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Following the publication of the Origin of Species in 1859, many naturalists adopted the idea
that living organisms were the historical outcome of gradual transformation of lifeless matter.
These views soon merged with the developments of biochemistry and cell biology and led
to proposals in which the origin of protoplasm was equated with the origin of life. The
heterotrophic origin of life proposed by Oparin and Haldane in the 1920s was part of this
tradition, which Oparin enriched by transforming the discussion of the emergence of the
first cells into a workable multidisciplinary research program.

On the other hand, the scientific trend toward understanding biological phenomena
at the molecular level led authors like Troland, Muller, and others to propose that single
molecules or viruses represented primordial living systems. The contrast between these
opposing views on the origin of life represents not only contrasting views of the nature of
life itself, but also major ideological discussions that reached a surprising intensity in the
years following Stanley Miller’s seminal result which showed the ease with which organic
compounds of biochemical significance could be synthesized under putative primitive
conditions. In fact, during the years following the Miller experiment, attempts to understand
the origin of life were strongly influenced by research on DNA replication and protein
biosynthesis, and, in socio-political terms, by the atmosphere created by Cold War tensions.

The catalytic versatility of RNA molecules clearly merits a critical reappraisal of Muller’s
viewpoint. However, the discovery of ribozymes does not imply that autocatalytic nucleic
acid molecules ready to be used as primordial genes were floating in the primitive oceans,
or that the RNA world emerged completely assembled from simple precursors present in
the prebiotic soup. The evidence supporting the presence of a wide range of organic mol-
ecules on the primitive Earth, including membrane-forming compounds, suggests that the
evolution of membrane-bounded molecular systems preceded cellular life on our planet,
and that life is the evolutionary outcome of a process, not of a single, fortuitous event.

t is generally assumed that early philosophers ~ nonliving matter was seen at first as a nonsexual
Iand naturalists appealed to spontaneous gen- reproductive mechanism. This changed with
eration to explain the origin of life, but in fact,  the transformist views developed by Erasmus
the possibility of life emerging directly from  Darwin, Georges Louis Leclerc de Buffon, and,
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most importantly, by Jean-Baptiste de Lamarck,
all of whom invoked spontaneous generation
as the mechanism that led to the emergence of
life, and not just its reproduction. “Nature, by
means of of heat, light, electricity and moisture”,
wrote Lamarck in 1809, “forms direct or spon-
taneous generation at that extremity of each
kingdom of living bodies, where the simplest
of these bodies are found”.

Like his predecessors, Charles Darwin sur-
mised that plants and animals arose naturally
from some primordial nonliving matter. As
early as 1837 he wrote in his Second Notebook
that “the intimate relation of Life with laws
of chemical combination, & the universality
of latter render spontaneous generation not
improbable” However, Darwin included few
statements about the origin of life in his books.
He avoided the issue in the Origin of Species, in
which he only wrote “... I should infer from
analogy that probably all organic beings which
have ever lived on this Earth have descended
from some one primordial form, into which
life was first breathed” (Pereto et al. 2009).

Darwin added few remarks on the origin
of life his book, and his reluctance surprised
many of his friends and followers. In his mono-
graph on the radiolaria, Haeckel wrote “The
chief defect of the Darwinian theory is that it
throws no light on the origin of the primitive
organism—probably a simple cell—from which
all the others have descended. When Darwin
assumes a special creative act for this first spe-
cies, he is not consistent, and, I think, not quite
sincere ...” (Haeckel 1862).

Twelve years after the first publication of the
Origin of Species, Darwin wrote the now famous
letter to his friend Hooker in which the idea of a
“warm little pond” was included. Mailed on
February 1st, 1871, it stated that “It is often
said that all the conditions for the first produc-
tion of a living organism are now present, which
could ever have been present. But if (and Oh!
what a big ifl) we could conceive in some
warm little pond with all sorts of ammonia
and phosphoric salts—light, heat, electricity
&c. present, that a proteine compound was
chemically formed, ready to undergo still
more complex changes, at the present day

such matter w¥ be instantly devoured, or ab-
sorbed, which would not have been the case
before living creatures were formed.” Although
Darwin refrained from any further public state-
ments on how life may have appeared, his views
established the framework that would lead to a
number of attempts to explain the origin of
life by introducing principles of historical
explanation (Pereto et al. 2009). Here I will
describe this history, and how it is guiding cur-
rent research into the question of life’s origins.

BACKGROUND

The Search for the Physicochemical
Basis of Life

In 1805 the German naturalist Lorenz Oken
wrote a small booklet titled The Creation, in
which stated that “all organic beings originate
from and consist of vesicles of cells.” Several
decades later the jellylike, water-insoluble sub-
stance that was found inside all cells was termed
“protoplasm” by the physician Johann E. Pur-
kinje and the botanist Hugo von Mohl, who
like others argued that it was the basic physico-
chemical component of life. This was followed
by Thomas Graham’s 1861 proposal that the
protoplasm was a colloid formed by a homoge-
nous, proteinaceous substance, which was
understood by many as implying, as Thomas
Henry Huxley would write a few years later,
that the basic traits of life could be understood
in terms of the chemical and physical properties
of the molecules that made up protoplasm.

The birth and development of organic
chemistry as a prominent scientific field very
rapidly helped to bridge the gap separating
organisms from the nonliving, paving the way
to biochemistry. In 1827 Berzelius had written
that “art cannot combine the elements of inor-
ganic matter in the manner of living nature”, but
one year later his friend and former student
Friedich Wohler showed that urea could be
formed in high yield by heating ammonium
cyanate “without the need of an animal kidney”
(Leicester 1974).

Wohler’s work represented the first synthe-
sis of an organic compound from inorganic
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starting materials and signals the tremendous
advances in organic chemistry that would play
a key role in our understanding of biology.
Although it was not immediately recognized
as such, a new era in chemical research had
been begun: in 1850 Adolph Strecker achieved
the laboratory synthesis of alanine from a mix-
ture of acetaldehyde, ammonia and hydrogen
cyanide. This was followed by the experiments
of Alexander M. Butlerov showing that the
treatment of formaldehyde with strong alkaline
catalysts, such as calcium hydroxide, leads to
the synthesis of sugars.

The laboratory synthesis of biochemical
compounds was soon extended to include more
complex experimental settings, some of which
attempted to explain biological synthesis. For
example, in 1877 Mendeleyeev, who was skepti-
cal of the biological origin of oil, reported the
synthesis of hydrocarbons from hot metallic
carbides and water. By the end of the 19th cen-
tury a large amount of research on organic syn-
thesis had been performed, which showed the
abiotic formation of fatty acids and sugars using
electric discharges with various gas mixtures.
This trend continued into the 20th century by
Walther Lob, Oskar Baudish, and others, who
reported the synthesis of amino acids by expos-
ing wet formamide (CHO-NH,) to asilent elec-
trical discharge and to UV light (cf. Bada and
Lazcano 2003).

In retrospect, these efforts to produce
simple organic compounds heralded the dawn
of what is termed today prebiotic chemistry.
However, there are no indications that the
researchers who performed these studies were
interested in how life began on Earth, or in
the synthesis of biochemical molecules under
primitive conditions. It was generally assumed
that that the first living beings had been
autotrophic, plantlike organisms, so the abiotic
synthesis of organic compounds did not appear
to be a necessary prerequisite for the emergence
of life. These organic syntheses were not con-
ceived as laboratory simulations of Darwin’s
warm little pond, but rather as attempts to
understand the autotrophic mechanisms of
nitrogen assimilation and CO, fixation in green
plants.

Historical Development of Origins Research

Spontaneous Generation or Cosmic Origins?

The Origin of Species was published in 1859, the
verysameyear inwhich Pasteur began the experi-
mentsthat wouldlead him to disprove spontane-
ous generation of living organisms. His results
hadimplications that went well beyond the limits
of academia. Since the times of Lamarck and
Buffon, spontaneous generation had been asso-
ciated in France not only with evolutionary
theorybut also with secular attitudes and radical
political views. The publication in 1862 of the
French translation The Origin of Species by the
notorious atheist and republican Madame
Clémence Royer rekindled the debate. Her ver-
sion included a lengthy preface that was, in
essence, a flerce attack against the Catholic
Church, by then a powerful ally of Napoleon
III. In such entangled atmosphere, spontaneous
generation embodied not only support for evo-
lution, but also a radical, anticlerical political
stance (Farley 1977; Fry 2002; Strick 2009).

Pasteur was fully aware of the ideological
implications of his discoveries. In a famous lec-
ture delivered at La Sorbonne in 1864, he not
only denied the possibility that inanimate mat-
ter could organize itself into living systems, but
also stated that “what a victory for materialism
if it could be affirmed that it rests on the estab-
lished fact that matter organizes itself, takes on
life itself; matter which has in it already all
known forces. Ah! If we could add to it this other
force which is called life . . . what could be more
natural than to deify such matter? Of what good
would it be then to have recourse to the idea of
a primordial creation? To what good the would
be the idea of a Creator God? . . . if we admit the
idea of spontaneous generation, than it would
not be surprising to assume that living beings
“transformed themselves and climb from rank
to rank, for example to insects after 10,000 years
and no doubt to monkeys and man after 100,000
years” (cf. Farley 1977).

Regardless of their political ramifications,
Pasteur’s results made it difficult to advocate
spontaneous generation as an explanation for
the ultimate origin of life. As a result, a number of
philosophers and naturalists promptly dismissed
the study of the origins of life as senseless
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speculation, whereas the willful distortion of
Pasteur’s results by others raised vitalistic expec-
tations once again. Several devoted materialists
like Emil du Bois-Reymond, Karl von Nageli,
and August Weismann continued to support
the idea of spontaneous generation, but others,
like Hermann von Helmholtz, felt that they
could side-step the issue by assuming that viable
microbes—“cosmozoa”—had been delivered to
the primitive Earth by meteorites, thus main-
taining the significance of evolution.

Cosmozoa became an alternative for those
unwilling to accept the idea of a nonmaterial
basis for life, but also for staunch opponents of
evolution like Lord Kelvin, who since 1871 had
argued for the extraterrestrial origin of life.
Toward the end of the 19th century, the belief
that life on Earth had evolved from extrater-
restrial organisms elicited a number of proposed
mechanisms that could have transported mi-
crobes between planets, but little attention was
given to the central issue of the actual origin of
the life forms (Kamminga 1982; Fry 2002).
With formidable disregard for plausibility, the
panspermia hypothesis has been repeatedly pro-
posed in a variety of contexts, but of course does
not solve the problem of the origin oflife, instead
merely transferring its origin to another habit-
able planet in our galaxy.

Life and the Single Molecule

Not surprisingly, the idea that living organisms
were the historical outcome of gradual trans-
formation of lifeless matter became widespread
soon after the publication of The Origin of
Species. Despite their diversity, most of these
explanations went unnoticed, in part because
they were incomplete, speculative schemes
largely devoid of direct evidence and not subject
to fruitful experimental testing. Although some
of these hypotheses considered life as an emer-
gent feature of nature and attempted to under-
stand its origin by introducing principles of
historical explanation, the dominant view was
that the first forms of life were structureless
droplets of protoplasm endowed with the abil-
ity fix atmospheric CO, and to use it with water
to synthesize organic compounds.

The ideas of Jerome Alexander, Stephane
Leduc, and Alfonso L. Herrera epitomize this
trend. Like many of his contemporaries, the
Mexican A.L. Herrera was convinced that life
could be created in the laboratory, and proposed
an autotrophic theory known as plasmogenesis.
Herrera devoted more than 50 yr to experi-
menting with different kinds of substances,
attempting to “illustrate the physico chemical
concomitants of life” (Herrera 1902). At first
he used mixtures of water and oil (or gasoline)
to understand the shape, size and movement of
cell-like structures. He would later refined his
ideas and, despite the academic isolation in
which he worked, developed his theory of
“plasmogeny,” which attempted to explain
the origin of primitive photosynthetic proto-
plasm. This led him to experiment with formal-
dehyde and hydrogen cyanide derivatives like
NH,SCN (Herrera 1942), a combination that we
now know produces sugars and highly colored
polymers, which unfortunately he mistook
for photosynthetic pigments (Perezgasga et al.
2003).

The rapid development of biochemistry and
the characterization of an increasingly large
number of proteins signaled the idea that
life could be associated with specific enzymes
and that submicroscopic colloidal aggregates
or micelles could show the properties of life.
Enzymes were seen as colloidal catalysts, which
led to the hypothesis that entities smaller and
simpler than protoplasm itself could be alive
(cf. Fry 2006). In 1917 Felix D’Herelle discov-
ered a self-propagating filterable “substance”
that attacked and dissolved bacilli, which were
later identified as bacteriophage viruses, and
these supposedly simple submicroscopic parti-
cles were assumed to be primordial entities
(D’Herelle 1926; Summers 1999).

Some investigators proposed even smaller
structures as primordial. For instance, in a series
of papers published between 1914 and 1917,
the American physicist Leonard Troland sug-
gested that the first living entity had been noth-
ing more than a self-replicating enzymelike
molecule that had suddenly appeared in early
oceans. This primordial enzyme was assumed
by Troland to be endowed with autocatalytic
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properties that allowed it to self-multiply,
as well as having heterocatalytic abilities that
could alter its surroundings, therefore giving
rise to metabolism. Troland’s hypothesis is
hindered both by its highly reductionist nature
and by the impossibility of empirical analysis
of a proposal that depends on the chancelike
association of a “living molecule” As sum-
marized by Fry (2006), although Troland had
originally proposed a primordial enzyme as
the starting point of life, he modified his
hypothesis to speak of a “genetic enzyme”
which he eventually identified with nucleop-
roteins present in nuclei (Troland, 1914, 1916,
1917).

Itdid not takelong for HermannJ. Muller, an
American geneticist who would play an impor-
tant role in the understanding of Mendelian
heredity, to modify Troland’s hypothesis and
propose that the ancestral molecule had been,
in fact, a gene. Even more explicitly than Troland,
Muller argued that the first living material was
formed abruptly and consisted of little more
than a mutable gene, or set of genes, endowed
with catalytic and autoreplicative properties,
which, he hinted, were autotrophic (Muller
1922, 1926).

It is easy to understand Muller’s proposal
in terms of his commitment to Mendelian
genetics. Muller was a founding member of
Thomas Hunt Morgan’s fly room in Columbia
Uiversity, where he had spent several years
working with Calvin Bridges, Alfred Sturtevant
and Morgan himself, on the linear arrange-
ment of genes in the Drosophila chromosomes
(Carlson 1981). He had been pondering for
some time on the autocatalytic properties of
chromatin (Ravin 1977), and his appreciation
of genetic mutation as the fundamental mech-
anism of evolutionary novelties developed at a
time when the appeal of Darwin’s ideas on the
role of natural selection had diminished.
Accordingly, given the appearance of a genetic
material capable of replication, mutation and
further replication of mutant forms, “evolu-
tion would automatically follow” (Pontecorvo
1982). Muller’s explanation of the origin of
life reveals a mutationist’s attitude, not a Dar-
winian one.

Historical Development of Origins Research

Toward the Primitive Soup

In November 1923 a small book titled The Origin
of Life was published in Moscow by the young
Russian biochemist Alexander Ivanovich Oparin.
Like many of his contemporaries, Oparin (1924)
accepted the idea of a primordial protoplasm
but proposed that life had been preceded by a
lengthy period ofabiotic syntheses and accumula-
tion of organic compounds that had led to the
accumulation of what we call today the primitive
soup. Oparin’s central thesis was that the first
organisms to emerge in the anaerobic environ-
ment of the primitive Earth must have been het-
erotrophic bacteria.

As a young student at the University of
Moscow, Oparin had joined the laboratory of
AlexeiN. Bakh, an eminent scientistand political
figure at the Karpov Physicochemical Institute.
There he worked on photosynthesis and, like
most biochemists of his generation, quickly
adopted the idea that metabolism was the out-
come of oxidation and reduction reactions that
were coupled inside cells. By then Oparin was
also a convinced evolutionist. As an undergrad-
uate he had attended the lectures given regularly
by Kliment A. Tymiriazev, a renowed plant phys-
iologist, agronomer, and the main advocate of
Darwinism in Russia. Starting in 1865, Tymiria-
zev actively promoted Darwin’s idea, an effort
that would play a major role in the secularization
of Russian society, and endeared him to both
the liberal and the revolutionary intelligentsia
(Vucinich 1988).

Tymiriazev had left the university and,
because of his ill-health, did not teach but lim-
ited his meetings with students and colleagues
to small gatherings in his Moscow flat. By the
time Oparin graduated, he had an academic
background that combined natural history,
biochemistry, and plant physiology, a knowl-
edge acquired within a research tradition
strongly committed to integral approaches in
the analysis of natural phenomena. He was
not only familiar with nearly all the literature
on evolution available in Russia but, perhaps
even more important, with the Darwinian
method of comparative analysis and historical
interpretation of life features (Lazcano 1992).
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Like many of his fellow students and col-
leagues, Oparin was well acquainted with
Haeckel’s work, in which the transition of the
nonliving to the first organisms was discussed
but always under the assumption that the first
forms of life had been autotrophic microbes.
Analysis of Oparin’s writings shows that
throughout his entire life he remained faithful
to the Haeckelian division of life into plants,
animals and protists. However, from the very
beginning it was impossible for him to reconcile
his biochemical understanding of the sophisti-
cation of photosynthesis and the Darwinian
credence in a gradual, slow evolution from the
simple to the complex, with the suggestion
that life had emerged already endowed with an
autotrophic metabolism that included enzymes,
chlorophyll and the ability to synthesize organic
compounds from CO, and water.

Because a heterotrophic anaerobe is meta-
bolically simpler than an autotrophic one,
Oparin argued, the former would necessarily
have evolved first. Thus, based on the simplicity
and ubiquity of fermentative reactions, he pro-
posed that the first organisms must have been
heterotrophic bacteria that could not make their
own food but obtained organic material present
in the primitive milieu. To buttress his intu-
ition, Oparin needed to show that organic
material could form in the absence of living
beings. Two important pieces of evidence sup-
ported his claim that the first organisms were
more likely to have been heterotrophic. First,
hydrocarbons and other organic material were
known to be present in meteorites, and perhaps
even in comets. These facts had been known
since the middle of the 19th century. Second,
his proposal was sustained by the striking 19th
century experimental synthesis of organic com-
pounds discussed earlier, including the 1877
abiotic formation of long chain hydrocarbons
reported by Mendeleyeev.

Careful reading of Oparin’s 1924 book
shows that, in contrast to common belief, at
first he did not assume an anoxic primitive
atmosphere. In his original scenario he argued
that whereas some carbides, i.e., carbon-metal
compounds, extruded from the young Earth’s
interior would react with water vapor leading

to hydrocarbons, others would be oxidized to
form aldehydes, alcohols, and ketones (such
as acetone). These molecules would then react
among themselves and with NH; originat-
ing from the hydrolysis of nitrides (nitrogen-
metals),

Fe,C, + 4mH,O —— mFe;04 + C;5,Hgp
FeN + 3H,0 —— Fe(OH); + NH;

to form “very complicated compounds,” as
Oparin (1924) wrote, from which proteins and
carbohydrates would form, that would rapidly
form droplets of gel-like material ancestral to
the first cells.

Similar proposals for a heterotrophic origin
were also published in 1924 by the geochemist
Charles Lipman and the microbiologist R.B.
Harvey, although they were not as refined as
Oparin’s book. Quite significantly, Harvey
argued that life had first evolved in a hot spring,
where the high temperature would allow chem-
ical reactions to proceed at a significant rate
even if the first living beings were endowed
with just a few enzymes. The most significant
proposal, however, came from John B.S. Hal-
dane, a versatile British biologist who became
one of the founding fathers of neodarwinism.
Haldane, like Oparin, argued that the origin
of life had been preceded by the synthesis of
organic compounds (Haldane, 1929). Based
on experiments by the British chemist E.C.C.
Baly, who claimed that he had synthesized
amino acids (Baly 1924) and sugars by the UV
irradiation of a solution of CO, in water (Baly
et al. 1927), Haldane suggested that the absence
of oxygen in a CO,-rich primitive atmosphere
had led to the synthesis of organic compounds
and the formation of a “hot dilute soup.”
Haldane was also influenced by D’Herelle’s
discovery of phages, and suggested that viruses
represented an intermediate step in the tran-
sition from the prebiotic soup to the first heter-
otrophic cells. Life may have remained, wrote
Haldane (1929) “in the virus stage for many
millions of years before a suitable assemblage
of elementary units was brought together in
the first cell”
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The Painful Maturation of the
Heterotrophic Theory

Oparin belonged to a generation that was
experiencing the liberal, high-bourgeois cul-
tural and scientific circles of Saint Petersburg
and Moscow formed by broad-minded scholars
like Pavlov and Vernandsky. He was also encour-
aged to develop and support materialistic ideas
by the secular atmosphere that followed the
1917 Bolschevik revolution. His 1924 book
can be read as the work of a young, bold, and tal-
ented researcher with abundant enthusiasm
and free of intellectual prejudices, who was
able to look beyond the boundaries separating
different scientific fields. In retrospect, it can
be also considered the harbinger of his major
work, a 1936 volume in Russian also called Ori-
gin of Life, whose English translation became
available 2 years later (Oparin 1938).

The new volume was far more mature and
profound in its philosophical and evolutionary
analysis, as argued forcefully by Graham (1972),
reflecting the changes in a society that was
attempting to develop science, art and culture
within the framework of dialectical materialism.
In his second book Oparin (1938) not only
abandoned his naive and crude materialism,
but also provided a thorough presentation and
extensive analysis of the literature on the abiotic
synthesis of organic material. His original pro-
posal was revised, leading to the assumption
of a highly reducing primitive mileu in which
iron carbides of geological origin would react
with steam to form hydrocarbons. Their oxida-
tion would yield alcohols, ketones, aldehydes,
etc., that would then react with ammonia to
form amines, amides and ammonium salts.
The resulting proteinlike compounds and other
molecules would form a dilute solution, where
they would aggregate to form colloidal systems
from which the first heteretrophic microbes
evolved (Oparin 1938).

Oparin further argued that coacervate
drops represented the optimal mechanism to
concentrate organic material on the primitive
Earth. Coacervates are charged, microscop-
ic organic colloidal droplets that can concen-
trate organic materials existing in the medium.

Historical Development of Origins Research

Because coacervates form spontaneously when
two solutions of macromolecules with opposite
charges are mixed, it is quite possible that they
were present in the prebiotic milieu. However,
they lack the lipid bilayers, present in all cells
that retain organic matter in high concentrations
inside a self-constructed boundary. Therefore,
coacervates are no longer considered as poten-
tially ancestral to life itself. Coacervates were
the favorite model for a considerable time after
Oparin’s views became widely known, because
they were perceived as mimicking the surmised
properties of precellular systems, but the devel-
opment of a more sophisticated understanding
of cells led to their dismissal as constituting any
step toward the origins of life (Deamer 1977).

A highly reducing atmosphere would be, for
Oparin, a mixture of CH,, NH3, and H,O with
or without added H,. The atmosphere of Jupiter
contains these chemical species, with H, in large
excess over CH,. Oparin’s proposal of a primor-
dial reducing atmosphere was a brilliant infer-
ence from the then fledging knowledge of
solar atomic abundances and planetary atmos-
pheres, as well as from Vernadsky’s idea that
the early Earth would be anoxic in the absence
of life because molecular oxygen is a product
of photosynthesis. As summarized elsewhere
(Miller et al. 1997) the benchmark contribu-
tions of Oparin’s 1938 book include not only
the hypothesis that heterotrophs and anaerobic
fermentation were primordial and the proposal
of a reducing atmosphere for the prebiotic
synthesis and accumulation of organic com-
pounds, but also the idea that the association
of molecules in precellular systems was a neces-
sary prerequisite for their evolution (Miller et al.
1997). Oparin was aware that the significance of
coacervates as laboratory models of such poly-
molecular systems had been diminished by
more recent developments. When he visited
Mexico to receive an honorary degree that
my university had granted him, Celia Ramirez
and I gave him a copy of Light Transducing
Membranes, which David W. Deamer (1977)
had edited two years before. “If I had the chance
to start all over again,” he remarked, “I would
work on liposomes rather than on coacervates
as models of precellular systems.”
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As Farley (1977) wrote, Oparin’s 1938 book
may be the most significant work ever published
on the origin of life. It is true that many of his
original ideas have been superseded. However,
over the years it has become clear that the
open character of his theory of chemical evolu-
tion has allowed the incorporation of new
discoveries and the development of more accu-
rate descriptions of possible primitive scenarios
without destroying its overall structure and
premises. The heterotrophic theory has not
been belittled, for instance, but magnified by
the recognition of the key role that genetic
material must have placed in the origin of life.
Perhaps the most important scientific achieve-
ments of Oparin may be his insistence that life
is the evolutionary outcome of a process and
not of a single event, as well as the methodolog-
ical breakthrough that transformed the study of
the origin of life from a purely speculative prob-
lem into a workable multidisciplinary research
program.

The Miller-Urey Experiment: The Birth of
Prebiotic Chemistry

The English translation of Oparin’s second
book caught the attention of biologists such as
Norman Horowitz and Cornelius van Niel,
but during the next 10 years, while World War
II raged, little progress was made in research
on the origins of life. Driven by his interest in
evolutionary biology, Melvin Calvin attempted
to simulate the synthesis of organic compounds
under primitive Earth conditions using the
high-energy radiation sources available at the
Lawrence Berkeley Laboratory. He and his
group had limited success: The irradiation of
CO,; solutions with the Crocker Laboratory’s
60-inch cyclotron led only to formic acid, albeit
in fairly high yields (Garrison et al., 1951).

By the time Calvin and his colleagues pub-
lished their results, Harold C. Urey had already
moved from Columbia to the University of Chi-
cago, where he started to work on cosmochem-
istry. He rapidly became convinced the Earth’s
earliest atmosphere was highly reducing, with
CH, and NHj instead of CO, and N,. In 1951
Urey gave a seminar dealing with the origin of

the Solar System, and argued that the reducing
conditions on the early Earth may have been
important to the emergence of life. As he wrote
in his 1952 book The Planets: Their origin and
development, “if half the present surface carbon
existed as soluble organic compounds and only
10 per cent of the water of the present oceans
existed on the surface of the primitive earth,
the primitive oceans would have been approxi-
mately a 10 per cent solution of organic com-
pounds. This would provide a very favorable
situation for the origin of life” (Urey 1952).

Stanley L. Miller, who had arrived to
Chicago in the spring of 1951 after graduating
from the University of California, Berkeley,
attended Urey’s lecture, who like Oparin sug-
gested that it would be interesting to simulate
the proposed reducing conditions of the prim-
itive Earth to test the feasibility of organic com-
pound synthesis. “Urey’s point immediately
seemed valid to me,” wrote Miller many years
afterward. “After this seminar someone pointed
out to Urey that in his book Oparin had dis-
cussed the origin of life and the possibility of
synthesis of organic compounds in a reducing
atmosphere. Urey’s discussion of the reducing
atmosphere was more thorough and convincing
than Oparin’s; but it is still surprising that no
one had by then performed an experiment
based on Oparin’s ideas” (Miller 1974).

Almost a year and a half after Urey’s lecture,
Miller approached Urey about the possibility
of doing a prebiotic synthesis experiment using
areducing gas mixture. After overcoming Urey’s
initial resistance, he designed three appara-
tuses meant to simulate the ocean-atmosphere
system on the primitive Earth by investigating
the action of electric discharges acting for a
week on a mixture of CH,, NH3, H,, and H,O;
racemic mixtures of several protein amino acids
were produced, as well as hydroxy acids, urea,
and other organic molecules (Miller 1953,
1955; Johnson et al. 2008).

Miller achieved his results by means of an
apparatus in which he could simulate the inter-
action between an atmosphere and an ocean.
To activate the reaction, Miller used an elec-
trical spark, which was considered to be a signif-
icant energy source on the early Earth in the
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form of lightning and coronal discharges. The
apparatus was filled with various mixtures of
methane, ammonia, and hydrogen as well as
water, the latter being heated to boiling during
the experiment. A spark discharge between the
tungsten electrodes was produced by a high
frequency Tesla coil with a voltage of 60,000
V. The reaction time was usually a week or so
and the maximum pressure 1.5 bars. With this
relatively simple experimental setup, Miller
(1953) was able to transform almost 50% of
the original carbon (in the form of methane)
into organic compounds. Although most of
the synthesized organic material was an insolu-
ble tarlike solid, he was able to isolate amino
acids and other simple organic compounds
from the reaction mixture. Glycine, the simplest
amino acid, was produced in 2% yield (based on
the original amount of methane carbon),
whereas alanine, the simplest amino acid with
a chiral center, showed a yield of 1%. Miller
was able to show that the alanine was a racemic
mixture (equal amounts of D- and L-alanine).
This provided convincing evidence that the
amino acids were produced in the experiment
and were not biological contaminants some-
how introduced into the apparatus.

DNA versus Coacervates? The Reshaping of
an Old Debate

The Miller paper (1953) was published only
a few weeks after Watson and Crick’s (1953)
classic article revealed their double helix model
for the structure of DNA. With few exceptions,
like Sidney W. Fox’s work on thermal polypep-
tides (cf. Fox and Dose 1977), modern attempts
to understand the origin of life have been
shaped by our burgeoning knowledge of DNA
replication and protein biosynthesis. Prebi-
otic chemistry and molecular biology began
to converge, albeit slowly, when Or6 (1960)
showed the remarkable ease with which adenine
could be produced through the oligomerization
of HCN.

Hermann J. Muller quickly used the devel-
opments in molecular genetics and the success
in prebiotic syntheses to update his gene-first
proposal by arguing that what had emerged in

Historical Development of Origins Research

the primitive oceans had been, in fact, a primor-
dial DNA molecule: “ .. itis to be expected that
atlast, just before the appearance oflife, the very
ocean had become, in Haldane’s (1929, 1954)
vivid phraseology, a gigantic bowl of soup,”
wrote Muller, and added “drop into this a nu-
cleotide chain and it should eventually breed!”
(Muller 1961). A few years later he would state
that “ . life as we know it, if stripped of all its
superstructures, lies in the three faculties pos-
sessed by the gene material. These may be
defined as, firstly, the self-specification, after
its own pattern, of new material produced by
it or under its guidance; secondly, of perform-
ing this operation even when it itself has under-
gone a great succession of permanent pattern
changes which, taken in their totality, can be
of a practically unlimited diversity; thirdly, of,
through these changes, significantly and (for
different cases) diversely affecting other materi-
als and, therewith, its own success in genetic
survival.” Muller added that “the gene material
alone, of all natural materials, possesses these
faculties, and it is therefore legitimate to call it
living material, the present-day representative
of the first life” (Muller 1966). In other words,
for Muller (and many others) the essence of life
lies in the combination of autocatalysis, hetero-
catalysis, and mutability, i.e., evolvability.
Muller’s proposal was brilliantly reduction-
ist,and was soon contested by Oparin and others
in a now largely forgotten debate. Although
Muller (1947) had once expressed sympathy to
Oparin’s idea, they soon became engaged in an
entangled debate in which science, philosophy,
and politics mixed in an excruciating discussion
that was shaped in part by the Cold War atmos-
phere (Lazcano 1992, 1995; Fry 2002). In sharp
contrast with Muller’s ideas, Oparin (1938)
had argued that the essence of life was metabol-
ic flow. For Oparin, life is “a special form of the
motion of matter,” always in flow, which includ-
ed enzymatically based assimilation, growth,
and reproduction, but not nucleic acids, whose
genetic role was not even suspected during the
1930s. Biological inheritance was assumed by
Oparin to be the outcome of growth and divi-
sion of the coacervate drops he had suggested
as models of precellular systems, a view that
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led Muller (1966) to state that “the Russian
Oparin has since the early 1930s espoused this
view and has followed the official Communist
Party line by giving the specific genetic material
a back seat.”

Oparin and Muller came from different
scientific backgrounds and almost opposite
intellectual traditions. Their common interest
in the origin of life did nothing to assuage their
opposing views and their ideological clashes.
Oparin was a convinced evolutionist, and, like
many of his contemporaries, his original genet-
ics were pre-Mendelian. Oparin’s Darwinism
had been nurtured by Tymiriazev, who had
famously identified in 1912, many years before
the Lysenko affair, Mendelians and mutationists
as the opponents to be defeated in the war
against anti-Darwinism (Vucinich 1988). For
Muller, who remained bitterly disillusioned by
Stalin’s regime and Lysenko’s tragic affair, life
could be so well-defined that the exact point at
which it started could be established with the
sudden appearance of the first DNA molecule.
Oparin, on the other hand, refused to admit
that life could arise all at once by a spontaneous
generation, and argued that it was the outcome
of a slow, stepwise evolutionary developmental
process.

Oparin’s refusal to assume that nucleic
acids had played a unique role in the origin of
life resulted not only from his unwillingness to
assume that life can be reduced to a single com-
pound such as the “living DNA molecule”
advocated by Muller and others, but also within
the framework of Cold War politics, his complex
relationship with Lysenko, and his long associa-
tion with the Soviet establishment. As shown
by his extensive work with RNA-containing
coacervates (Oparin and Yevreinova, 1947;
Oparin and Serebroskaya, 1963; Oparin et al.
1961, 1963, 1964) and his complete acceptance,
based on the suggestions of Belozerskii (1959),
Brachet (1959), and others, that RNA could
have preceded DNA as genetic material, Oparin
(1961) eventually acknowledged the role of
nucleic acids in the origin of life and assumed,
until the very end, that protein synthesis was
the evolutionary outcome of the interaction of
primordial polypeptides and polynucleotides

within the boundaries of precellular systems
(Oparin 1972).

Paving the Road to the RNA World

The launching of the Sputnik in 1957 signaled
not only the start of space exploration but also
a new epoch in the study of the origins of life,
which acquired a novel perspective, as shown
by the publication of Life in the Universe, a
book by Oparin and Fesenkov (1961). The first
chapter, written by Oparin, examined the con-
ditions under which life was assumed to have
originated on Earth, and the rest of the book
by Vasily Fesenkov, an astronomer with consid-
erable following in the USSR. The premise that
life appeared throughout the Universe when-
ever the conditions for its appearance were
present set the tone the book, and reflected opti-
mistic views regarding the possibility of inhab-
ited planets shared by many astronomers both
in the Soviet Union and in Western countries.
By then, the development of space programs
and agencies had started to play a key role not
only in transforming the issue of extraterrestrial
life into a legitimate scientific question, but also
to shape the study of origin and early evolution
of life in new ways (Dick 1998; Wolfe 2002;
Strick 2004).

Ifthe onset of the so-called Space Age (which
led to substantial funding from NASA to the
origins-of-life community) set the emergence
of living systems within a cosmic context, the
work of Elso S. Barghoorn and his students
and associates pushed the microbial fossil re-
cord back in time to the early Precambrian
(Cloud 1983). Although it seems that life ap-
peared as soon as environmental conditions
permitted, identification of the oldest paleonto-
logical traces of life remains a contentious issue.
Although it is not possible to assign a precise
chronology to the origin and earliest evolution
of cells, the recognition that life is a very an-
cient phenomenon runs parallel to the limits
imposed by a geological record that becomes
increasingly blurred as we go back in time
(Schopf 1999; Knoll 2003).

Direct information is lacking not only on
the composition of the terrestrial atmosphere
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during the period of the origin of life, but also
on the temperature, ocean pH values, and other
general and local environmental conditions
which may or may not have been important
for the emergence of living systems. However,
the lack of detailed understanding of the condi-
tions of the primitive environment did not
stop prebiotic chemists from attempting the
synthesis of a wide number of compounds of
biochemical significance under highly reducing
conditions but with few other environmental
constraints. The robustness of this type of chem-
istry is supported by the occurrence of most of
these biochemical molecules in the Murchison
meteorite, reinforcing, but not proving, the
idea that comparable compounds were present
in the primitive Earth (Ehrenfreund et al. 2002).

From the late 1960s onward, however,
it became clear that our understanding of the
origin of life was troubled by two major issues:
The possibility that the young Earth had been
endowed with a highly reducing atmosphere
was viewed with considerable skepticism by
most planetary scientists, whose preference for
a CO,-rich atmosphere weakened the assump-
tion that the primitive soup had formed by the
accumulation of organic compounds synthe-
sized under highly reducing conditions. Sec-
ondly, the emergence of nucleic acid-directed
protein synthesis, whichis recognized as a central
feature of all extant life, appeared to be an insur-
mountable problem. At the time, few molecular
biologists were inclined to evolutionary explan-
ations and many, like Muller, relied on chance
events to understand the basic molecular traits
of cells. As the influential French biologist
Jacques Monod wrote in his 1970 book Chance
and Necessity, “. .. it might be thought that the
discovery of the universal mechanisms basic to
the essential properties of living beings would
have helped solve the problem of life’s origins.
As it turns out, these discoveries, by almost
entirely transforming the question, have shown
it to be even more difficult than it formerly
appeared” (Monod 1971). Monod’s attitude
had far reaching consequences; as summarized
by Fry (2002), it would eventually lead the phi-
losopher Karl Popper (1974) and his followers
to argue that the emergence of life is “an
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impenetrable barrier to science and a residue to
all attempts to reduce biology to chemistry and
physics.”

A possible solution to the problem posed
by the lack of understanding of the relationship
between nucleic acids and proteins was sugges-
ted by Carl Woese (1967), Leslie Orgel (1968),
and Francis Crick (1968), who independently
proposed the idea that the first living entities
were based on RNA as both the genetic material
and as catalyst. Surprisingly, these pioneering
proposals of an RNA world received little atten-
tion. The relationship between evolutionary
issues and molecular biology was slow to de-
velop, and during several decades was em-
bittered by frequent clashes during which
evolutionary analysis was frequently dismissed
as little more than useless speculation.

This skeptical attitude changed with the
awareness that genes and proteins are rich
historical documents from which a wealth of
evolutionary information can be retrieved
(Zuckerkandl and Pauling 1965). A major
achievement of this approach was the use of
small subunit ribosomal RNA as a phylogenetic
marker, which led Carl Woese and his associates
to the construction of a trifurcated, unrooted
tree in which all known organisms can be
grouped in one of three major cell lineages,
i.e., eubacteria, archaeabacteria, and the
eukaryotic nucleocytoplasm, all of which share
a common ancestry (Woese and Fox 1977). The
variations of traits common to extant species
can be explained as the outcome of divergent
processes from an ancestral life form that existed
before their separation of the three major
biological domains, i.e., the last common ances-
tor. Although no evolutionary intermediate
stages or ancient simplified versions of the basic
biological processes have been discovered in
contemporary organisms, the differences in
the structure and mechanisms of gene expres-
sion and replication among the three lineages
have provided insights on the stepwise evolu-
tion of the replication and translational ap-
paratus, including some late steps in the
development of the genetic code. All of a sud-
den, it deemed possible to distinguish the origin
of life problem from a whole series of other
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issues, often confused, that belong to the do-
main of the evolution of microbial life.

RECENT RESULTS

So Far from the Origin of Life, so Close to
the RNA World

It is difficult to see how inferences based on uni-
versal phylogenies can be extended beyond
a threshold that corresponds to a period of cel-
lular evolution in which protein biosynthesis
was already in operation, i.e., an RNA/protein
world. Older stages are not yet amenable to
molecular phylogenetic analysis (Becerra et al.
2007). A cladistic approach to the origin of life
itself is not feasible, because all possible inter-
mediates that may have once existed have long
since vanished, and the temptation to do other-
wise is best resisted. The most basic questions
pertaining to the origin of life relate to much
simpler entities predating by a long (but not
necessarily slow) series of evolutionary events
the oldest branches in universal phylogenetic
trees.

Nevertheless, the examination of the pro-
karyotic branches of unrooted rRNA trees had
already suggested that the ancestors of both Bac-
teria and Archaea were extreme thermophiles
growing optimally at temperatures in the range
of 90°C or above (Achenbach-Richter et al.
1987). Rooted universal phylogenies appeared
to confirm this possibility, because heat-loving
prokaryotes occupied short branches in the basal
portion of molecular cladograms (Stetter 1994).
Attempts to correlate the antiquity of hyperther-
mophiles with extreme environments such as
those found today in deep-sea vents (Holm
1992) or in other sites in which mineral surfaces
may have fueled the appearance of primordial
chemoautolithotrophic life forms (Wichters-
hauser 1988, 1992) became almost unavoidable.

Wichtershduser’s explicit adherence to Karl
Popper’s philosophical stand (Popper 1959)
played a major role in his idea that life began
with the appearance of an autocatalytic two-
dimensional autochemolithotrophic metabolic
system based on the formation of pyrite. His
insightful prediction that ferrous sulfide in

the presence of hydrogen sulfide (H,S) is an effi-
cient reducing agent should not be understated.
Pyrite formation can produce molecular hydro-
gen, promote the formation of ammonia from
nitrogen nitrogen, and can reduce a few organic
molecules under mild conditions. However,
compared with the surprising variety of bio-
chemical compounds that are readily synthe-
sized in one-pot Miller-Urey type simulations,
the suite of molecules produced under the
conditions suggested by Wachtershéduser is quite
limited.

Based on the hypothesis that core metabolic
processes have not changed since the emergence
of life, Morowitz (1992) has argued that inter-
mediary metabolism recapitulates prebiotic
chemistry. He maintains that the basic traits of
metabolism could only evolve after the closure
of an amphiphilic bilayer membrane into a
vesicle, that is, that the appearance of mem-
branes represents the discrete transition from
nonlife to life. According to his hypothesis,
reverse Krebs cycle-dependent life appeared
with “minimal protocells” formed by bilayer
vesicles made up of small amphiphiles and en-
dowed with pigments capable of absorbing
radiant energy stored as a chemiosmotic proton
gradient across the membrane.

These and other explanations of the origin
of life are based on the idea that the emergence
of autocatalytic “metabolic” cycles in the prim-
itive Earth was an essential prerequisite for the
appearance of genetic systems. According to
this approach, life can be considered an emer-
gent interactive system endowed with dynamic
properties that exist in a state close to chaotic
behavior. Some of these proposals reflect a
(healthy) reaction against molecular biology
reductionism, as well as the adherence to all-
encompassing views based on complexity theo-
ries and self-assembly phenomena that are quite
popular among physical scientists. In fact, the
background of current metabolism-based expla-
nations of the origin of life lies not in Oparin’s
proposals, but in the attempts to extrapolate
to biology the deeply rooted tendency in phys-
ical sciences to search for all encompassing laws
that can be part of grand theory which explain
many, if not all, complex systems.
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The many examples of self-organizing phys-
ical systems that lead to highly ordered structu-
res show that, in addition to natural selection,
other mechanisms of ordered complexity can
come into play. Self-assembly is not unique to
biology, and may indeed be found in a wide
variety of systems, including cellular automata,
the complex flow patterns of many different
fluids, in cyclic chemical phenomena (such as
the Belousov-Zhabotinsky reaction) and, quite
significantly, in the self-assembly of amphi-
philic lipid-like molecules in bilayers, micelles,
and liposomes (cf. Lazcano 2009). There are
indeed some common features among these
systems, and it has been claimed that they follow
general principles that are in fact equivalent
to universal laws of nature (Kauffman 1993).
Perhaps this is true. The problem is that such
all-encompassing principles, if they exist at all,
have so far remained undiscovered (Farmer
2005).

As discussed elsewhere, the experimental
evidence that has been recently used to argue
in favor of the metabolism-first theory is equally
consistent with a genetic-first description of life
(Lazcano 2009). What the metabolic-first ap-
proaches require is the confirmation that meta-
bolic (or protometabolic) routes can replicate
and evolve. So far, there are no indications
that this is the case: As summarized by Leslie
Orgel in a posthumous paper, theories that
advocate the emergence of complex, self-
organized biochemical cycles in the absence of
genetic material are hindered not only by the
lack of empirical evidence, but also by a number
of unrealistic assumptions about the properties
of minerals and other catalysts required to spon-
taneously organize such sets of autocatalytic
chemical reactions (Orgel 2008).

CHALLENGES AND FUTURE DIRECTIONS

The remarkable coincidence between the mono-
meric constituents of living organisms and those
synthesized in laboratory simulations of the
prebiotic environment appears to be too striking
to be fortuitous. Although we are far from un-
derstanding how life appeared, the available ex-
perimental evidence strongly suggest that the
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prebiotic environment was already endowed
with a wide range of monomers of biochemical
significance, many organic and inorganic cata-
lysts, purines and pyrimidines, i.e., the potential
for template-directed polymerization reaction,
and membrane-forming compounds. Never-
theless, at present the hiatus between the primi-
tive soup and the RNA world is discouragingly
enormous.

There are many definitions of the RNA
World. However, the discovery of ribozymes
does not imply that wriggling autocatalytic
nucleic acid molecules ready to be used as pri-
mordial genes were floating in the primitive
oceans, or that the RNA world emerged com-
pletely assembled from simple precursors
present in the prebiotic broth. Although it is
true that genetic-first proposals do not require
enclosure within compartments, the emergence
of life may be best understood in terms of the
dynamics and evolution of sets of chemical
replicating entities. Whether such entities were
enclosed within membranes is not yet clear,
but given the prebiotic availability of amphi-
philic compounds this may have well been the
case (Deamer 2002). Indeed, the evidence sup-
porting the presence of lipidic molecules in the
prebiotic environment and their natural ability
to self-organize into vesicular compartments
underlines the significance of theoretical mod-
els of simple cells involving an evolving ribozy-
mic RNA polymerase (Szostak et al. 2001;
Deamer and Dworkin 2005) and increasingly
sophisticated laboratory models of precellular
systems (Mansy et al. 2008).

For obvious methodological reasons, experi-
mental simulations of prebiotic events have con-
centrated on the empirical analysis of single
variables. The study of more specific conditions,
including the laboratory simulation of localized
environments such as volcanicislands, tidal zones
and microenviroments, including liposomes,
clays and mineral surfaces, and volcanic ponds,
which could have been prevalent in the primitive
environment, are likely to yield promising results.
Itis reasonable to assume that the association and
interplay of different biochemical monomers and
oligomers in more complex experimental settings
would lead to physicochemical properties not
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shown by their isolated components (Deamer
et al. 2002). This is not purely speculative; that
interactions between liposomes and different
water-soluble polypeptides lead to major changes
inthemorphologyand permeability of liposomes
of phosphatidyl-1-serine, and to a transition of
poly-L-lysine from a random coil into an a-helix
that shows hydrophobic bonding with the lipidic
phase, has been documented in the laboratory
(Hammes and Schullery 1970).

Additional examples include experimental
models of compartmentalized catalytic RNA
(Mansy et al. 2008), which, although they do
not necessarily correspond to particular stages
in the origin of life, nonetheless illustrate how
individual components of a system dynamically
interact and lead to unexpected new properties.
This approach, which falls within the venerable
tradition of synthetic biology (Pereté6 and
Catala 2007), complements the attempts to
work backward to reduce extant cell genomes
and achieve the laboratory synthesis of minimal
life forms.

There are inevitable gaps in the story, but
reports on the death of the heterotrophic theory
have been greatly exaggerated. The remarkable
coincidence between the surprising variety of
biochemical constituents that can be readily
synthesized in experiments simulating the pre-
biotic environment and those found in some
carbon-rich meteorites appears to be too strik-
ing to be fortuitous. The Earth’s primitive
atmosphere may have not been as strongly
reducing as assumed by the early proponents
of the prebiotic broth, but there is experimental
evidence showing that amino acids can be syn-
thesized in a CO,-rich model atmosphere
(Cleaves et al. 2008). It is true that the classical
recipe for cooking a primitive soup needs to
be updated to acknowledge, in an eclectic fash-
ion, the contribution of extraterrestrial organic
compounds, the role of catalytic minerals like
pyrite, and the synthesis of organic molecules
in hydrothermal vents, however limited it may
have been, but this poses no threat to the idea
of chemical evolution as a prerequisite to an
heterotrophic origin of life.

We will never know how life first appeared.
However, the study of the appearance of life is
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a mature, well-established field of scientific
inquiry. As in other areas of evolutionary bio-
logy, answers to questions on the origin and
nature of the first life forms can only be
regarded as inquiring and explanatory rather
than definitive and conclusive. This does not
imply that all origin-of-life theories and expla-
nations can be dismissed as pure speculation,
but rather that the issue should be addressed
conjecturally, in an attempt to construct not a
mere chronology but a coherent historical nar-
rative by weaving together a large number
of miscellaneous observational findings and
experimental results. It is probably useful to
remember the line from Goethe’s Faust that
Oparin included in his 1924 book, “My worthy
friend, gray is all theory, and green alone is life’s
golden tree.”
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