and their relationship with different functions and the
macromolecular complexes that execute them. Of particular interest is the
role of membranes and cell walls as concentrating points of specific functions,
other than the physical separation that they impose. Besides, membrane
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proteins are key molecules in cellular communications, from signal transduc-
tion to transport of ions, metabolites and other molecules, and they protect
living organisms from toxic factors. However, the structure of integral mem-
brane proteins and the nature of membrane-lipid interactions are still poorly
understood, despite its clear importance not only for understanding the very
existence of the cell, but also as obvious targets for drug design. Membrane
proteins are among the most difficult types of proteins to work with, from ex-
pression and purification to their analysis by almost any technology, creating
the paradox that we know the least about one of the most important protein
types (Cheng, 2018).

The knowledge provided by structural biology and biophysical techniques will
shed light on the evolutionary changes that have generally driven macromol-
ecules towards a higher order of complexity, in most cases resulting in finer
tuning, and higher control of their activities. As far as we know, this is usual-
ly achieved through the insertion of new functional domains —in most cases
coming from other proteins—, the incorporation of new subunits into com-
plexes, and through the stable or most times short-lived interactions of the
different complexes that form part of a given process, to make it more effi-
cient and controllable. A thorough comparative structural analysis of pro-
teins, RNA and macromolecular complexes working in similar processes in
different organisms will provide essential information to reconstruct the his-
tory and evolution of life. Ultimately, this knowledge will allow us to design
new biological objects and entities and harness synthetic biology.

2. IMPACT IN BASIC SCIENCE PANORAMA
AND POTENTIAL APPLICATIONS

Since the discovery of the 3D structure of the DNA, the ability to elucidate the
structure of biological macromolecules has caused a broad and profound im-
pact in biology, providing comprehensive understanding of reactions and pro-
cesses that are central for life.

The importance of this field of research resides in part in the finding that mis-
folded and defective macromolecular structures are responsible for many dis-
eases. The first “molecular disease”, sickle-cell anaemia, was recognized to be
aresult of a single mutation causing haemoglobin to polymerize into filaments
that distort and destroy red blood cells. Since then, many molecular diseases,
such as cancer or inborn errors of metabolism are known to result from
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mutations that alter protein structure and function. In only two decades, the
field of structural biology has expanded from the study of soluble proteins to
membrane proteins, from isolated domains to multidomain and large macro-
molecular complexes, and from fixed portrays to dynamic views of macromo-
lecular behaviours (Palamini et al., 2016). This knowledge has contributed
centrally to the understanding of both common and rare human diseases, the
mechanisms of pathogenic infections and to the discovery of remedies for
these maladies. Structural techniques are well established in the pharmaceu-
tical industry for drug-discovery, with a recognized impact in the identifica-
tion of both ortho- and allosteric targets, and in the rational-design and opti-
mization of small-molecule drugs and therapeutic proteins. Of the 210 new
drugs approved by the US Food and Drug Administration between 2010
and 2016, 184 were informed by structural biology (88%) (Westbrook and Bur-
ley, 2019). In combination with powerful genomic and proteomic technolo-
gies, future advances in structural biology, particularly in the study of mem-
brane proteins and large flexible molecular assemblies, will lead to a deeper
understanding of pathologies (e.g., chemotherapy resistance mutations, an-
tibiotic resistant bacteria), uncover more complex targets, yet unknown “drug-
gable” pathways and new modes of action that will boost the development of
new drugs and help to customize tailored therapies in personalized
medicine.

Besides the medical interest, the structural knowledge of macromolecules and
our ability to modify them, modulate their activity or synthetize at will, offers
unlimited biotechnological applications. The structural-guided modification
of proteins with increased efficiency/stability is a common practice in indus-
trial processes, as well as in crop improvement or microbial engineering. Mod-
ifying macromolecules to produce self-assembled nanometric devices (nano-
machines) with particular properties and controlled structure is also an
innovative and exciting field at the frontier between biotechnology and syn-
thetic biology for generating new materials, sensors or “smart” drugs (Schwarz
etal., 2017).

3. KEY CHALLENGING POINTS

There are several challenges that need to be tackled for a proper understand-
ing of how biological molecules originate, assemble, function, interact and
evolve.
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FIGURE 1-a) Crystal structure of the enzyme ester-hydrolase ehlabl from the metagenome of lake Arreo
(Alonso et al., 2019). This is first evidence of a plurizyme with two engineered biological active sites, as
an approach to endow new properties to enzyme scaffolds. The goal is the generation of highly effective
biocatalysts for more sustainable industrial processes, and with enormous potential in many other
therapeutic and diagnostic applications in biomedicine. b) Solution structure of the “snow flea”
antifreeze protein dimer obtained from NMR data. Each monomer builds on six polyproline II helices,
creating a flat and very rigid structure that will potentially be an excellent new material for biotech and
synthetic biology applications (Trevifio et al.,, 2018) ¢) Structure of the reptilian adenovirus at near
atomic resolution by single particle cryoEM. Image provided by Dr. R. Marabini.

3.1. Folding and homeostasis of biological macromolecules

Proteins are large and complex molecules essential to the overwhelming ma-
jority of life processes. What proteins can do depend on their shape, on how
they assemble, move and change. Over the past five decades, different exper-
imental techniques (X-ray crystallography (Fig. 1a), nuclear magnetic reso-
nance (NMR) (Fig. 1b) and cryoelectron microscopy (cryoEM) (Fig. 1c) re-
vealed the 3D structures of alarge number of proteins, and many more await
to be determined. This knowledge has revealed the delicate connection be-
tween structure and function that controls all the life processes, and have shed
light into the mechanisms of how proteins acquire their unique form.

The ability to predict a protein shape from its linear sequence of amino acids
isknown as the “protein folding problem”. Recent fundamental breakthroughs
in the experimental and computational fronts have awakened the interest to
harness this important challenge (Senior et al., 2020), pushing the folding
problem to proteins of increasing size, of disordered nature (see below), or
capable of adopting more than one native form (e.g. morpheeins and meta-
morphic proteins). In addition, it is essential to consider that understanding
how 3D structures are built and maintained requires to comprehend a
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variety of molecular mechanisms controlling all aspects of protein homeosta-
sis, from synthesis and nascent folding, through misfolding and aggregation
to final degradation. Besides increasing fundamental basic knowledge, attain-
ing this challenge will have a profound medical impact. Stress-, mutated-, or
damaged-induced protein misfolding causes disorders. A number of higher-or-
dered misfolded protein assemblies (e.g. aggregates, inclusion bodies, aggre-
somes, stress granules) are linked to neurodegenerative diseases (e.g. Alzheim-
er’s, Parkinson’s, Huntington’s disease, amyotrophic lateral sclerosis) and
aging. Accurate prediction and understanding of protein folding will boost the
research on any biological process and will guide the development of new ther-
apeutic strategies.

We face a similar challenge in the comprehension of RNA molecules. The rep-
ertoire of structural and functional RNA domains has been neglected for dec-
ades and remains mostly uncharacterized. The great flexibility of RNA ham-
pers structure prediction and functional inference, particularly when the
molecules are long. Understanding the 2D RNA scaffolds and their stable or
transient assembly into one or multiple 3D tertiary structures is mandatory
to describe fundamental biological processes with an impact in medicine and
biotechnology. New knowledge about the complexity and versatility of pro-
tein and nucleic acid folding will open opportunities for de novo design of syn-
thetic macromolecules with specific shapes and particular functions of med-
ical and technological relevance (see Challenge 7 and Challenge 8).

3.2. Structural and functional dynamics of molecular machines

To understand function, we need to study the atomic structure of macromol-
ecules in action (Fig. 1). Structural biology, with the relevant contribution of
X-ray crystallography and NMR, has elucidated 3D structures of a vast num-
ber of macromolecules (proteins, DNA, RNA) and their complexes, revealing
the nitty-gritty of catalytic and regulatory mechanisms. Still, our current vi-
sion of the cell macromolecular landscape is very limited, and the shape and
organization of many macromolecules, including the large majority of mem-
brane proteins (see below), remain unknown. In recent years, technological
advances such as high-resolution cryoEM and automatized processes have
accelerated structural research of large macromolecular assemblies. We fore-
see that in the next decades, a combination of experimental and structural
computational approaches will achieve the ultimate challenge of obtaining 3D
information of all proteins and RNAs encoded in a genome.
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In the coming years, the usage of state-of-the-art structural methodologies
- mostly cryoEM and X-ray crystallography —, together with our ability to pro-
duce and isolate macromolecules, are expected to contribute a vast number
of new structures, portraying fixed models, or at best, alimited number of pop-
ulated conformational states. However, going beyond the static picture pos-
es an additional major challenge, encompassing key outstanding questions
that we should aim to solve:

a. What are the internal dynamics and conformational flexibility of a
macromolecule?

b. What are the active and inactive conformational states and their relative
energies?

c. What barriers need to be crossed to switch between states and what is
the kinetics of these transformations?

d. How do mutations, ligands and other elements in the cell environment
alter the structural landscape?

e. How can we use this knowledge to model macromolecular properties?

Understanding the dynamic behaviour of macromolecular structures will in-
volve the development of experimental techniques with spatiotemporal res-
olution including NMR, fluorescent spectroscopy, single-molecule biophysi-
cal methods such as optical and magnetic tweezers (Miller et al., 2018),
ultra-fast EM, time-lapse and time-resolved X-ray crystallography, and the
increased power and robustness of molecular dynamics and structure com-
putational approaches. The integration of all available experimental and com-
putational methods into hybrid structural approaches will be mandatory to:
i) elucidate the function and dysfunction of proteins with well-structured do-
mains and disordered regions; ii) understand how biological macromolecules
interact with water, ions, lipids, and small molecule effectors in solution or at
the membrane; iii) understand the consequences of modifications and muta-
tions; and iv) develop new therapeutic drugs to combat for instance, antibiot-
ic resistant bacteria, emerging pathogens, or chemotherapy resistant
tumours.

3.3. Membrane proteins: folding, structure and dynamics

The study of membrane proteins is one of the biggest challenges at the fron-
tier of structural biology, and deserves a special mention. Approximately one
third of our genetic information encodes proteins (e.g. enzymes, transport-
ers, ion channels, signalling receptors or energy transducers) that exert their
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FIGURE 2-Polymerization of the Focal Adhesion Kinase (FAK) protein on the cell membrane, where it is
activated upon interaction with other proteins. FAK regulates cell adhesion, migration and survival.
Understanding this membrane-associated machinery will guide in the design of new strategies to fight
cancer cell invasion and metastasis. Image provided by Dr. D. Lietha (CIB-CSIC).

function integrated within the lipid bilayers delimiting the cellular compart-
ments. These proteins constitute prime targets for therapeutic drugs because
they perform essential functions in the cell, such as controlling the flow of in-
formation and materials, or mediating hormone action and nerve impulses
(Fig. 2). With membrane proteins being implicated in many different diseas-
es (e.g. heart disease, Alzheimer’s, cystic fibrosis) it is of crucial importance
that their structures are characterized for novel therapeutic strategies and
treatments to come to light. However, out of the ~8.000 known membrane pro-
teins found in human cells, less than 300 have their atomic structure deter-
mined, mostly due to the difficulty in producing and isolating these macro-
molecules in soluble conditions.

Thus, a major hurdle will be to optimize or develop new techniques to engi-
neer and produce membrane proteins that can be later characterized by struc-
tural methods. Some membrane proteins are synthesised by the ribosome just
like other soluble proteins and then have to make their way to different
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membrane locations within a cell, while others follow specific translation and
translocation strategies. How does the cell cope with the unique and some-
times conflicting demands on membrane proteins for folding, translocation
and stability? How are these proteins transported to the membrane? How do
membranes shape protein structure? How do specific lipids interact and mod-
ulate protein activity? How do membrane proteins interact and assemble with
other proteins either soluble or membrane-bound? How signal transmission
is produced across the membrane? Hence, membrane proteins present three
important challenges for which structural biology could be of paramount
relevance:

a. Tounderstand biogenesis, maturation and trafficking of membrane
proteins (e.g. structural biology could contribute by reporting the
intermediate states in biogenesis and/or the proteins implicated in
translocation and transport of organelles).

b. To characterize the structure-function relationship of membrane
proteins. A relevant derived question is to understand the role of specific
lipids in the structure and function of membrane proteins. In this sense
isolation of membrane proteins with their own lipids avoiding the use of
detergents could be crucial.

c. Tounderstand dynamics of membrane proteins and transient
interactions among them. Relevant in this dynamic is to understand
both, the internal dynamics of membrane protein itself and the external
dynamics, i.e. their mobility across the membrane. Structural biology
can make relevant contributions by characterization of transient
complexes, such as a receptor bound to a channel or a receptor bound to
a transporter. Characterization of such oligomers could be of critical
relevance for their validation in vivo (e.g. by site directed mutagenesis)
and to the development of new drugs (e.g. by specific design of drugs
modulating interactions between proteins).

3.4. Liquid-liquid phase separation and the formation

of biomolecular condensates or membraneless bodies

Contrary to previous thinking, intracellular organization is not only based on
the formation of membrane-based compartments. Others compartments ex-
ist that rely on liquid-liquid phase transitions, a process by which a group of
biomolecules - proteins and/or RNA - change from one physical state to an-
other that separates from the general aqueous environment, triggering the
formation of transient membraneless structures. Among these
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membraneless organelles, the best known are the centrosome, viroplasms and
P bodies in the cytoplasm, or the Cajal bodies and the nucleolus in the nucle-
us. These not well-understood compartments serve for multiple purposes
such as storage, localised functions or virus assembly (Heinrich et al., 2018).
The goal here is to analyse the fine structure (in vitro and in vivo) of mem-
braneless bodies, to understand what triggers their formation and what is their
relationship with their aqueous surrounding. A rapidly growing group of pro-
teins with part or all of their sequence in a naturally disordered state is in-
volved in the formation of membraneless bodies. Not much is known about
these intrinsically disordered proteins (IDP), and different techniques must
be used to study how they interact among them or with structured proteins,
and whether they acquire secondary structure upon interaction.

3.5. Assembly of macromolecular networks

Macromolecules rarely act as single entities. Most of life processes, including
cell signalling, metabolic pathways, immune response, or the replication and
transmission of genetic material, depend on the often transient association
of macromolecular complexes. To truly understand the structural bases of life
we face the challenge of describing these macromolecular complexes and the
inherent processes that control their assembly and disassembly. What are the
stable and transient interactions between macromolecules and how do these
influence their functions? How do these “interactomes” change in time, with
cell type (e.g. neuron vs. hepatocyte, quiescent vs. proliferating/tumoral) or
environmental conditions (e.g. metabolic state, stress, pathologies)? How can
they be isolated or studied in vivo? Are there common patterns for protein in-
teraction? Can we predict recognition interfaces? This challenge requires
pushing forward the technological frontiers of integrated structural hybrid
methods, in combination with super-resolution cell imaging techniques, nov-
el biophysical methods, and massive -omics data.

Elucidating the dynamic organization of macromolecule networks will shed
light on central biological processes, such as: i) the assembly-disassembly of
viruses, ii) the architecture and regulation of chromatin, iii) the intricate com-
plexity of cell-walls in plants or bacteria, v) the organization, function and
“druggability” of membrane anchored macromolecular ensembles, vi) signal-
ling events triggered by secondary messengers such as Ca2* and hormones, or
vii) the recognition of natural chemicals or drugs by membrane receptors,
among others.
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3.6. In cellulo observation of molecular machines at work

The structural study of the macromolecules of life needs to consider the com-
plexity of the environment and its impact on the structural dynamics of any
molecular system. Besides, some macromolecules are functional — or even ex-
ist - only in their native niche and some supramolecular assemblies cannot
be extracted from the cell. Thus, improvement of current techniques and de-
velopment of new tools are needed to study macromolecular structures in
their native context. We need non-invasive methods that provide a detailed
molecular view of the intracellular environment, of the molecular crowding
and of the distribution and relative disposition of supramolecular assemblies,
including those at the membrane. In sum, we want to take a look at the mac-
romolecular landscape of the cell to further investigate how actions are
regulated.

This challenge will require modelling across disparate scales, integrating
high-resolution cryoelectron tomography and, in general, time-resolved cry-
oEM, in vitro molecular function, correlated light microscopy and EM, and
the accumulated structural and dynamic information of isolated macromo-
lecular components with cellular -omics data (Rout and Sali, 2019). Using all
this information (which is a type of complex big data problem, involving mas-
sive amounts of heterogeneous information), it will be possible to make ahuge
qualitative jump in our ability to reconstruct cellular interactomes and shed
light on the interconnected cellular pathways. In the past few decades, there
have been incredible progress in deciphering macromolecule structures
thanks to recombinant molecular biology and “classical” structural methods.
But there is much more to learn for the next generation of structural biology
approaches, starting from the rupture with the simplification and idealization
of the cell as a machine composed of discrete elements, and the assumption
that by defining the structure/function of each and every one of these ele-
ments it will be possible to reconstruct the function of the system as a whole.
Our current knowledge only allows us to grasp the entangled molecular or-
ganization, and we are still largely unaware of the number and complexity of
the interactions, reactions and conditions within the cellular milieu, and how
they modulate known and yet to be discovered macromolecular functions. In
the next decades, we will use the experimental structural, dynamic and topo-
logical data to apply artificial intelligence to infer molecular interactions, in-
terconnect cellular pathways and construct models of biological systems (see
Challenge 5).
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3.7. Understanding macromolecular evolution complexity

The evolution of life complexity is poorly understood. Although we accept that
there has been an increase in complexity along the history of life, the origin
of this complexity and the concept itself are hard to define. Modern biology
has proven a deep relationship in genes, basic molecular mechanisms and
macromolecular interaction networks between very distant organisms. Com-
parative structural analysis of the machinery responsible for similar process-
es across species will help us to reconstruct the history and evolution of life,
providing an explanatory framework for understanding how macromolecules
evolved into more controllable and sophisticated systems (Bamford et al.,
2005; Beck et al., 2018). This knowledge, in turn, can eventually be used to de-
sign synthetic, tailored enzymatic pathways, signalling modules, self-assem-
bling nanomaterials or the construction of a synthetic cell from its constitu-
ent molecular components that could include new functional modules (see
Challenge 8).
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ABSTRACT

Evolutionary biology seeks to understand how
biological diversity originates and is
maintained. High-throughput sequencing
permits assembling chromosome-level
genomes, characterizing single-cell
transcriptomes, and determining epigenomic
modifications. Once widely applied to the
diversity of living organisms, the reconstruction
of the Tree of Life and the identification of the
genomic targets of natural selection will be
achieved.
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EXECUTIVE SUMMARY

The continuous improvement of high-throughput sequencing opens the pos-
sibility of completing high-quality reference genomes for all living species in
due time. This will allow reconstructing a robust Tree of Life (ToL) using phy-
logenomics and further our understanding of the genomic drivers underpin-
ning the origin and diversification of life using evolutionary genomics. It is a
cumbersome task not exempt of major challenges that require strong network
collaboration and dedicated computer resources to manage and analyse big
data. Main efforts will be centred on obtaining the samples (neglected taxa
and uncultivated microbes) from biotic frontiers, dealing with giant genomes
and important proportions of repetitive elements, identifying homology types
and ploidy, detecting genomic hallmarks of selection, inferring candidate gene
functions, and on gathering and incorporating long term natural history, ge-
ological, ecological, and environmental associated metadata under a phyloge-
netic framework. Certainly, the CSIC is in a privileged position to tackle such
an endeavour, with renowned experts working across many microbial, ani-
mal, plant, and fungal lineages, conducting leading research in phylogenom-
ics and evolutionary genomics. By setting along-term programme under these
auspices, the CSIC should be able to catalogue biodiversity, understand the
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origin of species, unveil the mechanisms underlying evolutionary adaptation,
enhance conservation of nature, and discover in related species within the
ToL, numerous useful natural metabolites and drugs, which are the products
of million of years of evolution and selection, contributing to human welfare
and a better knowledge of global change on Earth.

1. INTRODUCTION AND GENERAL DESCRIPTION

Darwin’s Theory of Evolution is a unifying principle in biology, which estab-
lishes natural selection as the main mechanism underpinning the origin and
maintenance of biological diversity. For more than a century, evolutionary bi-
ologists have been documenting the endless pathways explored by natural se-
lection to generate biodiversity, in order to infer general evolutionary laws.
Understanding evolution requires a multilevel approach to determine eco-
system assembly and function, ecological interactions, and the genomic basis
of adaptation. Finding appropriate model (or organismic) systems to study
evolution is not easy, as it is a gradual process that takes many generations to
become evident. One possibility is to draw upon artificial selection performed
by humans on taxa either with fast evolutionary rates (viruses and bacteria),
or that were domesticated in historical times. An alternative is focusing on
cases in which natural selection either accelerated diversification rates (adap-
tive radiations) or ended in convergent solutions.

The top priority of evolutionary genomics for the coming years is to complete
the genome sequences of every living organism in order to delimit species
boundaries, reconstruct the Tree of Life (ToL), and perform comparative anal-
yses aimed at determining the genomic drivers of adaptation (Richards, 2015).
This is an ambitious task (there are at least 1.5 million named eukaryotes and
between 1 and 10 million Archaea and Bacteria yet to be named; Yarza et al.,
2014) that should become increasingly feasible as new sequencing technolo-
gies, bioinformatics tools, and computer resources improve beyond what is
currently available (Lewin et al., 2018). For example, unlocking the access to
microbial genomes without the need of purifying them was not possible un-
til the metagenomic approach was developed (e.g., Almeida et al., 2019).

After the completion of the human genome, and in less than 20 years, evolu-
tionary genomics has experienced an unprecedented momentum thanks to
the continuous improvement of high-throughput sequencing technologies,
which have steadily increased the yield of reads, decreased costs
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considerably, and improved the overall quality of results (Goodwin et al.,
2016). At present, sequencing based on short reads is used widely to obtain
transcriptomes, re-sequence genomes or generate thousands of phylogenet-
ic markers through target enrichment. Moreover, it is now possible and in-
creasingly affordable to obtain reference genomes with chromosome-level
scaffolds through the combination of long reads (Amarashinge et al., 2020)
and technologies that capture chromatin information.

While waiting for high-quality reference genomes covering all biodiversity, a
plethora of other genomic resources was designed to address specific evolu-
tionary questions in a cost-effective manner. These technologies are still use-
ful and their efficiency will improve in the years to come. For instance, mitog-
enomes have been widely used to reconstruct robust phylogenetic trees (below
the order level) for many years, and now they can be routinely sequenced on
aspecies pool and subsequently assembled and separated into sequences cor-
responding to each species present (the so-called “mitochondrial metagen-
omics”; Arribas et al., 2019) or obtained as by-products of transcriptome pro-
jects (Plese et al., 2019).

Application of RNA sequencing to evolutionary genomics studies has also
bloomed during the last decade, as transcriptomes constitute a good proxy of
the whole gene repertoire of an organism, but cheaper to sequence and much
faster to assemble, annotate, and analyse than a genome. Phylotranscriptom-
ics has been used successfully to reconstruct robust large phylogenies (e.g.,
Laumer et al., 2019), but one of its caveats is the necessity of fresh specimens,
as RNA degrades easily if not preserved appropriately. To circumvent this lim-
itation, several genome skimming techniques were developed with the aim of
high-throughput sequencing specific genes from DNA. These techniques have
paved the way to “museomics”, the high-throughput sequencing of preserved
museum and herbarium samples, therefore unlocking a new wealth of pre-
cious material (type series, rare, and recently extinct specimens) key to illu-
minate the ToL (Trevisan et al., 2019).

Handling such massively generated sequence data has required the develop-
ment of appropriate computational resources, which have flourished rapidly
over the years. The cornucopia of bioinformatics tools now available to as-
semble genomes and transcriptomes allow the different research groups to
construct pipelines tailored for their specific needs. There is also a wide vari-
ety of software packages at hand for automated annotation, although this step
still renders many “hypothetical” protein-coding sequences due to the
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FIGURE 1-Number of sequenced genomes in three selected clades of the ToL. The animal and plant
phylogenies are modified from Laumer et al., 2019 and Chen et al., 2019. The setting of common high
quality standards should be yet another advantage of building partnerships. International consortium-
type efforts driven by researchers working in a given taxon should be complemented with broad
programmes funded by institutions or governments.

BACTERIA PLANTAE

— Clostridia  Number of available genomes

+20,000 I
1,000-20,000
100-1,000 I
Firmicutes 1100

Chlamydiaceae

= Planctomycetaceae
Spirochaetales

Rhodophyta
yta

Number of available genomes

10-50
Chlorophyta 5:: -

Streptophyta

Pteridophyta

Actinomycetales Gymnosperms
rade

AFEG Cyanobacteria

—  Acidobacteria
Campylobacterales

Angiosperms
siosp Monocots

~—%== Magnoliids + Chloranthales
= anunculids + Proteales + Buxales

:’? es + + Trochodendrales
g Caryophyllaes +
ng Berberidopsidales

+ Core Asterids

E Alphaproteobacteria

Santalales + Vitales +

Gammaproteobacteria Saxifragaless + Core rosids

METAZOA Bryozoa
Phoronida
A'iBrathiupoda
‘ Annelida
Mollusca
Nemertea
Entoprocta _Cycliophora
Platyhelminthe:
Gastrotricha
e Syndermata
aetognatha Gnathost lid.
> Arthropoda
Onychophora
=
Priapulida Tardigrada
_EEEchinodermata
—== Hemichordata
Craniata
Urochordata
Cephalochordata —= Acoela
Aﬁ_% Nemertodermatida
——— a
————— Placozoa
—!g Porifera Number of available genomes
—— +s0 I
J Ctenopt 10-50
Choanoflagellatea 610 N

15

76 The Tree of Life: Intertwining Genomics and Evolution

© CSIC © del autor o autores / Todos los derechos reservados



VOLUME 2 | ORIGINS, (CO)EVOLUTION, DIVERSITY AND SYNTHESIS OF LIFE

incompleteness of the currently available gene databases. Phylogenetic meth-
odologies are also readily adapting to the use of large multilocus sequence da-
tasets. On the one hand, universal protein-coding genes are being selected on
the basis of their relative evolutionary divergence to maximize phylogenetic
signal (Parks et al., 2018). On the other hand, phylogenomics is shifting from
concatenating all data to the use of coalescent-based approaches that infer
trees from every single gene, thus obtaining a more complex vision of the evo-
lutionary history of the organisms (Bravo et al., 2019). Finally, numerous sta-
tistical methods to deepen into patterns of evolution under the comparative
method have been developed during the last years. These methods use phy-
logenetic frameworks not only to reconstruct the past (e.g., how a trait evolved,
how fast a clade diversified) but also to inform about the present (e.g., how
many uncultured microbial species are there), and to predict the future (e.g.,
how an alien species will invade an ecosystem, how a parasite will switch its
host).

A genomic approach to global biodiversity requires collaboration of research
communities at the international level given the great number of taxa that are
currently targeted. Most efforts to date have been concentrated on verte-
brates, and the vast majority of the ToL awaits attention (Fig1). Research col-
laboration should work at different levels from coordination of the sampling
effort to the sharing of computing resources and pipelines in the cloud.

As the sequencing of the human genome produced a paradigm shift in medi-
cal research, the sequencing of reference genomes representing life diversity
on Earth should bring about a revolution in evolutionary biology in the com-
ing years (Richards, 2015). It will be possible to address many of the current
challenges in the field including reconstruction of robust phylogenetic rela-
tionships, improved determination of orthologous and paralogous relation-
ships, characterization of the tempo and mode of gene family evolution, un-
derstanding of genome dynamics, identification of the genomic targets of
natural selection, exhaustive detection of evolutionary innovations, recogni-
tion of causal connections between genotype and phenotype, recognition of
the genomic regions and functions responding to environmental change, etc.
Altogether, the availability of reference genome should set the basis to glob-
ally enhance biological research (and conservation) of previously neglected
groups, as many latest technologies are only applicable if genomic data are
available (Richards, 2015). A genomic approach to the ToL has also important
applied deliverables and for instance, it should accelerate the discovery in
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related species within the ToL of a variety of highly efficient and specific me-
tabolites and natural drugs, which are the products of millions of years of evo-
lution and selection (see also Challenge 2 and Challenge 7).

2. IMPACT IN BASIC SCIENCE PANORAMA
AND POTENTIAL APPLICATIONS

The completion of reference genomes representing the diversity of life should
have a long-lasting impact on basic and applied biology. A first main outcome
will be the full resolution of the ToL, which is essential for any downstream com-
parative biological research (see also Challenge 3 and Challenge 6). Resolving
the ToL will generate enormous knowledge not only on biodiversity patterns
and relationships, but also on ecosystem complexity and function, and will help
discover the fundamental laws governing evolutionary processes (see also Chal-
lenge 4). This knowledge should enable conservation of biodiversity and max-
imize returns to society and human welfare (Lewin et al., 2018).

But there are still many unknown taxa to be incorporated into the ToL as well
as many recalcitrant tree internal relationships to be resolved. A large por-
tion of the unknown in the ToL is constituted by microbiota (Archaea, Bacte-
ria, and unicellular eukaryotes; note that viruses cannot be included in the
ToL, see Moreira and Lopez-Garcia, 2009) from extreme or highly inaccessi-
ble environments. A large survey of 16S rRNA diversity indicated that most of
the known microbial diversity arises from the exploration of highly redun-
dant environments, whereas all yet unexplored natural systems constitute a
source of novelty (Yarza et al., 2014). The number of microbial species cur-
rently classified is seriously underestimated because many have never been
brought to pure culture. In this regard, accepting a DNA sequence to become
type material would open the door to classify metagenome assembled ge-
nomes (MAGs) and single cell amplified genomes (SAGs), enhancing the ac-
count of the real species diversity of the microbial world (Rossello-Mora et
al., 2020).

One reason to unveil unknown microbial diversity is to broaden the general
knowledge that has been gained from model organisms such as Escherichia
coli or Saccharomyces cerevisiae. As more microbial species are identified, it
is becoming clear that the existing diversity of molecular, cellular, and func-
tional biology in nature goes far beyond what has been learnt from model or-
ganisms (e.g., Rivas-Marin et al., 2016). Another important reason to enhance
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microbial species discovery is to help discern the relative contribution of Ar-
chaea and Bacteria to the endosymbiotic origin of Eukarya (see also Chal-
lenge 1). For instance, a new phylum of Archaea, the Lokiarchaea, was recent-
ly identified through metagenomic analysis of deep marine sediments. The
genomes of these cells contained the highest number of previously consid-
ered eukaryotic-specific features, although the cells lacked the eukaryotic-like
cellular organization (Imachi et al., 2020). Moreover, various phylogenies con-
sistently placed eukaryotes within the Lokiarchaea phylum, although the de-
bate remains open. Finally, an applied reason to promote wide microbial pros-
pecting is that they are likely the source of many new metabolic routes of
importance in global cycles and many interesting products of biotechnologi-
cal utility that could be detected as more efficient bioinformatics tools are
developed.

Within eukaryotes, studying the origins of multicellularity will concentrate
many efforts in the next decades. The evolutionary transition to complex mul-
ticellularity has occurred independently in plants, animals, fungi, (green,
brown and red) algae, and some slime molds. The incorporation of unicellu-
lar relatives into phylogenetic studies has been of paramount importance to
gain better knowledge on the origins of multicellularity. The transitions to
complex multicellularity seem to require co-option of genes already present
in the ancestral unicellular forms, which were already complex organismes,
having extracellular matrix components and intricate signalling pathways
(e.g., Sebé-Pedros et al., 2017). The foreseen availability of reference quality
genomes from more unicellular lineages, together with the implementation
of genome editing technologies (e.g., CRISPR) will undoubtedly fuel studies
on this topic.

One relevant source of unresolved nodes in the ToL is constituted by highly
diversified taxa originated through rapid radiations, which are commonplace
at different taxonomic levels. In addition to the difficulty of inferring phyloge-
netic relationships due to the intrinsic short internal branches, the challenge
has been to determine whether shared polymorphism between radiated taxa
is due to recent divergence and incomplete lineage sorting, or partly the re-
sult of hybridization and gene flow during speciation. Whole-genome assem-
blies will not only provide increased power to definitively resolve phylogenet-
icrelationshipsin rapid radiations, but also to address the role of hybridization
in promoting, not preventing, speciation (Stryjewski and Sorenson, 2017). In
this sense, comparative genomics is and will be expanded enormously to the
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population level (i.e., population genomics) aiming at understanding the rel-
ative role of natural selection, genetic drift, migration, hybridization, incom-
plete lineage sorting, and demography on the diversification of species. The
continuum of speciation can be comprehensively studied at an unprecedent-
ed resolution from population fragmentation and ecological divergence to lin-
eage split and species formation. This is of paramount importance to under-
stand how organisms interact with the biotic and abiotic components of
landscape heterogeneity, which has major implications to forecast their fu-
ture responses to global change.

Connecting genotype, phenotype, and environment (see also Challenge 4) is
still a major challenge that will benefit from evolutionary genomic studies
(Edelaar et al., 2017). Phenotypic plasticity, the ability of a genotype to pro-
duce different phenotypes when exposed to different environments, is a per-
vasive feature of life. It may have important evolutionary and ecological con-
sequences affecting biotic interactions and ecological niches, as well as shaping
species coexistence and ecological network structure and dynamics (e.g., Sex-
ton et al., 2017). However, the role of phenotypic plasticity in adaptation and
the contribution of epigenomic changes remain largely unexplored and are
topics that will be of particular relevance in the years to come due to anthro-
pogenic pressure (habitat loss, global warming, invasive species, tolerance to
pollutants, etc.).

Similarly, the genomics of adaptation is also a flourishing topic, fuelled by the
increasing availability of high-quality genomes from a wide range of organ-
isms. The broad implementation of genome-wide association studies (GWAS)
such as those already performed to understand the diversity of dog breeds
(Plassais et al., 2019), will be key in associating population genetic variants to
phenotypic traits under selection, identifying the specific genomic regions in-
volved in restricting gene flow among populations, understanding the relative
importance of polygenic traits under the influence of many loci and those con-
trolled by a few loci of large effect, as well as assessing the pleiotropic effects
of single genes on different traits (e.g., Morris et al., 2019). Importantly, by
comparing appropriate evolutionary model systems (e.g., adaptive radiations
and/or cases of convergent phenotypes), a genome-wide approach to study
adaptation and speciation will help revealing the relative importance of reg-
ulatory versus coding genomic regions as targets of natural selection, of key
innovations versus multiple accumulative changes, of orphan genes versus
gene families, etc.
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At higher levels of biological organization, the use of phylogenies has broad-
ened our understanding of ecological communities, being nowadays a stand-
ard approach in studies from many ecological disciplines such as conserva-
tion biology, community ecology, biogeography, and macroecology (Srivastava
et al., 2012). Phylogenetic diversity may affect the functioning of ecosystems
as intensively as taxonomic or functional diversity. The phylogenetic trait-
based analysis of ecological networks emerges as a novel way of incorporat-
ing the evolutionary history of the interacting guilds to understand how they
assemble. But the wider availability of genomic data for many taxa should defi-
nitely benefit conservation policies, planning, and management. Metabarcod-
ing and mitochondrial metagenomics exploit all the potential offered by
high-throughput sequencing to detect and identify anywhere thousands of
species at a time from mass-collected, bulk samples of organisms or from en-
vironmental DNA (Deiner et al., 2017). These tools are applied to the study of
manifold questions about spatial and temporal biodiversity patterns, as well
as for biodiversity conservation and management. In fact, their combination
with Earth Observation technology has been proposed as the most promising
and efficient way of monitoring management impacts on biodiversity, its func-
tions and services (Bush et al., 2017). Providing a phylogenomic context to the
massive community level datasets generated by metagenomics, particularly
from the so-called “biotic frontiers”, opens a window to new analyses over
these datasets, including the study of phylobetadiversity, diversification dy-
namics, or co-occurrence networks (e.g. Goberna et al., 2019).

3. KEY CHALLENGING POINTS

Sampling efforts at a global scale: The sampling of representatives of the dif-
ferent living species is and will likely be one of the most critical problems to
solve. The access to taxa in the field is generally difficult and in the worst cas-
es could be particularly costly in extreme environments such as the deep sea,
or risky in politically unstable regions. There are important ecosystems that
have been barely explored and their diversity is largely unknown. Among
them, the ultimate “biotic frontiers” are probably within the microbial world,
as well as the soil and deep-sea sediment mesofauna. At present, individual
researchers mostly accomplish field sampling without further coordination.
Therefore, there is an urgent need for large, multidisciplinary, and collabora-
tive expeditions concentrated on biodiversity hotspots and biotic frontiers.
Sound examples are the Our Planet Reviewed, Tara Oceans and Malaspina ex-
peditions focused on diverse marine environments (e.g., Acinas et al. 2019)
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Also, wide implementation of site-based approaches to characterise genom-
icdiversity at the community scale could play an important role in sample ac-
quisition (e.g., the Genomic Observatories; Davies et al., 2012).

Sampling for downstream genomic and transcriptomic analyses needs pres-
ervation methodologies that ensure obtaining high molecular weight DNA
and intact RNA, respectively. This includes the proper handling in the field
(including laborious tissue dissections) and adequate preservation in collec-
tions according to standardized protocols not yet widely implemented. Al-
though there are automated sequence-based barcoding solutions for the iden-
tification of well-known species, the unambiguous identification of poorly
known, cryptic, and unknown species ultimately requires sound reference
collections of type material and the dedicated work of experienced taxono-
mists, often unavailable for neglected, highly diversified groups. The need for
vouchers (representative samples deposited and stored in collections) and cu-
rated metadata as well as for protocols of data processing and sharing are then
important issues that await coordination. Organized efforts are underway to
sequence Bacteria and Archaea (the Earth Microbiome project; Gilbert et al.,
2014) and Eukarya (the Earth BioGenome project; Lewin et al., 2018). These
global initiatives use a taxonomically driven format, for which the contribu-
tions of natural history museums, botanical gardens, zoos, and aquaria are es-
sential. To accelerate sampling, they intend to capitalize on the burgeoning
citizen scientist movement (fuelled by the internet and social media) and new
autonomous robotic technologies (Lewin et al., 2018).

Genome sizes, repetitive content, and ploidy. Despite the progress in sequenc-
ing technologies, there are some genomes that due to their large size, high
content of repetitive elements, and/or polyploidy, remain a major challenge
in terms of assembly and annotation. Genome size plays a key role as an evo-
lutionary driver, given its implications in the biology of organisms (e.g., Pel-
licer et al., 2018), and it is a fundamental trait to consider when designing a
sequencing project, as it provides essential information for estimating over-
all costs, needed resources, and expected drawbacks. For example, the assem-
blies of the giant genomes of the marbled lungfish (Protopterus aethiopicus,
1C=129.90 Gb) and the monocot lily Paris japonica (1C=148.80 Gb) are chal-
lenging and will require the development of new technologies and computer
tools.

Genome size dynamics are mainly regulated by the relative frequency of am-
plification versus deletion of repetitive DNA and/or the incidence of
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polyploidy. Repetitive elements (transposable elements and tandem repeats)
constitute a significant fraction of animal and plant genomes. Given the ubig-
uitous nature of transposable elements, they may alter gene expression
through insertions, activate responses to stress enabling genetic adaptations,
or have an influence on chromosomal restructuring, among others. As repet-
itive elements accumulate in the genome through time, they are more likely
to undergo erosion resulting in an overall landscape of degraded repeats, of-
ten called the “dark matter” of the genome (Maumus and Quesneville, 2014).
Therefore, young genomes would have more homogenous repeat profiles,
whereas in giant genomes the repetitive fraction of the genome would show
a substantial proportion of uncharacterised and probably defunct elements.
Deciphering the structure, function, and dynamics of the dark matter of ge-
nomes will be one of the major challenges in evolutionary genomics in the
coming years.

Genomes resulting from polyploidy and/or whole genome duplication (WGD)
events are particularly interesting for evolutionary studies but also challeng-
ing in terms of assembly and annotation due to their large sizes and impor-
tant levels of paralogy. Polyploidy has been frequently associated with ances-
tral hybridisation episodes, and it has been largely studied in plants because
of its consequences at the genomic and phenotypic levels. The increasing tran-
scriptomic and genomic data being made available in recent years has evi-
denced that WGD has been arecurrent phenomenon in the evolution of plants
(Landis et al., 2018) and occurred early in vertebrate diversification. Both in
plants and animals, polyploidy is usually counterbalanced with genomic re-
structurings resulting in the loss of alarge fraction of the duplicated genome.
The retained duplicated genes may acquire new functions resulting in novel
forms of adaptation. However, establishing a link between such processes and
diversification bursts through the rise of new phenotypic acquisitions has
proven complex (Landis et al., 2018) and constitute an interesting line of re-
search for the near future. Finally, it is important to note that humans, through
domestication, have long selected polyploids to improve aquaculture and ag-
ricultural systems (e.g., strawberries, cotton, salmon). The evolutionary dy-
namics of domesticated polyploid genomes and their adaptive consequences
are and will be fascinating topics of research with applied deliverables.

Homology assignment. Homology, or the similarity due to shared ancestry, is
a central concept in evolutionary biology. Identifying homology is key to un-
derstanding what has been retained by selection, and what has changed in
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structure and/ or function during evolution. Two genes can be homologous if
arisen through speciation (i.e., orthologous) but also if arisen through dupli-
cation (i.e., paralogous). Sequence similarity searches cannot distinguish or-
thologous from paralogous genes, and both from functionally convergent
genes. The only way to assess homology is through the reconstruction of phy-
logenetic trees, and this is particularly challenging when analysing the com-
plete gene set of a genome. A remarkable number of algorithms have been de-
veloped in the last decade to infer homology types. An immediate undesirable
consequence is that homology assignments are in most cases not comparable.
The past decade has seen aburst of genome and transcriptome sequences from
non-model organisms, but often, these datasets are incomplete, and contain
errors and unresolved isoforms. These can severely violate the assumptions
underlying some homology inference methods. Hence, it is expected that as
more high-quality genomes are assembled, homology determination will be-
come more reliable, which is fundamental, as evolutionary genomics needs
to distinguish the different types of homology, and the reconstruction of the
ToL can only be based on orthologous genes.

A related problem is the accurate identification of orphan genes, i.e. genes
restricted to a taxon that do not possess homologs in any other lineage (see
also Challenge 2). Some animal lineages can have up to 30% orphan genes in
their genomes (Fernandez and Gabaldén, 2020). Orphan genes can arise from
duplication, rearrangement (including fusion and fission) and further fast di-
vergence, but also from de novo evolution of non-coding regions, including
translation of neutrally evolving peptides (Rodelsperger et al., 2019). Orphan
genes could also result from loss in stem lineages during evolution. For instance,
a massive gene loss has been described recently in all lineages of animals
(Fernandez and Gabalddn, 2020), and some genes remaining in restricted clades
might have then become orphan. The rapid population of databases with nearly
complete genome sequences of rare, neglected or previously difficult-to-sequence
taxa, will potentially modify the predictions for the number of orphan genes
in most lineages.

Horizontal gene transfer. One of the biggest challenges of the current decade is
the evaluation of the extent of horizontal gene transfer (HGT) occurring among
Archaea and Bacteria in their natural environments, and how that would affect
our view of the real diversity of these taxa. It has been proposed that prokary-
ote taxa evolution cannot be fully described without HGT (Palmer et al., 2019),
and that genetic exchanges are so rampant that would blur the ToL at least for
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these taxa. The latter may be too extreme, as the most recent phylogeny based
on almost 100k genomes fairly mirrored the reconstructed trees based on
the 16S rRNA gene, which is assumed to be inherited only vertically (Parks et
al.,, 2018). At present, there are different platforms such as the MiGA database
(Rodriguez-R et al., 2019), which acquire and organise high quality genomes
from new microbial isolates, as well as MAGs from environmental samples and
species microbiomes. Therefore, this will provide access to statistically sound
datasets to both reconstruct the Archaea and Bacteria ToL and trace HGT. In
eukaryotes, detection and validation of HGT have demonstrated to be far more
complex, and often require high coverage of the genomes as well as strict con-
trols for bacterial contamination. That said, there are plenty of examples of HGT
to eukaryotes (Husnik and McCutcheon, 2018). In eukaryotes, when a complete
gene is transferred from Archaea or Bacteria, the gene function can be retained,
widening the functional complements of the organism, including nutritional
improvements, toxin delivery, adaptation to extreme environments, and pro-
tection from archaeal or bacterial pathogens. There is no doubt that as genome
quality improves and more neglected taxa are sequenced, the extent and diver-
sity of HGT in eukaryotes will be finally unveiled.

Tree discordance. Phylogenetic analyses based on the different genes within
and genome or a transcriptome render gene trees, which may differ from each
other and may depart from the species tree (Degnan and Rosenberg, 2009).
The study of tree discordance can provide useful insights on the effective pop-
ulation size of ancestors, rates of species divergence, and comparative infor-
mation on how different genes evolved through time. Two non-exclusive evo-
lutionary processes account for tree discordance: incomplete lineage sorting
(ILS) and introgressive hybridization. ILS or deep coalescence occurs when
intraspecific gene polymorphism lasts longer than speciation events. It is a
widespread phenomenon, predicted to be highest when ancestral effective
population sizes are large, as well as for cases of rapid species divergence.
Post-speciation introgression, or the incorporation of genetic material from
one lineage or deme into the gene pool of another by means of hybridization
and backcrossing is also a common phenomenon widespread across the ToL,
(Mallet et al., 2016).

The accurate discrimination of factors that lead to tree discordance is one the
major challenges in phylogenomics. Because ILS and introgression between
closely related taxa may produce similar discordant phylogenetic trees, dis-
tinguishing between both is complex, and requires developing appropriate
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statistical approaches that use whole-genome data in reduced taxon datasets
(Durand et al., 2011). These tests are in their infancy and their improvement
(e.g., by inferring the direction of gene flow in large taxon datasets) represents
an open and active field.

Beyond phylogenetic inference, ILS and introgression are of great importance
to understand the evolutionary processes promoting or limiting species di-
vergence. This is fundamental for accurate species delimitation, and thus for
properly assessing biodiversity and managing conservation units. Most re-
search on ILS and introgression has been conducted under simulated scenar-
ios or relatively small empirical datasets. However, in the coming years, there
will be an unprecedented bloom of population genomics studies thanks to the
increasing possibility of sequencing genomes at the population level, includ-
ing genome phasing (i.e., distinguishing alleles), which provides a promising
scenario to study ILS and introgression at a wider scale. This implies the use
of coalescence-based phylogenetic methods (Bravo et al., 2019), which are cur-
rently under active development. Future implementations involving co-esti-
mation of phylogeny and coalescence time at the genomic scale could largely
address current caveats (e.g., systematic error). This is not yet possible and
needs to become viable.

Incorporation of fossil data and molecular clock analyses. Extinct taxa represent-
ed in the fossil record allow understanding the stepwise evolution of characters
and body plans, better constrain ancestral character states and infer the timing
of major diversification events. In this regard, large-scale morphological matri-
ces have been generated, even including stratigraphic ranges or biogeographic
events. Incorporating paleontological data into phylogenies of extant taxa has
aremarkable effect in topology inference (Koch and Parry, 2019), but it is not
straightforward. During the last decade, a plethora of total-evidence methods
have been developed that allow the simultaneous estimation and dating of the
relationships among living and fossil taxa using molecular and morphological
data, respectively (e.g., Ronquist et al., 2012). Whereas realistic models of evo-
lution exist for the molecular partitions, the models for morphological evolu-
tion are not yet fully developed and this field is still in its infancy. Importantly,
the computational burden of these approaches is prohibitive. The upcoming
years will see a revolution as total evidence approaches resolve the above-men-
tioned problems and enter into the genomic era.

A phylogenetic tree represents both the relationships among taxa (topology)
and their relative divergence from most common ancestors (branch lengths).
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The latter can be used to infer the evolutionary timescale for the origin and
splits of lineages, and thus inform about what were the circumstances (e.g.,
climatic, geological) surrounding the diversification processes. The most wide-
ly used strategy to date a phylogenetic tree is to transform branch lengths into
time by calibrating certain nodes in the tree using the age of fossil taxa (past
geological events could also be used); the so-called molecular clock analysis.
This method has resulted in the establishment of timeframes for many line-
agesin the ToL (Blair-Hedges et al., 2015). Dating divergences ultimately de-
pends on arobust phylogenetic justification and an accurate geological age of
the fossils. During the last years, there has been a considerable effort to gath-
er fossil data into curated catalogues such as the Paleobiology database (Pale-
oDB), which would facilitate the possibility of adding ages to nodes at the same
pace as the ToL is fully reconstructed.

Computational resources. Overall, the number of genomic datasets sequenced
in the last decade (including mitogenomes, chlorogenomes, nuclear genomes,
transcriptomes, and target-enriched datasets) probably account for a few
thousands (Fig. 1). This number will increase exponentially in the years to
come, as high throughput sequencing becomes cheaper and widely available.
Hence, the expected main challenges in this new era of big data are related to
their storage and analysis. For example, raw data from a single transcriptome
can occupy a few gigabytes whereas a genome needs half a terabyte of storage
space. Computing clusters are not conceived as storage units. Thus, scientists
face the challenge of finding a suitable and affordable storage space to keep
their data (including backups) in the long term, and have them readily acces-
sible through the cloud.

High throughput data analysis will be another major challenge in the years to
come as computing time is a critical limiting factor. The assembly and anno-
tation of large genomes currently need months of computing to be performed.
Similarly, it is now feasible to obtain large phylogenomic datasets (including
hundreds of taxa and thousands of genes) that demand important loads of
computation time. For example, a phylogenomic analysis of the animal ToL
containing 201 species and 422 orthologous groups required 1.5 years (run in
parallel in 64 cores in a computing cluster under one of the most complex mix-
ture models of amino acid substitution; Laumer et al., 2019). Moreover, this
is applicable too to spatially-explicit landscape and phylogeographic models,
time calibration analyses, population genomic analyses, etc. Thus, a revolu-
tionary transformation in the analytical power is needed.
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ABSTRACT

Understanding the development, maintenance,
decline and evolution, i.e. the genesis, of the
phenotype is afundamental question in biology,
with practical implications for human health,
food production, or climate change, and that
also impacts various areas of Engineering and
Social Science. Specific challenges linked to this
question have been identified and an ambitious
strategy to position CSIC as a world-leading
institution in solving these challenges is
devised.
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EXECUTIVE SUMMARY

Biology has traditionally been divided into several subdisciplines that focus
on different biological aspects and scales with the ultimate goal of understand-
ing how living matter generates, replicates, and evolves form and function.
However, such complex questions ultimately require multidisciplinary ap-
proaches that take advantage of the knowledge generated by the individual
disciplines and integrates this knowledge to propose new questions that
should allow to push the frontiers of knowledge.

Four topics have been identified that due to their complexity should benefit
from such-multidisciplinary approach: (i) how biological information is stored
and how this information is maintained, inherited, and changed; (ii) how this
encoded information drives the emergence of the phenotype, i.e. of all per-
ceivable traits and processes of living systems; (iii) how predictable is the phe-
notype and what is our capacity for engineering living systems; and (iv) how
new phenotypes evolve and what are the temporal and spatial scales of evo-
lutionary phenotypic changes.

Answering these questions should allow understanding the development,
maintenance, decline, and evolution of phenotypes. These basic research
questions have far-reaching implications not only for human health, food pro-
duction or climate change, but also for various areas of engineering and social
science.
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Finally, while CSIC has the potential to be a leading research institution in
solving these challenges, this will demand an important shift in the organiza-
tion, function, and management of its existing centres. A transformation of
this magnitude could only be accomplished with the establishment of a new
multidisciplinar research institute.

1. INTRODUCTION AND GENERAL DESCRIPTION

The way in which living matter generates, replicates and evolves form and func-
tion at all levels of biological organization, is one of the central questions in bi-
ology (Thompson, 1945), yet one that is far from being answered. Living matter
is characterized by a high degree of interdependence among its components
and between them and the environment. It also has a strong dynamic nature,
undergoing short-term cycles of development and reproduction, and long-term
changes through geological time-scales (evolution), which themselves rely on
the heritable variations in development. Life is a dynamic, complex process
(Goodwin and Sole, 2002; von Bertalanffy, 1968). To examine this complexity,
Biology branched into several subdisciplines that focused on different biologi-
cal aspects and scales. Notably, and regardless of whether discussing the con-
formational structure of proteins or nucleic acids, different cell types, tissue ar-
chitecture and homeostasis, body parts allometry, or the behavioural repertoire
of organisms (all attributes of the organism and part of its phenotype), all bio-
logical disciplines address comparable questions.

These questions include the examination of the many elements that can store
biological information, how they vary, how these elements interact and con-
tribute to defining the phenotype, and how this entire system evolves. The
phenotype of an organism is what determines its relative success with respect
to other conspecific individuals (i.e. its fitness) and how it interacts with oth-
er organisms, hence shaping the network of its ecological interactions. De-
spite its central role, our knowledge about the emergence of the phenotype is
still very limited. Explaining the genesis, maintenance, and decline of pheno-
types represents, in this way, the ultimate goal of Biological Research in
the 21st century. CSIC aims to play a leading role in such new Biology. Fur-
thermore, the principles that will be established by following through with
this challenge could have implications in many other scientific disciplines,
ranging from engineering to the social sciences. For instance, many aspects
of robotics eventually confront the problem of defining the phenotype or the
design of procedures of adaptation of this to fluctuating conditions.
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Similarly, many social structures, from companies to cities, experience the
problem of how encoded information emerges dynamically as a function of
the whole.

Genetics has been a leading discipline in pursuing some of these questions,
with the discovery that the main elements that store biological information
are the “genes”, understood as specific DNA sequences that contribute to the
“genotype”. DNA sequence variation is a major source of evolutionary change
and takes many forms including from single nucleotide polymorphisms (SNPs),
to copy number variants (CNVs) such as insertions, deletions, genomic dupli-
cations, and genomic rearrangements, to incorporation of foreign DNA, for ex-
ample through species hybridization (introgression), or invasions of transpos-
able elements and other lateral gene transfer phenomena. Even within this
seemingly simple framework, many questions on the emergence of the pheno-
type remain. Genes interact with each other during development and across
physiological processes at multiple levels (epistasis) (Lehner, 2011). Also, it
must be recognized that the function of most genes is not unique and that they
can influence several distinct phenotypic traits (pleiotropy) (Saltz et al., 2017).
The effect of genes on the phenotype often depends on the environment
(gene-environment interactions) (Eguchi et al., 2019), and that environmen-
tally-induced changes in gene expression can lead to novel phenotypes and
evolutionary innovations (Moczek et al., 2011; West-Eberhard, 2005). Thus,
the combination of different input “drivers” (internal and external) through-
out the life of an individual will influence the phenotype and, especially rele-
vant for humans, the quality of life and the expectations for healthy ageing
(Connallon and Hall, 2018; Lehner, 2013). It is now recognized that the expe-
rience of progenitors can carry on consequences to the progeny (transgener-
ational effects). Therefore, the resulting output in each individual could also
have an impact on the future population (Jablonka and Lamb, 2005). These in-
sights help recognizing the complexity of the questions posed in this challenge.
Four research topics have been identified that should allow researchers at
CSIC to push the frontier of knowledge on the genesis of the phenotype.

2. IMPACT IN BASIC SCIENCE PANORAMA
AND POTENTIAL APPLICATION

The first topic corresponds to how biological information is stored and how
this information is maintained, inherited, and changed. This “encoding”
is not linked anymore to a “list of genes”. Indeed, the very idea of the
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genotype is under scrutiny since it is clear that the primary structure of DNA
(i.e.its linear sequence) is not the sole template to store biological informa-
tion. For instance, in addition to variation in the DNA primary structure (both
nuclear and organelle DNA), epigenetic modifications of various sorts, includ-
ing histone post-translational modifications and regulatory non-coding RNA,
contribute to the heritable basis of our phenotypes, at least in short temporal
scales (Harvey et al., 2018; Skvortsova et al., 2018).

Several additional factors contribute to biological information, such as ma-
ternal effects in the form of subcellular organelles, yolk nutrient provision-
ing and hormones, parental inter- and trans-generational effects, etc. Which
elements should then be consider to fully capture the encoding of the pheno-
type? Is there a natural encoding hierarchy that helps store core pieces of the
phenotypic information fixed? Are there particular encoding strategies to pro-
mote both qualitative and quantitative variation? Solving the questions in this
topic will lead to a redefinition of the “genotype” which will have a significant
impact on the future of genetics.

The second topic goes from the questions of the information storing to how
this encoded information drives the emergence of the phenotype (the “in-
terpretation”), and how environmental conditions modulate that driving.
Which type of mechanisms regulate the emergence of phenotypes in biolog-
ical systems? It is likely that not all encoded information is observable in all
individuals, or in many of the environments these individuals may occupy. If
this is the case, the range of phenotypes that an organism can display should
be addressed. What are the limits to the phenotypes an organism can devel-
op? To what extent is the environment an inductor of phenotypes in addition
to a selective filter? And what are the temporal scales at which the environ-
ment exerts its effects? How do the different factors shaping the phenotype
interact over the course of development? These questions lead, of course, to
more specific problems: how are deleterious mutations tolerated in cells
(Eyre-Walker and Keightley, 2007), how do multiple traits change simultane-
ously (Cheverud, 1988), is the mapping from encoding to phenotype modular
(Wagner et al., 2007); how do environmental conditions adjust the expression
of information (Arnold et al., 2008); what are the costs and limits associated
with phenotypic plasticity (Murren et al., 2015); is there a hierarchical rela-
tionship between contributing sources of phenotypic variation (Phillips and
Arnold, 1999), and how phenotypes vary along the life cycle of the individual
and degenerate during disease and ageing (Bahar et al., 2006), to name a few.
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All these factors, internal and external to the organism, contribute to deter-
mine how the phenotype is built and maintained, and they do so in a very com-
plex network of interactions, which often act synergistically and with feed-
backs, therefore resulting in non-linear dynamics. This second topic will,
therefore, significantly explore how the phenotype ages (Metcalfe and Alon-
so-Alvarez, 2010; Wiley and Campisi, 2016), and how it deviates from a nor-
mal standard, healthy phenotype, into a diseased state.

The third topic addresses the predictability of the phenotype and the capac-
ity for engineering living systems to produce designer phenotypes. Given a
better knowledge of the genesis, maintenance, and decline of phenotypes, will
it be feasible to predict the phenotype from knowledge about the environment
and a complete genotype (defined beyond the current DNA sequence)? Can
new phenotypes be designed and their production engineered? One could an-
ticipate that this is the case and assume two possible strategies. In the first
one, a phenomenological description of biological phenotypes can be pro-
duced. This requires identifying the appropriate variables to represent phe-
notypes, i.e., to reduce complexity (Anderson, 1972). The identification of the
variables will not be enough, though, as they need to be integrated in a dynam-
ical system. This will require new mathematical and computational model-
ling approaches. For instance, by incorporating modern data assimilation
techniques, which connect models and experimental data to better under-
stand dynamics. A second strategy might require the development of sophis-
ticated artificial intelligence tools that help identifying all the encoded infor-
mation influencing the expression of the phenotype so that patterns can be
identified (Topol, 2019). It might be that the capacity to engineer biological
systems is achievable, but with no clear fundamental understanding (e.g., air-
planes fly but without a precise explanation of why birds do so). Besides, it
could be that there exist intrinsic limitations in the capacity of predicting phe-
notypes (Waddington, 1957). One extension of this research will lead to engi-
neering phenotypes in vitro. New techniques allowing the culture, differenti-
ation and genetic editing of pluripotent stem cells might offer the possibility
of implementing designed phenotypes for the improvement, repair, replace-
ment of organs, or even the development of new “biobots” with programmed,
built-in capabilities (Kriegman et al., 2020), which could also include details
on the biomechanics of such cellular organizations. This topic will bring re-
search to biomedical applications for the repair of damaged, diseased or ag-
ing tissues, the enhancement of existing organs and the design of novel
phenotypes.
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The fourth and final topic focuses on evolution. To explain the genesis of the
phenotype means to understand how the amount of change in the elements
encoding the information connects to the variation of phenotypes on which
selection acts, and how novel phenotypes arise. It has been argued before
that the mapping from the stored information to the phenotype can con-
strain some of this variability, but which mechanisms contribute to the prop-
erties defining this mapping, and how they evolve, are unknown (Uller et al.,
2018). Is the architecture of biological systems promoting the evolution of
the phenotype (Watson et al., 2016)? Is this evolution predictable? A good
comprehension of the spatial and temporal scales of the evolutionary dy-
namics is also needed (Catullo et al., 2019; Segar et al., 2020), and how evo-
Iution could transform the encoding to the phenotype map (Martin et al.,
2015). Conversely, are there special peculiarities of this map that stimulate
the evolution of complex architectures? This map will not be a static map of
“final phenotypes”, but a dynamic one, in which each phenotype will be seen
as a temporal trajectory.

Broader Impacts. There are a number of areas onto which this research pro-
gram will have a significant impact:

a. Human biology and health

a.l Personalized medicine. Understanding the decoding of the drivers of
the phenotype will allow, in the case of human disease, to use the
specific genetic and non-genetic components of each patient in order
to understand the individual specificities of the pathology and to
propose personalized interventions to steer the diseased phenotype
towards a healthy one.

a.2 Tissue repair. Understanding the mechanisms that regulate
phenotypic homeostasis will help in the design of better strategies to
promote tissue repair and regeneration.

a.3 Tissue and organ engineering. The understanding of the mechanisms
controlling developmental operations, combined with computational
studies and in vitro systems will allow the controlled design and
synthesis of tailored tissues and organs for replacement. New
mathematical and computational modelling strategies will be
essential in this pursuit.

a.4 Quality of life and healthy ageing. All of the knowledge obtained from
the above can have a big impact on the design of better therapeutic
strategies for pathological states. Importantly, it will also help in the
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knowledge-mediated promotion of quality of life and particularly,
healthy ageing.

b. Ecology and global change. By identifying the drivers of the phenotype
and their effect on the development of the organism, it may be possible
to predict the effects of ecological change (including temperature) on the
organisms and thus anticipate the consequences of global change.
Understanding how these changes impact the phenotype should also
enable anticipating which species are more vulnerable and which more
capable of coping with environmental change.

c. Animal and vegetal production. Farm production of animal and vegetal
products will benefit from a better understanding of the generation of
some of the traits with commercial/nutritional/biomedical value and
from a better understanding of the engineering required for improving
these traits or generating new ones.

d. Exobiology. In the search for extra-terrestrial life, understanding the
principle of storage, encoding and decoding the information required for
the building, maintenance and evolution of terrestrial life might help
looking for similar organizational /informational principles elsewhere,
regardless of their physical implementation.

e. Transdisciplinary impacts. A number of contemporary disciplines
investigate the complex dynamics of many interacting parts, with the
aim of predicting and engineering their behaviour, including robotics
(e.g. robot swarm behaviour), social sciences (e.g. smart cities, social
organization systems, social networks) and engineering (e.g. smart
(energy) grids; information networks). The principles derived from the
study of the drivers of the phenotype, their decoding and timescales of
action may help establishing useful analogies in those fields.
Reciprocally, the study of biological organization and the emergence and
variation of the phenotype should benefit from the cross-fertilization of
these other areas. The large-scale integration of the mutual and constant
interactions between biological systems and the environment (as
complex as cities, health systems, cultural factors, or technological
development) will give a global view of how the phenotype emerges and
changes.

f. Societal & ethical impact and public policies. Among the different
theoretical frameworks and concepts developed within the life sciences,
those associated to the present challenge (evolution, genotype-
phenotype maps, etc.) are probably the ones with the strongest and most
long-lasting impact on sociology, philosophy and even politics and
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religious beliefs, such as the profound cultural transformation triggered
by Darwin with the publication of On the Origin of Species. The same
applies to many of the technological advances associated with this
challenge (bioengineering, CRISPR, personalized medicine). This high
societal impact comes with a cost, however, and there are multiple
historical examples in which owing to insufficient or inadequate efforts
in science communication or to cases of misconduct within or outside
the scientific community, the misuse of this impact has led to dramatic
consequences in society and in the design of public policies (ranging
from eugenics during the 20th century to the use of genetic determinism
as a justification of educational policies and income inequalities in the
present). Thus, the future knowledge gained in the next 50 years on the
genesis of the phenotype should be accompanied by interdisciplinary
efforts with social scientists (such as those from CSIC’s Instituto de
Politicas y Bienes Publicos) to prevent these problems and to promote a
beneficial impact on society. Not only our philosophical ideas will
change. The possibility of predicting the course of human development
or the capacity to design organs or organisms -ourselves included- will
have a huge impact on how our societies are organized and evolve, and
will demand major political, philosophical and ethical debates.

3. KEY CHALLENGING POINTS

Unveiling the full repertoire of phenotype drivers. During the past 70 years, our
knowledge of the genotype-phenotype maps has been completely transformed
since the discovery of DNA as the genetic material. This nucleic acid-centric
view has been immensely productive, but to fully understand how phenotypes
are generated and evolve a broader perspective will be needed in the future.
Each day, additional ways in which living systems store the information for
the building and maintenance of the organism’s phenotype are described,
ranging from histone post-translational modifications to prions and cell po-
larity (Ciabrelli et al., 2017; Duempelmann et al., 2019; Harvey et al., 2020;
Jungetal., 2017; Klosin et al., 2017; Lev et al., 2019; Manzano-Lopez et al., 2019;
Posner et al., 2019; Shirokawa and Shimada, 2016), many of which could not
be investigated in detail before due to technical limitations. Can phenotypes
be fully understood by focusing exclusively on DNA? How many other biolog-
ical structures have been overlooked that could have the potential to act as
hereditary factors? Do they have common properties? What is their relative
contribution to the phenotype in comparison with DNA? Do all non-DNA
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memory systems operate at the same temporal and organization scales? Have
different lineages independently evolved different additional hereditary sys-
tems? Can novel synthetic systems be designed?

Experimental tests of the hierarchy of drivers of the phenotype. Different study
systems amenable to experimentation will be used to understand how differ-
ent drivers of phenotypic variation, such as genetic variants, maternal /pater-
nal contributions, environmental induction, and biotic interactions, each con-
tribute additively or synergistically to the generation of phenotypic variation.
By focusing on the analysis of a single trait relevant across organisms (e.g.
stress response), the understanding of how different organisms have found
solutions to the same challenges should be possible. This knowledge on the
different strategies available in nature could be used to engineer some of these
solutions in our organisms of interest (e.g. humans in the context of disease,
animals and plants in the context of food production).

Defining the scope of phenotypes. Biological organisms constitute the base on
which the genotype-phenotype relationships have been classically framed.
However, the traditional definitions and limits of biological organisms are
currently under strong scrutiny. Currently, more inclusive concepts of bio-
logical organisms are being defined, such as the “holobiont” (Roughgarden et
al., 2017), in an attempt to account for the complexity of co-constructed mul-
ti-species systems, and it is likely that even broader concepts will be devel-
oped in the future. How can the phenotypes of these supra-organismal sys-
tems be described? Is it possible to apply the concept of phenotype to much
broader scales than has have done so far? If so, how are these supra-organis-
mal phenotypes generated/developed? How do they evolve? Where and how
are these phenotypes encoded? What kind of experimental approaches should
be developed to study them?

Prediction of the phenotype. One potential approach to anticipate phenotypes
is the use of large data sets including omics features, ecological parameters,
morphometry (derived from using advanced imaging techniques), etc. These
datasets will be analysed using deep learning and other artificial-intelligence
(AI)-based tools with the aim of predicting the phenotype. These Al tech-
niques may be used to define “laws” of mapping. It should also contribute to
validate our trust in these approaches in relevant biomedical scenarios.

The homeostasis and decline of the phenotype. An extension of the study of the
emergence of the phenotype with important implications for human health
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is how this phenotype is maintained in health and how it degenerates in dis-
ease and ageing. This research program examines the time-scale of the life of
the individual (the life-cycle time frame) and includes the specific analysis of
all the factors that contribute to the maintenance of a healthy function and
its changes as the individual ages. What is known about normal variations?
Where is the boundary between physiological and pathological phenotypes?
Given the known reactivation of developmental programs in adult disease
(Nieto, 2013), how can this acquired knowledge on the emergence and main-
tenance of the phenotype be used to understand pathology? The knowledge
of the mechanisms behind phenotype maintenance and tissue homeostasis
should help understand those behind its decay or loss during disease and age-
ing. Major efforts will be devoted to understanding how other organisms age,
repair, and regenerate their wounds or are less susceptible to certain diseas-
es than humans are. This knowledge will be used in projects aimed at improv-
ing human health.

The requirements for self-organization. Complex biological systems, such as
the active matter at the cell’s cortex, the early embryo, or the retina, involve a
number of interacting parts. This challenge will determine which are the re-
quirements for the self-organization of biological phenotypes at different
scales. For example, are there lower (and upper) limits to the number of cells
necessary for organizing themselves into an early embryo-like structure, such
as an embryoid, in which symmetry is broken and a basic germ layer organi-
zation arises?

4D characterization of development at single-cell resolution. The dynamics of
specific developmental processes (as modular “developmental operations™) will
be analysed in space and time at a single-cell resolution, including transcrip-
tomics, proteomics, and metabolomics and measuring the energetic costs and
informational flows. This aim will require the development of imaging tech-
niques capable of capturing the dynamic behaviour of many cells, coupled with
multiplexed detection of molecules and computational modelling. The use of
these models will be two-fold: on the one hand, they will be able to describe all
interactions and determine parameters quantitatively. On the other hand, they
will be used to derive global properties governing the dynamics of the develop-
ing process. Data meta-analyses will allow the comparison of normal and dis-
eased states, or between different species showing distinct phenotypes.

Synthetic developmental biology and evolution. The aim will be to synthesize
organs with designed cellular composition and morpho-functional
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characteristics. This challenge will require (1) defining the major developmen-
tal “operations” (such as cell division, tissue folding, collective cell migration);
(2) obtaining a systems-level understanding of these developmental opera-
tions, including parameters that can modulate the behaviour of each of them
(for example, two species may fold a neuroepithelium to develop one organ,
but the fold may be deeper in one of the two species); (3) in silico evolution-
ary selection of phenotypes combining the developmental operations (in sil-
ico/computational evolution); and (4) biological implementation of these phe-
notypes (either in vitro or through genetic modification of specific species)
through biological engineering ,either through modification of extant organ-
isms, using organoids or by de novo design and synthesis.

Examining the breadth of phenotypic diversity while keeping the challenge in
focus. The success of addressing this challenge will depend on the definition
of clear goals and experimental systems. For that, it will be essential to have
a two-fold strategy that is at the same time “centrifugal” and “centripetal”. A
centrifugal strategy will be needed in order to expand and diversify the ex-
tremely short list of organisms currently used as experimental systems. Fea-
tures such as phenotypic plasticity, generation times, regeneration capabili-
ties, biogeographical distribution, complexity of the life cycle, among others,
are very different across species and therefore not all of them will be equally
tractable to address the different topics and questions of the genesis of the phe-
notype challenge. Even more important, certain biological phenomena of par-
ticular relevance for this challenge (for example, adaptive prions or DNA/
chromosome elimination), have only been described so far in a handful of spe-
cies (Harvey et al., 2018; Smith, 2018). Thus, to have a complete picture, it will
be important to target and study a broad range of organisms that is more rep-
resentative of the full biological diversity, including species that cannot be
currently cultured in the lab but should be amenable to experimentation in
the near future. A centripetal strategy will be equally important, since a good
understanding of the genesis of the phenotype will require a real integration
and coordination of multidisciplinary approaches. Thus, to implement this
type of combined actions it will be necessary to design specific projects that
centralize these multidisciplinary efforts by focusing on particular sets of
model organs/organisms/processes.
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ABSTRACT

Evolutionary Systems Biology (EvoSysBio) is a
systemic approach to Biology that aims to
generate mechanistic and evolutionary
understanding of genotype-phenotype maps at
multiple scales. By combining mathematical,
molecular and cellular approaches to evolution,
EvoSysBio will enhance the predictive and
explanatory capacities of the modern
evolutionary synthesis.
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EXECUTIVE SUMMARY

“Nothing in Biology makes sense except in the light of Evolution”
Theodosius Dobzhansky (1973).

Evolution is a complex, multilevel process that operates at long time scales
and can only be understood from a systems perspective. Though we have a
considerable wealth of experimental data, the major challenge is to develop
models and theoretical frameworks to understand empirical results and to
pose better focused experimental questions. One of the first unsolved ques-
tions is how phenotypes arise from genotypes. The full picture is lacking, and
modelling is limited to the dynamics of molecules, for instance RNA or pro-
tein folding, or to the emergence of simple molecular interactions —as regu-
latory motifs. A deeper understanding of the structure of genotype spaces
might lead, among others, to a quantification of the relative roles played by
neutral and adaptive mechanisms. This research program will have to inves-
tigate the effects of evolutionary innovation. Can complex biological func-
tions be constructed from previous simpler modules? How do regulatory cir-
cuits emerge? What are the limits to the design of robust and portable
functional modules? Answers to these questions will assess the validity of re-
ductionist approaches, as opposed to viewing innovation as an emergent phe-
nomenon, arising from network-like distributed properties. In a broader
framework, we should be concerned about the mechanistic origin of evolu-
tionary transitions, and on the role played by external forcing versus
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contingent or stochastic phenomena in their generation. Evolution itself can
be viewed as a tool for Synthetic Biology, since directed evolutionary selec-
tion is a way to attain desired functions. A major goal is to integrate design
with a selection-driven exploration of phenotypic spaces. Advances will be
conditional on the construction of large evolutionary platforms where exper-
imental evolution informed by design and theory can proceed en masse. The
exploration of the possible phenotypes of engineered organisms at a large
scale, as opposed to simple addition or deletion of a gene, calls for an urgent
understanding of the plasticity and adaptability of new organisms and their
traits of interest. An eventual commercial use of these organisms demands
more research at the frontiers between evolutionary science, climate, and
ecology: how will the ecosystem be affected by these organisms, but also, how
will the organisms be affected by the ecosystem in a rapidly changing
environment?

1. INTRODUCTION AND GENERAL DESCRIPTION

This question is at the core of Evolutionary Systems Biology (EvoSysBio), a
new interdisciplinary research area that reconstructs fitness landscapes to pre-
dict (1) the fitness of individual organisms under state and environmental
changes and (2) the evolutionary trajectories of populations across landscapes
(Medina, 2005; Soyer and O’Malley, 2013; Loewe, 2016). EvoSysBio belongs to
abroader trend in the biological sciences, i.e., the Modern Evolutionary Syn-
thesis, which has been constructing a coherent view of evolution since the 1920s
(Mayr and Provine, 1998). EvoSysBio is an emergent field that takes knowledge
currently dispersed over many research fields, from population genetics and
biochemistry to ecology. EvoSysBio recognises that evolution is a complex,
multilevel process operating at long temporal scales, which can only be under-
stood from a truly systemic perspective. Previous efforts attempted to explain
evolutionary processes in the narrower context of individual genes and pro-
tein structures. However, complex organisms cannot be reduced to the work-
ings of their components in isolation. EvoSysBio addresses this goal by mod-
elling phenotypes as the outcome of evolving intracellular subsystems, e.g.,
signalling, regulation and metabolism, which are interacting with each other.
EvoSysBio aims to synthesize and ultimately, predict, the complex multi-scale
interactions between evolutionary processes and systemic properties (Fig. 1).

EvoSysBio has also been fuelled by the widespread adoption of quantitative
and computational methods in the biological sciences. A clear exponent is
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FIGURE. 1-The goal of EvoSysBio is to understand and predict genotype-phenotype maps in biological
systems. Evolution is a multilevel process operating at a wide range of temporal scales. SysBio addressed
this question by focusing on intracellular sub-systems (e.g. gene regulatory networks) while overlooking
organism evolution. EvoSysBio extends the SysBio vision by including the ecological and evolutionary
drivers of organismal complexity. Cellular networks determine species’ interactions with their
environment and other species. Ecological interactions among species are responsible for the fitness of
organisms. Evolutionary processes (e.g. neutral drift and adaptation) move populations of organisms on
dynamic fitness landscapes by changing the features of intracellular networks.
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Systems Biology (SysBio), or the study of how organisms are organized by
combining experimental data with mathematical modelling and comput-
er-aided analysis techniques (Ideker et al., 2001; Kitano, 2002). SysBio has
traditionally oriented towards the modelling aspects of biological systems
(“how” systems are implemented at the molecular level, see Boogerd et al.,
2007). Inevitably, overlooking the evolutionary component (“why” biological
systems have those features) yields partial explanations of biological func-
tions. The combination of evolutionary and systems biology leads to a better
understanding of complex biological features. The evolutionary aspect is what
unifies the high diversity of methods employed by EvoSysBio researchers. By
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integrating the “how” and “why” questions under the same framework, we
can better understand how biological systems work and why they function in
that particular way.

EvoSysBio encompasses an integration of theoretical, empirical and computa-
tional approaches. A key component is the synthesis of universal “design prin-
ciples” in biology (Poyatos, 2012; Katsnelson et al., 2018). Achieving this long-
term goal crucially depends on identifying (and characterising) the universal
principles that hold for large domains of life. For example, we have developed
sophisticated empirical and computational tools that enable the detailed study
of biological functions. It is however unknown to what extent the observed dy-
namics and organisation of any particular species, e.g., how signalling networks
enable chemotaxis in Escherichia coli or the dynamics of osmoregulation in.Sac-
charomyces cerevisiae (Alon et al., 1999; Klipp et al., 2005), can also explain the
physiological responses in other species. Ignoring intermediate states of popu-
lation-level variation cannot fully explain the evolution of biological complex-
ity (Lynch, 2007). Complex features in biological systems can be adaptive (Kash-
tan and Alon, 2005), neutral (Wagner, 2003; Solé and Valverde, 2006) or a mix
between functional and non-adaptive processes (Wagner, 2008). In this con-
text, evolutionary methods can support generalization of system properties,
e.g., network patterns, beyond any specific biological model.

2. IMPACT IN BASIC SCIENCE PANORAMA AND POTENTIAL
APPLICATIONS

Evolution itself can be viewed as a tool for Synthetic Biology (SynBio) since
directed evolutionary selection is a way to generate and optimize desired func-
tions (Arnold, 2018). A major goal is to integrate design with a selection-driv-
en exploration of phenotypic spaces. Advances will be conditional on the con-
struction of large evolutionary platforms where experimental evolution
informed by design and theory can proceed en masse. The exploration of the
possible phenotypes of engineered organisms at a large scale, as opposed to
simple addition or deletion of a gene, calls for a deep and reliable understand-
ing of the plasticity and adaptability of new organisms and their traits of in-
terest. An eventual commercial use of these organisms demands more re-
search at the frontiers between evolutionary science, climatology, agriculture,
and ecology: how will the ecosystem be affected by these organisms, but also,
the analysis and prediction of the emergence of new pathogens and their po-
tential epidemic spread.
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2.1 Modelling and Computer-Aided Simulation of Biological Systems
The interplay of mathematical modelling with experiments is one of the cen-
tral elements in SysBio. Model-building is therefore a key step, involving the
reverse engineering (i.e., inference and identification) of equations that de-
scribe the biosystem, and their calibration to existing data (Klipp et al., 2005).
Typically, these models can be either mechanistic (Stelling, 2004) or data-driv-
en (as in machine learning and statistics; Kell & Oliver, 2004). Although the
latter can be useful in many applications, mechanistic models generally pro-
vide a better framework to distil knowledge and understanding from data. De-
spite the many advances in model building in SysBio during the last two dec-
ades, the evolutionary perspective is absent in most of these models. Thus, a
general theoretical and computational framework for multiscale modelling
in EvoSysBio remains as a core objective.

The real power of mathematical models is unleashed when exploited via meth-
ods for their computer aided simulation, analysis, optimization and control
(Wolkenhauser and Mesarovi¢, 2005; Sontag, 2005). Although these tools
have been widely used in areas like biosystems and bioprocess engineering
(Park et al., 2008), we are still missing the evolutionary component integrat-
ed across different scales. Thus, another core objective would be to exploit
EvoSysBio models as the kernel of process systems engineering in the bio-in-
dustries (e.g., agri-food and industrial biotechnology), particularly in areas
like metabolic engineering. A possible route towards such objective could be
through the integration of evolutionary game-theoretic approaches with mul-
tiscale modelling. The same approach can be adapted and extended to key
problems in areas like environmental engineering (e.g., dynamics of microbi-
al communities in bioremediation) and medicine (e.g., cancer evolution, or
multiple microbial infections).

2.2 A first step towards understanding ecological complexity:
modelling complex microbial communities

The last decades have witnessed the development of modelling approaches to
describe cellular communities: from continuous to individual-based models
of tissues and biofilms; from phenomenological ecological models to more
mechanistic genome-scale approximations (Zomorrodi and Segre, 2016). Still,
their scope mostly restricts to “simple” systems (single or co-cultures), under
steady-state or controlled extracellular environmental conditions. Also, evo-
lutionary aspects are barely considered. The integration of multi-species mul-
ti-scale dynamic models incorporating both ecological and evolutionary
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mechanisms (Valverde et al., 2020) are required to fully realize the potential
of multicellular systems in answering biological questions and applications.

Model-based optimally designed microbial mixed-cultures will enable meta-
bolically complex tasks by the division of labour and/or experimentally
evolved cooperation (Harcombe, 2010; Hays et al., 2015; Thommes et al., 2019).
As aresult, bioprocesses will be more efficient, productive and stable than the
current single-species bioprocesses and will allow for a broader range of
products.

Similar approaches could be used to engineer the microbiome to generate po-
tential therapies against metabolic, inflammatory, and immunological diseas-
es, among others. The evolutionary dimension becomes fundamental to un-
derstand the dynamics of communities in which microbes and viruses coexist.
In such systems, rapid co-evolution of viruses and microbial hosts (e.g. via ac-
quisition of spacers in CRISPR arrays) cannot be disentangled from ecologi-
cal processes, which has direct implications for the development of phage
therapies and other virus-based microbiome engineering strategies.

2.3 Synthetic Biology: human design of non-biological constructs

In SynBio, we aim at using engineering principles of rational design to modi-
fy organismes, or to build new bio-artifacts (Purnick & Weiss, 2009; Cameron
et al., 2014; Schwille et al., 2018). As in SysBio, SynBio can also exploit mod-
el-based approaches to guide the design, analysis, optimization and control
of genetic systems (Marchisio et al., 2009). In addition to recent progress in
genetic parts standardization and characterization (McLaughlin et al., 2018),
inrecent years we have also witnessed significant advances in the application
of microfluidics, machine learning and automation to SynBio (Melin and
Quake, 2007; Nielsen et al., 2016; Aoki et al., 2019; Carbonell et al., 2019). We
are also already close to having programming languages to design computa-
tional circuits in living cells (Nielsen et al., 2016). These approaches open up
new avenues for important applications, including biosensors (Gupta et al.,
2019), biotherapeutics (Ozdemir et al., 2018), metabolic engineering (Kea-
sling, 2012), biomanufacturing (Chen et al., 2020), and bioremediation (de
Lorenzo et al., 2018).

However, with the exception of efforts in the field of directed evolution (Ar-
nold, 2018), we are still lacking a truly evolutionary approach to SynBio. In
particular, although computer-aided methods can help us in the design of syn-
thetic parts in a similar way, as done in e.g. electronics, the unpredictability
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and complexity created by the variability and evolvability of cell behaviour
(Kwok, 2010) needs to be taken into consideration in order to achieve the en-
visioned engineering of biology. Finally, cell-free approaches (Hodgman and
Jewett, 2012) will help us to improve our understanding of the design of
evolved natural biosystems, and also to enable a novel kind of biomanufactur-
ing with more freedom of design and improved control.

3. KEY CHALLENGING POINTS

3.1 Multiscale theoretical framework

Though we have a considerable wealth of experimental data, a main challenge
is to develop models and theoretical frameworks explaining these results and
pose better-focused experimental questions. We currently lack a multi-scale
modelling framework that captures the essential features of biological sys-
tems, from genome to metabolism. At the same time, we need models that are
simple enough to provide useful answers and insights. An essential part of fu-
ture developments in EvoSysBio is the construction of a hierarchy of in silico
tools and computational models that can guide experimental studies.

3.2 Evolution of Novelties

Ecosystems are highly nonlinear, complex dynamical systems (May and Leon-
ard, 1975; Clark and Luis, 2020). Competition, cooperation, or victim-exploit-
er dynamics, are density-dependent interactions that induce non-linear ef-
fects in population dynamics. This is particularly relevant when dealing with
ecosystem’s responses to external perturbations, in particular, of anthropo-
genic origins (Lade et al., 2020). It has been conjectured these nonlinearities
give rise to sharp shifts in the ecosystem composition, also known as “tipping
points”, which are becoming an important subject or research in ecology (Ber-
dugo et al., 2020). Moreover, in SysBio, a tipping point driving population to
extinction has been reported in yeast (Dai et al., 2012).

Sudden changes could be associated with large modifications. Interestingly,
studies suggest that smooth alterations to the environment might also be re-
sponsible for such drastic shifts. Theoretical analyses of dynamical systems have
interpreted these transitions as jumps along evolutionary optimization, where
long periods without changes evidence the presence of high fitness barriers that
the population cannot easily overcome (Huynen et al., 1996). This research pro-
gram will have to investigate the causes of these sudden shifts in the genetic
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composition of populations. Explaining the mechanistic origin of evolutionary
transitions, and the role played by external forcing versus contingent or sto-
chastic phenomena in their generation, will help understanding the effects of
(and hopefully predict) evolutionary novelties (Wagner and Lynch, 2010).

3.3 Modelling and simulation of biological networks

Biological systems are composed of genes encoding the molecular machinery
that provides the basic functions of life. Biological functions can be rarely re-
duced to specific components in isolation. Instead, they are the outcome of
multiple interactions between different components. For example, networks
of regulatory interactions specify how genes are expressed, with both operat-
ing on multiple, hierarchical levels of organization. Quantifying the structur-
al features of biological and artificial systems has been the target of Network
Science (a branch of Statistical Physics and Complex Systems developed dur-
ing the last 25 years). SysBio has relied on the results of Network Science but
we still do not understand the origin of structural regularities in biological
networks, and how they shape function and evolution. This is particularly rel-
evant in one of the main open problems in SysBio, namely, how to define a ro-
bust approach to reverse engineering and systems identification in biological
systems (Villaverde and Banga, 2014). What is needed is the cooperation of
network scientists with EvoSysBio researchers for developing a rigorous, bi-
ologically-realistic, evolutionary theory of biological complexity.

Genome-scale models and optimality principles have shown their potential
for application in generating mappings genome-phenotype in EvoSysBio, for
example in the prediction of phenotypic outcomes of short-term adaptive evo-
lution or in the analysis of viability of mutant strains (Palsson, 2015). Howev-
er, developing its full potential for EvoSysBio requires the predictive capabil-
ities of these models to be improved in different ways. Clearly, the assumption
of optimal growth in genome-scale metabolic models is not suitable for mu-
tants and not valid in many (time-varying) environmental conditions. Thus,
alternative evolutionary objectives or trade-offs or game-theoretical ap-
proaches are to be explored. Expansions including protein structures, inte-
grated models of metabolism and protein expression (O’Brien et al., 2015) as
well as hybrid modelling frameworks that incorporate explicit information
onreaction rates are yet in progress. GSMs have also been expanded from sin-
gle populations of cells to simple microbial communities (Harcombe et al.,
2014), further developments are required to describe complex multi-species
populations and changing environments (in time and space).
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3.4. Structure of fitness landscapes

To predict the evolutionary path from one species to another, we need first to
understand the underlying configuration space, i.e., we need a ‘map’ where we
can locate every possible intermediate species, for each environmental con-
dition (see Appendix C). Unfortunately, fitness landscapes are huge, they live
in spaces of very high dimensionality, and are difficult to visualize. The tradi-
tional metaphor of the fitness landscape is based on a gradualistic perspective
about organismal change and evolution. Evolution has been described as the
diffusion of populations on a relatively smooth landscape, always climbing to-
wards regions of high fitness, which are eventually trapped in mountain peaks
possibly separated by deep valleys of lower fitness (Wright, 1931). Due to con-
ceptual advances in our understanding about the molecular structure of pop-
ulations, we now know this picture is clearly incomplete and misses impor-
tant ingredients. The structure of fitness landscapes is not a smooth and
continuous surface, but rugged (Kauffman and Levin, 1987). Instead, the struc-
ture of the space of genotypes is a network of networks (or multilayer net-
work) whose nodes (genomes) are mutually accessible through mutations. In
the landscape, we can find regions with sharp discontinuities (signalling the
presence of lethal and deleterious mutations) and long-range connections be-
tween distant regions of the landscape. EvoSysBio will help us understand
(and characterise) landscape properties to obtain realistic models of adaptive
fitness landscapes (in particular, through the development of models of gen-
otype-phenotype maps at different levels of the biological hierarchy, see be-
low), and validate these models with the reconstruction of empirical land-
scapes using network tools.

3.5. New constructions of genotype-phenotype (GP) maps

The mapping function between the instructions encoded in the genotypes and
the structures and functions of the phenotypes is fundamental to every aspect
of Biology. Given its importance, GP maps have attracted a lot of attention
both from theoreticians and experimentalists (de Visser and Krug, 2014; Ah-
nert, 2017). As a result of these exercises, a number of universal properties
shared by most GP maps have been derived. These properties are structural
in the sense that they depend on the distribution of phenotypes across the
network of genotypes. These properties include redundancy of genotypes
(many encode for the same phenotype), a highly non-uniform distribution of
the number of genotypes per phenotype resulting in a high phenotypic robust-
ness, and the capacity to explore the landscape efficiently, reaching very dis-
tant phenotypes throughout a quite limited number of genotypic changes.
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Despite these advances, we still miss a coherent theoretical description of the
GP maps that explain why all these properties emerge (Manrubia et al., 2020).
Novel approaches such as modelling GP maps as a network of networks in
which different nodes in the genotypic network level correspond to networks
of neutral genotypes and these nodes map into similar networks in the phe-
notypic space (Aguirre et al., 2018), or the seascape metaphor, in which the
landscape topology fluctuates as a result of changes in the biotic and abiotic
composition (Mustonen and Lissig, 2009) seems promising. Still open ques-
tions exist. To name two of the most relevant ones: a) whether the GP map as
an object evolves (Manrubia et al., 2020) and whether it does so by natural se-
lection or by neutral processes; b) how the GP map accommodates changes in
genome size; in other words what are the consequences of making the geno-
typic network (of networks) growing or shrinking with evolutionary time?
(see also Challenge 4).
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Can we predict the
evolutionary path from one
species to another?
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ABSTRACT

One of the greatest challenges in the study of
Human Evolution is to understand the social
and biological adaptive processes that took
place along our evolutionary history. This
challenge has molecular, genetic, behavioural,
social and anatomic morphological dimensions
and requires new multidisciplinary and
technological approaches.
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EXECUTIVE SUMMARY

Understanding the social and biological evolution of the human lineage is a
complex enterprise that will require the integration of different scientific
fields and of their most innovative and state-of-the-art approaches. In a deep-
er timeframe, the availability of full-genomes from multiple species that pro-
vides information about the phylogeny of our lineage allows for detailed stud-
ies on when and how some of the human-defining traits appeared during
evolution. The application of -omics techniques, both using extant and extinct
species (paleogenomics, paleoepigenomics, the emerging paleoproteomics,
together with comparative genomics and evolutionary genomics data) to the
study of the past now enables researchers to tackle a range of questions that
previously were almost exclusively studied by disciplines in the Humanities,
such as History and Archaeology when investigating ancient migrations. The
multidisciplinary efforts involved in these challenges will also require the se-
cure management of large amounts of information that are being generated
(known as Big Data), ranging from currently expanding bio-banks to the re-
sults of particular research projects that need to be made open according to
FAIR principles (Findable, Accessible, Interoperable, Reusable). At the same
time, new ethical issues will emerge and will need to be addressed.

As for the study of human cultural and behavioural evolution, primarily ad-
dressed through archaeological studies, disciplinary challenges should
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attempt to redefine the role of technology in shaping past societies but also in
transforming the environment, as well as the nature of interactions between
biotic and abiotic agents throughout the evolution of our Genus. Such stud-
ies must embrace big-data approaches and be international in scope, in order
to supersede local perspectives. They should also aim at the identification of
patterns, rather than events, in the course of the behavioural and cultural evo-
lution of our species. Thus, any characterization of human culture will neces-
sarily include technology as a defining element and a key concept to explain
social evolution in our ancestral lineage and historical trajectory. Despite its
central role in explanatory mechanisms of human biological evolution and
social change, the mere definition of technology, its potential uniqueness in
our Genus and its part as engine for cultural transformations are all concepts
currently questioned and constitute pivotal challenges in disciplines con-
cerned with the reconstruction of past social evolution.

One of the top questions in the study of past human behaviour is to what ex-
tent biotic versus abiotic evolutionary factors dictate divergent trajectories
in the human past. From the role of climate in early human adaptations to its
relevance in the emergence of food production, the secular interest in the in-
fluence of abiotic causes in social evolution is now leading to a shift in per-
spective. The new grand challenges in social evolution should highlight, for
example, the importance of mammal community structure in the shaping of
early human behaviour, or the impact of human actions over fauna and flora
and, in recent times, even over the climate. Primary datasets and metadata
sources should be integrated in large bodies of information such as Spatial
Data Infrastructures amenable for spatial analysis and accessible to inter-con-
nected collaborators from multiple disciplinary fields and institutions, to
which continental- scale perspectives can be applied.

1. INTRODUCTION AND GENERAL DESCRIPTION

The study of human evolution since the divergence from the lineage of our
closestliving relative, the chimpanzee, has been mainly based, until recently,
on the analysis of archaeological and paleontological evidences. However, af-
ter the sequencing of the human and the chimpanzee genomes (2001-2006),
little progress has been made in understanding the functional bases of genet-
ic differences found between both species. This can be attributed in part to
the six million years elapsed on each evolutionary lineage as well as to the
complexity of the processes involved and the inherent limitations of the
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fossil record. It seems clear that a new angle on this scientific problem, cou-
pled with new methodological and technical approaches, is needed.

Fast-evolving digital techniques have provided a momentum for disciplines
such as paleontology and archaeology, and novel spatial analysis perspectives
and big data initiatives enable large-scale studies of human evolutionary pat-
terns under new theoretical premises. These advances in well-established dis-
ciplines involved in human evolutionary studies, alongside the revolutionary
perspectives introduced by disciplines derived from genetics, present a unique
opportunity to promote a true multidisciplinary view of the study of the past,
for which the CSIC should take aleading role in the international arena.

2. IMPACT IN BASIC SCIENCE
AND POTENTIAL APPLICATIONS

Results obtained through characterising the genetics of archaic hominins -in-
cluding Neanderthals and Denisovans- for reconstructing past migratory and
admixture events also include evidence about past demography or social struc-
ture that can be correlated with morphological and archaeological observa-
tions drawn from the fossil record. Of course, this approach requires a better
integration with other disciplines and a true multidisciplinary view of the
study of the past. The application of different “omic” approaches, some of
them still in early developing phases such as the retrieval of ancient peptides
(“paleoproteomics”), bears promises of boosting significantly the human evo-
lutionary field in the next years.

In parallel, these emerging ancient genetic datasets will allow the direct
screening of adaptive genetic variants that have increased along time to cur-
rent frequencies. Thus, selective processes that could have biomedical impli-
cations could be studied in detail in the near future, directly in space and time.
These genomes however are indicative of selective events that took place in
the last hundreds of thousands of years of human evolution.

It has been proved that some evolutionarily relevant traits (e.g., sense of eq-
uity or problem-solving abilities) are not exclusive of our species but may have
undergone convergent evolution in several occasions. Importantly, some traits
of biomedical and ecological relevance, such as brain size and function,
lifespans, diet or fertility, are particularly well suited for a phylogenomic ap-
proach. Humans, for instance, differ markedly from most mammals by a num-
ber of features, such as having the largest brain in nature (relative to body size)

Carles Lalueza-Fox and Ignacio de la Torre (Challenge Coordinators) 127

Copia gratuita / Personal free copy  http://libros.csic.es



CSIC SCIENTIFIC CHALLENGES: TOWARDS 2030

with remarkably increased area due to its specific folding. How this complex-
ity and diversity is achieved remains largely unknown and can only be thor-
oughly approached if deep phylogenetic studies on encephalization are car-
ried out across the whole mammalian lineage, including the study of any
relevant adaptive processes. These questions, again, generate the opportuni-
ty of evolutionary studies that both illuminate human evolution and have rel-
evant biomedical impact.

In parallel to the advances in the “omic” approaches and its multidisciplinary
requirements, Evolutionary Archaeology is at the forefront of disciplinary ad-
vances in Social Sciences due to its continuous interaction with Natural
Sciences, and its reliance on the progress of techniques, from Physics and
Chemistry, to develop new analytical approaches in dating and the character-
ization of archaeological assemblages.

A compendium of the 21st century grand challenges for Archaeology (Kintigh
etal.,, 2014) recognises that key questions of the discipline are no longer con-
cerned with the earliest, the longest, or the otherwise unique. If anything, the
ever-increasing age depth for the emergence and dispersal of Prehistoric hu-
mans only exacerbates the complexities of the early archaeological record. As
the gaps between known sites become wider in time and space, it becomes
crucial to go beyond first-appearance discussions and focus on the biogeo-
graphic and cultural patterns involved. Substantial fieldwork efforts in the
last few decades have produced extensive archaeological datasets, and the
time is now for large-scale synthetic research in cultural evolution (Brewer
etal., 2017).

As for transfer of results and potential applications: 1) advances in our under-
standing of the nature of mobility and migrations in Prehistory shall provide
precious data to challenge simplistic interpretations of migrations in the past
that are sometimes (mis) used to construct artificial narratives of national
identities. 2) Spatial Data Infrastructures are the future of data sharing in so-
cial sciences -as it is now common in biological sciences- and will serve to both
boost international scientific collaboration, and promote outreach of academ-
ic results to the public. 3) A dedicated field unit may promote collaboration
with the private sector through its participation in civil projects involving ar-
chaeological sites relevant to this Challenge.
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3. KEY CHALLENGING POINTS

3.1 Application of “multi-omics” to the recent past

Paleogenomics. The emergence of human paleogenomics or archaeogenom-
ics (the retrieval and analysis of past human genomes), triggered by the de-
velopment of next-generation sequencing (NGS) technologies after 2005, has
provided a powerful, new source of information that can be used to test pre-
vious hypotheses regarding human evolution and past migrations. In the field
of human history, paleogenomics has provided answers to long-standing de-
bates about the evolutionary relationships of our species and some ancient
lineages such as Neandertals and Denisovans, as well as to inform on other
important facets of the human experience, such as past migrations, social
structure or sex-biased population movements. The interaction between ar-
chaeologists, anthropologists, and researchers from the emerging field of pale-
ogenomics has traditionally been plagued by a lack of collaborative efforts.
These disagreements between different fields can be partially explained by
some limitations associated with the genetic markers typically employed some
years ago (e.g., mitochondrial DNA) prior to the advent of NGS technologies,
but also by the way geneticists have approached the study of the archaeolog-
ical material. Therefore, the possibility of working with ancient genomes is
an opportunity for building a more integrative approach to the study of the
past involving different research institutes focussed on different disciplines
(Racimo et al., 2020).

Improvements in bioinformatics and population genetic inference have served
to extract invaluable information from these genomes, including patterns of
population growth and contraction, interbreeding between distantly related
groups and evidence for natural selection operating on phenotypically impor-
tant loci. Some of the traditional ancient DNA limitations have largely been
solved by the application of NGS technologies, while others have emerged.
Most importantly, NGS does not rely on targeted polymerase chain reaction
(PCR) amplification of the short ancient molecules using primers. Endoge-
nous DNA tends to degrade to shorter fragments with time and environmen-
tal conditions (mainly temperature, but also humidity and soil pH), this pos-
sibility means that there is now access to amuch larger fraction of endogenous
DNA than with the use of PCR. Another key advantage of NGS is that it allows
the use of degradation patterns at the ends of the reads (an increase of Cto T
substitution at the 5’end and of G to A substitutions at the 3’ end) to discrim-
inate between modern DNA contaminants and endogenous DNA. With enough
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coverage and with imputation tools, it is now possible to attribute specific se-
quences to either damage or contamination. Thus, even if contamination is
not controlled a prioriin a particular site, it can be monitored a posteriori, ob-
taining estimates from the high coverage mtDNA, or from heterogeneities in
the sexual chromosomes. Contamination estimates below 1-2% would be ac-
ceptable in these ancient genomes.

However, a critical feature now is the efficiency of a particular sample in the
shotgun sequencing (that is, the ratio of endogenous DNA vs. the environmen-
tal contaminant DNA). This was not important with the PCR based approach,
because specific primers were designed and used to retrieve DNA sequences
of interest, irrespective of the environmental content of the sample. Summa-
rising data from different studies, shows that conventional bone or teeth sam-
ples from a temperate European environment usually have efficiency below
or rarely over 5%-10%. In southern Europe, this figure usually goes between 0.1
and <2%. Samples with an endogenous content higher than 50%, such as the
Tyrolean Ice Man derived from unusual archaeological contexts and unique
taphonomic conditions but likely represent a rarity in prehistoric Europe.
Therefore, an adequate sampling strategy is crucial for these new paleogenom-
ic approaches. A further improvement has been the recent discovery that
petrous bones (a very hard region from the temporal bone) are the best
DNA-containers.

Despite the aforementioned methodological problems, whole genome se-
quences are not required for most population genetic analyses and an array
of several hundreds of thousands of informative single nucleotide positions
or SNPs can allow high-resolution analyses. It is increasingly clear that most
of the ancient samples cannot be shotgun-sequenced, but nevertheless have
enough DNA content to be captured for SNP-genotyping. Although it is diffi-
cult to work out precise figures, it might be that around one sample in ten or
twenty has the potentiality of being shotgun-sequenced, while about one in
two or three could be SNP genotyped at the same time frame.

Despite technical limitations, paleogenomic studies are unravelling the com-
plex evolutionary patterns of the human lineages, showing multiple admix-
ture events in different moments and regions, as well as providing informa-
tion on adaptations to environmental conditions, past migrations,
demographic trends and social structures. It is likely that these studies will
become mainstream in maybe 10 more years but right now they still have a
great scientific potentiality.

130 Social and Human Evolution

© CSIC © del autor o autores / Todos los derechos reservados



VOLUME 2 | ORIGINS, (CO)EVOLUTION, DIVERSITY AND SYNTHESIS OF LIFE

Paleoproteomics. Paleogenomics represents a valuable resource of informa-
tion from extinct species and past populations. Nevertheless, there is a clear
time frame beyond which no DNA is expected to survive. This limit is current-
ly unknown -partly because it is very dependent on environmental thermal
conditions- but it does not seem to go beyond half million years in temperate
conditions or maybe up to one million years in extremely favourable —po-
lar-like- conditions. Right now, the absolute record in temperate conditions
corresponds to the Sima de los Huesos site in Atapuerca (dated to ca 430,000
years ago) whereas that in favourable conditions to a horse bone found in Alas-
ka and dated to ca 700,000 years ago. In warm environments, including trop-
ical or subtropical, DNA is only expected to survive few tens of thousands
years.

In contrast, ancient proteins represent a more durable source of molecular
information. Some recent studies have reported survival of proteins up to the
range of 2 million years, especially in dental enamel that seems to preserve
around half dozen proteins involved precisely in the formation of this tissue.
Although these proteins are, by definition, very stable in evolution, these very
ancient peptide sequences can be reliably used to build molecular trees that
reconstruct the evolutionary relationships between extant and extinct
species.

Ultimately, paleoprotein sequencing can push molecular-based evolutionary
reconstructions much further back in time than ancient DNA analysis. This
is especially interesting because it can provide phylogenetic information in
the critical time frame around 2-3 million yeas (at least) that saw the emer-
gence of our own genus, Homo, and its first dispersal out of Africa, as well as
the appearance in the fossil record of some Australopithecus lineages, includ-
ing the so-called “robust” forms. Right now it has been successfully applied to
an extinct rhino (Stephanorhinus) from Dmanisi site in Georgia (dated to 1.77
million years ago), to the extinct Gigantopithecus from China (dated to 1.9 mil-
lion years) (Welker et al., 2019) and to the paradigmatic remains of Homo an-
tecessor from Atapuerca (dated to 800,000 years ago) (Welker et al., 2020). If
the technique can be further pushed back (the temporal limits are currently
unknown), it is possible that ancient hominins -and maybe Miocene homi-
nids- could also be analysed.

Itis therefore likely that in the next 10-15 years the field of the human evolu-
tion (and in general, animal paleontology) will be greatly impacted by paleo-
proteomics developments, which will also create the need for qualified
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professionals with training combining computational and phylogenetic anal-
ysis, mass spectrometry expertise, as well as paleoantropological
background.

Paleoepigenomics. Besides traditional human-ape or human-Neandertal (or
Denisovan) comparative genomics, an additional source of information to un-
derstand what may constitute the unique human features is the study of the
paleoepigenomes. It can be hypothesized that, besides the genomic sequence
comparison, many human-specific genomic traits with phenotypic effect can
be identified by comparing gene regulatory programs, as differences in gene
regulation are widely considered to be a major evolutionary force explaining
phenotypic differences between closely related species. Consequently, in or-
der to understand the phenotypic differences between various human groups,
there is a critical need to understand the ways they differ in their regulatory
programs.

DNA methylation occurs almost exclusively in cytosines in the context of CpG
dinucleotides. Enhancer DNA methylation is a key hallmark of gene activity
in mammals and is inversely correlated with expression level. This informa-
tion can be extracted from high-quality ancient genomes -that is, high cover-
age genomes, although it is likely that future algorithms will allow to work also
with low-coverage genomes- and could help understand how these genomes
were regulated. The approach is based on natural degradation processes of
ancient DNA, in which methylated and unmethylated cytosines deaminate
with time into thymines and uracils, respectively.

One way to study differences in the epigenomic patterns is to identify regions
that are differentially methylated in humans, archaic humans, and great apes.
The potential differences found in methylation patters could be subsequent-
ly tested in human cell lines and organoids. CRISPR/Cas9 genome editing
technology can be used to generate archaic versions of the genes, as well as
dCas9 fused with DNA (de)methylation enzymes to specifically alter DNA
methylation patterns, and test their effect in the context of human
organoids.

Paleoepigenomics is an emerging field that likely will provide important ad-
vances in human evolution and diversity in the next 10-15 years, especially as
more high-quality ancient genomes are available. A recent study has been able
to predict with surprising accuracy the morphology of a Denisovan skull only
from the epigenomic analysis of the high-coverage Denisovan genome
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(Gokhman et al., 2019). It is worth mentioning also that right now there are
only five epigenomes from ancient H. sapiens genomes analysed, one of which
is from Spain (the La Brafia 1 Mesolithic genome, in Ledn).

3.2 Comparative phylogenetic approach

from distant species to study human evolution

Phylogenetic Genome-Phenome analysis

Tounderstand polygenic and complex biological processes such as those that
may be exclusive to humans it is possible to adopt a comparative phylogenet-
ic strategy by leveraging “multi-omics” data. Some genomic changes (for in-
stance, amino-acid changes, rates of protein evolution or gene multicopy
states, to name but a few) can be associated to changes in ecological, anthro-
pometric or biomedical traits of interest (including, but not limited to, in-
creased or shortened lifespan and brain size, among others). These changes
can be better understood by analysing a large evolutionary context; that is, by
studying a wide selection of increasingly available, vertebrate, mammalian
and primate species, covering highly informative phylogenetic nodes, instead
of focusing only in humans and its closest living relatives. With this compar-
ative phylogenetic approach, it is possible to identify molecular evolutionary
correlates (for instance, parallel mutations) between genetic variation in a
large context and specific human traits.

For this objective, current techniques such as Phylogenetic Generalized Least
Squares (PGLS), Phylogenetic Path Analysis, Phylogenetic GWAS or Bayesi-
an methods, are already available and it only remains to fine-tune them, adapt-
ing them to issues such as incomplete lineage sorting (so one can use the right
tree for each genome segment) or including, on top of nucleotide variation,
regulatory changes or large changes such as segmental duplications.

Evolution of the human brain. The human brain is the result of intricate devel-
opmental processes that unfold over decades, during which distinct cell types
mature as they change their molecular, morphological and functional identi-
ties via the precise spatiotemporal regulation of their transcriptome. Identi-
fying human-specific features of neurodevelopment, and how these appeared
during evolution, is critical to understanding the evolution of the distinct char-
acteristics and capabilities of the human brain. These accentuated -by not ex-
clusive- traits include its one-thousand fold increase in cortical size compared
to mouse, or three-fold increase compared to our closest relatives, chimpan-
zees, as well as our higher-level cognitive abilities (such as abstract thinking,
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syntactical-grammatical language, or episodic memory), specific structural
and hodological properties, and specific brain disorders.

There is increasing evidence that deregulation of the transcriptional and reg-
ulatory events key in neurodevelopment have direct and profound conse-
quences on brain function, or strongly favour the risk of neuropsychiatric dis-
orders. Revealing the molecular events underlying the evolution of human
brain features, and their role in disease, necessarily requires the identifica-
tion of specific variants occurring in functional elements of the genome, fol-
lowed by experimental testing. However, finding the relevant variants that
underlie phenotypic changes in the developing and mature brain represents
a challenging task, as it requires the identification of relatively few meaning-
ful variants from thousands of neutral variants, resulting in a “needle in a hay-
stack” scenario. An initial approach for reducing the search space might con-
sist on following an evo-devo approach, comparing the genomic regulation of
brain development across mammalian phylogeny to identify signals of posi-
tive or negative selection that have arisen during brain evolution leading to
humans. Work on species with particular strategic phylogenetic value, includ-
ing mouse, ferret and macaque, has already proven to be extremely powerful
to identify and understand genomic determinants of human brain evolution.
Focusing on genes expressed in the brain that show signals of association to
neuropsychiatric traits (GWAS /rare variants) and/or signals of positive se-
lection that have arisen since the split from our closest relatives, may be of
unique value for the identification of human-specific features of brain devel-
opment and evolution.

A primary obstacle for studying brain development in humans and our clos-
est relatives (chimpanzees) is the lack of samples. The discovery of induced
pluripotent stem cells (iPSC) and their capacity to be differentiated into any
cell type holds great potential for investigating development under laborato-
ry conditions in an, in principle, unlimited amount of samples and at a fine
time scale. On the other hand, understanding the evolutionary mechanisms
influencing brain development and leading to the acquisition of human fea-
tures can be successfully achieved by studying non-primate species with stra-
tegic positions in phylogeny and displaying unique brain features. These may
include mouse (rodent with a small and smooth brain), ferret (carnivore with
a medium-sized and folded brain), marmoset (primate with a smooth and
small brain), macaque (primate with a large and folded brain) and human.
Comparative genomic and developmental studies across these species have
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already demonstrated the outstanding potential of evo-devo studies for the
identification of evolutionary trajectories of mammalian brain development
leading to human. Most importantly, since the advent of CRISPR-mediated
genome editing, genetic manipulations of brain development are now being
performed in some of model species — notably mouse - in vivo, in the devel-
oping embryo, which is of unrivalled value compared to any in vitro
approach.

A second major obstacle is the challenge of comparing cell types and their fine
scale organization across species. Recent advances in massively parallel sin-
gle-cell profiling (transcriptomics, epigenomics, proteomics) are enabling the
matching and comparison of homologous cell types between species. The first
comparative single-cell analyses in developing brains indicate a conservation
of broad cellular populations between humans and mouse, but dramatic dif-
ferences in the proportions of cell types, their laminar distribution and mor-
phologies. This rapidly evolving technology will soon allow the simultaneous
analysis of multiple features in single cells with much finer resolution, in
greater numbers and at greater speed, which when combined with the rapid-
ly improving analytical methods holds great promise for studies of the evolu-
tion of cellular mechanisms in brain development. Therefore, the fields of evo-
lutionary biology and neurodevelopment (with new and refined experimental
animal models and genome editing tools) are ripe for being combined to test
hypotheses about the molecular changes that took place in the evolution of
the developing human brain, leading to its increased size and architectural
complexity, and thereon to explain malfunction observed in disease states.

A pressing scientific challenge is to elucidate the genetic basis of the evolu-
tion of lineage-specific features of neurodevelopment and disease in humans,
with respect to both the closest relative non-human primates and other more
distant mammalian species in key steps of the evolutionary process. Effective
testing of this question will require using in vitro systems proximal to human
foetal brain development, and non-conventional animal models displaying
features of relevance in this issue. Development of induced pluripotent stem
cell lines and cerebral organoids from humans and other great apes are prom-
ising in vitro approaches to unravel functional processes of early brain devel-
opment leading to human specific traits. Genome editing of these iPSC cell
lines to replace endogenous sequences with those of strategically relevant
species or groups, and then produce cerebral organoids for functional analy-
sis of brain development, holds great promise for the next generation of
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discoveries in this field. For example, editing human iPSCs with Neanderthal
and Denisovan sequences, or editing chimpanzee iPSCs with modern human
sequences can help unravel metabolic and physiologic differences between
species. These approaches require access to live cells from great-apes, to be
transformed into iPSCs, and will also allow unravelling molecular and gene
networks that underlie differences between humans and great apes in other
tissues. Regarding the elucidation of earlier steps of mammalian brain evolu-
tion leading to human, this will involve use of non-conventional species
amenable to experimental genetic manipulation in the developing embryo,
and of strategic relevance to this question due to their key position through
long-term human phylogeny. Species where transient and stable transgene-
sis for genes affecting brain development has been achieved, and hence that
are emerging as the next generation animal models to study brain develop-
ment and function, include macaque, marmoset and ferret.

In summary, understanding the evolution of the human brain will require i)
in silico multi-omics bioinformatics analysis leveraging multiple types of data
from multiple sources (single cell vs. bulk tissue; transcriptomic, chromatin
organization and proteomic data; selection scans and association studies) to
prioritize evolutionarily relevant genetic variants affecting candidate genes
related to lineage-specific neurodevelopmental phenotypes. ii) Utilization of
genome editing tools onto non-conventional but strategic animal models, and
induced pluripotent stem cells (iPSC) differentiated into neuronal lineages
and brain organoids, to test alterations of cytological (e.g. cell morphology,
cell composition and neurogenesis) and molecular (e.g. transcriptome and
epigenome) parameters. For example, a human specific variant could be in-
troduced into chimpanzee iPSC to test whether and to which extent it can
switch molecular networks and phenotypes to a more human-like status. This
approach is most suited for studying early developmental processes and the
only possible one now that research with ape individuals is -rightfully- banned
from experimentation.

3.3 Advancements in paleoanthropology for the study of human
evolution

While the topics above mainly relate to innovations in molecular-biological
and genetic of data extracted from fossil hominin remains, at the phenotypic
level important advances in the study of human evolution are also
occurring,.
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Digital anatomy, advanced 3D imaging and virtual databases. Methodological
improvements in recent times have taken quantitative studies of hominin fos-
sil morphology to new levels. This has been facilitated by advances in high res-
olution digital imaging techniques, both at internal (volume) levels by ad-
vanced industrial micro-/nano-tomographic scanning and external (surface)
levels. Applications of these imaging methods to hominin fossils have en-
hanced the possibility of quantifying internal and external features of hard
tissue morphology, leading to a better understanding of ancient biological pro-
cess related to growth, morphogenesis and, more generally, ontogeny. For ex-
ample, the application of high radiation methods to fossilized teeth has pro-
duced insights into change of growth rates not only of dentition, but also of
the history of the organism and life in recent hominin species, as well as of
highly mineralized cranio-dental fossils at the origin of the genus Homo, Aus-
tralopithecus and Paranthropus.

At a different level, advanced 3D imaging has also led to more easily accessi-
ble digital data-bases of digitized fossil remains. In this respect ongoing anal-
yses of the new hominin species, Homo naledi (Rising Star Caves, South Afri-
ca) has provided a pioneering example in enhancement of paleoanthropological
research by facilitating open and free access to 3D digital models for compar-
ative anatomic research, 3D printing etc., online excavations with live distri-
butions via internet, thus fostering democratization of paleoanthropological
research which traditionally has been characterized by limited access to priv-
ileged institutions.

More and more research institutions are following these trends by participat-
ing in EU-wide and global networks of activities of digitalization collection of
fossil and extant hominin and primate species relevant to the study of human
evolution. Guaranteeing the current and future participation of CSIC in such
digital collection networks (DISSCo, SYNTHESYS, etc.) will be crucial to main-
tain its position in the phenotypic domains of human evolutionary studies.

High-density and high-resolutio 3D morphometrics. Digital fossil specimens
available to virtual morphological laboratories increasingly follow new trends
in morphometric analyses and modelling. After pioneering development of
geometric morphometric methods for the quantification of curve and surface
geometries of virtual 3D anatomical objects, current efforts are mainly direct-
ed to developing methods for analysing high-density (HD) coverage 3D meas-
urements and methods for full surface recording based on landmark-free tech-
niques for sophisticated shape analyses and modelling.
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These new morphometric methods not only enable powerful quantitative and
visual analyses, but also hypothesis-driven, quantitative reconstructions of
anatomically incomplete (i.e. fragmented) fossil remains. Hypothesis-driven,
quantitative reconstructions of fossil hominin body structures are key to ana-
lysing function and thus the assessment of its potential adaptive value, which
isbecoming more easily comparable with genetic evidence in functional con-
texts. In addition, reconstruction of body structures is also important for mod-
elling of growth processes of structures that allow for the study of interaction
between fossil hominin organisms and their ecosystems (eco-evo-devo). For
example, HD 3D morphometrics of fossil hominin skull reconstructions have
recently been combined with big data on brain imaging and ancient genome
sequences to provide a model for the evolution and emergence of modern hu-
man brain functions and skull morphology. Another venue for future devel-
opment is the aforementioned link between epigenenomic data and its poten-
tial for morphological reconstruction of skeletal profiles of hominin species
such as Denisovans.

Additionally, body functions are likely to be more effectively studied by using
HD morphometrics applied to the virtual anatomy of digital extant and ex-
tinct hominins. Simulations of body functions such as locomotion or respira-
tion in reconstructed 3D-structures and organ systems based on computer
modelling of real-time 4D processes relevant to human evolution, has the po-
tential of not only producing more accurate paleoanthropological knowledge,
but also extending it to the usage in applied biomedical research, sport and
other living human related sciences. Because of the need to extract as much
information as possible from scarce hominin fossil remains, paleoanthropo-
logical research has traditionally interacted with biomedical technology to
improve analytical methods, in addition to constant efforts in the field to pro-
vide a more complete fossil record for multidisciplinary approaches to stud-
ying processes in human evolution.

3.4 The role of technology in shaping human evolution

Technology as a driving force in social evolution. Defined as a set of material
and informational devices, the goal of technology in the context of human evo-
lution is to optimize exchange of energy with the environment (White, 1946).
Human adaptive success is ultimately based on the thermodynamic efficien-
cy of societies and their ability to progress through a cumulative introduction
of new technological devices that compensate for demographic increase, and
for changes in the environmental and/or subsistence conditions. Therefore,
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the interaction between technological and social change is a prime character-
istic of the human evolutionary process and is a high- priority theme in Pre-
historic Archaeology as a discipline. In the next few years, three specific chal-
lenges should be addressed: 1) The nature of technological systems as
thermodynamic devices, and how the evolutionary trajectory of societies is
shaped by alternative production processes. 2) The impact of technology on
social systems: the interaction between technology and social organization,
which is bidirectional as technology shapes the thermodynamic outputs of
human labour and determines basic aspects of social organization such as the
division of labour and the control of means of production, among others. 3)
The role of technological transmission and change in the process of social evo-
lution; technical know-how and skills are not genetically determined in hu-
mans and are transferred through learning processes that are socially regu-
lated, which should be studied from the perspective of the social systems in
which they are embedded.

The uniqueness of human culture and the emergence of technology in our evo-
lutionary past. The classic idea of the first human technologies assumes that
early stone tool making starting at circa 3 million years ago focused on get-
ting cutting edges, mainly through flakes obtained from knapping (Harmand
etal., 2016). However, some authors (e.g., Haslam et al., 2009) have highlight-
ed the fundamental and broader role of other tool-use activities apart from
knapping, which could have been the most important ones in the earliest
stages of human technology. This has important evolutionary implications,
as some extant non-human primates use tools in a variety of tasks. Parallels
between primate percussive technologies and early archaeological sites are
producing ground-breaking results in recent years (e.g., Proffitt et al., 2016)
and need to be further explored in order to bridge the gaps between fields
such as Primatology and Archaeology, encouraging cross-disciplinary collab-
orations aimed at laying foundations for a multiple-approach understand-
ing of the evolutionary foundations of human technological behaviour. Ques-
tions driving this research include the following: Are there ecological reasons
driving the variable technological patterns detected in the early archaeolog-
ical and primatological record? How similar are archaeological tools and non-
human-made lithics? Do they represent the same activities? Are there par-
allelisms that permit comparing primate and early archaeological stone
tools?
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3.5. Human responses to abiotic and biotic factors

and the role of climate in shaping human behavioural evolution

In human evolutionary studies, there is an overwhelming preference for abi-
otic interpretations of hominin adaptations and evolution, from models that
highlight the role of climate in shaping speciation (deMenocal, 2011) to those
that see species turnovers in the context of climate change. However, while
the influence of abiotic mechanisms in biogeographic distributions of early
humans is evident, they do not explain satisfactorily patterns observed in the
archaeological and paleontological record. Recent studies of faunal turnovers
have emphasized the importance of continuous (and likely biotic) factors in
modulating faunal change (Bibi and Kiessling, 2015), suggesting that mam-
mal communities might be more robust than expected, and that properties of
the foodwebs be uncoupled from Pleistocene climatic changes. There is grow-
ing evidence that climatic factors alone do not explain hominin biogeograph-
ic dynamics, and pioneering research perspectives are exploring models in
which biotic interactions (e.g., competition), which are known to be essential
in shaping biodiversity and biogeographic patterns, may have played a funda-
mental role in shaping early hominin adaptive behaviours. This emerging field
presents a number of challenges that includes 1) exploring competing hypoth-
eses on the character and influence of environmental fluctuations in Pleisto-
cene mammal communities through computational modelling; 2) calibrating
geochemical data from paleoclimate and paleovegetation studies in archaeo-
logical and paleontological sequences to ground truth climate maps and aid
interpretation of model results; and 3) creating geo-referenced databases of
modern and fossil mammals and hominins that should be combined with cli-
matic layers to refine biogeographic models of species distribution across the
0Old Word.

3.6 Big Data repositories and spatial data infrastructures (SDI)

Research on the pre-modern human occupation of the Old World can no
longer be compartmentalised regionally, and any comprehensive study should
be based on a comparative analysis of the alternative evolutionary and cultur-
al pathways observed in each area. The need for drawing similarities and dif-
ferences between the earliest archaeological sequences has been recognised
in recent years, but efforts have focused on general literature reviews of the
evidence in each region or comparisons of particular attributes of specific ar-
chaeological artefacts. The synthetic research advocated by Kintigh et al.
(2014) for Archaeology is now possible and greatly needed to understand prop-
erly the ecological and cultural patterns of early humans. Nonetheless, such
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research should be based on the systematic analysis of quantitative datasets
(thus superseding the current stage of superficial literature review compari-
sons) and include computational modelling. The substantial datasets pro-
duced in recent years present a unique opportunity to understand the pat-
terns that structured the behavioural ecology of pre-modern humans during
the earliest colonization of the Old World, but also a challenge due to the dis-
parity of archives, research traditions and the lack of systematic intra and in-
ter-regional comparisons. Such exceptional challenges and opportunities
should embrace big-picture objectives to understand the alternative evolu-
tionary trajectories adopted by hominins that shared an overarching biolog-
ical and cultural background (i.e., they were premodern humans using Early
Stone Age technological solutions), and address key research questions such
as: 1) How can migration waves during the Pleistocene be identified and how
many were? 2) How continuous is human occupation in the presumed evolu-
tionary centres as opposed to the discontinuous record of other regions of the
0Old World? 3) Can risks and challenges faced by humans in each region ex-
plain variability of hominin adaptations?
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ABSTRACT

Diseases result from the disturbance of the
physiological homeostasis of organisms.
Disturbances can be endogenous (e.g., heritable
diseases, developmental constraints or cancer)
or exogenous (e.g., infections or intoxications).
In as much as organisms themselves, and the
way they interact with their biotic and abiotic
environments, are the result of evolutionary
forces, their diseases are also the result of
complex (co)evolutionary processes. Nowadays,
by incorporating an evolutionary perspective, it
is possible that a better understand will emerge
and help to combat disease.
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EXECUTIVE SUMMARY

This chapter describes how incorporating an evolutionary thinking would
generate new insights and provide fresh perspectives into human, farm ani-
mals and crop diseases. A shift in the reductionist conceptual paradigm is ur-
gently needed to tackle complex problems such as the origin, spillover and
spread of new infectious agents, the origin and spread of microbes resistant
to antibiotic drugs, the role of microbiota in preventing invasions from path-
ogenic microbes, the dynamics of cancer cells and tumour growth, the origin
of medical conditions such as diabetes, obesity, cardiovascular disease, asth-
ma, allergies and autoimmune diseases, aging, preeclampsia, menopause. All
these processes are governed by the same basic and universal forces of evolu-
tion: mutation, genetic drift, migration, natural selection, and adaptive trade-
offs. It is becoming increasingly clear that solutions to such complex prob-
lems potentially involve every level of organization, from molecules to
populations. The Modern Synthesis, or Neo-Darwinian Theory of Evolution,
provides the conceptual, theoretical and mathematical frameworks, which to-
gether with genomics, bioinformatics, and an integrative systems biology per-
spective will provide a holistic understanding. Safer and more durable chem-
otherapeutic treatments, more effective vaccination strategies that consider
the entire biosphere, and a more rational use of medicines could be designed
by considering the unavoidable evolutionary component of living
organisms.
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1. INTRODUCTION AND GENERAL DESCRIPTION

The way in which living beings respond to disease, be it infectious or the re-
sult of a failure in cellular homeostasis, is the result of a process of (co)evolu-
tion. Any rational future development of new therapies should consider this
evolutionary component. The most obvious example of the importance of evo-
lutionary biology is that of infectious diseases. Humans, farm animals and veg-
etable crops, are continuously being exposed to pathogens that place strong
selection pressures on the evolution of genomes, evolving complex defence
mechanisms. In response, immune pressure or the action of antibiotic drugs
on pathogen populations, results in the evolution of counter defences and re-
sistant variants capable of infecting and reproducing. This “arms race” leads
to coevolution between both players. Another paradigmatic example of
eco-evolutionary process and disease is cancer. In many ways, tumour cells
behave like parasites of their host, replicating much faster and generating
many more errors than normal cells, displacing them from their environment.
Characterizing and understanding genetic diversity for disease susceptibili-
ty genes existing in different host populations has become the focus of many
studies in recent years. Understanding why certain individuals are more re-
sistant than others cannot be done without understanding the evolutionary
history of these populations. Why alleles of disease susceptibility have been
maintained at high frequencies cannot be understood without evolutionary
concepts such as fitness trade-offs.

Life has demonstrated a great flexibility and can be found in every environ-
ment: perpetual ice, boiling water, extreme pH, high salt, or overwhelming
pressure. Thus, it should not be unexpected that living beings can develop
mechanisms to resist any drug humans use against them. Resistance is thus a
natural evolutionary response to drug exposure. On the one hand, maintain-
ing the stability of genetic information is vital for the perpetuation of species.
Therefore, cellular organisms evolved a DNA replication machinery in order
to minimize mistakes, protect, and repair DNA. Most viruses, by contrast, do
not encode for such error correction mechanisms as their living strategy is
based in a fast yet low fidelity replication. In both cases, errors are produced
during genome replication. On the other hand, adaptive evolution, which oc-
curs through heritable variation and selection, allows organisms to adapt to
new environments or to adverse conditions. Without genetic change, there
are no new genes or alleles and, hence, no adaptation. Therefore, living beings
had to confront the dilemma of changing to adapt or remaining stable and face
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the possibility of extinction. Nature has selected those organisms possessing
amutation rate that is a compromise between adaptability and resilience.

Infectious diseases represent 20% of all human diseases (www.who.int/
whr/1996/media_centre/press_release/en/). Pathogens have accompanied
humans since their origin ~200,000 years ago. Smallpox, bubonic plague, in-
fluenza, schistosomiasis, tuberculosis, and malaria have decimated entire pop-
ulations and shaped human evolution (Dominguez-Andrés and Netea, 2019).
While Science is producing outstanding new results every day, still little is
known about the molecular basis of human infectious diseases. As the World
Health Organization (WHO) expressed in its last report: “in the context of glo-
balization, climate change and population growth, the risk and impact of
emerging and re-emerging infectious diseases is extreme, and there is an ur-
gent need to find new strategies for their eradication” (Engebretsen et al.,
2017).

Nowadays, cancer has shifted the focus of attention away from infectious dis-
eases. Cancer is a critical problem worldwide. Yet, an appropriate conceptu-
al framework is needed to answer questions such as why cancer occurs, why
the risk of cancer throughout life is so high and has increased, why when af-
ter introducing a drug there is tumour regression followed, almost inevitably,
of recurrence and resistance. Cancer is a Darwinian process, and this must be
considered in attempts to understand and control it.

Here, a few cases in which evolutionary thinking provides a new perspective
to disease will be highlighted. Evolutionary theory provides a common con-
ceptual framework to understand otherwise unrelated processes such as the
evolution of pathogen’s virulence, pathogens and cancer resistance to drug
therapies, and how human’s own evolutionary history has shaped its suscep-
tibility to disease.

Infectious diseases: evolution of virulence and host-pathogen interactions. One
of the greatest challenges in infectiology is to understand variation in the dam-
age caused by the parasite (virulence) and its ability to transmit (infectivity)
as well as in host susceptibility and resistance to infection. Current evidence
shows that intra- and inter-host interactions and dynamics shape the infec-
tion phenotype and are key in the evolution of new strategies for virulence
and infectivity management and host resistance (Ewald, 1994). Within the
host, parasite survival depends mainly on evading its immune system, and
there are multiple ways to do this: strategies to penetrate and multiply inside
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different cells and tissues, vary surface and modulate proteins, or suppress
the immune response. To optimize between-hosts transmission, transmissi-
ble parasite stages need to be present at the right time/tissue. This requires a
very precise control of the cell cycle. However, parasites and hosts experience
an enormous variation in their external and internal environments that im-
pact their fitness, and so adjustments in phenotype must occur quickly. The
solution is to endow the system with phenotypic plasticity: the ability of a gen-
otype to express different phenotypes in a heterogeneous environment (Tay-
loretal., 2006; Gémez-Diaz et al., 2012; Westneat et al., 2019). In this context,
abetter understanding of the molecular mechanisms underlying phenotypic
variation in parasite virulence/transmission and host susceptibility/resist-
ance, is key to prevent the (re-) emergence of infectious diseases and the fail-
ure of existing eradication interventions (Louhi et al., 2012).

The role of antigenic variation in pathogens: Viruses, bacteria, fungi, and pro-
tozoa all face similar challenges upon infecting a susceptible host. They must
avoid mechanical clearance, successfully adhere to their preferred tissue/cell,
avoid recognition by the immune system, and avoid being killed by various
components of the immune system. In order to survive and trigger infections,
and thereby ensure transmission, they have evolved similar strategies. One of
these strategies is antigenic variation: the ability of a pathogen to alter sur-
face proteins or carbohydrates avoiding the immune response. The term en-
compasses both phase variation, which is the on/off of a gene, and true anti-
genic variation, which is the expression of alternative forms of a protein.

Varied genetic and epigenetic mechanisms have been described that under-
lie the ability to produce variable phenotypes. Genetic mechanisms include
mutation and recombination and imply a change in the genomic sequence of
an antigen-encoding gene, resulting in changes in the protein secondary struc-
ture, or of its regulatory elements, that alter the expression level. These chang-
es occur at relatively low rates (except in RNA viruses), are irreversible and
heritable. Epigenetic mechanisms involve, by contrast, changes in gene ex-
pression that are independent or occur without altering the primary genom-
ic sequence. These changes are stable and potentially inherited. Contrary to
genetic events, they can occur within a generation, are reversible and induc-
ible by internal or external stimuli.

Phase variation was first described in bacteria as the phenomenon of switch-
ing between two alternative phenotypes among the cells in a clonal popula-
tion. A common mechanism is through transcriptional regulation, which can
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be either genetic or epigenetically controlled. Borrelia spp., Salmonella spp.,
Treponema pallidum are examples of phase variation that rely on homologous
DNA recombination (Vink et al., 2012). Epigenetic transcriptional regulation
has been also described, for example, in Escherichia coli where the expression
of pili, which is under the control of the pap operon, is regulated by environ-
ment-dependent DNA methylation (Braaten et al., 1991). Similarly, in Can-
dida glabrata phase variation of the gene Epaé6 is induced as a direct response
to the level of NAD"* found in urine (Mundy and Cormack, 2009). Phase vari-
ation can also be the result of translational regulation through a variety of
mechanisms including slipped-strand mispairing, early ribosome dissocia-
tion, and mRNA instability.

Some microbes have evolved a more complex strategy of antigenic variation
that relies on large, multi-copy and hyper-variable gene families, in which
each individual gene copy encodes an antigenically distinct surface protein.
In Plasmodium spp. and Trypanosoma spp., antigenic variation involves tran-
scriptional switching among members of the var (60 genes) and the vsg (<1000
genes) multi-copy gene families, causing parasites with different antigenic
and phenotypic characteristics to appear at different times within a popula-
tion. The switching is under genetic through homologous recombination, and
epigenetic control, involving different mechanisms: heterochromatin prop-
agation and histone acetylation, chromatin accessibility and nuclear position-
ing, and specific transcription factors (Maree and Patterton, 2015; Gdmez-
Diaz et al., 2017; Ruiz et al., 2018). In bacteria, antigenic variation through
homologous recombination has been described for Borrelia spp. and Neisse-
ria spp., and in fungi for Candida spp. (Cahoon and Seifert, 2011).

The genetics and epigenetics of the susceptibility/resistance to infection. The
outcome of the interaction between parasites and their hosts does not only
depend on the pathogen’s variability and evolvability, but also in the spatial
and temporal variability in the host susceptibility genes.

The basis of many infectious diseases is associated with variation in host ge-
nomes, and in this case, such disease susceptibility trait can be inherited. An
example is the sickle-cell anaemia trait, which is associated with a reduced
susceptibility to malaria. Its prevalence in the population is considered a re-
sult of the selective pressure that malaria parasites have been exerting on hu-
man populations through evolutionary time (Karlsson et al., 2014). Ge-
nome-wide association analysis (GWAS) have been widely used to characterize
genetic markers associated with disease risk, inform about disease
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progression and thereby help to choose the most appropriate treatment
(Craig, 2008). As a result of these studies, human leukocyte antigen (HLA)
variation has been associated with susceptibility or resistance to malaria, tu-
berculosis, leprosy, AIDS, and persistence of viral hepatitis. Variation in the
tumour-necrosis factor-a gene promoter, as well as allelic variants of the vi-
tamin D receptor, appear to be associated with differential susceptibility to
several infectious diseases (Cooke and Hill, 2001). In the context of the cur-
rent COVID-19 pandemic, investigations are now being undertaken to unveil
the genetic basis of susceptibility to SARS-CoV-2 that may explain differenc-
es in clinical outcomes and across countries. Variations in the ACE2, TM-
PRSS2and the HLA genes have been proposed as likely risk factors (Sungnak
et al., 2020). In this and future pandemics/epidemics, GWAS and compara-
tive genomics will be instrumental in the understanding of host-pathogen ge-
netic interactions, and a prerequisite to developing effective vaccines and
therapies.

There is also growing evidence that genotype-genotype associations between
the host and the pathogen are relevant in different aspects of infection. For
example, transmissibility in tuberculosis seems to depend on specific combi-
nations of host and genetic background (Gagneux et al., 2006). The same is
true for clinical outcomes in Helicobacter pylori where gastric cancer is more
likely in certain combinations of human and bacterial genetic backgrounds
(Kodaman et al., 2014). In both cases, these differences relate to the disrup-
tion of the long-term co-evolution of specific combinations of human and bac-
teria genotypes, what is called sympatric associations. Some of the loci in-
volved in the pathogen can now be explored using GWAS approaches given
the large number of pathogen sequences available (Falush, 2016). However,
to identify relevant loci that can inform vaccine development of host-direct-
ed-therapies GWAS must evolve towards genome-to-genome comparison
where both the host and the bacterial variation are incorporated. This ap-
proach has started to be applied in viruses (Fellay and Pedergnana, 2019) and
will likely be a cornerstone to decipher the host and pathogen interacting loci
for anumber of infectious diseases.

In addition to the genetic component, environmental factors also influence
the aetiology of the disease, the so-called disease triangle (Scholthof, 2007).
The interaction of the individual with the environment, and over time, results
in a great variability in the forms in which the disease occurs, the phenotype
of infection, with an impact in public health interventions. Tuberculosis is a
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classic example of poverty disease in which socioeconomic determinants play
amajor role. Immune senescence in humans is characterized by a decrease in
the innate and adaptive response, which increases the infectious disease risk.
There is also a seasonal variability in the susceptibility to autoimmune and in-
fectious diseases (Castle, 2000) probably linked to seasonal variation of sun ex-
posure and skin colour with consequences in micronutrients like vitamin D.

When talking about environmentally driven disease variability, an important
consideration is the underlying molecular mechanisms, since this variability
is, a priori, non-genetic. Epigenetic mechanisms have been proposed to link
environmental changes and phenotype by modulating gene expression
(Klemm et al., 2019). Understanding the role of epigenetics in disease has be-
come a priority of current biomedical research. In fact, changes in the meth-
ylation status and histone acetylation/methylation of multiple genes involved
in immune signalling and immune attack pathways has been associated with
disease susceptibility and progression for viral and bacterial plant pathogens
(Wang et al., 2019), malaria, AIDS, hepatitis B, and tuberculosis (Grabiec and
Potempa, 2018), though studies are still scarce. The study of how these epige-
netic risk factors can be edited or reversed is known as epigenetic therapy (Du-
mitrescu, 2018). Which is the impact of these changes in the long term (her-
itability), their causality and the clinical applications of epigenetic therapies,
is aresearch challenge in the field.

Emerging infectious diseases. The devastating SARS-CoV-2 pandemic the
world is currently facing highlights the tremendous risk and importance that
the emerging and re-emerging infectious diseases pose for humankind. The
extremely fast dispersion of the SARS-CoV-2, its high contagiousness, and
the relatively high number of severe cases of COVID-19 that require inten-
sive care, is stressing health systems and in the short term national and re-
gional industrial activity and economy. This situation is even more threat-
ening for developing countries that lack basic health infrastructures and
resources, and where the pandemics will co-occur with other epidemics such
as tuberculosis, malaria or HIV-1. The SARS-CoV-2 pandemic is the last and
paradigmatic episode of a series of human epidemics caused by emerging vi-
ruses and bacteria that have occurred in the past decades. These inlcude Lyme
disease, enterohemorrhagic E. coli 0157:H7, Chikungunya virus, Dengue fe-
ver virus, Hantavirus, HIV-1, West Nile virus, Zika virus, and the coronavi-
ruses SARS-CoV and MERS-CoV, among many others, including the still ac-
tive epidemics of Ebola in central Africa. In most of these outbreaks, the
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emerging virus appears as a result of a jump from wild or domestic species to
humans that has led to coin the term One Health to deal with this new sce-
nario, which is concomitant with the global warming and other human ag-
gressions to nature and wildlife (Zinsstag et al., 2018). Being coherent with
this One Health concept, not only virus affecting directly to humans but also
any other pathogen affecting animal welfare and production as well as in plant
health should be considered. Three examples that illustrate this complex net-
work of interconnections, whose complexity is just being glimpsed, are the
observation that SARS-CoV-2 can be transmitted from human to tigers and
domestic cats, animals acting as reservoir of antibiotic resistance linked to
animal husbandry and the existence of a non-viral clonally transmissible can-
cer which affects Tasmanian devils.

Evolution of resistances. In 2016 infections with antibiotic resistant bacteria
caused 700,000 deaths and devastating economic losses. By 2050, antibiotic
resistant infections deaths will amount to 10 million, surpassing cancer as
the main cause of mortality worldwide. In addition, viral, fungi and parasit-
icresistance also accounts to a major number of worsened clinical outcomes
and deaths. The incidence and type of resistant infections is markedly differ-
entbetween developed and developing countries. While in high-income coun-
tries major problems are associated with the emergence of superbugs in no-
socomial settings, in low- and middle-income countries (LMIC) community
transmission is a major public health challenge. For example, every
year 250,000 persons died of multidrug resistant tuberculosis and three mil-
lion are predicted by 2050. Importantly, genomic and epidemiological data
combined with the power of evolutionary analysis, is allowing to understand,
even anticipate, how resistance emerges and spreads with a resolution not
available before.

Resistance to any molecule is developed via the basic genetic mechanisms of
mutation and recombination (which create and combine resistance deter-
minants). In the case of bacterial pathogens, their capacity of horizontally
transfer of resistance determinants (among members of the same or differ-
ent, even phylogenetically distant, species) must also be taken into account
(MacLean and San Millan, 2019). Gaining insights into these mechanisms
and how they are affected by drug challenges is fundamental to understand-
ing the basic process of resistance acquisition and the development of novel
targets for both new drugs and diagnostic tests. Consequently, it is expected
that reducing the impact of these basic mechanisms, development and
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dissemination of resistance will be minimized. The generalized use of drugs
changed the practice of medicine allowing the development of modern med-
ical practices. However, the emergence and spread of drug resistances in re-
cent decades is threatening global health.

Many resistances are acquired by horizontal transfer of resistant genes. In
many cases, including bacteria, fungi and human cells, drug resistance is gen-
erated by mutations that increase drug efflux and/or decrease binding to the
drug target, drug import or prodrug modification. Resistance mutations or
their effects can be ameliorated by recombination as, for instance, widening
the spectrum of resistance enzymes. Hence, hyper-mutation and hyper-re-
combination rates will be beneficial to become resistant and fitter. Hy-
per-mutator clones have been found in all domains of life, including bacte-
ria, fungi, parasites, and malignant cancer cells (Blazquez, 2003). Viruses
have, in general, a high mutation rate, thus effectively behaving as hyper-mu-
tators. In addition, some anti-infective agents act not only as selectors of re-
sistant or hypervariable alleles but can cause pathogen genetic instability
and thus influence the evolution and spread of resistance determinants in
different ways, including enhancement of mutation, recombination and hori-
zontal gene transfer. Furthermore, most public health policies have relied
on the assumption that resistance comes with a fitness cost in absence of the
drug, thus most public health actions for a number of infectious diseases are
directed at the individual treatment level. However, in Mycobacterium tu-
berculosis there is now clear evidence linking experimental evolution and
clinical data that the fitness cost can be compensated rendering resistant
strains as transmissible as the susceptible ones (Comas et al., 2011). Molec-
ular epidemiology studies are also characterizing the spread of resistance in
the nosocomial and community settings for a number of pathogens and re-
sistance determinants.

Nevertheless, understanding the complex factors and their interactions in-
fluencing the level of resistance reached nowadays is still far from understand-
ing. These factors include, among others, pathogen interactions with drugs
and hosts, intrinsic and induced genetic variability of the pathogen, co-resist-
ance to unrelated drugs, emergence of successful resistant clones that do not
pay a fitness costs (owed to the presence of other epistatic mutations) and
transmission rates of pathogens among humans, animals, and the environ-
ment. Other public factors such as rates of vaccination, health care systems
and population density and mobility are also important. Therefore, resistance
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is a multifactorial problem that must be addressed from different disciplines,
including Medicine, Genetics, Microbiology, Epidemiology, Chemistry, Ecol-
ogy, and Sociology, yet always under the perspective of evolution, as finally,
resistance is the unavoidable consequence of the evolutionary process of life.
Not taking this premise into consideration will lead to a bitter fight against
microbial evolution, as, up to now, no drug has escaped from resistance.

There is thus an urgent need to act to avoid returning to the pre-antibiotic era.
Among the measures, abetter understanding of the evolutionary mechanisms
and drivers of resistance, development of new evolution-proof drugs and the
implementation of methods to increase treatment efficiency based on evolu-
tionary concepts are key to deal with this worldwide problem. Viruses, bacte-
ria, fungi, parasites, and human cells will always find a solution to survive drug
pressures. The problem can be ameliorated or avoid it being worse, but expe-
rience shows that it is not possible to find a drug/condition for which micro-
bial life will not find a solution.

Cancer as an evolutionary process. The main problem of cancer is clonal het-
erogeneity, that is, the presence and continuous appearance of different
groups or clones of tumour cells, with new genetic and phenotypic character-
istics, including the ability to metastasize and resist treatments. Tumour clon-
al heterogeneity derives from clonal evolution, in which some cells give rise
to others with new phenotypic characteristics (Greaves, 2015).

Evolution is characterized by long periods of stability interrupted by punctu-
ated explosive changes (Gould and Eldridge, 1977). The latter would also be
the case in cancer: explosions of clonal expansion secondary to the action of
high-impact mutations selected by environmental pressure changes. Mean-
while, there would be multiple clones coexisting and competing with each oth-
erin parallel (Greaves, 2015).

The evolutionary selection unit, responsible for tumour initiation and the for-
mation of new clones, are stem cells with self-renewal capability. Thus, they
are essential for the maintenance of normal and cancer tissues. Any tumour
cell can acquire mutations, but only stem cells could propagate. Stem cells
would be responsible for generating new clones, also for metastases, as self-re-
newal capacity would also be required to keep a clone at a distance, as in the
primary tumour, and even the resistance to chemotherapy (Greaves, 2013).
Of all these mutations, only a few of them induce essential functions for tu-
mour development (drivers) and generate new clones. Thus, only 3% of the
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mutations of a tumour would be drivers, the rest would be passenger muta-
tions not subjected to selection. Driver mutations are context-dependent.
They can be advantageous in some tumour environments, but not in others.
In addition, mutation advantages may be epistatic with other mutations. Driv-
er mutations may be different in different clones, so targeted therapy may not
be optimal for treating the entire tumour.

Cancer complexity goes beyond local tumour cells since cancer is not a cell
autonomous process butis a tissue that grows in a systemic context. To grow,
cancer cells need to interact with the stroma and with long-distant compart-
ments related to the physiology of the organism, needs nutrients, oxygen, hor-
mones like insulin, etc. Therefore, the selection pressures for the appearance
of new tumour clones come not only from the compartment of the tumour pa-
renchyma but also from the other compartments, stromal, and long-distant
ones. In these compartments, several structures and functions behave as in-
termediate phenotypes or sub-phenotypes of cancer at systemic, tissular, cel-
lular, and molecular levels. Lastly, there is the genetic level, with the muta-
tions in tumour cells, and the genetic background of the organism that
regulates all the levels of sub-phenotypes. Sub-phenotypes have complex in-
teractions and negative feedbacks that stabilize cancer as a system and make
it resistant to new imbalances. All this organization results in multiple con-
nections that can be studied from a System Biology perspective. Thus, cancer
constitutes an evolutionary and adaptive system that usually evolves in the
direction of more significant robustness, that is, of a greater ability to with-
stand challenges or stress, including the evasion of therapies.

Human evolution, evolutionary trade-offs and the incidence of cancer. When
multicellular organisms appeared 600 billion years ago, mechanisms emerged
to maintain tissue integrity. Thus, at that period, the first tumour suppres-
sor genes appeared. DNA repair mechanisms are an adaptive response to pre-
vent the increased risk of cancer. They are an inherited trait and have there-
fore been generated and improved throughout evolution. The ability to
reproduce in humans decreases markedly after 55 years. All physiological ad-
aptations are designed to act efficiently before old age. Achieving old age is a
relatively recent event and is a consequence of the medical and public health
improvements. However, genes were selected by a pressure that no longer
exists in modern day lifestyles. Therefore, there would be a dissociation be-
tween genes and the actual environment because genes would be mainly pre-
pared to respond to the Paleolithic environment with considerable physical
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activity, intermittent food, resistance to famines, cold, etc. (Tooby and Cos-
mides, 1990). Among these gene-environment dissociations would also be
the DNA repair systems. With the advent of aging, the DNA reparative capac-
ity begins to fail, and there is a progressive increase in the incidence of can-
cer with age.

Other changes in the incidence of cancer come from changes in lifestyle com-
pared to the Paleolithic one. Importantly, this fact offers the possibility of pre-
vention by strategies that try to imitate those environmental processes. The
Darwinian vision of cancer offers a better understanding of the disease, as well
as new prevention alternatives and therapeutic approaches that will promote
more personalized medicine. This is how Evolutionary Medicine arises and
addresses the question of how evolutionary past has shaped the vulnerabili-
ty to diseases such as cancer, type II diabetes, osteoarthritis, etc., both as a
species and regarding the different susceptibility between individuals (Wil-
liams and Nesse, 1991).

Maladaptations, evolutionary constraints and disease. There are many exam-
ples to illustrate how past evolutionary history of humans determines the
prevalence of certain diseases in human populations. Here, for illustrative
purposes, three well-studied cases will be discussed. First, women in cultures
without contraception and with normal birth intervals followed by ca. three
years of breastfeeding had about 100 menstrual cycles along their lifetime.
However, in the modern western world, women may have up to 400 cycles.
Consequently, they are experiencing a far larger number of cell divisions,
which put them into increased risk of breast cancer (Eaton et al., 1994). Wom-
en who experience first birth young and that spend most of their reproduc-
tive period pregnant or in lactational amenorrhea have significantly lower
breast cancer rates (Strassmann, 1999). Menopause was not a phenomenon
of relevance for primate and Homo ancestors given their shorter life expec-
tancy. Now, it is areal issue: reduced estrogen levels result in development of
osteoporosis and weaker bones. Better contraceptive treatments should be
designed keeping in mind these evolutionary trade-offs. Indeed, there are sev-
eral strategies underway that want to mimic the protective effect of early and
repeated pregnancy. Regarding the existence of allelic forms that favour the
onset of breast cancer, the relatively high prevalence of BRCAI mutations has
been associated with increased fertility in its carriers, resulting in a phenom-
enon of antagonistic pleiotropy. Likely, this fact would also occur in other tu-
mours (Smith et al., 2013).
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Humans evolved in an environment in which infections were pervasive, and
most people carried all sorts of parasites most of the time. Some of these par-
asites down-regulated host immune responses to enhance their survival. By
doing so, they reduced the susceptibility to autoimmune diseases by reducing
the overall production of antibodies. The antiseptic environments keeps so-
cieties free of many parasites, but autoimmune diseases are much more com-
mon now. For instance, Gabonese children with schistosomiasis have fewer
allergic reactions to dust mites; likewise, the incidence of asthma is far less in
adults infected with nematodes living in LMIC (Wilson and Maizels, 2004).
It may take hundreds of generations for selection to bring the screening mech-
anisms of the immune systems into equilibrium with the cleanliness of mod-
ern environments.

Another evolutionarily interesting problem is the well-known mother-off-
spring conflict. While mothers are equally interested in the success of each of
her offspring, the foetus alas, has evolutionary interests that differ from its
mother’s with respect to its siblings. The foetus manipulates the mother’s
physiological state via the placenta. Mother’s pre-eclampsia and diabetes are
by-products of this evolutionary conflict (Trivers, 1974).

A change in the paradigm: the One-Health approach. Humans are probably one
of the greatest evolutionary forces on the planet nowadays (Palumbi, 2001).
One of the most dramatic pieces of evidence for the influence of humans on
evolutionary processes is the rapid selection of resistance in microbial path-
ogens (Davies, 2007). Anthropogenic effects impact significantly on all com-
ponents of the biosphere. A significant quantity of anti-infective agents from
human and veterinary use are released into the environment. These mole-
cules are not only selecting for resistant microorganisms, but are likely to af-
fect bacterial evolvability, producing unpredictable consequences for the bio-
sphere equilibrium. Because of the necessity to rapidly adapt to anti-infective
challenges, microorganisms with high evolvability could have been selected
by a second order selection effect (Gillings and Stokes, 2012). In addition, as
indicated above, some anti-infective agents can directly increase microbial
evolvability (Blazquez et al., 2018). In summary, the presence of anti-infec-
tive agents at global scale is probably changing the pace of microbial
evolution.

Ethical challenges of the One-Health approach. Most aspects mentioned above
have important ethical implications related to three main areas: where is re-
search being done, how is it being done and who is doing it?
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Where? Today more than ever, understanding the origin and emergence of or-
ganisms is key to identify genetic determinants of phenotypic traits like dis-
ease susceptibility in humans or virulence and drug resistance in pathogens.
In that regard, there is an emerging body of work at the crossroads between
genomics, archaeology and sociology in which the roots of disease are inves-
tigated and how they have changed over time. This is possible because of the
advent of ancient DNA sequencing technologies. These technologies have al-
lowed scientists access to the complete genomes of hosts and microbes from
human ancient remains. For example, ancient human DNA analyses have un-
covered a plethora of Homo species that coexisted and interbred with Homo
sapiens. Likewise, it has been possible to recover the genome sequence of path-
ogens from human remains dating hundreds to thousands of years ago like,
M. tuberculosis, Yersinia pestis, Vibrio cholerae, Influenza A virus HIN1, HIV-
1, or Plasmodium falciparum (Bennett and Baker, 2019). These techniques al-
low understanding now the causes of well-known plagues. Most of these path-
ogens are still major contributors to human morbidity and represent major
global health issues. Importantly, these extraordinary advances in ancient
DNA genomics with potential to inform human health are only possible by
multidisciplinary teams of anthropologists and sociologists that can identify
likely causes of death. However, the race for ancient DNA material sometimes
has left behind the communities and countries where the samples are
obtained.

In general, there has always been a bias in the representation of LMIC in re-
search, and especially in global health issues. For example, integration of
LMIC is key to understanding the emergence of global pathogens with origin
in those regions, as cultural and social issues cannot be ignored to understand
the big picture. A reflection of the issue is the minor role that LMIC has had
until now in human genomics research. Most analyses of human populations
at the genetic level aimed to look for example for pathogenic variants have
been based on individuals from the global north and this has also translated
into tools, like SNP typing arrays, highly biased by diversity in these popula-
tions. This is paradoxical, as it is known that Africa is a hotspot of human ge-
netic diversity not only important to understand human evolution but also to
understand genetic determinants of human health. As in the case of ancient
DNA, there is aneed to transition to more ethical and socially responsible re-
search. Key will be to involve in research and in the communication of results
to the communities affected. In the case of human genomics, new initiatives
like H3Africa are aimed to correct the bias by empowering African countries
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in genomics applied to human health issues. It not only covers research led
by African researchers but also builds capacities and technologies on site.

How? One of the most important scientific advances in recent molecular bi-
ology is the application of CRISPR/Cas9 gene editing approaches as a new
strategy to fight infectious and parasitic diseases (Soppe and Lebbink, 2017).
Such a breakthrough opens a major ethical and moral debate when it comes
to releasing GMOs into the wild, especially for gene drive systems aiming to
suppress natural populations or even species, for example disease-transmit-
ting mosquitoes (Kyrou et al., 2018). The biosafety risks are expected to be low
as these systems are very specific and the technology is well developed. Eco-
logical risks, however, do exist. Natural systems are complex and what works
under confined laboratory conditions may not work as expected in the wild.
It is challenging to predict how the ecosystem will react to such an introduc-
tion and what will be the short- and long-term side effects. However, the so-
cial risks are very high. There is a worldwide movement against GMOs and a
general mistrust in experts and institutions. The public debate and the con-
flict around this technology is more important in developing countries. In
these regions, the potential benefits of curing major diseases such as malaria
or Dengue fever are prioritized over the ethical/social and ecological risks.
Appropriate scientific community scrutiny on the technical aspects and meth-
odology, conducting pilot field trials, containment and control procedures as
well as community engagement programs, become essential.

Who? This is a multi-facet problem that depends on the investment in re-
search by different countries and, more worrisome, by gender inequality is-
sues. In an ideal world, there are equal opportunities for women and men to
enter and progress in all scientific disciplines without bias or prejudice. How-
ever, the reality is that women represent, at best, less than 30% of research-
ers worldwide. More importantly, they lack a critical mass of representation
in all areas of STEM (Science, Technology, Engineering and Mathematics),
including global health and infectious diseases related fields. That is, despite
women scientists are leading ground-breaking research across the world, they
remain underrepresented in citations, on editorial staff at scientific journals,
asinvited speakers at scientific conferences, and as members of decision-mak-
ing committees, and many more women than men will leave science as career
levels progress (English et al., 2020). The same situation applies to Spain ac-
cording to the last report by the Women in Science Commission of the CSIC,
and that of the Ministry of Science and Innovation. A clear example is the
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composition of the PTI Global Health where women coordinate only 34% of
the subareas. Similarly, women lead only 32 % of the challenges in this book.
The solution to the glass ceiling and the gender imbalance in science is com-
plex and it will require a reform of the educational, social and scientific sys-
tems. Nonetheless, it is about time for this transformative change and insti-
tutions must take urgent action.

2. IMPACT IN BASIC SCIENCE PANORAMA AND POTENTIAL
APPLICATIONS

An evolutionary approach to minimizing the impact of emerging pathogens. For
emerging infectious disease prevention, it becomes essential to anticipate the
rapid adaptation potential of these pathogens by characterizing comprehen-
sively existing genomic/epigenomic diversity, and to unveil the mechanisms
of regulation of antigenic variation.

Several areas of research that were already relevant for the identification, un-
derstanding and control of emerging diseases turn now crucial for modern so-
cieties to realize and prevent not only SARS-CoV-2 but any related or unre-
lated pathogens that will, soon or later, arise. The main areas of research to be
potentiated in this scenario, always under the consideration of promoting
multidisciplinary and polyvalent approaches, as well as applied and transla-
tional research, are:

e Molecular structure and biology of already known emerging and re-
emerging pathogens (viroids, virus, bacteria, parasites, fungi), to gain
information relevant for their detection and control. Studies should
address mechanisms leading to appearance in the natural population of
new or altered human pathogens with enhanced virulence, antigenic
variations, drug resistance, or modified transmissibility or infectivity.

e Ecologic and environmental factors influencing disease emergence and
distribution, such as the influence of natural, direct man-made, or
climate-induced environmental change on the emergence of pathogens;
the effects of alterations in host or vector population density and
distribution on diseases. Indeed, human cases of Dengue virus have been
reported in the Mediterranean coast, and its mosquito vector is present
in areas of Spain. More worrisome, a short chain of Crimean-Congo
haemorrhagic fever transmission took place in Castilla-Le6n a few years
ago, being the tick vector common in wildlife.
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e Development of new diagnostic tools based on the detection of both
nucleic acids and specific antibodies using, as much as possible, versatile,
rapid, automatable and easy-adaptable approaches to ensure pathogen
detection and surveillance. Including cheap and easy-to-use point-of-
care tests particularly in LMIC. Likewise, high quality epidemiological
studies should be supported with special emphasis in optimizing the use
of national and international databases as well as encouraging the
incorporation of environmental and wildlife data.

e Develop local and global real-time genomic surveillance of pathogens
associated with eHealth developments as genomic data simultaneously
enables diagnostics, surveillance and epidemiology. Use real-time
genomic data coupled with evolutionary analyses to inform
interventions in community, nosocomial and epidemic scenarios.

e Toidentify antivirals and other antimicrobial and anti-parasitic
compounds, using screening libraries of already known compounds as
well as considering new investigational compounds and monoclonal
antibodies. Besides the basic and applied knowledge resulting from these
researches, the availability of a wide variety of drug families will become
relevant for fighting emerging infectious agents.

e Viral and other pathogen resistances can no longer be considered as bad
luck. The O’Neill report (amr-review.org), probably the most
comprehensive scientific assessment on the present and future impact
of antibiotic resistance, estimates that ten million lives will be lost per
year by 2050 due to an antimicrobial resistant infection, surpassing
cancer. Even today the number is staggering, 700,000 per year. More
than a quarter of those deaths are and will be related to multidrug
resistant forms of tuberculosis while the rest are accounted mainly by
the rise of superbugs like methicillin-resistant Staphylococcus aureus
(MRSA). In addition, anti-treatment resistance in parasites like the case
of artemisinin resistance in malaria, are a major contributor to
morbidity mainly in LMIC.

e Inthe case of viruses, the properties of the structure of RNA genomes, in
the form of molecular collectives that interact with each other in many
different ways (quasi-species), and their evolutionary dynamics, make it
possible to predict that mutants resistant to a single drug will appear.
One of the properties of the collective is memory, and single-drug
treatments can only serve to exhaust it as a future possibility. This
knowledge should guide in the future not only how to administer
antiviral drugs and follow their effect, but also in the search for new
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therapeutic strategies based on this knowledge. For example,
considering highly conserved RNA viral structures as potential drug
targets or employing drug mixtures leading the virus to extinction by the
accumulation of mutations.

e Development of new versatile and easy-adaptable prophylactic and
therapeutic vaccines, either based on inactivated viruses, RNA, DNA,
virus subunits, or engineered attenuated viruses, as well as new vaccine
delivery technology, which are to prevent and treat disease, with a
substantial impact on human and animal health. Attention should be
paid to the assessment of their efficacy and antigenic spectrum, to the
risk of selection of resistant mutants, and to simplify vaccine matching
to cope with new variant viruses.

Evolution-proof design of vaccines and other therapies. Vaccination has great-
ly reduced the burden of infectious diseases. However, current licensed vac-
cines, almost exclusively antibody-based in their action, are protective against
pathogens with low antigenic variability. Antigenically variable pathogens
represent indeed the major burden of infectious diseases today and their abil-
ity to escape natural host immunity undermine all therapeutic efforts. The
reality is that the success of vaccines against these pathogens has been limit-
ed, with 40-50% of efficacy in the best of the cases, a protection that tends to
diminish with time.

There have been two main strategies: (7) live-attenuated pathogens. These
vaccines mimic natural infection, but in a weakened non-pathogenic fashion.
(i) Derived toxins, subunit preparations, carbohydrate cocktails, or conjugate
vaccines. This strategy assumes that conserved sequences derived from the
pathogen are promising immunologic targets, however, they have in most cas-
es failed to induce and maintain protective immunity. The assumption that
allimmune responses are beneficial for the host is being challenged for anum-
ber of infectious diseases. Identification of where it resides protective immu-
nity is a major challenge in infectious diseases. A clear counterintuitive ex-
ample is M. tuberculosis, whose antigens are highly conserved and show no
hallmark of immune evasion. The emerging view is that some immune re-
sponses are needed for the immunopathology required for the transmission
of the bacilli (Comas et al., 2010).

An additional problem for vaccination and drug development in rapidly evolv-
ing pathogens is the diversity and variability of strains and phenotypes in nat-
ural infections, which remain in most cases uncharacterized. This has been
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shown to be the cause of temporal and spatial limited efficacy of many vaccines.
In addition, most vaccinology studies focus on reference strains that have been
maintained and serially passed in the laboratories for decades (using non-stand-
ardized media conditions), and that are not representative of the adaptation po-
tential of the pathogen. Another problem is the use of non-appropriate animal
models for preclinical vaccine development (Gerdts et al., 2015).

The challenges are to find new strategies specifically targeting genetic/anti-
genic variability and that are representative of the natural diversity/infection
process. One strategy is to design disease, population and patient specific im-
munogens reflecting and/or incorporating complex and rapidly changing
epitope/antigen landscapes of vaccine targets. The rationale is that activation
of diverse pools of B and T immune cells requires the vaccine immunogens
carrying antigenic diversity that mirrors the natural infections (Servin-Blan-
coetal.,, 2016). Another approach could be the development of molecules that
interfere with the regulatory proteins/sequences controlling variant expres-
sion, to enhance vaccine efficacy. Compared to traditional vaccine targets,
these master regulators are probably more robust, less mutagenic and/or
recombinogenic.

Environmental pressures and oncotherapeutic opportunities. Cancer, as an
adaptive system, acquires several functions that allow surviving. These func-
tions coincide with the so-called hallmarks of cancer (Hanahan and Weinberg,
2011), and all of them favour, directly or indirectly, clonal expansion. Usually,
treatment strategies attack some of these hallmarks, as proliferation, angio-
genesis, or genomic instability. The vision of cancer as an evolutionary pro-
cess opens the possibility of trying to modify the environmental selection
pressures that determine tumour evolution. Many of these selection pres-
sures are unknown, such as the ones that push cancer cells to metastasize. It
has been linked to tumour hypoxia, but more studies are needed to clarify this
point. Some therapeutic opportunities would be: (i) The selective pressure
that determines chemotherapy resistance is chemotherapy itself. It is not easy
to eliminate this selection pressure. However, it should be accompanied by a
better knowledge of the signalling networks and genes that interact in a con-
text that turns mutation into drivers. Knowing the other mutations that par-
ticipate with the driver mutation behaviour (epistasis) and targeting them,
could be an excellent therapeutic opportunity. This is the genetic concept of
synthetic lethality, in which the combination of mutations in multiple genes
results in cell death, and provides a framework to design novel therapeutic
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approaches to cancer. (if) The dynamics of tumour stem cells that come out
of the cell cycle under hypoxia conditions increase their resistance to chemo-
therapy. It would be feasible to alter this dynamic and reintroduce them into
the cell cycle in a specific manner, to avoid their resistance to chemotherapy.
(ii7) The therapy paradigm that modifies the pressure selection of the tumour
environment is carried out with the new immunotherapy strategies with a
high impact on cancer therapy. The immune system infiltrates tumours, such
in scarring tissues, activating the stroma, and allows the new angiogenesis and
thus the arrival of oxygen and nutrients and the growth of tumour cells (Cous-
sens & Werb, 2002). The immune system also removes tumour cells that are
antigenically very different from normal ones (immunoediting). Thus, there
is a selective pressure to be tumour cells antigenically tolerated by the im-
mune system. This fact helps explain why cancer may arise in immunocom-
petence conditions. The new immunotherapy treatments, and especially with
anti-PD1/PDLI antibodies, decrease the immune system’s tolerance to tu-
mour tissues and are rejected (Havel et al., 2019).

3. KEY CHALLENGING POINTS

e Identify pathogen determinants of virulence and spread and the trade-
off between both.

e Integrate experimental research on the evolution of pathogens with
clinical and epidemiological observations.

e Identification and characterization of the basic genetic mechanisms
and pathways that govern the evolution and dissemination of resistance.
Increase the knowledge of the roles of anti-infective molecules in the
biosphere and their effect on microbial evolution and resistance
development.

e Search for mechanisms to avoid the dumping of anti-infective agents
into the environment and/or inactivating them to prevent their effects
on evolution of resistance.

e Development of evolution-proof strategies against microbial pathogens,
including search for drugs that interfere with genetic variation and
horizontal transfer.

e Consolidating what is already known as Evolutionary Medicine
or Darwinian Medicine.

e Environmental metagenomics and metaviromics to get a realistic
picture of what pathogens are present in diverse ecosystems (e.g., urban,
fresh and coastal waters, agroecosystems, wild areas).
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e Impulse research agendas that integrate basic, applied and clinical
research.

e Incorporate the most recent advances in “omic” techniques (in
particular, single cell genomics) to understand the interaction between
pathogens and host cells at different levels of biological complexity
(from cells to populations).

e Integrate epidemiological modelling and evolutionary analysis tools,
including real-time genomic epidemiology, to characterize basic
epidemic parameters of pathogens.

e Development new mathematical and statistical methods to integrate
multi-level information into predictive models.

e Incorporating systems biology computational approaches to better
understand host-pathogen and cancer evolution.

Attract clinical immunologists to this research area.
Incorporate entomologists that work in the transmission vectors of the
zoonotic pathogens.
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ABSTRACT

One of the main aims of synthetic biology is to
assemble a minimal living unit with
programmable functionality. Achieving this
grand challenge - building a synthetic cell from
scratch — will contribute to our understanding
of the basic principles of life and its emergence
from lifeless components; it will also provide
the tools for novel solutions to outstanding
environmental and health-related problems.
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EXECUTIVE SUMMARY

Is it possible to build a synthetic cell from scratch? Modern science has de-
voted significant efforts to unveiling the basic principles of life. This research
is contributing to a deep understanding of the parts that make up the macro-
molecular machines that operate in the cell. However, despite these advanc-
es, we still do not understand how these pieces interact in a coordinated man-
ner to develop cellular functions. Thus, the generation of life from the
molecular components that existed on the primitive earth is one of the great
unresolved enigmas, and thus a major scientific challenge. Synthetic biology
offers new strategies for its resolution. From a fundamental perspective, the
integration of molecular modules that will give rise to functional synthetic
cells will help to reveal the limits of life. In this regard, we can envision that
the merging of synthetic biology with molecular and cellular evolution may
end up in the synthesis of living cells from scratch, the functions of which will
be tuned by controlled evolutionary mechanisms. Besides answering ques-
tions about the basic operating principles of life, the realization of synthetic
cells will lead to a new and unprecedented technological revolution. Under-
standing how the living cell works by reconstructing it from its essential com-
ponents will open up new horizons of application in medicine and biotech-
nology. The design of optimized test systems for new drug discovery and
biodegradable materials are just some examples. Therefore, knowledge and
technologies generated during the process of building synthetic cells will
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contribute to a healthier and more sustainable world. Synthetic life research
needs nevertheless to address societal challenges, including the ethical and
philosophical aspects of these investigations. It also requires the training of
future scientists in novel ways of exploring living systems with the applica-
tion of engineering to understand and master biological complexity.

The quest for synthetic cells is a world-wide effort, in which Europe is play-
ing a major role. Recently, a European Synthetic Cell initiative was launched
to engineer a minimal cell from its molecular building blocks, with the aim of
achieving this challenge within the next two decades. The CSIC hosts a signif-
icant number of top researchers from various disciplines, who are currently
working independently on different aspects of synthetic biology and related
areas. Integrating their efforts in an intramural program would position the
CSIC among the top European hubs in synthetic life research, maintaining a
prominent position at the forefront of this grand challenge.

1. INTRODUCTION AND GENERAL DESCRIPTION

1.1. The quest of synthetic life

One of the grand scientific and intellectual challenges of this century is the
construction of a synthetic cell from its constituent molecular components,
with the inclusion of new functional modules. Despite our extensive knowl-
edge about the molecular building blocks that comprise present-day cells, we
do not understand how these building blocks collective operate to make the
transition to living systems. Mastering how to build a synthetic cell from life-
less components will help answer the fundamental question of how life works.
It will also provide deep insight into how life may spontaneously emerge from
its non-living constituents and will enable to interface biological systems with
non-living materials (Bayley, 2019; Beales et al., 2018; Porcar and Peretd, 2016)

Accomplishing this challenge will also allow designing artificial cell platforms
and reprogrammed cells towards next-generation bio-factories to open unique
solutions for environmental, energy, and health-related problems. The pro-
found understanding — and control - of cellular life to build synthetic cells
from scratch will also raise important philosophical, ethical and social ques-
tions on the impact of these technologies, opening relevant prospects for the
dialogue between science and humanities, and between science and society
(Schwille et al., 2018)
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1.2. Synthetic biology

The design and synthesis of novel biological (or bio-inspired) systems that
display useful functions, even those ones that do not exist in nature, has ac-
celerated over the past decades and matured into synthetic biology. This dis-
cipline introduces the engineering perspective to study biological processes
(Auslédnder et al., 2017). In this optics, the cell can be considered as an intri-
cate factory composed of devices and machines that carry out multiple tasks
and that can be engineered to produce systems with programmable
functionality.

Many achievements in synthetic biology have resulted from top-down ap-
proaches in which pre-existing cells have been modified (Auslénder et al.,
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2017). These developments have allowed engineering genetic circuits, biolog-
ical modules, and synthetic pathways to be used for re-programming organ-
isms and producing pharmaceuticals, environmentally sustainable products,
etc. However, in many cases, the functional properties of the re-engineered
cells and their control are poorly understood, limiting further progress. These
fundamental limitations in our understanding have fuelled a complementa-
ry bottom-up approach to synthetic biology. This approach aims at redesign-
ing and reconstructing biological parts, devices, and systems with increasing
levels of complexity toward a minimal cell-like scaffold (Fig. 1; Bottom-up bi-
ology. Nature. 2018; 563, 171).

1.8 Minimal cells and proto-cells

The possibility of producing minimal or synthetic cells has been part of re-
search programs for many years (e.g. obtaining artificial blood for medical
purposes). In this line, one of the main goals of synthetic biology is to identi-
fy the minimal configuration that sustains a biological cell. What is the mini-
mum set of proteins and genes that a living cell needs to achieve its essential
tasks, such as self-replication, metabolism, and response to environmental
cues?

The building of such synthetic cells will provide valuable insights into the
self-organization processes that led the first cells to evolve from non-living
elements (Beales et al., 2018). Today, the scientific community considers that
one of the essential requisites for the onset of life was the compartmentaliza-
tion into defined spaces of the primordial biochemical components. There-
fore, one of the objectives of the research programs in synthetic life is the op-
timization of technologies for the production of semi-permeable
compartments, either in the form of micro-droplets, lipid vesicles, or protein
or nucleic acid-based capsules.

Minimal genomes containing a reduced number of genes can lead to viable
cells, as demonstrated by Craig Venter’s group, and the Synthetic Yeast Ge-
nome Project Sc 2.0 (Hutchison et al., 2016; Shao et al., 2018). In these top-
down approaches, to creation of a minimal cell is based on the selective re-
moval of components from their natural genomes, with the important
limitation that the functional properties of a significant number of the genes
are unknown. Therefore, this approach leaves open many essential questions
about how these cells work. Hence and owing to these complexities, it has not
yet been possible to design and build a simplified form of life using bottom up
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strategies, starting from a limited number of chemical or biochemical build-
ing blocks. Although our fundamental understanding of the individual build-
ing blocks of living systems has dramatically improved, assembling a minimal
set of components from which life-like properties can emerge remains a for-
midable challenge.

Over the last decades, directed evolution, a method that reproduces in the test
tube the main processes of natural evolution, has been instrumental in de-
signing ad hoc proteins for biotechnological applications (Arnold, 2018). The
implementation of such evolutionary mechanisms should fine-tune entire
life-like systems and building blocks in the same way as natural evolution fine-
tuned natural organisms. Merging synthetic biology with controlled evolu-
tion will eventually generate synthetic cells with unprecedented functional
capabilities and provide fundamental knowledge on the molecular basis of
evolutionary adaptation (de Lorenzo, 2018)

1.4 Bottom-up biology

In recent years, advances in the biochemical and biophysical understanding
of individual building blocks and their interactions at different levels of com-
plexity, including membrane systems, have fuelled a considerable progress in
the bottom-up reconstitution of essential cellular machines (e.g., DNA pro-
cessing, cytoskeletal assembly, cell division, etc.) from simple unicellular or-
ganisms and mammalian systems (Bayley, 2019; G6pfrich et al., 2018). Many
of these achievements resulted from fundamental biology studies based on
reverse-engineering a particular biological function using a minimal set of
molecular components, with the purpose of ‘understanding by building’
(Fletcher, 2016). These efforts also showed the limitations and challenges for
reconstructing (and understanding) more-complex biological functions, as
those in which individual molecular machines or cells act collectively (Na-
ture 563,188-189 (2018)).

There have been also substantial advances in systems chemistry and nano-
technology, enabling the design and synthesis of complex molecular systems
with life-like properties to build bio-inspired scaffolds and containers for the
precise functionalization of proteins (Yeates, 2017). On the other hand, pro-
gress in biomolecular engineering allowed the design of specific mutants or
chimeras of proteins with diverse origin, structure, and function. These in-
clude for example the reconstructed ancient variants of enzymes that can
evolve by directed evolution (Alcalde, 2017). These developments have been
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FIGURE 2-Roadmap in synthetic cell research. Information: DNA replication, gene circuits, etc. Self-
organization: cytoskeleton assembly, cell division, shape and growth, etc. Metabolism: enzyme networks,
energy production, etc. (see 3.0 and 4.1 for details)
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parallel by complementary technological breakthroughs in high-resolution
cryo-electron tomography, ultra-efficient genome engineering (e.g., CRISPR
technology), and sophisticated molecular imaging tools.

Together, these advances will facilitate the integration of the individual mo-
lecular systems into functional modules towards the building of a synthetic
cell from bottom-up. These approaches may also lead to generate artificial,
bio-inspired devices that could be used to solve outstanding environmental
and health-related problems (Fig. 2).

2. IMPACT IN BASIC SCIENCE PANORAMA AND POTENTIAL
APPLICATIONS

Modern science has devoted significant efforts to unveil the basic principles
of life. This research is contributing to a deep understanding of the parts that
make up the molecular machines that operate in the cell (such as those re-
sponsible for DNA replication, protein synthesis, or cell division itself). How-
ever, despite these advances, we still do not understand how these pieces are
coordinated to develop most of the cellular functions. Building a synthetic cell
will greatly impact society because of its potential to answer outstanding
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questions such as: What defines life and how does life work? How did life orig-
inally start on Earth? Is the current form of life the only possible one?

Besides answering questions about the basic operating principles of life, the
design and building of a synthetic cell will also provide novel tools to help fac-
ing global environmental and health challenges. A large number of sectors in
the areas of green biotechnology, alternative energies, health, food, and bio-
materials will likely benefit from the technologies developed in research pro-
grams related to the generation of synthetic cells. The design of optimized sys-
tems for the production of environment-friendly materials in the high-tech
industry, new biofuels, and biodegradable polymers, and the directed improve-
ments in bioremediation and drug discovery are some examples.

Notably, since synthetic cell systems do not need to rely exclusively on natu-
ral biomolecules or natural life processes, the use of alternative approaches
will provide possibilities for applications that may go beyond currently fore-
seen synthetic biology technology. They include information carriers (genet-
ic codes), synthetic amino acids and enzymes, and the potential development
of orthogonal living systems (not interfering with natural living systems),
among others.

3. KEY CHALLENGING POINTS

Defining the level of complexity required for life-like properties to emerge,
and integrating modules in time and space to build autonomous systems are
the main challenges that need to be overcome in order to develop robust syn-
thetic cell technologies. Achieving these challenges requires an integrative
and collaborative approach involving scientists from a wide range of disci-
plines (from life and physic-chemical sciences to engineering, and social
sciences and humanities). In this regard, engineering sciences are capable of
dissecting complex systems into a manageable set of fundamental functional
modules. The application of engineering approaches (including the standard-
ization of protocols and parts) to living cells will help to build a toolkit of cru-
cial elements (e.g., proteins, lipids) to recapitulate critical functions of life,
such as information processing, energy generation and metabolism, compart-
mentalization, growth and division, etc. These strategies will first allow un-
derstanding and controlling the functional properties of simple forms of life,
to be then applied to master the features of multi-cellular organisms.
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3.1. Assembly: reconstitution of biomimetic

functional molecular modules

One of the early phases of the quest for synthetic cells focuses on the system-
atic dissection and bottom-up reconstitution of the essential features that
characterized living systems as opposed to non-living ones (e.g. genetic infor-
mation processing, metabolism, growth and division, and functional evolu-
tion). This assembly stage is a major experimental challenge because of the
highly dynamic nature of most of these machines, which, in many cases, are
associated with membrane systems (Rivas et al., 2014; Fletcher, 2016). The
functional macromolecular systems developed at this stage will render the
necessary modules for further integration towards artificial cells (see 3.2).
They will also lead the way to optimize technologies and approaches for en-
vironmental, biotechnological, and health-related applications (see 3.4; Fig. 2).
To achieve this challenge, experts in biology, chemistry, physics, and engineer-
ing should work together, exploring multiple strategies. In particular, quan-
titative genetic and cell biology studies of natural cells will be very relevant as
they will help to optimize the design of these systems. Similarly, it will be cru-
cial to integrate into the experimental pipeline insights derived from the re-
search on the origin of life and the identified potential conditions enabling
the emergence of life.

3.2. Synthesis: integration of functional modules

in artificial and natural cells

One of the most significant challenges towards the successful development of
synthetic cells will be the integration, using a modular approach, of the essen-
tial macromolecular machines previously mentioned into systems that will
eventually lead to autonomously replicating artificial cells. Due to its intrin-
sic complexity, this goal is still in its infancy (Bayley, 2019; Beales et al., 2018).
The optimization of the experimental design requires the combination of
physic-chemical and bottom-up approaches, with complementary top-down
synthetic biology approaches driven by modern genome engineering technol-
ogies, as well as front-line modelling and engineering tools. The quantitative
understanding of the basic rules that govern the functional organization of
the most straightforward forms of cellular life will then allow to explore dif-
ferent features of the cell, relevant to the formation of multi-cellular tissues
and organisms (e.g., cell communication and differentiation, among others;
Gopfrich et al., 2018).
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FIGURE 3-Molecular aspects, tools and technologies enabling synthetic cell research. Scheme
reproduced with permission from Jia and Schwille (2019) Curr Opin Biotechnol 60:179
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3.3. Tools: enabling technologies in synthetic cell research
The design and production of synthetic cells will require the development of
innovative and integrative experimental tools (Fig. 3).

3.3a. Generation and control of cell-like compartments by microfiuidics. Bio-
mimetic compartments are essential for reproducing cellular life process-
es in confined systems. Microfluidics provides a powerful technology to ef-
ficiently fabricate a large number of homogeneous cell-sized compartments,

German Rivas and Eva Garcia (Challenge Coordinators) 179

Copia gratuita / Personal free copy  http://libros.csic.es



CSIC SCIENTIFIC CHALLENGES: TOWARDS 2030

such as water-in-oil droplets and giant vesicles. Many research programs
related to microfluidics and synthetic cells are concentrated in the fabrica-
tion of 1) compartments and reactors on a chip, as novel biotechnological
and biomedical devices, and 2) multi-cellular compartments containing ar-
tificial organelles that will be instrumental for the construction of artificial
organs and tissues (Gotfried et al., 2018; Sato and Takinoue, 2019). Research
efforts will focus on solving the following key technological challenges: the
optimization of assays to precisely measure the encapsulation efficiency of
biomolecules within the containers, the control of the shape of the droplets/
vesicles, and the reduction of the compartment size down to the microme-
ter scale.

3.3b. Cell-free systems for protein production and discovery. The purification of
proteins is one of the bottlenecks for synthesizing functional parts to be used
in modules of minimal living systems. Cell-free protein synthesis (CFPS) is
an attractive alternative strategy for protein production; especially for those
that are more difficult to purify, such as integral membrane proteins or solu-
ble proteins containing functionally relevant co- and post-translational mod-
ifications (Schwille et al., 2018). Recent developments in microfluidics allow
the encapsulation of CFPS in a variety of micro-compartments and this has
triggered the use of these systems to develop cellular mimics. However, most
commercially relevant CFPS rely on cell extracts, the composition of which
is not known in the needed details. Thus, progress in synthetic cell research
programs will enable a much more rational design of these cell-free systems,
so that they can be individually optimized or designed for specific purposes
(e.g. de novo protein design, either driven by in silico modelling or by in vitro
evolution).

3.3c. Engineered natural building blocks. Top-down biology relies on the syn-
thetic biology toolbox (tools for gene expression, genome-wide editing/writ-
ing, protein engineering, pathway optimization, metabolic engineering, etc)
to provide a robust set of instruments for efficient engineering of natural
building blocks. These engineered blocks will eventually be transferred to het-
erologous chassis, generating functional orthogonal elements, paving the way
for the development of advanced chassis as bio-factories. These designed parts
will add novel functionalities not directly coupled to cellular processes. Tak-
en together, these engineered natural building blocks represent a modular
tuneable platform to program synthetic cells with unique features that be-
have in a controlled and well-defined manner.
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3.3d. DNA nanotechnology. In recent years, DNA nanotechnology has devel-
oped several modules for synthetic cells. They consist of folded DNA archi-
tectures and devices (e.g. DNA origami) fabricated via computer-aided design
in combination with the large toolbox for the site-selective functionalization
of DNA (Gopfrich et al., 2018). These DNA structures will be versatile tools to
assemble components in a programmable manner or to construct parts of an
artificial system. In this regard, designing DNA functional modules based on
plasmids capable of replication and evolution inside minimal cells will be in-
strumental for further progress in synthetic life research.

3.4. Bio-factories: exploitation of synthetic cells for better life

The challenges posed in synthetic cell research must also address those that
allow delivering technological breakthroughs, especially to provide solutions
to outstanding environmental, industrial and health-related issues, as
follows.

3.4a. Synthetic bio-reactors for green solutions: Current biotechnology is al-
ready very successful in using simple unicellular organisms to produce com-
pounds with added-value for the environment (e.g., biofuel, green chemicals)
and to bio-remediate soil contamination. However, our limited understand-
ing of the cellular principles is hampering progresses. Synthetic cell develop-
ment will set the basis for the design of novel bioreactors that can be engi-
neered and controlled to improve green solutions (Auslénder et al., 2017). For
example, specialized synthetic cells will allow optimization of their metabol-
ic pathways and the encapsulation of bio-catalytic reactions to improve the
production of biofuel and green chemicals, thereby facilitating the optimiza-
tion of the working conditions and production yield in a contained controlla-
ble environment. These advances will eventually result in the development
of the next-generation bio-refineries. On a related matter, artificial chloro-
plasts based on synthetic cells will optimize light conversion and energy stor-
age (Miller et al., 2020). Finally, synthetic cells that combine the advantages
of each one of the “natural” cells used for bioremediation will offer an efficient
and economically viable solution for soil decontamination.

3.4b. Synthetic cell technology for health. Synthetic cells will be useful to test
new drugs, to study how a specific drug interacts with a particular disease
pathway, or to optimize the effectiveness of existing drugs. The use of cell-like
containers for the targeted and controlled delivery of drugs or compounds in
the human body has been a technological goal for a long time. There are,

German Rivas and Eva Garcia (Challenge Coordinators) 181

Copia gratuita / Personal free copy  http://libros.csic.es



CSIC SCIENTIFIC CHALLENGES: TOWARDS 2030

however, fundamental barriers in targeting these containers to the desired
human tissues and triggering the release of the active compound in a con-
trolled way. Ideally, one may envision the design of self-supporting artificial
cells that are controlled to produce and release a specific compound only af-
ter reaching the desired tissue in the body. In the long-term perspective, syn-
thetic cell technology could be instrumental for human health applications.
Functional bio-inspired molecular systems, as those made through chemical
synthesis routes, will inspire new classes of active materials such as active
(polymeric) materials (Budding and van Hest, 2017) or even artificial tissues
that could be applied, for example, in regenerative medicine. In principle,
these optimized “new materials” should be capable of active self-organiza-
tion, growth and functional interaction with the human body. Envisioned ap-
plications could be the replacement of diseased cells in the body for artificial
ones, the generation of artificial organs and synthetic tissues. These research
programs are intimately connected to molecular robotics (Sato and Takinoue,
2019).

3.5. Society: implications of synthetic life research

The involvement of social sciences and humanities in synthetic cell research
is of utmost importance. The generation of “artificial life” implies a constant
and concurrent ethical and philosophical assessment, to accommodate po-
tential paradigm shifts in our conception of living matter, and to ensure that
the potential technological implementation will provide benefits rather than
threat society. Ethical and societal debate on living versus non-living matter
and the safety and security problems connected to emerging biotechnologies
are some examples (Schwille et al., 2018; Bauer and Bogner, 2020).

Historical perspective and benchmarking approach will also have a significant
role in understanding the implications of synthetic cell life research for soci-
ety. For instance, the Asilomar Conference on recombinant DNA in 1975 was
the first occasion in which the scientific community addressed the bio-safety
concerns about recombinant DNA technology and opened scientific research
to public debates. Transgenic organisms are also paradigmatic examples of
the critical role that assessment and communication of the value of biologi-
cal research and biotechnology applications may have on the society. Trans-
genics, and in particular genetically engineered foods, have generated a pro-
found social debate, alarm and social mobilization. These reactions often
occurred without a rigorous analysis and detailed knowledge of the biologi-
cal foundations, interests, values (beliefs), ethical aspects, benefits, and risks.
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Synthetic cell research should learn from these and other (e.g internet tech-
nology) past experiences, generating the necessary framework to expand in
an ethically responsible manner. Thus, science and technology development
should occur in concert with the education of the next generation of students,
technical support and society at large. This effort will ensure an accurate un-
derstanding of the scientific advances resulting from the development and
use of synthetic cells. Thus, dissemination activities will be instrumental in
bringing synthetic biology closer to the general public.
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How life appeared on Earth and how then it diversified into
the different and currently existing forms of life are the
unanswered questions that will be discussed this volume.
These questions delve into the deep past of our planet,
where biology intermingles with geology and chemistry,

to explore the origin of life and understand its evolution,
since “nothing makes sense in biology except in the light of
evolution” (Dobzhansky, 1964). The eight challenges that
compose this volume summarize our current knowledge and
future research directions touching different aspects of the
study of evolution, which can be considered a fundamental
discipline of Life Science. The volume discusses recent
theories on how the first molecules arouse, became organized
and acquired their structure, enabling the first forms of life.
It also attempts to explain how this life has changed over
time, giving rise, from very similar molecular bases, to an
immense biological diversity, and to understand what is

the phylogenetic relationship among all the different life
forms. The volume further analyzes human evolution, its
relationship with the environment and its implications on
human health and society. Closing the circle, the volume
discusses the possibility of designing new biological
machines, thus creating a cell prototype from its components
and whether this knowledge can be applied to improve

our ecosystem. With an effective coordination among its
three main areas of knowledge, the CSIC can become an
international benchmark for research in this field.
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