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Abstract

The question ‘‘What is life?’’ has existed since the beginning of recorded history. However, the scientific and
philosophical contexts of this question have changed and been refined as advancements in technology have
revealed both fine details and broad connections in the network of life on Earth. Understanding the framework
of the question ‘‘What is life?’’ is central to formulating other questions such as ‘‘Where else could life be?’’
and ‘‘How do we search for life elsewhere?’’ While many of these questions are addressed throughout the
Astrobiology Primer 3.0, this chapter gives historical context for defining life, highlights conceptual charac-
teristics shared by all life on Earth as well as key features used to describe it, discusses why it matters for
astrobiology, and explores both challenges and opportunities for finding an informative operational definition.
Key Words: Astrobiology—Life—Emergence—Complexity—Evolution—Virus. Astrobiology 24, S-40–S-56.

‘‘What is life, and how does it originate?’’ This is one
of the most important unanswered scientific ques-

tions of modern times. Throughout recorded history, distin-
guishing life from nonlife has been given increasingly serious
consideration as human understanding of life on Earth has
expanded. Standard definitions of life through the last half
century have centered on known biochemical activities such
as metabolism, replication, and other functional characteris-
tics (Oparin, 1961; Orgel, 1973; Horowitz, 1987; Joyce,
2002; Bedau and Cleland, 2010). However, a better under-
standing of the diversity of life on Earth (see Chapter 6) and
the discovery of potentially habitable bodies elsewhere in the
Solar System (see Chapter 7) have led to a need for more
general descriptions that do not depend on specific chemical
properties. Seeking out universal properties of life can inform

studies of the origins of life (Chapter 4) and greatly facilitate
the identification of biosignatures (see Chapter 8), even if
extraterrestrial life is significantly different from life on Earth
(see Chapter 9).

Astrobiology is interdisciplinary in nature, and it seeks to
unify diverse perspectives into a single practical framework
that differentiates life from nonlife qualitatively, providing
also quantitative predictions that can help guide the design
and interpretation of new discoveries (Visconti, 2021). Al-
though there is no current consensus on the definition of life
itself, various philosophical perspectives have led to dif-
ferent working definitions of life. Most astrobiologists agree
that the puzzle is still incomplete, but advances in science
continue to fill in the pieces while also revealing previously
unknown areas where new pieces are needed.
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4Department of Chemical and Biomolecular Engineering, University of California Los Angeles, California, USA.
5Departamento de Biologı́a Celular, Facultad de Ciencias, Universidad Nacional Autónoma de México, Mexico City, Mexico.
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This chapter will give a brief introduction to how as-
trobiologists seek to frame and then answer fundamental
questions such as ‘‘What is life?’’ and ‘‘How can new life-
forms be identified?’’ Chapter 2.1 describes human and
technology-assisted observations of the world that have
led to the current approaches to understanding life.
Chapter 2.2 discusses universal features of terran (meaning
Earth-like) life that are used to distinguish living systems
from nonliving systems. Chapter 2.3 explores representa-
tions of the connectedness of life through the Tree of Life
(ToL) and considers viruses as an example of the blurry
limits of life. The various concepts and approaches de-
veloped by researchers over the last century, which con-
tribute to the modern development of operational
definitions and open-ended hypotheses of the boundaries
of life and not-life, and how these questions are contex-
tualized in the search for life beyond Earth are reviewed in
Chapter 2.4.

2.1. The Historical Contingency of Defining Life

The formulation of a precise or comprehensive definition
of life, one that is always valid independently of historical
context or technological advancement, is an important but
complicated task within astrobiology (Fry, 2000; Tirard
et al., 2010). For instance, in geometry, a sphere can be
defined in a precise or comprehensive way as a three-
dimensional shape whose surface is formed by infinite
points equidistant from a central point. This definition will
always be valid, independently of time or historical context.
On the other hand, the definitions of empirical concepts,
such as life, depend on human understanding of the concept
at that moment in time; they ‘‘can only be made explicit
through descriptions that depend on the historical context’’
(Tirard et al., 2010).

The field of biology is perhaps the most likely to contain
empirical concepts. The concept of a species, for example,
has changed significantly over the last century. Early species
descriptions were based on observable features (i.e., mor-
phology) (Booth et al., 2016), but since whole genome se-
quencing techniques became available, the modern
definition of species changed to one based on genomic
content (see Chapter 5.5.1). Similarly, the concept of life
and how we define it depends largely on the historical cir-
cumstances that limit our ability to test given hypotheses at
a particular point in time. For example, new technologies,
samples from extreme environments, and computationally
based conceptual models have all changed how we under-
stand the boundaries of life. Describing the characteristics
and operating mechanisms of the life-forms that we know
thus becomes a simpler task than giving a comprehensive
definition of life (Peretó and Català, 2012).

Many researchers have found it useful to study how our
description and understanding of the concept of life has
changed and evolved over time (Mix, 2018). Recent work
has reframed the question from seeking an answer based on
narrowly defined components and observable operational
principles, to one that recognizes life is inherently an in-
terconnected phenomenon that requires diverse perspectives
to be fully understood. This section will describe how the
ideas about life have evolved over time, from early de-
scriptions in human antiquity (Chapter 2.1.1) to the rise of

science and the first empirical definitions (Chapter 2.1.2).
Then, modern insights into life based on biological and
molecular properties are considered (Chapter 2.1.3), fol-
lowed by perspectives that consider the theoretical infor-
mation that can be gathered through digital abstractions of
lifelike properties (Chapter 2.1.4).

2.1.1. Ancient definitions

Attempts to define life date back to the earliest written
texts. Many early philosophers, including followers of Py-
thagoras, attributed mystical significance to bodily functions
such as breath and movement and included in their frame-
work ideas about life after death. Ancient Greeks invoked
psyche, usually translated as ‘‘soul,’’ to describe the prop-
erties unique to living things, which later Plato and Aristotle
refined into vegetable (basic needs of life), animal (physical
and emotional movement), and rational (thinking and rea-
soning) aspects (Mix, 2018; Mariscal, 2021). Aristotle un-
derstood nutrition and reproduction to be the fundamental
processes that differentiated biological forms from nonliv-
ing matter. Other Aristotelian concepts, such as the un-
changing eternal forms (formal cause) and purpose (final
cause), were left behind as science advanced.

2.1.2. Implementation of the scientific method

The leaders of the scientific revolution in the 16th–17th
century, including Francis Bacon and René Descartes, set a
new foundation for thinking about life by explicitly ex-
cluding form and purpose. They sought to describe vege-
table processes ‘‘naturally’’ as matter in motion, and directly
investigated the mechanisms of life and the circumstances in
which it might arise from seemingly inert elemental matter.

Questions of form and purpose of life were eventually
addressed through theories of evolution. In 1809, Jean-
Baptiste Lamarck published his arguments describing how
species change during their lifetime due to continuous in-
teractions with their environment (Tikhodeyev, 2020),
analogous to how one becomes more flexible by stretching,
and that these changes were inheritable (Kováč, 2019); in
the example of flexibility, the offspring would inherit their
parent’s flexibility, and over time the species would become
increasingly more flexible. Alternatively, in his 1859 book
On the Origin of Species, Charles Darwin postulated that
species adapt to their environment (and thus evolve) over
time due to natural selection, a theory in which the definition
of life (or a discussion about its origin) was not the central
issue (Peretó et al., 2009). Darwin’s theory was so influ-
ential that it became part of NASA’s working definition of
life, namely that ‘‘Life is a self-sustaining system capable of
Darwinian evolution’’ ( Joyce, 1994). Although Darwinian
evolution is commonly viewed as a key property of life (see
Chapter 2.2.4), it is a process that occurs within a population
over the span of generations and is thus difficult to inves-
tigate in unexplored environments (Chyba and Phillips,
2002). Darwin’s theory sidestepped the origin-of-life ques-
tion but clearly described natural mechanisms for living
processes, reopening questions of the distinction of life from
nonlife.

In the mid-19th century, Schleiden and Schwann pro-
posed the cell theory—that all life is composed of cells and
that all cells come from other cells (Schleiden, 1839;
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Schwann, 1839). Cell theory was broadly accepted and has
shaped our current understanding of life as something that
occurs in a cellular context (see Chapter 2.2).

2.1.3. Twentieth-century models

During the 1920s, Alexander I. Oparin and John B.S.
Haldane independently proposed theories regarding the
chemical origin and evolution of life based on experimental
evidence (Oparin, 1924, 1938; Haldane, 1929). Both pro-
posals state that under the atmosphere of primitive Earth, the
synthesis and accumulation of organic compounds in water
(i.e., the prebiotic soup) resulted in the formation of ag-
gregates and precellular systems (which Oparin called co-
acervates). The evolution of these primitive systems would
have given rise to modern life (see Fig. 2.1), whether au-
totrophic (as suggested by Haldane) or heterotrophic (as put
forward by Oparin) (Tirard, 2017, 2018). (See Chapter 6.2
for definitions of autotrophic and heterotrophic.) These ideas
reshaped considerations of spontaneous generation and
provided a conceptual framework to test the abiotic for-
mation of organic material (Lazcano, 2016; Pismen, 2020).
Indeed, shortly after these theories were published, Stanley
L. Miller and Harold Urey revolutionized the study of the
origins of life when they demonstrated that biologically
relevant organic compounds could be generated from elec-
tric discharges within a reducing atmosphere (see Chapter
4.2.3.10). The structure of DNA was published the same
year as Miller’s work (Miller, 1953; Watson and Crick,
1953), and scientists were optimistic that the origins of life
would soon be resolved. However, more than half a century
later, the mystery remains.

Definitions of life continued to be developed through the
20th century, with emphasis variously placed on biological
activities or increasingly theoretical definitions based on
energy, complexity, or information. Notably, the major
frameworks used to investigate life’s origins (genetics-first,
metabolisms-first, and a framework which unites the two)
rest on the premise that information storage (i.e., in the form
of molecules or metabolic cycles) is a defining trait of life.
This perspective stems from the importance of information
storage to enable natural selection and the evolution of
species.

Additional discussion of the importance of DNA and
RNA in developing theories about the origins of life and
how prebiotic and alternative biochemistry studies have
informed astrobiology studies is provided in the supple-
mentary material.

2.1.4. Digital perspectives

The advent of high-throughput computational capabilities
has led to digital models used to study various aspects of
living systems. The work of Charles Babbage, for example,
inspired others to explicitly consider the relationship be-
tween the physical state of an object and the functions it
could perform. In the earlier parts of the 20th century, most
computational models were focused on information pro-
cessing (von Neumann, 1966, 1993), and these paved the
way for digital models of living systems. Computational
machines became a canvas to explore the relationships and
rules that govern the progression of one state into another,
and the resulting dynamics of the computational system as a
whole. Insights into information processing from psychol-
ogy and neuroscience ultimately led to the modern machine
learning models in use today (Rosenblatt, 1957; Olazaran,
1996; Bishop, 2006). Although this approach was useful in
approximating functions of information processing, it did
not address other aspects of living systems, such as how
functions emerge from a system spontaneously, how those
functions change over time, and how to distinguish between
living systems and nonliving ones (Kauffman and Kauff-
man, 1995; Bedau, 1997; Bedau and Humphreys, 2008;
Mariscal et al., 2019; Liard et al., 2020).

To better simulate living systems, cellular automata
models were invented in the 1950s that attempted to un-
derstand the relationship between low-level rules and high-
level emergent patterns (Wolfram, 2002). These models also
introduced a framework that directly addressed self-
reproduction in terms of physical states that evolve ac-
cording to local rules (von Neumann, 1966). John Conway
introduced a famous set of rules in a two-dimensional cel-
lular automata model, which he named the Game of Life
(Gardner, 1970). This simple model continues to provide
interesting examples of how simple low-level rules can re-
sult in persistent and evolving structures within a system
that changes over time, although this and further approaches
have not successfully resulted in systems that evolve open-
endedly akin to biological systems.

2.2. Universal Features of Terran Life

Life on Earth is extraordinarily diverse, composed of at
least 8.7 million biological species (see Chapter 6.1; Mora
et al., 2011). Despite the large number and diversity of or-
ganisms, all known terran life is composed of the same
building blocks in roughly similar proportions. The unit of
life is the cell (see Fig. 2.2), and the majority of cellular

FIG. 2.1. Revisited version of the origin and early evolution of life according to Oparin. Prebiotically produced monomers
react and polymerize; the interaction of the polymers with other molecules (lipids, metal ions, other organic molecules, etc.)
led to the appearance of the first protocells, which through the evolutionary process conformed to the putative population
known as the last universal common ancestor, or LUCA (see Chapter 5 for a larger discussion on LUCA).
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FIG. 2.2. Diagram of a generic cell. The cellular membrane is composed of amphiphilic lipids (Box 1) interspersed with
channel proteins (Box 6). The entire cell can be encapsulated in extracellular polysaccharides (Box 8). Inside the cell,
instructions for making proteins (Boxes 4 and 5) are stored as a sequence of nucleobases of DNA (Box 2). This information
is passed downstream as codons (i.e., trinucleotides) within mRNA which acts as a template for protein synthesis: transfer
RNA with complimentary trinucleotides can base pair with mRNA and, in so doing, enable the incorporation of the amino
acid it is carrying into a growing polypeptide (i.e., translation; Box 4). Nucleotides are also important metabolites for
maintaining cellular function, including storing energy in the form of ATP (Box 3) and regulating gene expression. Short-
and long-term energy reserves are stored in the cell as sugars and lipid droplets, respectively (Box 7).

S-43

D
ow

nl
oa

de
d 

by
 2

3.
11

6.
23

3.
78

 f
ro

m
 li

eb
er

tp
ub

.c
om

 a
t 0

3/
22

/2
4.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



mass is made up of water and various biomolecules con-
taining carbon, hydrogen, oxygen, nitrogen, phosphorus,
and sulfur (also commonly referred to as CHONPS). In
addition, all cells utilize the same biomolecules to carry out
the processes of life (see Chapter 2.2.3, Chapter 2.2.4, and
Chapter 6.2). The commonality of these elements and bio-
molecules can be explained by the shared ancestry uniting
all life on Earth (see Chapter 2.3 and Chapter 5.5).

2.2.1. The cell: Structure and function

Cells are separated from the environment by a semiper-
meable membrane composed of lipids with both polar and
nonpolar motifs (i.e., amphiphilic molecules; see Chapter
2.2.3.3). The membrane is interspersed with proteins (see
Chapter 2.2.3.2) and held together by hydrophobic and van
der Waals interactions (Seelig and Ganz, 1991; Wimley and
White, 1993). The selectively permeable nature of this
membrane (Fig. 2.2, Box 1) enables the cell to maintain
homeostasis (regulation of favorable cellular conditions ir-
respective of external variations) and to control electro-
chemical gradients that are used to fuel otherwise
thermodynamically unfavorable reactions. Many organisms
also have an additional layer(s) of varying composition
outside of the membrane which provides structural support
to the cell (i.e., a cell wall).

The contents within the cellular membrane (with the ex-
ception of the nucleus for eukaryotes) are collectively re-
ferred to as the cytoplasm (Fig. 2.2); the intracellular fluid is
known as the cytosol and is a gel-like solution that shifts
from aqueous to gel (known as sol-gel conversions). In
bacteria and archaea, all biomolecules exist and function
within the cytosol; in eukaryotes, most metabolic reactions
take place inside membrane-enclosed compartments within
the cell (organelles) (see Chapter 5.4).

2.2.2. Elemental building blocks of life

The elemental composition of life on Earth informs the
understanding and search for life elsewhere. Water is uni-
versal and predominant in all life-forms (comprising >70%
of cellular mass), and it is a critical medium for metabolic
reactions. Including water, about 97% or more of cellular
mass is composed of CHONPS, while the remainder is
various amounts of Na, Mg, Cl, K, Ca, Mn, Fe, Co, Cu, Zn,
Mo (i.e., micronutrients) and to an even lesser degree Si, V,
Ni, and W (i.e., trace elements; Maret, 2016). CHONPS
form the basic structures of all biomolecules and larger
polymers, while the less common elements facilitate the
solubility and/or catalytic properties of these molecules,
maintain ionic equilibria, and regulate redox reactions and
membrane potentials.

2.2.2.1. The universal solvent of life: water. The abun-
dance and chemical properties of water (H2O) make it the
ideal solvent for terran life (Westall and Brack, 2018).
Water has a naturally asymmetric charge distribution that
results in a permanent electric dipole, with partial negative
charges on the oxygen atom and partial positive charges on
the hydrogen atoms. This dipole allows water to remain
liquid over a relatively wide range of temperatures and also
acts as both an H-bond acceptor (via the oxygen) and a
donor (via the hydrogen in the H-OH bond). The weak

charge in water allows it to dissolve ionic compounds, and
through hydrogen bonding it can dissolve many organic
molecules. These characteristics make water crucial for
many of the fundamental redox reactions of life (see
Chapter 6.2.1).

Water is also unique compared to other solvents in that it
expands upon freezing due to its strong hydrogen bonds and
will float to the surface of liquid water, causing bodies of
water to freeze from the top down. The top frozen layer
insulates the liquid beneath, preventing deeper zones from
freezing completely. This unique feature would have en-
abled the survival of oceanic life during Snowball Earth
events during which the entire planet may have been cov-
ered in ice (2.2–0.640 Ga; McKay, 2000; Pollard and
Kasting, 2005) and also helps explain how liquid oceans can
persist on Europa (see Chapter 7.2.3) and Enceladus (see
Chapter 7.2.4).

2.2.2.2. Carbon. Carbon forms the backbone of virtu-
ally all biomolecules utilized by terran life. Its capacity to
form four stable covalent bonds with a wide range of ele-
ments results in diverse and complex macroscale structures
(Westall and Brack, 2018). Gaseous CO2 in the atmosphere
serves as the primary source of carbon for life on Earth
today. It is converted into various organic molecules either
using energy from light (via photosynthesis) or by manip-
ulating redox potentials through chemical reactions (known
as chemosynthesis). These molecules can then be incorpo-
rated by organisms that do not produce their own organic
carbon (see Chapter 6.2.1).

2.2.2.3. Hydrogen, oxygen, and nitrogen. Atomic hy-
drogen and oxygen can be derived from breaking apart
water molecules and would likely have been readily
available for incorporation into cellular material on early
Earth (see Chapter 4.1.3). Beyond their role in biomole-
cules, hydrogen and oxygen influence the redox potential
of geological systems. They react easily with metals and
other redox-active species, often driving key biological
processes. In fact, hydrogen-containing gasses are the most
reducing and typically most reactive (e.g., NH4

+, CH4,
H2S, H2), while gasses with oxygen are some of the most
oxidizing (e.g., NO3

2-, CO2, SO4
2-, O2). In many organ-

isms, both hydrogen and oxygen are pivotal to generating
the energy storage molecule, adenosine triphosphate
(ATP). For example, the potential energy released during
reactions between molecules with differing redox potential
can be converted into electrochemical energy (see Chapter
6.2.1). Most life-forms on Earth use oxygen, a potent ox-
idant, in this energy-generating redox pair. Additionally,
H2 is an effective reducer used by many bacteria and ar-
chaea, particularly in oxygen-deprived conditions remi-
niscent of early Earth (see Chapter 4.1.4).

Contrastingly, while hydrogen and oxygen are abundant,
most of the nitrogen on contemporary Earth exists as the
chemically inert N2 gas. The triple bond that binds the ni-
trogen atoms gives N2 its high stability. However, certain
bacteria and archaea can convert it into more reactive
molecules, such as NH4

+, NO2
-, and NO3

-. Abiotic pro-
cesses, like the powerful electrical discharges from light-
ning, can also oxidize N2 into nitrous oxides (NOx). These
can eventually form biologically accessible molecules like
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nitrate and nitric acid (HNO3) (Borucki and Chameides,
1984).

Nitrogen and oxygen atoms enhance the solubility and
reactivity of larger organic compounds in water. Elements
like carbon, phosphorus, and sulfur, being less electroneg-
ative, are not as adept at forming hydrogen bonds. As a
result, larger nonpolar carbon compounds that consist only
of hydrogen and carbon (e.g., benzene, hexane) are gener-
ally water-insoluble. The hydrogen bonding enabled by the
inclusion of nitrogen and oxygen atoms also promotes mo-
lecular folding, which in turn enhances the catalytic prop-
erties of macromolecules, such as proteins, RNA, and DNA
(see Chapter 2.2.3).

2.2.2.4. Phosphorus. Phosphorus (P) is an important
component of biomolecules, including nucleic acids, lipids,
and ATP (see Fig. 2.2, Box 3) almost entirely as a nega-
tively charged orthophosphate (PO4

3-). The phosphate
backbone enhances the solubility of nucleic acids in water
and prevents their leakage from the membrane, which re-
stricts the diffusion of charged ions (Westheimer, 1987). In
addition, the negative charge may be critical for the stability
of nucleic acids when confronted with slight changes in their
structure (e.g., due to incorporation of the wrong monomer)
(Benner, 2017). Phosphates can have many roles in a cell,
including (i) serving structurally in phospholipids (i.e., hy-
drocarbons with a phosphate head group) in the cellular
membrane (Chapter 2.2.3.3), (ii) as energy sources by high-
energy bond pyrophosphates (di-phosphorous compounds
with a P-O-P linkage) (see Chapter 4.2.2.4), or (iii) as reg-
ulatory agents in protein activity as phosphate groups added
or removed from amino acids can cause a significant change
in the three-dimensional structure of proteins (see Chapter
2.2.3.2).

2.2.2.5. Sulfur. Sulfur’s ability to form redox-active
disulfide bonds between two organic components (i.e., R-S-
S-R, where R represents an organic group) has made it a
fundamental part of terran life. In proteins, disulfide bonds
form only between two cysteines (but not with S-containing
methionine). Formation of disulfide bonds is redox-
dependent and impacts protein folding and therefore the
reactivity of the protein (Lee et al., 2004; Cremers and Ja-
kob, 2013).

Sulfur can exist in many oxidation states (-2, 0, +2, +4,
+6), and it is an important source of energy for microbial life
(see Chapter 6.2.1). Sulfidic compounds are also utilized by
virtually all terran life to transport electrons in the cell via
metallic clusters, typically alongside iron. Notably, the
sulfur atom in cysteine often serves as a ligand (i.e., a
molecule that binds to a central atom in a coordination
complex) in protein metallic clusters, holding metals such as
Fe and Zn in place (Pace and Weerapana, 2014; Poole,
2014). The importance of S in many of life’s critical func-
tions has led many to suggest that S and Fe-S clusters may
have been critically important for the origin of life in early
Earth environments (see Chapter 4.2.2.5).

2.2.2.6. Other elements. Life also requires smaller
quantities of many other elements, the most prevalent being
Na, K, Cl, Ca, Mg, and Fe. Typically, ions including Na+,
K+, Ca2+, and Cl- serve to generate membrane potentials

(i.e., a difference in charge (+/-) and ion concentration be-
tween two sides of a membrane). Changes in the membrane
potential can generate electrical signals that transmit infor-
mation between or within cells (Prindle et al., 2015) or be
transformed into other forms of energy such as kinetic (e.g.,
flagella; Atsumi et al., 1992) or chemical (e.g., ATP;
Gemperli et al., 2003). In addition to creating electro-
chemical gradients, calcium as calcium carbonate (CaCO3)
is also used structurally in extracellular shells for some
eukaryotes including foraminifera, coral, and hard-shelled
marine organisms. The divalent ions Ca2+ and Mg2+ are also
important for stabilizing negatively charged organic mole-
cules in solution, most notably polyphosphates such as in
cell walls, ATP, DNA and RNA (Hartwig, 2001; Thomas
and Rice, 2014)

Transition metals (Fe, Mn, Cu, Zn, Mo, V, Co, Ni, Mg)
readily gain and lose electrons and thus catalyze reactions
that would otherwise be kinetically inhibited (see Chapter
4.2.3 and 4.2.6 for a discussion on the prebiotic relevance of
metals for the origins of life). Organisms use a variety of
metal-containing proteins (metalloproteins) to catalyze re-
dox reactions (Cvetkovic et al., 2010; Maret, 2013; Nitschke
et al., 2013). Importantly, metal clusters are needed for the
most energetically difficult biological pathways including
photosynthesis (Cu, Mg, Fe, Mn), methanogenesis (Ni, Fe),
nitrogen fixation (F, Mo, V), and DNA polymerization
(Mg, Zn).

The main redox metal used by life (and also largely the
most abundant metal on Earth) is iron. The changing oxi-
dation state of Earth through geological time (millions to
billions of years) affected the availability of redox-
sensitive metals such as iron globally and thus their solu-
bility in water and the types of reaction pathways available
for life (Dupont et al., 2010). For example, the depletion of
Ni in Earth’s oceans could have triggered a methanogen
famine which then led to the initial rise of O2 in the at-
mosphere *2.4 Ga (i.e., the Great Oxidation Event; see
Chapter 5.2).

2.2.3. Biomolecules: Life’s fundamental chemical units

Several functions are critical for life as we know it on
Earth: (i) storing information, (ii) catalyzing reactions, (iii)
concentrating solutes and creating chemical gradients, and
(iv) storing energy for use at a later point in time. All known
organisms on Earth rely on the same biomolecules to carry
out these functions (Table 2.1): (i) nucleic acids (to store
information), (ii) proteins (to catalyze reactions), (iii) lipids
(for compartmentalization), and (iv) ATP/lipids/polysac-
charides (as a means to store energy). The commonality of
these biomolecules suggests that they were present in the
last universal common ancestor (LUCA, see Chapter 5.1).
Furthermore, the prebiotic building blocks of such mole-
cules are common in the universe (see Chapter 3.3) and
likely played a role in the origins of life on Earth (see
Chapter 4.2.4). Given all of this, these biomolecules are
considered high-priority targets for missions aimed at
characterizing the habitability of and searching for life on
other worlds (see Chapter 8.1.1). However, these molecules
can also be generated abiotically; thus interpreting their
presence as a biosignature should be done with caution
(Barge et al., 2022).
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2.2.3.1. Nucleotides and nucleic acids: information stor-
age and metabolic cofactors. A key difference between
living and nonliving matter is the ability to replicate and
undergo Darwinian evolution. Natural selection on Earth is
based on changes to life’s informational polymer, DNA. It
should be noted that viruses also have genetic material, with
some storing information in RNA rather than DNA (Payne,
2017). However, viruses cannot replicate, grow, or evolve
without first entering a cell of another organism, spurring
the debate of whether or not viruses are truly ‘‘alive’’ (see
Chapter 2.3.2).

The nucleic acids, DNA and RNA, are macromolecules
composed of repeating nucleotide units. Nucleotides consist
of (i) a nucleobase, which forms hydrogen bonds with a
complementary nucleobase of another strand, (ii) a pentose
(a 5-carbon sugar) that serves as a backbone, and (iii) a
phosphate group that connects to the pentose of the sub-
sequent nucleotide (see Fig. 2.2, Box 2). DNA is typically
double-stranded, which (i) enhances the fidelity of infor-
mation transfer through proofreading and error-correction
mechanisms, (ii) facilitates replication, and (iii) augments
stability. RNA, in contrast, is typically single-stranded and
can fold back onto itself, forming catalytic structures cru-
cial for protein synthesis and the regulation of gene ex-
pression (Fig. 2.2, Box 4; Walter and Engelke, 2002; Cech
and Steitz, 2014; Schimmel, 2018). Nucleotides play cru-
cial roles in various cellular processes. Beyond their in-
volvement in information storage and energy (as
nucleoside triphosphates, NTPs), they are also components
of the universal metabolic cofactors flavin adenine dinu-
cleotide (FAD) and nicotinamide adenine dinucleotide
(NAD). Both of these cofactors contain adenosine mono-
phosphate (AMP) linked to another nucleotide, a fact that
some believe supports the RNA World hypothesis (see
Chapter 2.1.3 and Chapter 4.2.4.1).

The Central Dogma represents one of the foundational
principles of terran life. It describes the typical flow of in-
formation from its storage in DNA, through an intermediate
messenger RNA (mRNA), and ultimately to its expression
as a protein (DNA / RNA / protein). This process is
conserved across all three domains of life. In this flow, the
information in DNA is transcribed to mRNA by reading one
of the DNA strands and matching its successive nucleotides
with complementary RNA nucleotides, thereby constructing
the mRNA. This gene-specific mRNA then associates with a

ribosome to initiate translation. During this phase, sets of
three nucleotides on the mRNA—called codons—are mat-
ched with transfer RNA (tRNA) molecules. Each tRNA has
a corresponding amino acid attached to one end and an
anticodon, a three-nucleotide sequence complementary to
the mRNA codon, on the other end (see Fig. 2.2, Box 4).
Consequently, the sequence of amino acids in the protein is
determined by the order of codons in the mRNA, which in
turn is based on the original DNA template.

While the Central Dogma remains unchanged between all
forms of life, the compartmentalization of these processes
differs in prokaryotes (unicellular organisms lacking a nu-
cleus) and eukaryotes (organisms whose cells contain a
nucleus). In prokaryotes, genetic information is located in
the cytoplasm and localized in a nucleoid, which is an ag-
gregated mass of DNA. In eukaryotes, the DNA is located in
a membrane-bound organelle known as the nucleus. In both
prokaryotes and eukaryotes, ribosomes are found in the
cytoplasm. Thus, in prokaryotes, replication, transcription,
and translation all occur in the cytoplasm. In eukaryotes,
replication and transcription occur in the nucleus, and
translation occurs in the cytoplasm.

2.2.3.2. Proteins and amino acids: catalytic polymers and
molecular transporters. Proteins are macromolecular
chains composed of amino acids. These amino acids are
organic molecules that consist of an amine group (-NH2), a
carboxylic acid group (-COOH), and a side chain. The
amino acids in proteins are covalently linked by peptide
bonds, which are formed between the carbon of one amino
acid and the nitrogen of another (see Fig. 2.2, Box 5). In
these amino acids, the amine and carboxylic acid groups are
attached to the same carbon, known as the alpha (a) carbon.
A third bond from this carbon connects to a side chain of
varying complexity. The side chains of a-amino acids can
range from nonpolar/hydrophobic to polar/hydrophilic, and
these variations significantly influence the overall structure,
and thus the function, of the resultant protein. While a wide
range of amino acids can form abiotically (see Chapter 3.3.5
and Chapter 4.2.4.2), only 20 L-enantiomer a-amino acids
are utilized to build proteins in cells. However, cells use a
somewhat broader variety of amino acids, including b- and
g-amino acids as well as the D-enantiomers, for other
functions such as intercellular signaling.

Table 2.1. Essential Biomolecules and Functions

Elemental Composition Monomers Macromolecule / structure Functions

C, H, O, N, P Nucleotides Nucleic acids information storage, catalysis,
energy currency

C, H, O, N, S, Sea, transition metals within
metalloenzymes (e.g., Fe, Ni, Mo,
V, Zn, Mn, Mg, Cu, Co)

Amino acids Proteins catalysis, solute transport,
structural support

C, H, O, Nb, Pc , Sb (halogen side groups) Lipids Bilayer membrane compartmentalization,
energy storage

C, H, O, Nd, Pd, Sd Sugars Polysaccharides energy storage, structural support

aSome proteins also contain Se via the amino acid selenocysteine, which is sometimes referred to as the 21st proteinaceous amino acid.
bNitrogen and sulfur are found in the head groups of some phospholipids.
cPhosphorus is always found in the head groups of phospholipids.
dNitrogen, phosphorus, and sulfur are found in the side groups of some polysaccharides.
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While all extant life relies on the same genetic code, there
is evidence to suggest that earlier life-forms may have de-
pended on more primitive codes. In these primitive systems,
codons might have been composed of only one or two nu-
cleotides and utilized a smaller set of amino acids (Patel,
2005; Wu et al., 2005; Jash et al., 2021). Proteins that
participate in biochemical reactions and reduce the energy
required for these reactions (i.e., catalysis) are called en-
zymes. It is worth noting that catalytic RNAs, known as
ribozymes, can also perform this catalytic function.

Proteins can serve many other functions besides catalysis,
such as structural support or electron transfer (see Chapter
6.2.1). Structural proteins form the cytoskeleton, a structure
that maintains the shape and internal organization of cells
and that has been found in all three domains of life (Pollard
and Goldman, 2018).

2.2.3.3. Lipids: barriers and long-term energy stor-
age. Lipids encompass a broad range of organic molecules
that are more soluble in organic solvents than in water.
Cellular membranes primarily consist of lipids, with am-
phiphilic glycerophospholipids being the most common (see
Fig. 2.2, Box 1). In these molecules, the phosphate group
acts as the polar head, while the two hydrocarbon tails at-
tached to glycerol form the hydrophobic tails. As a result, in
aqueous conditions, glycerophospholipids (and other am-
phiphilic lipids) spontaneously arrange themselves into
spherical structures, like vesicles and cellular membranes,
with their polar heads facing the water (Alberts et al., 2002).

Lipids are also used for long-term energy storage (Arrese
and Soulages, 2010). In general, such lipids are triglycer-
ides, composed of three fatty acids (i.e., hydrocarbon tails
with a carboxylic acid at the end) each linked to a glycerol
molecule (Fig. 2.2, Box 7).

2.2.3.4. Sugars and polysaccharides: structural support
and short-term energy storage. Storing internal energy
reserves is critical for the survival of any life-form. While
ATP is the most widely used molecule for energy in cellular
processes, energy is more densely stored in the form of
polysaccharides (i.e., sugar polymers, Fig. 2.2, Box 8).
These take up less volume and generate less osmotic pres-
sure compared to an equivalent number of unbound mole-
cules, such as sugar monomers, ATP molecules, or lipids.

Biological polysaccharides are typically composed of
glucose and, at times, other sugars like mannose or sucrose.
Those used primarily for energy storage are glucose poly-
mers: glycogen (found in archaea, bacteria, animals, and
fungi), cellulose, and starch (with the latter two primarily in
plants). When organisms require energy, these glucose
polymers are hydrolyzed to produce glucose (a 6-carbon
molecule). This glucose is then oxidized to pyruvate (a 3-
carbon molecule) via glycolysis and eventually transformed
into ATP through aerobic respiration or fermentation, de-
pending on the availability of oxygen or other electron ac-
ceptors (for more details, see Chapter 6.2.2).

Beyond energy storage, polysaccharides also provide
structural support across all three domains of life and play
roles in cellular communication. The most prevalent organic
polymers on Earth are cellulose (a glucose polymer) and
chitin (a polymer derived from glucose, made up of
N-acetylglucosamine units). Cellulose reinforces the cell

walls of plants and many algae species (Nobles et al., 2001),
while chitin provides strength to the exoskeletons of crus-
taceans and insects, the scales of fish, and the cell walls
of fungi.

2.2.3.5. Chirality of the fundamental biomole-
cules. Chirality is a property of asymmetry where
molecules, while having the same structure, are non-
superimposable. Each chiral state is known as an enantiomer
(refer to Fig. 2.3). No combination of translations or rota-
tions of the chemical bonds within an enantiomer will allow
it to be perfectly superimposed onto its mirror image. En-
antiomers can be either ‘‘left’’ (L) or ‘‘right’’ (D) handed,
defined by the direction in which they rotate plane-polarized
light. A solution consisting entirely of one enantiomer is
termed homochiral or enantiopure. When both enantiomers
are present in equal concentrations, the solution is racemic.
If there is an excess of one enantiomer (i.e., >50%), the
solution is said to possess an enantiomeric excess.

Chiral preference is seen as a fundamental property of
life. Indeed, all extant life-forms exhibit chiral asymmetry,
namely, nucleic acids exclusively employ D-sugars, while
proteins rely solely on L-amino acids. Although enantiomers
share identical physical and chemical properties, their un-
ique spatial configurations lead to different outcomes when
they react with other molecules. Thus, consuming the op-
posite enantiomer (e.g., L-sugars or D-amino acids) can be
harmful to modern life. However, some organisms make use
of the opposite-handed molecules for specialized purposes.
For instance, D-amino acids have been identified in various
cellular functions, such as structural support, defense, and
cellular communication (Aliashkevich et al., 2018; Sasabe
and Suzuki, 2018). For discussions on the identification of
enantiomeric excesses in ancient meteorites, consult Chap-
ter 3.3.5; for insights on the origins of biological homo-
chirality, refer to Chapter 4.2.5; and for a discourse on using
molecular chirality as a potential biosignature, see Chapter
8.1.1.3.

2.2.4. Common biological processes shared by life

Using the biomolecules of life, cells can carry out the
universal functions and processes introduced in Table 2.2
(revisited from Domagal-Goldman et al., 2016 and based on
Campbell and Reece, 2002; Mayr, 2010; and Gánti, 2010).
In all known life, instructions for the cells are carried by
genes composed of sequences of nucleic acids, and the

FIG. 2.3. Alanine as an example of chirality in nature.
Note that the alpha carbon between the amino and carboxyl
groups is the only chiral atom in this molecule.
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collection of all genes in an organism is called a genome.
Groups of organisms are derived from common ancestral
populations that changed through time, diverging among
themselves through physical processes until they became
different from each other, a process known as ‘‘descent with
modification’’ (Darwin, 1859).

One characteristic shared by all species on Earth is their
ability to evolve and change over time, particularly by
adapting to changes in the environment. In general, bio-
logical evolution has been defined as changes in the prop-
erties of groups of organisms (populations) over the course
of generations (Futuyma, 2013). However, the case of
viruses demonstrates not everything that evolves is neces-
sarily alive, according to many definitions and criteria (see
Chapter 2.3.2). Mechanisms involved in evolution include
mutation, genetic drift, gene flow or migration, and natural
selection (Blount et al., 2018), and the characteristics of
these are summarized in Table 2.3. The resulting genetic
diversity in evolved populations will depend on the amount
of the genetic variation already existing in the initial group
of organisms from which subsequent populations evolve
(Ewens, 2004; Blount et al., 2018). Endosymbiosis, a type
of cooperative relationship between organisms, can give rise

to new species or even new biological lineages (e.g., Eu-
karyotes; see Chapter 5.3). Other phenomena such as hori-
zontal gene transfer as well as gene and genome
recombination (rearrangement or sorting of the genetic
material) are currently being explored as an important
part of the evolution of microorganisms and viruses (see
Chapter 5.5).

Accurate descriptions of the relationships between spe-
cies are fundamental to understanding evolutionary pro-
cesses. For example, it is difficult to track the evolution of
many microorganisms because horizontal gene transfer
makes the definition of unique species less reliable. Or-
ganisms that are difficult to cultivate in the laboratory, such
as archaea and extremophiles, must be studied through
metagenomic sequencing methods, and even obtaining a
baseline genetic ‘‘blueprint’’ can be problematic ( Jian-Yu
et al., 2021). As a result, some researchers are revisiting the
idea of what defines a species for microorganisms or if the
idea of species is even useful at all (Novick and Doolittle,
2021; Kollár et al., 2022). For astrobiologists hoping to
study samples returned from other Solar System bodies,
understanding evolution from a species-centric viewpoint
could become problematic because evolution may follow

Table 2.2. Common Processes Across Life on Earth

Ordered structure Refers to the high level of organization observed in the context of living cells.
Reproduction The process by which cells and biomolecules replicate to form new cells, accompanied

by heredity of genetic information.
Growth and

development
At the unicellular level, growth involves the synthesis of particular components as well

as all the required molecular machinery for division. In a multicellular organism it refers
to the processes by which they reach maturity.

Energy utilization
and metabolism

Entails the extraction of energy from different sources (such as sunlight, inorganic chemical
reactions, or organic material acquired from the environment or from other organisms)
and its subsequent use for cellular processes and for the biosynthesis of its constituents.

Response to the
environment

The ability of cells to sense external stimuli through mechanisms that alter their internal
environments and maintain the state of the system accordingly.

Homeostasis Also referred to as the maintenance of a constant internal environment regardless of the external
environment. Organisms can only maintain homeostasis by sensing changes in the environment
and reacting to them.

Evolution The process by which populations of biological entities (organisms or viruses) change over time,
as a consequence of the combination of particular mechanisms (described in the next section).

Table 2.3. Main Attributes of the Mechanisms of Evolution

Mutation The process of alteration in the composition of genes and genomes. They are considered as the raw
material on which evolution works, and some of them are inherited over time. Mutations affect fitness,
roughly defined as the probability to produce successful offspring.

Mutations can then be classified according to their effect on fitness, as advantageous when increasing
fitness, deleterious when decreasing fitness, or neutral. However, whether a mutation remains or not
in the population depends on factors, such as the presence of other mutations, the environment,
and population size (Loewe and Hill, 2010).

Genetic
Drift

Random fluctuations in the number of gene variants in a population. Due to drift, mutant variants
are ‘‘kept’’ in the population by a random or stochastic process and not by their selection
(Blount et al., 2018). It usually occurs after the size of the population drastically decreases, and then
a new population can be formed by a small number of organisms. After this, the frequency
of a gene in the new population may differ from the original one (Futuyma, 2013).

Gene Flow The exchange of genes between populations. This evolutionary mechanism depends on (i) new
individuals that arrive at a population and (ii) their gene frequency (Futuyma, 2013).

Natural
Selection

The evolutionary process by which specific genetic variants remain in a population. Three main conditions
are needed for natural selection to occur: (i) phenotypic variation, (ii) heritability of variation,
and (iii) differential reproductive success (i.e., differential fitness) among variants (Godfrey-Smith, 2007).
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vastly different trajectories beyond Earth. Therefore, it re-
mains a challenge to understand evolution beyond the
concept of species.

2.2.5. Open-endedness, emergence, and complexity

All properties of life result in three major characteristics:
(i) life evolves open-endedly by innovating with respect to
its environment, (ii) life is marked by major emergent
transitions (Banzhaf et al., 2016), and (iii) life is complex.
Each of these three criteria are difficult to define exactly and
have various degrees of measurability in a variety of ex-
perimental systems (Soros, 2014; Dolson et al., 2019).

Open-endedness describes the continuous change in a
system (or at least part of it) over time without repetition
(Bedau et al., 2019; Corominas-Murtra et al., 2019; Pattee
and Sayama, 2019). Examples include counting to infinity,
weather patterns, and the ever-evolving realm of human
technology, each to different extents (Hintze, 2019; Packard
et al., 2019; Pattee and Sayama, 2019). Biological evolution
is often seen as the most potent example of open-endedness
due to its capacity to ceaselessly innovate and manifest
novel functions and structures (Bedau, 1997; Ruiz-Mirazo
et al., 2004; Mariscal et al., 2019; Pattee and Sayama, 2019;
Davies, 2021; Kempes and Krakauer, 2021).

Emergence, another defining property of life, accounts for
its mechanisms and progressive changes. The emergent
properties of a system are those that cannot be explained by
the properties of its constituent parts alone (Bedau and
Humphreys, 2008). Earth’s evolutionary history offers some
of the most striking examples of emergence, such as the
progression from abiotically produced molecules to single-
celled life (see Chapter 4.4) and later to multicellular life
(see Chapter 5.4), and the development of language.

Simply put, complexity distinguishes a system of ele-
ments from one that is entirely random or overly simplistic
(Chu et al., 2003). However, there is no current consensus
on an exact definition of complexity, in particular when
applied to life, and it is difficult to define whether a system
is ‘‘random’’ or ‘‘simple.’’ For example, the abiotic envi-
ronment can direct prebiotic chemistry so that certain
products are generated in abundance over others, making the
system look less random and more ‘‘life-like’’ (Barge et al.,
2022). Nonetheless, there have been attempts to develop a
means for capturing the complexity of a system (Adami,
2002; Wolpert and Macready, 2007; Efatmaneshnik and
Ryan, 2016), with some being proposed as a means to search
for extraterrestrial life (Marshall et al., 2021; Bartlett et al.,
2022).

Entropy is commonly brought up in discussions of the
complexity and organization of life. Entropy is a central
concept in thermodynamics, describing the amount of dis-
order or randomness in a system. The second law of ther-
modynamics states that in any energy transfer or
transformation, the total entropy of a closed system will
always increase over time. This might initially seem at odds
with life, which appears to organize itself and decrease
entropy in its local environment. However, this internal
order is maintained by extracting energy from the environ-
ment and releasing waste energy, often as heat, back into it,
thereby increasing the environment’s overall entropy. While
processes like growth and evolution showcase increased

organization, they are offset by the broader energy costs and
eventual decomposition, ensuring that the total entropy of
the universe still increases. In essence, life, while organizing
locally, contributes to the universe’s overarching trend of
increasing entropy, in line with the second law of thermo-
dynamics.

Understanding open-endedness, emergence, and com-
plexity in a way that encompasses all of biology and mat-
ches observations of living systems provides a helpful guide
when searching for life beyond Earth (Walker and Davies,
2013; Davies and Walker, 2016). However, while these are
descriptive of properties of Earth life, there is no a priori
reason that life elsewhere (which may not be like that on
Earth) would follow these same mechanisms and processes.
Many researchers argue that a comprehensive definition of
life, or at least an agreed-upon list of the properties or
functions that are shared by all life on Earth and also other
possible kinds of life, is needed for to provide additional
confidence in positive and negative biosignature detections
when analyzing non-terrestrial physical samples and
searching for life beyond Earth (see Chapter 8.5).

2.3. Representing the Evolutionary History of Life

The commonality of building blocks across all modern
organisms suggests that every single cell, from unicellular
bacteria to multicellular Homo sapiens, evolved from a
single species or population of cells that was our last uni-
versal common ancestor, or LUCA (see Chapter 5.1). Al-
though the exact time that life emerged on Earth is not
certain, it must have occurred sometime before 3.5 Ga (see
Chapter 4.1.5). The generational propagation following the
emergence of life led to populations which had become
better adapted (able to survive and reproduce) to their en-
vironments. Eventually, life coevolved with a changing
Earth and has colonized virtually all of its surface and much
of the subsurface (although to what extent life persists in the
deep subsurface and in the atmosphere remains an active
area of research; see Chapter 6.3).

2.3.1. The Tree of Life (ToL)

Graphs representing the evolution of terran life, or the
history of life on Earth, place LUCA at the initial branching
point, with a new line emerging for each new lineage. This
results in a diagram that looks like a tree, or ‘‘Tree of Life’’
(ToL, see Fig. 2.4). In typical biological Trees of Life
(ToLs) that represent life on Earth, each branch indicates the
evolutionary distance from an organism to its ancestral or-
igin, often proportionally quantitative to the degree of di-
vergence when nucleotide or protein sequences are used to
build the trees. At the terminal of each branch (i.e., the
leaves) are extant species. The common ancestral or ‘‘par-
ent’’ organism from which two or more lineages evolved is a
node. The overall shape of the different branches and nodes,
or the ‘‘topology’’ of a phylogenetic tree, provides infor-
mation about evolutionary history by showing the relative
order in which different species appeared.

Phylogenetic trees are based on evolutionary models that
utilize certain assumptions and generalizations; thus they are
varying levels of confidence regarding the true evolutionary
history of organisms (Pace, 2006). The ToL is continuously
revised as scientists discover new organisms either through
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culture-dependent methods (i.e., isolation of new organisms
or fossils) or culture-independent methods that detect new
genomes. Improvements in technology and data science
techniques also contribute to the continuous refinement of
our understanding of evolutionary relationships between
organisms (Hug et al., 2016; Parks et al., 2018).

2.3.2. The blurry limits to life’s definitions: The case
of viruses

Considered separately, some of the characteristics de-
scribed in Table 2.2 and Table 2.3 can apply to objects that
are not considered life. Physical phenomena (e.g., crystals,
fire, and hurricanes) and elements of culture (e.g., memes)
can replicate and evolve similarly to genes (Dawkins, 1976;
Dennett, 1995). Further, many artificial intelligence algo-
rithms are based on learning algorithms similar to evolution
by selection (Dennett, 1995). Moreira and López-Garcı́a
(2009) argue ‘‘any valid definition [of life] should be able to
exclude entities that are not alive.’’ One particularly inter-
esting case is that of viruses.

Viruses are genetically diverse, (sub)microscopic infectious
agents that replicate only inside a cell, which Forterre (2013)
refers to as a ‘virocell’. Viruses are estimated to be the most
numerically abundant biological entities in the biosphere and
have influenced the evolution of species (Abroi and Gough,
2011) and numerous biogeochemical and geological processes
(Edwards and Rohwer, 2005; Mushegian, 2020). They are an
especially important case when discussing the definition of life
and minimal requirements for inclusion in the ToL (see Chapter
5.5). Viruses possess many features commonly used to describe
life, such as having cellular monomers and polymers of similar
composition, storing information with homochiral nucleic

acids, and the ability to undergo Darwinian evolution. Argu-
ments against viruses being alive emphasize their inability to be
‘‘free-living’’ or be incorporated into the ToL. Obligate cellular
parasites, however (e.g., Mycobacterium, Rickettsia, certain
protists and fungi) are included in the ToL because they have a
common genetic core present in all organisms (Ghuneim et al.,
2018; Hauck and Maiden, 2018). Despite their inability to live
independently, the detection of viruses could be a biosignature
for life detection (see Chapter 8.5.2). More details on the vir-
ocell and properties shared between viruses and cellular life are
given in Table 2.4 and described further in the supplementary
material.

The debate on whether or not viruses are alive has existed
since their discovery (late 1800s and early 1900s), and it is
inherently linked to the philosophical problem of how to
define life. Originally, viruses were considered the ‘‘missing
link’’ between inert matter and living beings. The geneticist
Hermann Muller proposed that given the ‘‘simplicity’’ of
viruses, they could be the relics of primitive genes from
ancestral life-forms that later gave rise to cells (Muller,
1966; Podolsky, 1996). According to Koonin et al., 2006,
this virocentric origin of life could be linked to the RNA
World hypothesis (see Chapter 2.1.3 and Chapter 4.2.4.1)
where ‘‘simple’’ RNA viruses might be the relics of ancient
life-forms which emerged prior to the emergence of DNA-
based cellular organisms. Alternatively, based on the taxo-
nomic distribution of their hosts, it has been proposed that
RNA viruses might have a recent origin related to the early
evolution of eukaryotes (Campillo-Balderas et al., 2015).
There has also been a debate about incorporating viruses
into the ToL due to the supposed lack of similarity between
viral and cellular genes. However, structural and evolu-
tionary analyses of hallmark proteins, such as RNA-

FIG. 2.4. Schematic showing the Tree of Life (ToL). Image adapted from Woese et al. (1990) and Forterre (2015).
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dependent RNA polymerases (Jacome et al., 2015) and the
double jelly-roll major capsid protein (Krupovic et al.,
2022), suggest that the similarities may be more significant
than previously thought.

Modern thinking has led to two main proposals: (i) that
life should be divided into two general groups: (a) organ-
isms that contain the molecular machinery for protein syn-
thesis (ribocells, e.g., Bacteria, Archaea, and Eukarya) and
(b) virocells (Raoult and Forterre, 2008); and (ii) that the
symbiotic and evolutionary relationship among viruses,
cells, and their mobile genetic elements can be traced such
that the ToL might be replaced by a network model of genes
and proteins together with their ecological connections
(Doolittle and Bapteste, 2007; Bapteste and Dupré, 2013;
Jácome et al., 2015).

2.4. Comprehensive Versus Operational Definitions
of Life: Practical Uses in Astrobiology

The case of viruses indicates that there are entities with
some of the characteristics commonly used in working
definitions of life, causing a debate among scientists on
whether they count as life (Forterre, 2017) or not (Tetz and
Tetz, 2020). Ultimately, these types of debates highlight the

general lack of consensus on what life is. Although it may
seem that one goal of science is the generalization of objects
and phenomena through the exercise of defining them
comprehensively, the examples discussed throughout this
chapter clearly show that this is, at times, not feasible.

Some authors have argued that a comprehensive defini-
tion of life will always elude us (Cleland and Chyba, 2002;
Bruylants et al., 2010). Oliver and Perry (2006) even discuss
the difficulty that language imposes when trying to make
comprehensive definitions, starting from the fact that there
is no absolute definition of the word definition, and that
there are different types of definitions. For example, there
are stipulative definitions which are ‘‘used to define wholly
new terms or to restrict meaning to a particular context’’ and
operational definitions that are ‘‘a form of stipulative defi-
nition used to set out parameters so one can verify whether
or not the term can be applied’’ (Oliver and Perry, 2006). In
this way, the authors conclude that an ideal and (therefore)
complete definition of life will probably never be reached.
This, however, does not preclude or exclude the value of
research on the fields of origins of life, synthetic biology, or
space exploration and the search for life different than life
on Earth, especially as current Earth conditions are not the
same as early Earth or conditions elsewhere. In this way,

Table 2.4. Comparison of Common Traits Across Cells and Viruses (Adapted from Moreira

and López-Garcı́a, 2009)

Properties Cells Viruses

Genetic information Yes: DNA
genomes

Yes: DNA and RNA genomes

Ordered structure Yes Yes: some of them have symmetric capsids
Membranes Yes Yes: only in some viruses, and it is derived from cells
Reproduction Yes They can replicate their genetic information and assemble

it in seven stages using a host: adsorption, entry, uncoating,
transcription, viral protein synthesis, virion assembly, and release

Growth and development Yes No
Energy utilization Yes No
Response to the

environment
Yes As a virion, there is no response, but integrated viruses can do a form

of quorum sensing called arbitrium, where viruses use host metabolism
to respond to the environment

Homeostasis Yes No
Evolution Yes Yes: only inside a cell
Common ancestry Yes: LUCA Not among all viruses: certain big groups of viruses seem to have diverged

from common ancestors

Table 2.5. Examples of Definitions of Life That Aim to Be Comprehensive and Unifying

Dynamic Kinetic Stability
(Pascal et al., 2013)

Either by the development of a proto-metabolism (via autocatalysis, self-recognition,
and supramolecular amplification) or a genetic encoding mechanism which allows
for self-replication capable of surpassing the error-catastrophe (Kauffmann
and Kauffman, 1995),
a ‘‘self-sustaining system’’ that exhibits temporal (and entropic) stability across
changing states in an increasing (but fruitful) disassociation with its surroundings.

Increasing Chemical
Complexity (Hazen, 2008)

The level of chemical complexity generated in abiotically produced mixtures
(in any scenario) yields a combinatorial explosion of products that are not capable
of self-organization surmounting the entropic challenges of thermodynamic decay.
Therefore, a viable fingerprint of chemical evolution toward life would
be a nonrandom development of increasing molecular complexity.

Nontrivial interactions
with the environment
(Walker and Davies, 2013)

The integration of the two aforementioned concepts would only be conceivable
by a symbiotic process arising from the complexification of matter through
the coupling of environmental constraints imposed by a given planetary scenario.
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astrobiologists seek for definitions that allow us to expand
our understanding of life on Earth and the universe.

Attempts to define life in a sufficiently broad sense to
include forms of life arising independently on Earth and
elsewhere aim to abstract characteristics of life to enable
hypothesis testing and the possibility of detecting other life-
forms (see Table 2.5 for some examples; Ruiz-Mirazo et al.,
2004; Hazen, 2008; Macklem and Seely, 2010; Pascal et al.,
2013; Walker and Davies, 2013; Cottin et al., 2017; Vitas
and Dobovišek, 2019; Bartlett and Wong, 2020). The main
goal for these definitions is to develop operational and
practical models to attain observable traits aided by tech-
nology for a laboratory setting or simulation, and in space
missions (Bich and Green, 2018).

Given the difficulty in forming a comprehensive and
unifying definition of life, a series of operational or working
definitions are used in specific scientific contexts (see
Chapter 2.3). These operational definitions will be subject to
a specific discipline, as well as to its research objectives and
limitations (Oliver and Perry, 2006). Given that biology is a
historical science, the exercise of describing or defining life
not only implies describing the natural history of life or its
characteristics, it also implies the recognition of the con-
textual history that this scientific activity involves. In the
words of Carl Sagan ‘‘you have to know the past to un-
derstand the present’’ (Sagan, 1980).

2.5. Concluding Remarks

The various approaches to defining life discussed in this
chapter may appear to be at odds with each other at times,
but they represent a mosaic of different disciplines. Our
conceptualization of the question ‘‘What is life?’’ changes
depending on the context in which it is discussed. Conse-
quently, various seemingly complete and operational defi-
nitions have been proposed. However, many of the
observations and extrapolations that constitute the essential
characteristics of life are based on the biology we know on
Earth and stimulate the ongoing effort to re-imagine those
characteristics in other planetary environments. Throughout
the remainder of the Primer chapters, all aspects of bio-
logical systems and their interactions with Earth’s envi-
ronment will be discussed. This can serve as a guide toward
nontrivial abstractions but cannot provide an absolute un-
biased narrative of what constitutes a living entity.

A constant discussion about what is life needs to be
sufficiently open to include all possible life-forms. In as-
trobiology, the aim is to keep expanding and revising the
various definitions of life, as a definition that is too strict or
overly specific is likely to result in a missed opportunity to
find life elsewhere. The historical timescale that engulfs the
discussions of ‘‘What is life?’’ from both philosophical and
application (phenomena) driven constructions is quite dif-
ferent to that of space exploration. As they both change and
are enriched by technological developments, our search for
life on other planets is adapted to include new possibilities
for finding life-harboring planets. It is an exciting time to be
part of astrobiological research.
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