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Preface

The origin of life from non-life on Earth remains an enduring mystery. Its resolution would not
only slake our human need to understand this most central of existential concerns but would
guide us in our long and expanding search for life beyond Earth. It is challenging to study life’s
origin on Earth because it began at least four billion years ago and only left tantalizing geologi-
cal traces in the form of microfossils and stromatolites in the oldest rocks. A record of the
prebiotic processes is not preserved. However, it seems likely that life on Earth was not the
outcome of an isolated event but a cosmic imperative and planetary property that appeared on
young Earth. Speculation regarding the precise historical path from inanimate to animate—the
identity of the building blocks of life available at particular physical locations on prebiotic
Earth together with the chemical structures of possible intermediate stages on the road to life—
is being rapidly refined using techniques and data arising from many different scientific dis-
ciples. This book chronicles the recent breakthroughs in astrobiology that have contributed to
understanding the origin of life from a cosmic perspective.

How life created so much diversity from so little physical matter is remarkable. Darwin
immortalized this view of life in the last sentence of The Origin of Species: ‘from so simple a
beginning, endless forms most beautiful and most wonderful have been and are being evolved.’
The variety of life on Earth is immense and wondrous. Yet, despite their endless variations, the
cells that make up all living things contain just three fundamental components in a symbiotic
relationship. Nucleic acids such as RNA and DNA are molecules that encode digital informa-
tion and can be copied. Proteins are the catalysts and nanobots that perform crucial tasks for
cells. Encapsulating all of this is a plasma membrane made from a semipermeable lipid bilayer
that protects the cell's interior from the outside environment. The intrinsic properties of cells
do not come from individual cell components but their collaborative dynamics mediated by
sophisticated information systems. In protocells—the precursors of all life—the beginnings of
this trinity of molecules appeared stepwise, a collection of self-organized RNA and proteins
enclosed by a simple membrane. Side by side, the information system coevolved with the
molecules of life. The end product of a long biochemical voyage was the emergence of the first
cells capable of identical division. The emergence of these first cells was, quite possibly, the
most momentous event in the history of our planet, transforming a sterile world into a living
Gaia. This book attempts to reconstruct this long molecular voyage by bringing together new
insights from astrobiology regarding how heat-loving microbial life could have started on
young Earth.

Early in Earth’s history, both volcanism and impact cratering were ubiquitous processes.
Both may have created an environments to transform disparate chemical compounds into liv-
ing organisms, providing a suitable habitat for life to evolve. I will begin my narrative with this
violent Hadean world, capable of taking the building blocks of life with embedded analog
information from meteorite impacts and sparking life. I will discuss the chemical evolution of
biomolecules in hydrothermal impact crater basins, the most likely birthplace of life. I will
discuss the algorithmic origin of life and how viruses might have played a critical role in pre-
biotic synthesis and the emergence of the first cells. I will show why there has been renewed
optimism in recent years about the existence of life beyond Earth.
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Preface

This book seeks to explain my view of the present state of the origin-of-life problem. It will
be a compendium for curious minds. Its aim is a much wider audience than the science com-
munity. This book is very much the product of personal research and reflection on the origin of
life in my later years, which served to rekindle my childhood fascination with life, planets, and
stars. I spent a lifetime thinking about these questions as an evolutionary biologist and geolo-
gist, and I now find myself increasingly drawn from the younger field of astrobiology that is
amid rapid advances.

Objectives

Traditionally, there are three groups of scientists dominating the search for the Origin of Life:
the organic chemists (chemical evolution), the inorganic chemists (metabolism, energy), and
the molecular biologists (RNA world), all of which have based heavily on laboratory experi-
ments. However, life is a planetary phenomenon. Without the knowledge of early Earth and its
birth from supernova explosion, our search for the origin of life remains incomplete. To rem-
edy this deficiency, a new interdisciplinary field astrobiology has emerged recently that asks
profound scientific questions in the cosmic context. What is the definition of life? What are the
sources of the building blocks of life? Where did life begin? When did life begin? What was
the energy for prebiotic synthesis? How did life originate and evolve? What is the affinity of
early life on Earth? Is there any life elsewhere in the Universe?

This book is the first comprehensive account of the origin of life based on astrobiology.
Where does the quest for the origin of life stand today? As this book shows, quite a lot is
known, at least in broad outline. So even though detailed understanding has yet to be achieved,
the main story of life’s beginning is emerging from a recent stride in astrobiology. Thus, the
narrative in this book begins not on Earth but in the interstellar medium during a supernova
explosion. Although the seeds of life are present everywhere in the interplanetary dust and
meteorites, life is exclusively a planetary phenomenon, so far only known in our Goldilocks
planet. What was there on young Earth that sparked life? I want to answer these questions in
my book based on the recent achievements in astrobiology research and thinking.

The unique feature of this book is the emphasis on the fundamental components of life—
biological information systems—that are totally absent in the inorganic world. The book is
based on the information paradigm, the idea that ‘life is chemistry plus information.” Biological
information systems exist in three forms: analog, hybrid, and digital. It is clearly incorrect to
suppose that biological systems are encoded digitally in DNA alone, because a daughter cell
does not only inherit its DNA from its parent cell. It also inherits its translation machine
(hybrid information), and cytoplasm and cell membrane (analog information). Throughout the
book, I have documented how biomolecules and three classes of information systems coevolved
during the origin of life. I have discussed extensively on the role of virus in the origin of DNA
and critical enzymes for its transcription and replication, another neglected topic in the origin
of life book.

This book has 20 chapters ordered logically and chronologically from simple to complex
biomolecules in hierarchical fashion; each chapter finishes with a conclusion and references.
The chronological story of the origin of life has a certain rhythm and emerging complexity
from a simple beginning. I start with a historical understanding of life’s beginnings and present
two of the major theories for the origin of life, like panspermia and the origin of life. Next, I
describe the early attempts for simulation of prebiotic Earth conditions like the famous Miller-
Urey experiment and the first asteroid analysis. The book logically continues with the defini-
tion of life and the complexity of the main features of life. Chapter 3 describes biological
information, which is highly neglected in the origin of life research. Information is one of the
key attributes of life, but the origin of prebiotic information remains a mystery. I show biologi-
cal information systems exist in three forms: analog, hybrid, and digital. Life’s biological and
informational evolution are intertwined and inseparable. Life and its information systems form
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a closely coupled entity, influencing each other in a complex feedback loop. Information
streamlined the prebiotic synthesis from chaotic molecular assemblages and provided
directionality.

In Chap. 4, I describe the main chronological events in five hierarchical stages of increasing
molecular complexity: the cosmic stage, the geological stage, the chemical stage, the digital
information stage, and the biological stage. In the cosmic stage, I describe our cosmic origin,
when a supernova explosion nearby the solar nebula cast the building blocks of life into inter-
stellar space. During the Late Heavy Bombardment period, the comets and carbonaceous
asteroids transported water and organic molecule to young Earth. Asteroid collisions created
numerous hydrothermal crater lakes on the Eoarchean crust, crafting cradles for prebiotic
chemistry.

In the geologic stage, crater basins containing an assortment of cosmic and terrestrial
organic compounds powered by hydrothermal and chemical energies drove the early processes
of prebiotic synthesis. An analog information system (AIS) emerged to move and concentrate
building blocks in the vent environment. Here I portray the image of young Earth where gen-
esis began from cosmic building blocks of life. I reconstruct the Eoarchean continental crust
with enclaves of sediments in early Archean greenstone basins before the onset of plate tecton-
ics. These hydrothermal sediments in the greenstone facies of the oldest cratons are probably
the most likely prebiotic environment where life began on bleak, lifeless rocky protoconti-
nents, surrounded by global ocean water. The oldest record of life, nearly four-billion-year-
old-sediments, supports this scenario.

The next chapter describes hyperthermophiles with hydrothermal systems (submarine black
and white smokers), which give the reader a good background of the likely cradles of life. Here
I describe the possible locations of origin of life on Earth, such as hydrothermal vents or sur-
faces on different craters with variable wet and dry cycles conducive to condensation reactions
in prebiotic synthesis.

With the environmental stage set for the origin of life, Chap. 7 is focused on the primitive
metabolism, thermodynamics, and energy sources required for abiogenesis. As a logical pro-
gression, the book continues with the prebiotic chemistry and formation of the amino acids,
nucleotides, and lipids through a polymerization process at the pores of mineral surfaces on the
floor of the hydrothermal crater basins, giving rise to peptide and RNA polymers. At that
moment, [ begin my presentation by introducing the RNA world and the peptide/RNA world
as two major competing theories for the origin of life. I describe in detail the specificity of
RNA as polymers and the ability to perform catalytic activity as a ribozyme. Also, I present
different variants for RNA self-replication. Here I criticize and show the disadvantages of the
lonely RNA world as a probable solution to the origin of life. On the other hand, the most com-
mon reaction products from many prebiotic syntheses of small molecules are amino acids. As
a likely alternative, I recognize the peptide/RNA world as a better solution. We attempt to
understand the potential biochemical pathway for abiogenesis.

In the peptide/RNA world, several noncoding RNA molecules such as pre-tRNA, activating
enzymes such as bridge peptide and pre-aaRS, and ribosomes became the ancestral compo-
nents of the translation machine and ushered the hybrid information system (HIS). These
hybrid components build the translation machinery step by step. Here I describe the steps for
the development of the components of the translation machine.

HIS gave rise to the formation of a digital information system, which is central to the origin
of life. In the first step, amino acids were selected that would play a pivotal role in translation
and genetic code. In the next step, tRNA molecules become molecular architects for designing
and assembling mRNA step by step, employing their two distinct genetic codes. First, they
created codons of mRNA by the base pair interaction (anticodon-codon mapping). Secondly,
each charged tRNA transferred its amino acid information to the corresponding codon (codon-
amino acid mapping), facilitated by an aaRS enzyme. This is the moment of the emergence of
the first gene before DNA.
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In the next chapter, there is a long discussion about the discovery and specificity of the
genetic code, the following with the hypothesis of the genetic code. Here I offer a new view of
the coevolution of translation machines and the genetic code. With the advent of encoded
mRNA, a mapping mechanism was developed between each codon and its cognate amino acid.
As more and more codons ‘remembered’ their respective amino acids, this mapping system
developed the genetic code in their ‘memory bank.” With the genetic code in place, a unidirec-
tional flow of information originated from mRNA to protein.

Chapter 14 describes the evolution of proteins by translating encoded mRNA associated
with the return of an analog information system. The specificity of the protein enzymes, the
central enzyme today, is discussed in detail. The formation of and the origin of phospholipid
membranes are the following paragraphs. The chapter also suggests how the protein/RNA
world might have given rise to the first virus.

The newly synthesized proteins from the nucleotide sequences of mRNA led to the emer-
gence of RNA viruses. Although RNA virus was a hybrid molecule of RNA and protein, it
ushered in a new digital information age by horizontal gene transfer. As RNA viruses infected
RNA protocells, retrovirus evolved. Retrovirus, in turn, created DNA and donated DNA and
important enzymes for transcription and translation to protocells during recurrent infection.
DNA in protocells became the primary genetic storage system. Information began to flow from
DNA to RNA to proteins when the central dogma of molecular biology was born.

The critical breakthrough to life arrived in the biological stage with the emergence of the
first cells capable of self-production, reproduction, heredity, variation, and Darwinian evolu-
tion. The origin of the first cells was an event horizon that transformed the rocky, sterile world
into a living, evolving world. Here I discuss LUCA as the hypothetical hyperthermophilic
ancestor of all life that created two domains of life, Bacteria and Archaea, in the Archean. The
next chapter discusses the habitat and nature of Archean life from extensive fossil evidence.

In Chap. 19, I describe the possibilities of life in exoplanets in the solar system and else-
where in the Universe. I consider Extraterrestrial Intelligence (SETI) and whether there is any
other intelligence in the Universe with which we can communicate. We contemplate the future
and fate of our own civilization. In the final epilogue of the book, I summarize the salient
points in the origin of life: how chaotic assemblages of biomolecules led to the highly ordered
life systems, the emergence of hierarchy, informations systems, complexity, and directional-
ity in the prebiotic synthesis, entropy and life, role of viruses in the origin of life, and life in
extreme environments.

Lubbock, TX, USA Sankar Chatterjee
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Prologue

In the beginning, there was only darkness, veiled in darkness.
In profound darkness, water without light.

All that existed then was void and formless.

That one arose, at last, born of the power of heat.

1.1 Genesis

From space, Earth is a dazzling blue jewel delicately wrapped
in a mist of the biosphere. On December 7, 1972, when the
astronauts of the ‘Apollo 17’ spacecraft circled Earth in their
tiny capsule, millions of listeners heard them describe the
beauty of this planet, likening it to a ‘Blue Marble,” in a
moment of extraordinary human revelation. The National
Aeronautics and Space Administration (NASA) subse-
quently captured a ‘Blue Marble’ image of Earthrise as
viewed from the Moon at a much higher resolution (Fig. 1.1).
It is one of the most epochal photographs of not just ours but
of all time. It depicts the human condition living alone on a
stunning island ecosystem amidst a vast and unknown
universe.

As far as we know, the presence of life makes our planet
unique. Life on this planet provokes perpetual awe and won-
der over this cosmic drama. However, some four and a half
billion years ago, when Earth formed from a spinning disk of
cold, diffuse cloud and dust swirling around the Sun, it was a
lifeless, waterless, airless, barren planet. Half a billion years
later, Earth evolved from a molten rocky mass to a living
world with an atmosphere, protocontinents, and vast oceans
teeming with tiny microbes. What was it in that violent sky
and primordial waters that turned organic molecules into
organisms? What triggered the origin of life on virgin Earth?
How exactly did a lifeless planet—prebiotic Earth—become
a wonderland of diverse life forms? The eternal question of
how life on Earth began and evolved has intrigued all civili-
zations. What essential differences allow a living thing to
grow and reproduce but not a stone? Strictly speaking, the
question of the emergence of life is not only a scientific
inquiry but also an existential one—a historical and philo-
sophical challenge to human comprehension of the world.

© Springer Nature Switzerland AG 2023

—Creation Hymn, The Rig Veda, 1500 BC, India

The search for this answer is the story of our quest to dis-
cover our ultimate origin, the riddle of the birth of life on
Earth. Every culture has a creation myth; every generation
must rewrite the Book of Genesis.

The origin of life is one of the great mysteries of science.
We now know, in broad strokes, how life, once it began, pro-
ceeded to multiply and diversify by Darwinian evolution
until it filled every niche on the planet. However, what is the
origin of life itself? How did life begin on planet Earth? How
did we get from a sterile planet to one with a rich abundance
of life that we see today? Darwin pondered this question but
had no answer. The origin and diversity of life have baffled
humans for millennia. In this perennial quest, many different
processes have been proposed, all of them controversial. On
the one hand, Leslie Orgel, a highly regarded origin-of-life
chemist, nicely summarized this difficulty in 1998:

The problem of the origin of life on the Earth has much in com-

mon with a well-constructed detective story. There is no short-

age of clues pointing to the way in which the crime, the
contamination of the pristine environment of early Earth, was
committed. On the contrary, there are far too many clues and far
too many suspects. It should be hard to find two investigators
who agree on even the broad outline of the events that occurred

so long ago and made possible the subsequent evolution of life
in all its variety. [1]

On the other hand, the super-detective Sherlock Holmes, a
character invented by the British author Sir Arthur Conan
Doyle, while speaking to Dr. Watson, made the following
declaration:

When you have eliminated the impossible, whatever remains,
however improbable, must be the truth. [2]

This purely logical principle of Sherlock Holmes equally
applies to the emergence of life on young Earth, a historical
process like a crime scene. We do not know what happened

S. Chatterjee, From Stardust to First Cells, https://doi.org/10.1007/978-3-031-23397-5_1
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Fig. 1.1 Earthrise from the
lunar surface against the
blackness of space, captured
on October 12, 2015, by
NASA’s ‘Lunar
Reconnaissance Orbiter’
spacecraft; a stunning view
that evokes the famous ‘Blue
Marble’ image captured by
astronaut Harrison Schmidt
from Apollo 17, which also
featured Africa prominently.
(Courtesy of NASA)

four billion years ago. There were no witnesses, but all sorts
of wild speculations have arisen. The life teeming on Earth
today must have evolved from a simple common ancestor
about four billion years ago, and yet there is no consensus on
how life arose or even on what life is.

Before I begin my narrative, I want to acknowledge the
many pioneers and trailblazers who have previously
attempted to solve the mystery of life’s origin. We must
remember that earlier philosophers and scientists did not
have the same knowledge that we now have owing to the
recent developments in astronomy, geology, chemistry,
genetics, and molecular biology. Here, I review some of the
well-known theories of the origin of life from a historical
perspective, acknowledging the insights and scientific rea-
sonings of these prior thinkers. Until fairly recently, the ori-
gin of life had been a sacrosanct territory, the exclusive
province of theologians.

1.2  Early Theories of the Origin of Life

People have pondered for ages how life originated on Earth.
Theories abound, ranging from religious and scientific doc-
trines to other notions that border science fiction. Many phi-
losophers and scientists, from the ancient Greeks to the
eighteenth-century enlightenment thinkers, have suggested
natural genesis ideas. The early Greeks proposed that living
organisms originated by natural processes in sea slime
through the action of heat, the Sun, and air. Revolutionary for
its time and reminiscent of modern biogenesis, this secular
concept was typical of rational-minded Ionian insight. Two
centuries later, Aristotle proclaimed that certain forms of life

1 Prologue

generated spontaneously from decomposing matter and soil.
Although rich in poetic metaphor, the first chapter of Genesis
hardly puts forth the question of origin since, according to
the Biblical account, God creates everything by divine fiat.
Throughout the Early and Middle Ages of the Christian era,
Aristotle’s view on the genesis of life, with a shade of divine
touch, was generally accepted by the learned. The idea that
maggots in rotting meat, fleas in dung, and intestinal worms
spontaneously arise from decaying matter did not belie the
Holy Scripture. According to the ‘spontaneous generation’
theory, nature itself produces new living entities and living
forms are continually being created from nonliving elements.
In the seventeenth century, however, the invention of the
microscope, instead of shedding light on spontaneous gen-
eration, served to darken it. This new tool opened a fantastic
microscopic world never seen before. The microscope
showed myriads of microbes, called ‘animalcules,” in water,
soil, and decaying substances. They seemed to appear from
nowhere. The idea of spontaneous generation prevailed for a
couple of centuries until Louis Pasteur dispelled it in 1862,
demonstrating by meticulous experiments that bacteria are
not formed spontaneously in a sterile environment. Instead,
they form by division of preexisting cells. According to
Pasteur’s research, only life begets life; it cannot arise from
nonlife [3].

However, Pasteur’s conclusion also challenged Darwin’s
theory of evolution. If life does not arise from nonlife, then
how did it emerge in the first place? Primarily concerned
with the evolution of complex life forms from simpler ones,
Darwin said little about the ultimate origin of life. Such
ancient origins, he believed, were lost in the mists of time.
His evolutionary theory was not about the beginnings of life



1.3 Panspermia

but about the processes that gave rise to biodiversity, i.e., the
tree of life. However, in a letter in 1871 to his young botanist
friend Joseph Hooker, Darwin mused:
It is often said that all the conditions for the first production of a
living organism are now present, which could ever have been
present. But if (and oh what a big if) we could conceive in some
warm little pond, with all sorts of ammonia and phosphoric salts,
light, heat, electricity, etc., present, that a protein compound was
chemically formed ready to undergo still more complex changes,
at the present day such matter would be instantly devoured or
absorbed, which would not have been the case before living
creatures were formed.

In this letter, Darwin made a bold statement about the origin of
life: life could have formed from organic molecules on sterile,
lifeless ancient Earth. Darwin had moved away from the long-
standing assumption that life was a gift from God or the gods.
In other words, he suggested the creation of life from nonlife.
Life could have arisen through geochemical processes. There
was nothing in the prebiotic world that might have consumed
or biodegraded these organic molecules, Darwin argued. These
molecules could have survived and accumulated for an
extremely long time to form the first cell. For the concentration
of these biomolecules, Darwin intuitively suggested a small,
warm, land-borne environment instead of a global salty ocean.
In these small ponds, simple prebiotic compounds could have
undergone further reactions, thus producing more complex
molecules. Once life arose, it would have devoured the biomol-
ecules from which it had sprung, using up all the available
building blocks of life so that a second spontaneous origin
would have been impossible. Thus, life could have arisen from
nonliving chemicals only once. Darwin’s contemplations set
the stage for the next century’s study of the origin of life, pre-
figuring the concept of the primordial soup. He even listed its
ingredients, such as ammonia and phosphoric salts, and likely
energy sources, such as light, heat, or electricity. Darwin’s
‘warm little pond” became a catchphrase for an incubator for
prebiotic synthesis. It was a simple beginning, but it would
become the basis of the first widespread hypothesis of how life
likely began in a prebiotic environment.

During the same period, the great biologist Thomas Henry
Huxley (1825-1895)—known as ‘Darwin’s bulldog’ for
defending his theory of evolution—coined the term ‘abio-
genesis’ for the prebiotic synthesis of the origin of life from
nonliving chemical systems through a gradual process of
increasing complexity. Huxley had in mind that the chemical
reactions of life slowly emerged on early Earth over a long
time. He knew that the mixture would have to be more com-
plicated than Darwin’s ammonia and phosphoric salts in a
‘warm little pond,” but he did not work out the details.
According to Huxley, abiogenesis preceded biogenesis—the
emergence of life. Thus, early on, Darwin and Huxley recog-
nized the importance of ‘chemical evolution’: the production
of simple precursors that could be assembled to generate life
by abiogenetic processes.

1.3  Panspermia

The idea that life originated elsewhere and was then seeded
here has had a long and checkered history. An Ionian Greek
named Anaxagoras (510-428 BC) believed that life arrived
on Earth as seedlings that came through space from other
worlds. Anaxagoras called his hypothesis ‘panspermia,’
meaning ‘seeds everywhere.” In 1909, Svante Arrhenius, a
Swedish chemist and Nobel laureate, revived and elabo-
rated the panspermia theory that life might have come to
Earth in the form of tiny germs or spores propelled through
space by solar wind. According to this view, microbial life
exists throughout the universe, distributed by space dust,
asteroids, and comets. Life was seeded from space, travel-
ing through the interstellar emptiness from a living world
elsewhere. Earth was thus a foster mother. Life began
somewhere in the universe and was transported ready-
made to Earth. Life hitchhiked across the galaxies and
solar systems on meteorites and in interstellar dust and
flourished when conditions became suitable, such as on
favorable planets. Famous scientists, including Lord
Kelvin, Fred Hoyle, and Francis Crick, have supported the
panspermia theory, arguing that it would otherwise have
taken too long for life to have originated on Earth by trial
and error.

Controversial reports of fossilized microbes in the
Martian meteorite ALH84001 rekindled the panspermia
theory. This famous meteorite was picked up in 1984 from
the pristine blue ice near Allan Hills, Antarctica. In 1996,
NASA scientists publicized the discovery of chemical and
fossil remains of microscopic organisms found in
ALH84001, which had lived on Mars 4.5 billion years ago.
They interpreted the tiny, filamentous, rod-like structures
with segmented bodies within the meteorite as fossilized
bacteria whose width was about a hundredth of that of
human hair [4]. The announcement was a worldwide sen-
sation. Most scientists are skeptical about whether
ALH84001 contains any evidence of early Martian life.
They believe that this putative microfossil is too tiny even
for a bacterium and that this could be a preservable arti-
fact. Such setbacks remind researchers that bacterial life
usually does not leave a unique trace.

Most scientists utterly reject the original panspermia
hypothesis, declaring that microbes have never been found in
space. Space is cold, uninhabitable, and hostile to life. This
theory circumvents the ultimate origin of life and moves it
outside this planet to a more hospitable scene of origination.
However, still, life must have begun somewhere and, as such,
genesis still needs an