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INTRODUCTION TO
THE SECOND EDITION

THIS REMARKABLE BOOK was translated by me about
fifteen years ago because I felt keenly that Oparin’s con-
tribution had such great importance for scientists and
non-scientists alike that it should be available to all Eng-
lish-reading people. It is a tribute to its true merits that
the book should be reprinted after a lapse of so many
years, and I gladly yield to the request of the publishers
to write a preface for this edition.

If I were to change the name of this book, I would
suggest “LIFE’S COMING INTO BEING” instead of the less
cumbersome title “THE ORIGIN oF LIFE.” This is not
out of sheer caprice, but in order to escape some con-
notations of the latter title which tend to obfuscate es-
sential basic assumptions and to that extent put the
wrong slant upon the problems to be formulated. To be-
gin with, the title conceals two significant misconcep-
tions. One concerns the duration of the process. “Origin,”
especially to those brought up in the biblical tradition,
implies a finite and sharply delineated event of creation,
not a process extending over infinite time. Modern paleon-

tologists tell us that evolution of living things, which has
v



vi INTRODUCTION

blossomed out with a profusion of plant and animal spe-
cies of almost endless variety, has occupied a period of
something like a billion years. The Earth has retained
an unmistakable record of this for nearly half a billion
years. It will aid the reader to orient himself with regard
to the evolution of species, to be reminded that in this
inconceivably long span of half-a-billion years, registered
in the Earth’s crust by some historical remains, the foot-
marks left by man and his close predecessors encompass
barely one million years, perhaps two-tenths of one per-
cent. But the origination of life, which is the subject matter
of Oparin’s book, precedes by about another billion years
the story of the “Origin of Species” in which Darwin
picks up the thread, and of this earlier period there is
no existing record. While Darwin’s is a well documented
story and his ideas, though highly controversial, can be
bolstered with substantial factual material, Oparin’s story
embracing probably another billion years lacks the sup-
port of ascertainable facts. By its very nature, a theory
of how life had come into being must be highly specu-
lative. Lacking a solid factual basis, the soundness or
acceptability of such a theory can only be judged by
whether or not, or to what extent, it conforms to the cri-
terion of reasonable consistency with established knowl-
edge in various fields of scientific inquiry. The origin of
life was not an occurrence ascribable to some definite
place and time; it was a gradual process operating upon
the Earth over an inconceivably long span of time, a
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process of unfolding which consumed perhaps more mil-
lions of years than was required for the evolution of all
the species of living things. It is one of Oparin’s great
contributions to the theory of the origin of life that he
postulated a long chemical evolution as a necessary pre-
amble to the emergence of Life. One might think of the
evolutionary process passing through three distinct chem-
ical phases, from inorganic chemistry to organic chem-
istry and from organic chemistry to biological chemistry.
And it is true that, if the organic chemist is familiar with
wonders undreamed of by the inorganic chemist, the won-
ders witnessed by the biochemist in his daily tasks stagger
the imagination and sharpen the envy of the organic chem-
ist. These transitions in the history of our Earth were
not isolated events but a continuous flux requiring eons
for their realization. In interpreting the significance of
the word “origin” one must free oneself of the cultural
tradition and conceive it as something entirely outside the
ordinary human framework of time.

The second misconception stems from associations clus-
tering about the word “Life.” To most people Life con-
notes something that crawls, creeps or at least wiggles
if not by means of well articulated appendages at any rate
by temporary protoplasmic protrusions, or cilia, or deli-
cate flagella. Life need not perhaps be visualized in the
form of a stalking elephant but to the layman it may
seem inconceivable except as some unicellular organism

of microscopic dimensions. But even the most primitive
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unicellular organism has a complexity of structure and
function that staggers the mind and is removed from the
beginnings of Life by a genealogy extending for millions
upon millions of years. Possibly, as Oparin so convinc-
ingly tells us, it all began some two billion years ago as
a venture in colloidal systems of microscopic size sep-
arating from the “hot thin soup,” to use Haldane’s happy
description of the primordial ocean.

The biologist, unlike the layman, knows no lines of
demarcation separating plant life from animal life, nor
for that matter living from non-living material, because
such differentiations are purely conceptual and do not
correspond to reality.

It is interesting to consider the influence which the
identification of life with cellular organisms exerted on
the theory of spontaneous generation. The famous and
now classical experiments of Pasteur on such primitive
organisms as bacteria are believed to have disposed for
all time the question of the spontaneous generation of
living creatures with the enunciation of the principle that
every living thing must come from another living thing.
The cruder and more naive experimenters, whose efforts
at solving the problem of spontaneous generation were
dubiously rewarded with swarms of maggots or flies, got
the wrong answer because they, unlike Pasteur, lacked
skill, scientific acuity, critical judgment, and above all
else a knack for cleanliness, but all have formulated the
question alike. Basically the question was whether non-
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living matter can be transformed into living matter; in
other words, whether biogenesis is possible. But Pasteur’s
unequivocal experiments have given no answer to this
basic problem. They merely furnished irrefutable proof
that living organisms, mo matter how simple they might
be, cannot be generated from organic matter. Yet, some-
times in the course of evolution of our planet inorganic
and organic matter must have become endowed with or-
ganization which after hundreds of millions of years en-
abled it to develop into organisms. These in turn, after
many more hundreds of millions of years, have spread
over the surface of the planet populating the soil, water
and air with an infinite variety of plant and animal forms.
It may never be possible to devise experiments to prove
or disprove the possibility of biogenesis, and even Pas-
teur’s experiments do not disprove this, but biogenesis
seems to be a reasonably consistent logical necessity.

It is more pertinent to inquire, if such a transforma-
tion of lifeless into living matter occurred once upon a
time, whether this is happening at all times. “There is
no scientific basis,” says Kavanau, “that life may not be
originating continuously upon the earth. The fact that we
have no evidence of such de novo origin is of no particu-
lar significance, for if there is such origin we must an-
ticipate that it would be in units far too small to be treated
in the manner in which we are accustomed to dealing
with organisms. . . . It is likely, however, that the
changes in the conditions at the earth’s surface, since the
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most favorable period for the origin of life, have been
so great that present-day de novo origin, if it occurs,
is highly infrequent.”

The conditions on the Earth during the past couple
of billion years have undergone such radical alterations
that biogenesis may no longer be possible. However, as
Oparin points out, even if biogenesis were operating at
the present time, the innumerable predatory organisms
which populate the Earth would quickly destroy the prod-
ucts of biogenesis.

It will in no measure detract from Oparin’s credit for
this brilliant idea to point out that no less illustrious a
biologist than Charles Darwin himself expressed a sim-
ilar thought in a letter he wrote in 1871 (for the un-
covering of this letter we are indebted to G. Hardin):

“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.”
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The origination of life was a transition from organic
to biological chemistry, from lifeless to living matter,
from the inanimate to the animate realm of Nature. But
what is Life? Is it some new property of organic matter
acquired in the course of evolution or is it something
which resulted from the organization of organic matter?
Irritability, motility, growth, reproduction may be good
aids to differentiate a live from a dead organism but it is
questionable whether these represent the fundamental
properties of primordial life. There is good reason to
think that a certain period of the Earth’s history must
have been marked by complete sterility, i.e. absence of
organisms; therefore, the fundamental property or prop-
erties of living systems must have appeared in highly
complex protein macromolecules antedating the appear-
ance of cellular organisms. Proteins containing nucleic
acid are the only constituents of organisms which are
known to possess the capacity to grow and to reproduce
directly by self-duplication or by replication. But as or-
ganic compounds they can neither grow nor reproduce.
Neither viruses nor genes, both of which represent nucleo-
protein systems, can duplicate or replicate themselves
unless they are incorporated within a suitable cell or
nucleus. Considered simply from the point of view of
capacity to reproduce, are these nucleoproteins living or
non-living systems? Being unable to furnish the free
energy needed for syntheses associated with their repro-
duction, they lack the fundamental property characteris-
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tic for living systems of converting, transporting and
storing energy. An ability to metabolize, involving some
system of catalysts is another fundamental property
which cannot be conceived of except in conjunction with
a mechanism for converting free energy, and we are
deeply indebted to H. F. Blum (Time’s Arrow and Evolu-
tion, 1951) for his masterly analysis of this extremely
important aspect of this subject.

One should add, as a fundamental property of living
systems, a characteristic of their metabolism to form only
one of the two optically active antipodes (i.e. either the
D or the L form of an active compound but never both,
as is the case in organic synthesis). It is not clear how
this remarkable characteristic of living systems had arisen
or whether it contributed to the transformation of non-
living to living n:atter.

Almost a hundred years ago Engel propounded the
thesis that life is a manifestation of the existence of pro-
teins, but he did not know that in reality life is a man-
ifestation of catalysis by means of enzymes which are
proteins. Chemical reactions in plant and animal orga-
nisms proceed at very high velocities. Without catalysis
there could be no life. In fact, the bulk of protoplasm is
filled with enzymatically specific active proteins. Yet
enzymes are not living matter. Nearly every enzyme
requires some inorganic component which may itself be
catalytically active but in combination with protein this
activity is enormously increased. Possibly the enzymes



INTRODUCTION x1ii

have evolved from these inorganic catalysts and thereby
the tempo of biochemical reactions has been stepped up
a thousand or even a million fold. The unfolding of the
tremendous diversity of living organisms within the last
half-a-billion years, as compared to the relatively very
slow evolution of the preceding billion years may have
resulted from the association of the primitive metal cata-
lysts with proteins. But we know that the protein cata-
lysts (enzymes) had already been operating at the very
dawn of the appearance of plant and animal life. Al-
though enzyme systems have been highly diversified in the
course of evolution, their basic pattern has persisted
through the geologic ages. It might almost be asserted
that the earliest organisms had acquired the basic prin-
ciples of biochemical catalysis and no new principles
had been invented to replace them. Thus, the very lowly
Bryozoa are known to have maintained morphological uni-
formity for hundreds of millions of years. If we assume
that the Bryozoa have also maintained physiological uni-
formity throughout their inconceivably long life history,
it must be concluded that the enzymes of heavy metal
electron transfer have been operating in cellular respira-
tion ever since living organisms have inhabited the Earth.
Evolution has flowered from the Bryozoa (and probably
long before them) to the vertebrates, but the heavy metal
electron transfer enzyme system has persisted through
all these hundreds of millions of years as the basic de-
sign of cellular respiration.
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Similarly, if we consider the lowly bread mold (Neu-
rospora), also of very ancient and venerable geologic
age, we witness the persistence over millions of years of
enzyme systems which, with some modifications, are still
found operating in higher organisms, including man.

The coenzyme factors (the so-called vitamin B com-
plex) seem to be universally distributed and, what is
more significant, the chains of biochemical reactions by
which each factor is synthesized appear to be the same
in most divergent organisms. The biochemical unity sug-
gests that the coenzymes became part of a basic metabolic
plan laid down even before evolution, acting through nat-
ural selection, had created a highly diversified flora and
fauna.

The only known means for storing, transforming and
mobilizing energy for the metabolism in living organisms
is the system of high energy phosphate bond, namely
Adenylic Acid — Adenosmedlphosphate Adenosine-
triphosphate. Thls system, which is chemically related
to the nucleic acids, played a paramount role in the
transfer of free energy from the very beginning of life,
and undoubtedly played a very critical role in the transi-
tion from the non-living to the living state. The system
has thus been preserved through the long geologic ages
apparently unchanged. Though this, too, is one of the
most essential endowments of life and, since non-living
became living matter, it persisted in the organized cellu-

lar structure, yet this all-important system for transfer
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of free energy, outside its biological setting, is just or-
ganic matter.

If life is a manifestation of the existence of proteins,
or more correctly a manifestation of catalysis by means
of protein enzymes, the origin of life must have coincided
with the origin of proteins if not actually preceded by
them. Did protein precede the enzymes or did the enzyme
the proteins? If growth and reproduction depend upon
nucleoproteins, the nucleoproteins should have antedated
the emergence of protein and of living organisms. But the
synthesis of proteins could not have occurred without
the aid of energy transformers or appropriate enzymes.
This line of reasoning of what came first in the proces-
sional of life can be continued ad infinitum without any
tangible gain in understanding because this line of rea-
soning starts from a wrong premise. One becomes cap-
tive of a chain of arguments attempting to solve the para-
dox of how substances, absolutely indispensable to the
existence of living systems, came into being before the
living systems existed, which alone seem to possess the
ability to produce these essential components. The prob-
lem is really quite insoluble since it is formulated upon
a tacit assumption that the emergence of living from
non-living could only have followed a hierarchical order,
thus A >B >C >D >E >L but

life could have originated not as the end link of a chain

of consecutive events but by simultaneous coordination

of several factors
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As long as the cell is considered as the unit of life,
the origin of life must remain a paradox. But like the
erstwhile atom in chemistry, the cell has lost its prestige
as the ultimate unit in biology. Both the atomic and the
cellular theories have become obsolete. The cell, like
the “indivisible” atom, is now recognized as a highly or-
ganized and integrated system built up from extremely
small and distinct particles. Whether the ultimate par-
ticles of life have been found and identified is very
doubtful, some of the units themselves being highly or-
ganized entities, but the concept of a cell as the unit of
life has been thrown out of the window together with the
atom.

It has long been recognized that a cell consists of two
main parts, the nucleus and cytoplasm. The nucleus is
further differentiated into a nucleolus and chromosomes,

the latter consisting of tiny particles, the genes, which
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are arranged in fibrils and are propagated by self-divi-
sion. These particles are composed predominantly of
nucleoproteins extremely rich in desoxyribonucleic acid
(DNA). This DNA is not only the unique nuclear con-
stituent but is most likely the genetic material. The nucleus
is extremely poor in enzymes and its only demonstrable
biochemical potentiality is the synthesis of nucleic acids.
Removed from the cell, however, the isolated nucleus rap-
idly loses its viability and fails to function when it is
replaced into an enucleated cell. Without the necessary
mechanisms to furnish its energy requirements, it is com-
pletely dependent upon the cytoplasm, but it is not para-
sitic. In all probability it supplies the cytoplasm with
ribonucleic acid (RNA), and their interrelationship should
be described as symbiotic. Speaking figuratively, a nucle-
us isolated from the cytoplasm has no future, nor much
of a present either.

Protoplasm is a highly complex colloidal system of
such lability that it tends to break down spontaneously.
During life it is in a steady dynamic state, and energy
furnished by the metabolic mechanism is constantly re-
quired to maintain its structure intact. But since metab-
olism is a regular sequence of chemical reactions which
must occur at the right time and at the right place, the
protoplasm must be a highly integrated system of en-
zymes whose activity is strictly controlled (by alternate
activation and inactivation). Any disturbance in the en-
zyme pattern will tend to destroy the orderly structure of
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the protoplasm; any alteration of the protoplasmic struc-
ture will disturb the harmonious functioning of the
enzymes.

The cytoplasm consists of several types of particles
possessing varying degrees of complexity of organization,
such as mitochondria, microsomes, Golgi bodies, chloro-
plasts, etec.

The mitochondria are large liponucleoprotein orga-
nelles occupying perhaps a third of the cytoplasm. They
consist of a complex of enzymes so completely inter-
digitated as to constitute practically a single entity struc-
turally and a regular power house functionally. They
catalyze a great variety of reactions consisting of aerobic
oxidations (fatty acids, amino acids, tricarboxylic cycle)
as well as oxidative phosphorylations and some syn-
theses.

However, separated from its nucleus, the cytoplasm has
no enduring future. It still displays for a while various
functions (irritability, contractility, respiration, etc.) and
maintains itself with the energy delivered from its par-
ticulates, but deprived of the companionship of its nucleus
beyond a certain time limit, its ability to grow, repro-
duce, differentiate as well as synthesize specific proteins
fails to materialize.

The life of the cell can thus be regarded as the resultant
of the continuous interaction between nucleus and cyto-
plasm. But the interaction is conditioned upon the fitness
between them so that the interaction is in the nature of
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a symbiosis. It is significant that the nucleus with its
inclusions (genes), which alone has no durable present,
and the cytoplasm (with its various inclusions), which
alone has no enduring future, can by proper juxtaposition
synthesize proteins for growth and reproduction with the
aid of nucleic acids and with aid of high energy phos-
phate derivatives of adenylic acid as transformers and
transmitters of energy. Thus, the cell becomes a very ef-
ficient organism. Furthermore, the protein synthesis is
directed toward highly specific proteins which imprint a
high degree of specificity upon the manifestations of life
in different organisms. And, it may be added parentheti-
cally, provided it is not destroyed by some accident or
extraneous influence, that the cell acquires a future and
that future is infinity.

A few random examples of biological symbiosis may
serve to emphasize the profound significance of this phe-
nomenon as the pattern which might have been operative
not only at the cellular or particulate level but even at
the macromolecular level in the transformation of non-
living to living matter.

Hemoglobin, the red blood pigment, has been usually
regarded as a strictly animal product. In recent years
it was discovered that hemoglobin is formed in the root
nodules of legumes harboring nitrogen fixing bacteria.
The far-reaching significance of this biological observa-
tion lies in the fact that neither the root nodules nor the
microorganisms, by themselves, are capable of effecting
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this synthesis. Only in the infected nodule is hemoglobin
being synthesized. Two entirely different living systems
enter a symbiotic partnership and out of this interrela-
tionship something new emerges, the synthesis of a com-
plex substance, which neither system alone could fulfill.
It is true that in this instance the creative situation ter-
minates in a biochemical blind alley (and the course of
evolution is full of blind alleys) but instead of bringing
forth a “freak” of nature this event could conceivably
have opened a new biological era.

Another pertinent story can be told about chlorophyll,
a green pigment closely related chemically to hemoglobin.
This pigment is found in plants in special organelles, the
chloroplasts. Chlorophyll absorbs light waves in the pur-
ple and red range of the spectrum and thus traps radiant
energy. This gives the plant cell containing chloroplasts
a source of free energy to perform anabolic processes
which cells lacking this mechanism are unable to accom-
plish. It is interesting to note that chlorophyll itself is
unable to accomplish the photosynthetic reaction except
as a component of a chloroplast. Chloroplasts are small
green bodies enclosed in the cytoplasm of higher plants
and of green algae. The reaction sequence of photosyn-
thesis begins and ends within the chloroplast. Isolated
from the surrounding cytoplasm the chloroplast can evolve
oxygen from water when exposed to light but it cannot
use carbon dioxide as oxidant in this reaction. Nor can the
isolated (intact) chloroplast carry out photosynthesis,
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which indicates that this depends upon cooperation with
the cytoplasm. In other words, photosynthesis which is
one of the most important means for accumulating free
energy available in nature has emerged from a symbiotic
arrangement. Neither participant in the partnership is
capable of accomplishing this synthesis. Existing sep-
arately and independently chlorophyll, chloroplast and
cytoplasm may have remained at the level of organic mat-
ter. The concatenation of all three (by chance or accident)
within the plant cell opened up new vistas of evolutionary
potentialities by tapping the inexhaustible source of the
sun’s energy and making it available for biological prog-
ress.

A concluding word should be added about viruses.
Both the virus and the gene represent the simplest sub-
stances known to be autoreproducible. Both are largely or
entirely nucleoprotein macromolecules. Plant viruses con-
tain only ribonucleic acid (RNA) and animal viruses
contain both RNA and DNA, whereas genes contain
desoxyribonucleic acid (DNA). Nevertheless, viruses and
genes have some things in common. Thus, neither can
reproduce itself except within a suitable type of cell.
However, if the genes (nucleus) and cytoplasm fit each
other (i.e., belong to the same or closely related species)
their symbiotic relationship culminates in normal develop-
ment; if the virus and host cell fit each other, the virus
usually multiplies and in doing so destroys the host (para-
sitic relationship). The discarded virus, unless it can in-
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vade another cell, reverts to the status of non-living mat-
ter. But, as Andrewes points out in his 1951 Leeuwenhoek
Lecture, a stable virus-host cell equilibrium may become
established and “reach a state of closer and closer union,
culminating in the blissful surrender of perfect symbio-
sis.” Could viruses have become transformed into genes?

Thermodynamically directed chemical evolution could
conceivably proceed indefinitely without changing from
a non-living to a living state. Only when organic matter
had achieved a high degree of organization, and had ac-
quired diverse propensities through the concatenation of
such substances (with chance as the only arbiter) did
primordial life emerge as a new dimension in nature:
matter perpetuating its own organization. Natural selec-
tion, operating upon chance variations, set the evolutionary
direction along numerous pathways which living things
have followed irresistibly.

S. MoreuLis

August 6, 1952
Omaha, Nebraska



AUTHOR’S FOREWORD
TO THE ENGLISH EDITION

For A rone TIME I have been greatly intrigued by the
question as to how life on Earth began and for more than
fifteen years have been actively engaged in searching for
a solution of the problem which has stirred me so deeply.
The fruits of the meditations and researches along these
lines have been presented in a series of scientific articles
and popular essays. In 1923 I published a booklet devoted
to this problem in which my views according to which life
appeared in the gradual evolution of primary organic sub-
stances were first expounded. Subsequently I attempted to
develop this idea further and to substantiate it with data
derived from various investigations carried out by astron-
omers, geologists, biochemists and others working in re-
lated fields. The information garnered from these various
sources has been incorporated in 1936 in my book, “The
Origin of Life,” a translation of which is now offered to
the reader.

The problem of the beginning of life still intrigues my
curiosity and stirs my imagination, and I am therefore
greatly beholden to The Macmillan Company for under-
taking the publication of a translation which will bring
this book before the large English-speaking public. I hope
that it will attract the attention of American and of other
English-speaking investigators and will further promote

XX111
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the study and research of a tremendously complex and
important problem presented in this book.

I am particularly indebted to Professor S. Morgulis who
has taken upon himself the task of translating my book
and who has accomplished this so perfectly, rendering skill-
fully in English the exact meaning as well as the spirit of
my discussion.

ProFEssor A. I. OPARIN.

Moscow, November 21, 1937.
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CHAPTER I

THEORIES OF SPONTANEOUS
GENERATION OF LIFE

THE QUESTION OF THE ORIGIN OF LIFE, of its first appear-
ance on Earth, still occupies the human mind, as it has
done since the most remote antiquity. It may be safely
said that it is one of the most important problems of natu-
ral history. No religious or philosophical system, no out-
standing thinker ever failed to give this question serious
consideration. During different epochs and at different
stages of civilization the question was answered differ-
ently, but this question was always the focal point of a
sharp philosophical struggle which reflected the under-
lying struggle of social classes. For a very long time the
question of the origin of life was treated not as a subject
of scientific research but entirely from the point of view
of religio-scholastic concepts. The ancient religious teach-
ings of China, Egypt, Babylon traced the origin of life to
various traditions and legends, and invariably attributed
the appearance of life to some creative act of God. But
we will not concern ourselves with these theories and shall
consider only very cursorily those philosophical systems
which, though no longer of any significance so far as our
modern approach to this problem is concerned, have a
purely historical interest. E. Lippmann * in a recent book
presents a fairly complete survey of all the theories of

the origin of life, from ancient times to the beginning of
I
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the twentieth century, arid we refer to this book the reader
who is interested in this aspect of the problem. Here we
shall sketch only the essential landmarks of the history of
our problem.

In the introduction to his book Lippmann draws the in-
teresting parallel between the ancient conceptions of the
architecture of the World and the conceptions of the origin
of life. “Everyday experience gave irrefutable evidence in
the course of thousands of years of the movement of the
Sun around the Earth with such probability that there
could be no doubt on this score. Similarly evident was the
‘fact’ that very frequently, under favorable conditions,
living things originate from lifeless matter. This ‘fact’
seemed so obvious that there was no necessity for a more
detailed study of this phenomenon. Therefore, since the
most remote times, we find among the various peoples all
over the world the solid conviction, based frequently on
observation, that the simplest animals, both of the lowest
and highest order, can originate spontaneously.” And this
author notes further that these everyday, superficial obser-
vations so powerfully affect human concepts, that the be-
lief in the possibility of spontaneous generation of various
living things from all sorts of rotting material has been
sustained for thousands of years and persists even to the
present day. Even in our own time of crowning achieve-
ment in the exact natural sciences the layman of civilized
European countries not infrequently believes that worms
are generated in manure, that the enemies abounding in
garden or field, the various parasites operative in our daily
existence arise spontaneously from refuse and every sort

of filth.
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It is easy to understand the tremendous significance of
such daily experience in the formulation of conceptions
among the ancient peoples, who lacked the methods for an
exact study of natural phenomena. Such “irrefutable evi-
dence” formed the basis of theories of many philosophers
of the Ionian school (600 B.c.) according to which living
organisms originated in sea slime by the action of heat,
sun and air. Thus, for instance, the oldest philosopher of
this Greek school, Thales 2, taught that living things devel-
oped from the amorphous slime under the influence of
heat. Anaximander (611-547 B.c.) claimed that every-
thing living arises in sea ooze and goes through a succes-
sion of stages in its development ®. Xenophane (560480
B.C.) taught that all organisms originate from earth and
water %

It is necessary to point out, however, that the concep-
tion of spontaneous generation of living things, enter-
tained by Greek philosophers on the basis of everyday
observation, was intimately interwoven with their teach-
ing of the perpetuity of life. Although they considered
the origin of life from lifeless inorganic matter, this
strictly speaking did not imply a primary phenomenon,
since in the view of these philosophers the entire universe
was conceived to be living. Thus, according to Anaxagorus
(510428 B.c.), neither creation nor destruction of life
was possible and, although in his opinion plants, animals
and man all came from the earth’s slime, nevertheless it
was essential that this should be fructified by unchanging
and infinitely small seeds (spermata), the ethereal em-
bryos, which were carried into the earth from the air with
rain water °.
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Similarly, Empedocles (490-444 B.c.) maintained that
plants and animals were formed from live inorganic sub-
stance either by a process of generation from similar
sources or by a process of self-promulgation from dis-
similar sources. In the latter case the fructifying and life-
giving principles were the warmth of the sun, earth and
of the rainfall from the sky. Democritus, like Anaximan-
der, thought that the organic world took its origin in water
and that animals passed through a long developmental
process before they became such as we find them today.
But this philosopher already advanced the theory of the
mechanical self-creation of life resulting from an inherent
movement of the atoms: the atoms of lifeless, moist earth
meet accidentally and unite with atoms of the live and
energizing fire °.

The views of Epicurus (341-270 B.c.) are likewise
very interesting in this connection and are expressed in
the materialistic poem of Lucretius “On the Nature of
Things”. According to this source, Epicurus taught that
under the influence of the moist heat of the sun and rain
worms and innumerable other animals arose from the
earth or manure. This, however, is no more remarkable
than the hatching of the chick from a lifeless egg, since
the Earth, which is the mother of plants, animals and man
is already endowed with the power of propagation. And,
furthermore, like a real mother, she very nearly loses all
her pristine powers of propagation with advancing age .

The views developed by Aristotle (384—322 B.c.) have
an entirely different and particular significance for the
future history of the study of the origin of life. It fell to
this philosopher’s lot to offer mankind the most complete
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synthesis of the achievements of ancient science, embrac-
ing the entire factual material which had accumulated up
to that time. His teachings subsequently became the foun-
dation of the medieval scientific culture and for two thou-
sand years dominated the mind of mankind. Aristotle de-
velops his conception of the origin of life principally in
his books “On the Parts of Animals”, “On the Movements
of Animals”, “On the Origin of Animals” and finally “On
Plants”. Apparently his views had undergone some modi-
fication in the course of time, but ultimately he laid the
foundation of the theory of spontaneous generation of liv-
ing things.

According to this theory animals not only originate
from other similar animals but living things do arise and
always have arisen from lifeless matter. Aristotle teaches
that living things, as well as other concrete things, are pro-
duced by the union of some passive principle “matter”
(by which Aristotle apparently refers to what we now des-
ignate as substance) with an active principle “form”, this
form being the “entelechy” or soul of living things. It im-
parts organization and movement to the body. Thus, mat-
ter by itself is devoid of life but is vivified, purposefully
molded and organized by the aid of the energy of the soul,
whose inner essence (entelechy) endows matter with life
and keeps it alive. But the soul is already present in the
primary elements of which living things are made; to a
lesser degree it is a property of the earth, but to a greater
degree of water, air and fire. Therefore, what form the
soul will endow depends first of all on the predominance
of one or the other element. Thus, the earth produces prin-
cipally plants; water produces aquatic animals; air, terres-
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trial organisms; while fire gives rise to the supposed deni-
zens of celestial bodies, such as the Moon. The form of
living things originating from their like depends upon the
““animal heat”, but of those generated spontaneously from
inorganic matter upon the “sun’s heat”. Slime, manure,
and similar decaying matter do not of themselves produce
living organisms but only under the fructifying influence
of rain saturated with air and of the Sun’s heat.

Aristotle suggested the possibility of spontaneous gen-
eration of a great variety of living organisms. He main-
tained that not only plants but also a number of animals
could be observed to originate from the earth. According
to Aristotle ordinary worms, larvae of the bee or wasp,
ticks, fireflies and many other insects develop from the
morning dew, or from decaying slime and manure, from
dry wood, hair, sweat and meat, while tapeworms are born
in the rotting portions of the body and excreta. Mosqui-
toes, flies, moths, manure beetles, cantharides, also fleas,
bed bugs and lice (either full grown or as larvae) are gen-
erated in the slime of wells, rivers or sea, in the humus of
the fields, in manure, in decaying trees or fruits, in animal
excreta and filth of every sort, in vinegar dregs as well as
in old wool.

However, not only insects and worms but even more
highly organized living creatures may originate spontane-
ously according to Aristotle. Crabs and various molluscs
were thought to come from the moist soil and decaying
slime, eels and many kinds of fish to come from the wet
ooze, sand, slime and rotting seaweeds; even frogs and under
certain conditions salamanders may come from slime.
Mice are generated in moist soil. Some higher animals
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and even man may have a similar origin, though in the
case of the latter his first appearance is in the form of a
worm.

We have dwelt to such length on the views of Aristotle
because the entire history of the problem of the origin of
living things has been dominated by the teachings of this
philosopher. By his overwhelming authority Aristotle gave
credence to data derived from naive direct observation and
thus predetermined for many centuries in advance the fu-
ture fate of the theory of spontaneous generation. An im-
portant part in this matter was played by the acceptance of
Aristotle’s teachings by the Roman and more particularly
by the neoplatonic (Plotinus) philosophers and through
them by the fathers of the Christian Church, in particular
by Basilius (315-379) and Saint Augustine (354—430)°%.

Basilius taught that just as the Earth once upon a time
produced various grasses, trees and animals by the com-
mand of God so to this day this ability has been retained
in full force and living creatures such as grasshoppers,
mice, etc., may be produced from the earth. Saint Augus-
tine accepted the spontaneous generation of living crea-
tures as an irrefutable truth and in his teachings was con-
cerned only to reconcile this phenomenon of nature with
the viewpoint of the Christian Church. He argued that just
as God usually makes wine from water and earth by
way of the grape and grape juice but on occasion, as in
Canaan of Galilee, can dispense with the grape and make
wine directly from water, so also in the case of living
creatures He can cause them to be born either from the
seed or from inorganic matter containing invisible seeds
(occulta semina). Saint Augustine thus beheld in the phe-
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nomenon of spontaneous generation of living things the
will of God, which interferes with the usual orderly se-
quence of events, and established the theory of spontane-
ous generation as a dogma sustained by all the force of
authority of the Christian Church.

It is, therefore, clear why further development of the
problem of the origin of life remained for a long time
within the framework of the teaching of spontaneous gen-
eration. The medieval scholars in their works merely cor-
roborated the “facts” described by Aristotle of the origin
of living creatures from decaying matter, or even supple-
mented these with still more phantastic observations and
experiments of their own. As a fitting comment upon the
typical methods of studying nature in the Middle Ages
mention may be made of the widely accepted tales of the
goose tree, of the vegetable lamb or of the homunculus.

On the authority of very prominent scholars and nu-
merous travellers of that period geese and ducks came
from sea shells, which themselves had come from the fruit
of trees. Birds could also be born directly from these
fruits. This legend of the goose tree was already expounded
by Cardinal Pietro Damiani at the beginning of the
eleventh century. The English encyclopedist Alexander
Neckam (1157-1217) evolved the theory of the origin of
birds from fir trees which came in contact with the salt of
sea water. Subsequently this theory of the vegetable source
of geese and ducks was so generally accepted that the use
of their meat became common on fast days, a practice
which was later prohibited by a special edict of Pope Inno-
cent IIT7%,

It is interesting that this theory of the goose tree sur-
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vived until the end of the seventeenth and even the begin-
ning of the eighteenth century. A number of authors gave
their own observations and produced more or less phan-
tastic drawings which portrayed the gradual development
of birds from the fruit of trees. Evidently this legend orig-
inated from a naive interpretation of superficial observa-
tions of a peculiar species of barnacle, the so called sea
ducks (Lepas anatifera). The full-grown specimens of
these sea animals attach themselves to rocks, stones, bot-
toms of boats and occasionally to a tree which has fallen
into the water, and they form a calcareous membrane re-
sembling a shell. On the shores of northern Scotland, Ire-
land and of the neighboring islands this occurs at the same
time of year when the young polar geese arrive from the
North. These two events were somehow associated with
each other and phantasy filled in the rest of the imaginary
picture of the relation of these birds, which came no one
knew whence, with the little “sea ducks” attached to the
trunks of trees.

Possibly analogous superficial observations were the
basis of another legend, the vegetable lamb, which many
travellers to the Orient have reported (Odorico da Porde-
none (1331), Maundeville (1300-1372) and others). Ac-
cording to their reports these travellers had heard tales of
or had even seen plants and whole trees whose melon-like
fruit contained full formed lambs which the local popula-
tion used for meat °.

The story of the homunculus takes its origin in certain
alchemical experiments and apparently started in the first
century of our era. It is based on the idea that by mixing
the passive female with the active male principle it is pos-
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sible to reproduce artificially the phenomenon of genera-
tion and to obtain an embryo of the little man, homunculus.
This story prevailed throughout the Middle Ages and even
in the sixteenth century the famous physician and alche-
mist Paracelsus (1493-1541) gave an exact recipe for the
preparation of homunculus. For this purpose it is neces-
sary to place human sperm into a special vessel and to sub-
ject this to a series of complicated manipulations for a
definite time, when finally the little man is produced. He
requires human blood for his nourishment.

Paracelsus was a confirmed protagonist of the theory
of spontaneous generation of living beings. He believed
that some special law governed the organism of animals
and man, a vital force which he called the “spirit of life”
(spiritus vitae), and which determined the formation and
further development of the organism. Paracelsus elabo-
rated his theory of the origin of life in conformity with
these philosophical conceptions and even described a series
of observations on the spontaneous generation of mice,
frogs, eels, turtles, etc., from water, air, straw, decaying
wood, etc.'

Although in the last half of the sixteenth and especially
in the seventeenth century observation of natural phenom-
ena becomes more exact and experimentation is already
achieving a place for itself, the idea of a primary sponta-
neous generation of living things still dominates com-
pletely the minds of the investigators and scholars. The
famous Brussels physician Van Helmont (1577-1644),
who had so mastered the technique of exact, critical experi-
mentation that he could tackle the complex problem of the
nutrition of plants, still considered the possibility of spon-
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taneous generation of living creatures as beyond the per-
adventure of doubt. Furthermore, he actually supported
this theory with many observations and experiments. It is
to Van Helmont that we owe the well known recipe for
obtaining mice from wheat kernels. Since he believed that
human sweat can furnish the generating principle, it was
enough to place a dirty shirt into a vessel containing wheat
germ and after 21 days, when fermentation would cease,
the vapors from the shirt together with the vapors of the
seeds would generate live mice. Van Helmont was particu-
larly surprised to find that these artificially produced mice
were the exact replicas of natural mice originating from
the semen of their parents '

Harvey (1578-1657), the discoverer of the circulation
of the blood, did not reject spontaneous generation al-
though he coined the famous phrase “Omne vivum ex
ovo” (all living from the egg). But he interpreted the
word “egg” very broadly and considered entirely possible
the “generatio aequivoca” (spontaneous generation) of
worms, insects, etc., through the action of special forces
liberated in decay and analogous processes *2.

Thus the dogma enunciated by Saint Augustine of God’s
will, which arbitrarily interrupts the usual inherent order
of things, continued to dominate over the minds of leading
men even as late as the first half of the seventeenth cen-
tury, when in all other branches of knowledge the exact
and inflexible laws of nature had already been established.
Even such luminaries of the human intellect as Descartes
(1596-1650) and Newton (1643-1727) accepted un-
qualifiedly the theory of spontaneous generation of living
organisms from lifeless matter. It is true that Descartes



12 THE ORIGIN OF LIFE

considered spontaneous generation as a natural process, oc-
curring under still imperfectly understood circumstances,
particularly when moist earth is exposed to sunlight or
when there is decay. He believed that various plants and
animals such as worms, flies and other insects can origi-
nate in this manner. Newton gave little attention to bio-
logical problems but he was firmly convinced in the possi-
bility of spontaneous generation and even pointed out that
plants were produced from the attenuated emanation from
the tail of comets.

The experiments of the Tuscan physician Francesco
Redi (1626-1697), who had the honor of being the first
to demolish by experimental proofs the faith in spontane-
ous generation which held uninterrupted sway for many
centuries, constitute justly the turning point in the history
of the spontaneous generation theory. In the treatise “Es-
perienze intorno alla generazione degl’ insetti” (1668)
he described a series of experiments demonstrating that
the little white worms in meat were nothing but fly larvae.
He placed meat or fish in a large vessel covered with Nea-
politan muslin and for greater security placed on top of
the vessel a frame over which muslin was stretched. Al-
though flies swarmed over the muslin no worms appeared
in the meat. Redi reports that he had succeeded in observ-
ing how flies deposited their eggs in the muslin but that
worms in the meat developed only when the eggs got to
the meat. From these observations he concluded that de-
caying matter merely offers a place or nest for the devel-
oping insects but that the deposition of eggs is a necessary
preliminary without which the worms never appear.

However, Redi did not succeed in shaking off completely
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the notions of spontaneous generation. In spite of his bril-
liant experiments and their correct interpretation he still
admitted the possibility of spontaneous generation from
decaying matter, as, for instance, the origin of intestinal
worms or of wood worms. Similarly, he thought that the
little worms enclosed in oak galls came from the plant
juices. Only later was this view discarded, thanks to the
investigations of the Paduan physician and naturalist Val-
lisnieri (1661-1730).

Nevertheless, the belief in spontaneous generation of
animals and plants was so firmly rooted that, in spite of
numerous experimental refutations, it persisted through-
out the entire eighteenth and even until the beginning of
the nineteenth century. Even Lamarck ** (1744-1829) in
his “Philosophie Zoologique” mentions the possibility of
spontaneous generation of mushrooms and certain para-
sites, although this is contrary to his general outlook on
nature. Only very gradually and thanks to the refinement
in the technique of observation of natural phenomena and,
above all, to the more detailed knowledge of the compli-
cated structure of living organisms did it become apparent
that such complex organizations could not possibly have
been formed from amorphous silt or decaying matter. In
this manner the belief 1n spontaneous generation of all
highly organized living things was banished from the do-
main of science. But the idea of a primary origin itself
had not died out and indeed received a further impetus in
the eighteenth and nineteenth centuries so far as the sim-
plest and tiniest of living things, the microorganisms, were
concerned.

At about the same time when Redi performed his fa-
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mous experiments, the Dutch investigator Leeuwenhoek
(1632-1723) discovered, with the aid of a microscope
which he constructed, a new world of living things unper-
ceived by the unaided eye. In his letters to the London
Royal Society, Leeuwenhoek described, in great detail,
these tiny “live beasts” (viva animalcula) which he found
in rain water exposed for a long time to the air, in vari-
ous infusions, excreta, etc. With his primitive microscope
Leeuwenhoek examined representatives of practically every
class of microorganism known at the present time, and
furnished pictures and remarkably exact descriptions of
infusoria, yeast, bacteria, etc.**

The curious discoveries of this Dutch investigator at-
tracted wide attention and inspired numerous followers.
Wherever decay or fermentation of organic substance
took place, observers found microorganisms present. They
were found in all sorts of vegetable infusions and decoc-
tions, in rotting meat, in spoiled bouillon, in sour milk, in
fermenting wort, etc. It was only necessary to put easily
decomposing substances for a short time into a warm place
when almost immediately live microscopic creatures devel-
oped where they were absent before. With the belief in
spontaneous generation still widely held, the idea that the
origin of living microorganisms from lifeless matter was
actually taking place before one’s eyes in these infusions
and decoctions, easily gained ground.

Leeuwenhoek himself did not entertain this view and
maintained that the microorganisms developed from some-
thing which got into the infusions from the air, and this
was also corroborated experimentally by the tests made by
Louis Joblot *°. This follower of Leeuwenhoek boiled hay
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infusion teeming with microorganisms for 15 minutes and
poured equal portions in two different vessels. One was
tightly closed with parchment before the contents cooled,
while the other vessel was left open. In the latter tiny liv-
ing creatures (probably infusoria) developed, but not in
the former. On removing the parchment cover the infusion
in the first vessel was likewise quickly swarming with mi-
croorganisms.

The experiments of Joblot, however, had not convinced
his contemporaries and the theory of spontaneous genera-
tion retained its wide sway among scientists. It even re-
ceived a particularly brilliant formulation in the works of
the famous French biologist Buffon (1707-1788). Buffon
perceived in the process of spontaneous generation a cor-
roboration of his general hypothesis of the existence of a
special vital principle. He regarded all living matter as
consisting of “organic molecules” or particles which did
not themselves change but united with each other into ka-
leidoscopic combinations. When the dead organism decom-
posed its individual existence came to an end, but the ma-
terials of which it was composed again recombined forming
new living organisms. He believed that microorganisms
were thus created *°,

The same idea was developed by Buffon’s contemporary,
the Scotch minister Needham (1713-1781), who thought
that there was inherent in every microscopic particle of
organic matter a special “vital force” which vitalized the
organic material of the infusion. Needham thus elaborated
the vitalistic conception of the essence and creation of life
which was quite prevalent at the time. However, the sig-
nificance of the contributions of this scientist for the prob-
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lem we are considering lies not so much in the discoursive
part as in the far-reaching experimental investigations,
which Needham made in the attempt to prove the possibil-
ity of spontaneous generation of microorganisms.

Needham reports: “I took a quantity of mutton gravy
hot from the fire and shut it up in a phial closed with a
cork so well masticated that my precautions amounted to
as much as if I had sealed my phial hermetically.” As a
further precaution, he then heated the vessel on hot ashes
but, in spite of all this, after a few days the vessel was
found to teem with microorganisms. He studied by a simi-
lar procedure various organic liquids and infusions but
always with the same result. From these observations he
quite naturally concluded that the spontaneous generation
of microorganisms from decomposing organic substances
was not only possible but even necessary *’.

The Italian scientist, the Abbé Spallanzani (1765) sub-
jected to a devastating criticism not only the views of Buf-
fon and Needham but also their experiments. Spallanzani,
as well as Needham, performed experiments with the ob-
ject of either confirming or refuting the theory of sponta-
neous generation, but he was led by his experiments to dia-
metrically opposed conclusions. Spallanzani maintained
that Needham succeeded in generating organisms only be-
cause the vessels with their contents were not sufficiently
heated and, therefore, were incompletely sterilized. He
himself made hundreds of experiments with vegetable de-
coctions and various organic liquids which were subjected
to more or less prolonged heating and were sealed imme-
diately to prevent air from entering, because Spallanzani
believed that air carried the germs of microorganisms. In
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every instance when this operation was carried out with
proper care, neither did the liquid contents of the vessels
undergo decomposition nor did living organisms appear
in them.

Needham objected, first, that on prolonged heating of
the liquids the air in the vessels became vitiated and this
was responsible for the failure of microorganisms to de-
velop; second, that prolonged heating destroyed the “vital
force” of the organic decoctions, which is apparently ca-
pricious and unstable and cannot withstand for long such
severe treatment. Therefore, Needham did not deem that
he heated his liquids too gently but rather that Spallanzani
heated his liquids too vigorously and thus destroyed the
creative force of the infusions.

To meet these objections Spallanzani repeated his ex-
periments and performed with exceptional care a large
series of tests planned to answer all of Needham’s criti-
cisms %, Nevertheless, he failed to convince his contempo-
raries and the theory of spontaneous generation of micro-
organisms counted many defenders among scientists until
the middle of the nineteenth century.

Especially much work and experimental skill was con-
sumed in the attempt to clarify the significance of the air
in the generation of living things in liquids subjected to
preliminary heating. The prominent French chemist L.
Gay-Lussac (1778-1850) demonstrated by direct analyses
that oxygen was lacking in vessels which were sealed after
their contents were boiled; in other words, the component
of air which sustains oxidation and respiration was lack-
ing. This evidently gave support to the views developed
by Needham. To elucidate the role of oxygen still further
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Gay-Lussac filled with mercury a glass tube sealed at one
end (eudiometer) and inserted it into a dish containing
mercury. A single grape was introduced under the mer-
cury and crushed with a wire inserted through the mercury.
The juice from the crushed grape rose to the top of the
sealed tube and for a long time remained clear and appar-
ently thoroughly sterile. However, on admitting a bubble
of oxygen into the tube the juice quickly started to ferment
and became filled with microorganisms *°.

This experiment, which had been used later very exten-
sively by the adherents of the spontaneous generation
theory, is significant in that the source of the contamina-
tion, as we know now, was the germs on the surface of the
mercury, which neither the experimenter nor his commen-
tators had taken into consideration.

In 1836 the well known German naturalist T. Schwann,
the founder of the cellular theory, put the problem of the
significance of oxygen to a new experimental test. He
passed air through a heated tube into a vessel containing
sterile meat bouillon and demonstrated that under these
circumstances the bouillon did not spoil and that with a
constantly renewed stream of sterile air there was thus no
spontaneous generation. However, entirely different re-
sults were obtained when these experiments were made
with liquids containing sugar. Although both kinds of ex-
periment were carried out practically the same way, in the
latter case a mass of living microorganisms frequently ap-
peared %,

In the same year Fr. Schulze performed similar experi-
ments, except that the air entering the vessel with the sterile
liquid was freed from germs not by heat but by passing
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through concentrated sulfuric acid, and with the same re-
sults. However, when Schulze’s experiment was repeated a
number of times contradictory results were obtained and in
some instances microorganisms developed in the liquid *.

Somewhat later (1853) two Heidelberg professors, H.
Schréder and Th. von Dusch, simplified the experiment
and sterilized the air by filtering it through a layer of ster-
ile cotton, which retained the microorganisms. In this way
they were able to free the air from every infective cause
without subjecting it either to chemical influence or to heat.
These experimenters actually found that heated meat de-
coction or beer wort could remain unchanged for many
weeks. But under similar conditions milk or meat with-
out water quickly spoiled and became filled with micro-
organisms *,

Thus, in spite of the fact that these experiments all tended
to disprove the possibility of spontaneous generation, they
did not carry sufficient conviction because, for some inex-
plicable reason, they did occasionally fail and micro-
organisms did appear in the tested fluids. We know, today,
that these occasional failures were due to accidental tech-
nical slips, but at that time each failure could easily fur-
nish and actually did furnish the pretext for the interpre-
tation, that spontaneous generation need not necessarily
occur always but only under certain favorable conditions.
Dumas, Naegeli and many other prominent scientists of
the middle of the nineteenth century accepted this inter-
pretation.

The dispute over the problem of the spontaneous gen-

eration of microorganisms reached its highest pitch, when
in 1859 F. Pouchet * published the articles in which he
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tried to prove experimentally the possibility of spontane-
ous generation, since it seemed entirely improbable that
liquids would regularly become infected with air-borne
organisms. In his extensive work, embracing nearly 700
pages, Pouchet developed the vitalistic theory of autogen-
eration, which was essentially similar to those of Buffon
and of Needham. He maintained that each event of auto-
generation is preceded by fermentation or decomposition
of organic substances and that only substances which are
found in living organisms can generate new life. Under the
influence of fermentation and decay organic particles of
dead bodies split up. For a brief period they wander as
free particles but are ultimately reunited by their inherent
tendency for association, thus giving rise to new living
things. Since Pouchet postulated the pre-existence of some
“vital force” necessary for the generation of organisms he
never assumed that living things arose simply de novo in
the solutions of inorganic substances. Pouchet repeated on
a large scale the work of his predecessors in an effort to
test his theory and always obtained positive results: in the
organic liquids, which he investigated, microorganisms in-
variably developed.

Pouchet’s work made a big impression upon his contem-
poraries. The French Academy of Sciences offered a prize
for exact and convincing experiments which would throw
light upon the question of the autogeneration of living
things. This prize was awarded to Louis Pasteur *, who in
1862 published his investigations on spontaneous genera-
tion and in a series of brilliantly executed experiments,
which left no room for scepticism, demonstrated the utter
impossibility of the formation of microorganisms in vari-
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ous infusions and solutions of organic substances. Pasteur
succeeded only because he did not follow blindly the path
of empiricism, because he had a broad conception of the
entire problem, because he found a rational explanation
of all the earlier experimental attempts and pointed out
the sources of error of his predecessors. Pasteur first of
all clarified the problem of the presence of microorgan-
isms in the air which, as was shown previously, was re-
garded as one of the chief sources of contamination. The
adherents of the spontaneous generation theory, and par-
ticularly Pouchet, not infrequently expressed doubt as to
the presence of germs in the air and demanded a demon-
stration of those “swarms of microorganisms” which were
supposed to inhabit the air.

Pasteur solved this problem by the aid of a very simple
method. He sucked air through a tube plugged with gun
cotton. As was already shown by Schroder and Dusch, the
finest suspended particles floating in the air are retained
in the cotton and should, therefore, remain in the tube.
After a lapse of 24 hours the suction was stopped, the cot-
ton plug with its dust deposit removed and dissolved in a
mixture of ether and alcohol whereupon the solid particles
settled out and, after being washed with the solvent, were
examined under the microscope. It was demonstrated that
thousands of organisms were thus collected which in no
wise differed from various microorganisms or their germs
and, furthermore, the presence of large numbers of organ-
isms in our surrounding atmosphere was thus finally
proven.

Pasteur showed later that the germs floating in the air
may furnish the source of infection. First of all, he re-
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peated, by a somewhat modified and improved technique,
Schwann’s experiments, boiling organic liquids in round-
bottomed flasks whose necks were drawn out and fused to a
platinum tube. The latter were heated to a red glow over
a gas flame. In this way air entering the flask, after the
boiling had ceased, passed through the red-hot platinum
tube and was freed from germs. The air was cooled by a
stream of water before actually entering the flask. When
the flask was thus filled with air, the drawn-out neck was
sealed off in a flame and the sealed flask could be kept in
this condition for any length of time. When experiments
were made by this procedure, the solutions without excep-
tion remained unspoiled and no microorganisms appeared
in them. But if the neck of the flask was broken off and a
cotton plug, through which air had been filtered, was in-
troduced into the solution, the neck being again quickly
sealed, the contents of the flask after a brief interval be-
came filled with molds, bacteria and even infusoria. It fol-
lowed, therefore, that the boiled solution did not lose its
ability to sustain microorganisms and that the germs of
the air arrested by the cotton plug could actually and very
easily develop in this fluid.

Later Pasteur sterilized the air, with which the flasks
were filled, without the aid of heat, by passing it, as
Schroder and Dusch did, through a cotton plug, or by an
original method which he himself devised. Generally Pas-
teur half filled the round flask with the fluid to be studied,
softened the neck in a torch flame and pulled it out in the
form of a letter S. The contents were then boiled without
further precautions. When steam was being discharged
vigorously, the flame was removed and the flask allowed
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to cool off. Under these conditions the contents remained un-
changed even though there was direct contact with the out-
side atmosphere through the bent tube, because dust and
germs carried in with the air became imprisoned in the
bend of the tube. However, as soon as the bent portion of
the tubulature was cut off, the contents became quickly in-
habited by microorganisms. In these experiments the air
was no longer subjected to any treatment and yet no con-
tamination of the liquid occurred so long as the entrance
was blocked to germs floating in the air.

Further experiments of Pasteur have shown that the
number of viable microorganisms in the air was far from
constant, varying according to the season of the year or
locality. The largest number of germs was found in the
atmosphere of cities and thickly inhabited places. The air
from fields or forests has fewer microorganisms while in
mountainous regions, especially at high altitudes, the num-
ber of tiny creatures floating in the air is negligible. It is
possible, therefore, to open flasks with sterile contents at
such altitudes without necessarily inoculating them. In a
number of instances such flasks were once more sealed off
and remained sterile, although mountain air which was not
purified had entered those flasks.

At the same time Pasteur demonstrated that air was not
the only source of contamination of organic fluids. He
showed that germs of microorganisms are found on the
surfaces of all objects used in the experiments, and for
this reason all these surfaces must be scrupulously disin-
fected. Pasteur showed that the development of micro-
organisms in the experiments of previous investigators had
always been due to the failure, owing to methodological
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shortcomings, to exclude completely every source of con-
tamination. Thus, for instance, Pasteur demonstrated by
direct experiments that the grape juice in Gay-Lussac’s
tests was contaminated with microorganisms adhering to
the surface of the mercury. In other cases the vessels were
not sufficiently sterilized. And, as Pasteur so brilliantly
proved it by numerous experiments, if every source of
error was removed, the solutions could be made sterile in
one hundred per cent of the trials. Furthermore, Pasteur
succeeded in showing that such easily decomposing fluids
as urine and blood could be preserved for an indefinite
time without heating or any other treatment, provided they
were removed from the organism with precautions against
contamination by germs from the outside. Under such con-
ditions the body fluids do not decompose and can be kept
indefinitely.

Pasteur, therefore, not only obtained exact and uniform
results but also explained satisfactorily the contradictory
findings of other investigators. He refuted the hypothesis
that decaying infusions generate microorganisms and dem-
onstrated that, on the contrary, decay of these fluids was
the result of the activity of microorganisms, which had
been introduced from the outside.

Obviously the adherents of the autogeneration of mi-
crobes did not capitulate at once and many experiments
were still performed after the publication of Pasteur’s
work, which seemed to indicate the possibility of sponta-
neous generation under some special conditions. The most
serious and interesting were the experiments of Bastian *°,
who showed that microorganisms appear in boiled hay in-
fusions even when the flasks are opened on mountain tops
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or when the air with which they are filled has been heated.
Pasteur’s investigations corroborated Bastian’s experiments
so far as the factual findings were concerned, but he de-
nied that they had really anything to do with spontaneous
generation of organisms. Spores of the hay bacillus are
present in infusions. These are very resistant to heating
and retain the ability to multiply even after prolonged
boiling. If hay infusions are autoclaved at 120° or if they
are boiled twice in succession, they remain sterile just as
other organic liquids, provided they are not subjected to
air-borne contamination. The two successive boilings act
in the following manner: the first time only the vegetative
forms of bacteria are killed off, the spores remaining un-
affected; upon cooling the boiled infusion these spores de-
velop into bacteria, which are killed by the repeated boil-
ing before they have formed new spores.

After Bastian no one offered any serious criticisms of
Pasteur, and every attempt to disprove his theses or to dis-
cover instances of spontaneous generation of some microbe
proved entirely futile. From our present point of view this
is quite understandable, since microorganisms are not
merely bits of organic matter, as was thought before Pas-
teur. A close study of these simplest living things has re-
vealed that they possess a delicate and complicated or-
ganization. In this respect the structure of the unicellular
microorganisms differed but little from the structure of the
separate cells composing the multicellular organisms. It is
totally improbable that such a complex and at the same
time strictly definite organization could appear in a very
short time, before our eyes, so to speak, from unorganized
solutions of organic substances. Such a supposition is no
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less absurd than the idea of the origin of frogs from the
May dew or of lions from the desert sand.

Thus, it seemed that the theory of the spontaneous gen-
eration of living beings was interred forever, yet in a com-
paratively short time it was once more resurrected in a
somewhat refurbished and modernized form. In a number
of diseases of man, animals and plants, as for instance in
typhus, smallpox, hoof and mouth disease of cattle, mo-
saic disease of tobacco and potato no bacteria or any other
pathogenic microorganisms could be discovered. However,
the unquestionable infectiveness as well as the general
symptoms of these diseases are so very similar to bacterial
infections that the causative agents had to be recognized
as living things analogous to bacteria, and have been desig-
nated as viruses. Viruses are of such infinitesimal size that
they cannot be detected even under the most powerful mi-
croscopes and for the same reason pass easily through bac-
terial filters. Ultrafiltration experiments have established
that the magnitude of these various viruses is somewhat of
the order of 50-70 millimicrons [a millimicron is one mil-
lionth of a millimeter], and are thus considerably smaller
than ordinary bacteria [the magnitude of cocci is usually
500-2000 millimicrons]. There is no evidence that viruses
occur anywhere except in the living or in recently deceased
animals. In recent years a number of investigators have
made reports of the successful cultivation of filterable
viruses in artificial nutritive media, but these reports must
still be regarded with some doubt because, on account of
the tremendous difficulty of such cultivation, the experi-
ments are extremely unreliable. The successful propaga-
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tion of filterable viruses has been possible only in the pres-
ence of suitable living cells.

To this day the problem of the nature of the filterable
viruses has not been definitely solved. Some investigators
regard them as unorganized solutions but the opinion prev-
alent now is that we are dealing with living organisms of
infinitesimal dimensions and Gardner *, therefore, desig-
nated them as ultramicrobes. This viewpoint is partly sub-
stantiated by the fact that there are a number of organ-
isms, whose dimensions are intermediate between those of
ordinary bacteria and of the ultramicrobes. Thus, for in-
stance, Bacillus pneumosintes, isolated from grippe pa-
tients, ranges within the limits of 100 and 250 millimi-
crons.

Although, as we have seen, the nature of the ultrami-
crobes is far from having been clarified, many scientists
have supposed that these infinitesimal living creatures
may originate spontaneously from unorganized solutions
of organic substance. Even such a careful student as Gard-
ner notes as follows: “It is not very probable that viruses
can be generated spontaneously but it may be mentioned
parenthetically that perhaps Pasteur definitely disposed of
the theory of spontaneous generation without having taken
into consideration the ultramicroscopic forms of life.
Therefore, this may be still regarded as an open question
so far as viruses are concerned.” However, even in this
form the point of view can hardly be accepted. No matter
how minute the ultramicrobes are, if they are living organ-
isms they must be endowed with a definite and complex
organization which makes it possible for them to perform
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a number of vital functions. The spontaneous generation
of such an organization from molecules dispersed chaoti-
cally in a solution is just as impossible in principle as is
the generation of structures characteristic of the bacterial
organism.

We must, therefore, reject categorically the possibility
of autogeneration of living things in the manner that has
been postulated and described in this chapter, and we are
forced to search for some other interpretation of the origin

of life on Earth.



CHAPTER 11

THEORIES OF THE CONTINUITY
OF LIFE

By m1s eExpERIMENTS Pasteur demonstrated beyond per-
adventure of doubt the impossibility of autogeneration of
life in the sense as it was imagined by his predecessors.
He showed that living organisms cannot be formed sud-
denly before our eyes from formless solutions and infu-
sions. A careful survey of the experimental evidence re-
veals, however, that it tells nothing about the impossibility
of generation of life at some other epoch or under some
other conditions. Incidentally, Pasteur himself, with his
usual reserve, placed such an interpretation on his own ex-
periments. His contemporaries, however, put a broader
interpretation on his data, considering them as absolute
proof of the impossibility of a transition from dead mat-
ter to living organisms. For instance, the famous English
physicist Lord Kelvin (1871) expressed himself very
clearly that, on the basis of Pasteur’s experiments, the im-
possibility of autogeneration of life at any time or any-
where must be regarded established as firmly as the law of
universal gravitation. The same viewpoint has been shared
by a number of investigators, for whom life is radically
different from the rest of inanimate nature. Therefore, in
their opinion, it is wrong even to pose the question of the
origin of life, since life is as much an eternal category as
matter itself. Life is eternal, it only changes its form but
is never created from dead substance.
29
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At first sight the impression is gained that Pasteur’s ex-
periments caused a complete reversal in the conceptions of
naturalists with regard to the origin of life. Previously it
was believed that living organisms were easily generated
from dead matter, before our very eyes, so to speak; then
the attitude was taken that life can never originate but
must exist eternally. This contradiction in viewpoints is
only apparent and a careful examination of the question
shows that both the theory of spontaneous generation and
the theory of the continuity of life are based on the same
dualistic outlook on nature. Both theories start essentially
with the same assumption that life is endowed with abso-
lute autonomy determined by special principles and forces,
applicable only to organisms, the nature of which is radi-
cally different from the principles and forces operative in
the inanimate kingdom.

But from the opposite point of view, from the point of
view of the unity of forces operative in living and non-
living nature, the spontaneous generation of organisms, as
described in the preceding chapter, is altogether impossi-
ble and unthinkable. As already emphasized before, even
the simplest of living organisms possesses a very complex
structure or organization. We are not familiar with physi-
cal or chemical forces which could cause under the de-
scribed experimental conditions the appearance of organ-
isms from structureless solutions of organic substances.
Therefore, the sudden generation of organisms can be
explained either with St. Augustine as an act of divine
will (miracle) or as the result of some special vital force.
Actually, throughout the history of this problem, the con-
ception of a spontaneous generation is intimately associ-
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ated with the idea of a “vital force”. It is the Aristotelian
“entelechy” embracing all matter and forming it purpose-
fully into living organisms. It is the spirit of life, “spiritus
vitae” of Paracelsus, the “archai” of Van Helmont which,
according to his views, reside in seeds and direct the proc-
esses of creation and of autogeneration. Finally, it is Leib-
niz’ “monads” which represent the immutable centers of
force of a spiritual character. Similarly, the later adher-
ents of the spontaneous generation of life, Buffon, Need-
ham, Pouchet, are all among the most convinced vitalists
who believe that a vital force, capable of vivifying the or-
ganic substance of solutions and infusions, is dormant in
every microscopic particle of organic matter. The action
of this force is not bound by any general physical laws, it
is entirely “sui generis” and, therefore, can transform non-
living into living matter in the wink of an eye.

It is hardly necessary to prove that the same vitalistic
conception, the same dualism is at the bottom of the theory
of the continuity or eternity of life. No matter what form
the theories of continuity of life may assume, they always
leave an unabridgeable gap between the kingdom of organ-
isms and of inorganic nature. But to say that life never
had an origin and existed eternally, is to imply that there
is an absolute autonomy of living organisms.

F. Engels * in his “Dialectics of Nature” subjected both
the theory of spontaneous generation and the theory of
eternity of life to a withering criticism. Discussing the
views according to which new living organisms can arise
from the destruction of other organisms, he points out that
such an assumption is contrary to all our modern knowl-
edge. “Chemistry by its analysis of the process of decom-
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position of dead organic bodies shows that, with every ad-
vancing step in this process, products are formed which
are nearer to the inorganic world, products which are pro-
gressively less utilizable in the organic world. But the
process may be given a different direction and the decom-
position products may be made utilizable, if they enter the
properly adapted existing organism.” Furthermore, with
regard to experiments attempting to prove the primary
generation, he remarks ironically: “It would be foolish to
try and force nature to accomplish in twenty four hours,
with the aid of a bit of stinky water, that which it took her
many thousands of years to do.”

But Engels likewise rejects the conception of the eter-
nity of life. He quotes a very characteristic statement by
Liebig: “It is sufficient to admit that life is as old and as
eternal as matter itself, and the entire argument about the
origin of life loses apparently all sense by this simple ad-
mission. And, really, why can we not imagine that organic
life is just as much without beginning as is carbon and its
combinations, or as is all uncreated and indestructible
matter and the forces which are eternally bound up with
the movement of matter in universal space.” Engels shows
that such a view can only be based upon the recognition
of some special life force as the form-giving principle,
which is entirely incompatible with the materialistic world
conception. Engels notes further that Liebig’s assertion
about carbon compounds being as eternal as carbon it-
self, is inexact if not actually erroneous. Engels points
out that carbon compounds are eternal in the sense that
under constant conditions of mixing, temperature, pres-
sure, electrical potential, etc., they repeat themselves al-
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ways. But to this day no one has ever asserted that, for
instance, even such simple carbon compounds as CO: or
CH. are eternal in the sense of having existed at all times,
instead of being constantly formed from certain elements
and decomposed again into the same elements. If living
protein is eternal in the same sense as other carbon com-
pounds, it must not only break up constantly into its ele-
ments, as actually happens, but it must also be constantly
formed anew from these elements without the cooperation
of preexisting protein. This is diametrically opposed to
Liebig’s results.

The same holds true, even in a larger measure, with
regard to living organisms. The idea that living things al-
ways arise under definite conditions has nothing to do with
the conception of the eternity of life. On the contrary, it
emphasizes the necessity of generation of organisms from
non-living matter. But the adherents of the theory of the
eternity of life assume that at all times some principle ex-
isted eternally, which passed on from organism to organ-
ism, and without which the origin of living things would
be impossible. Following this path of reasoning we invari-
ably fall into the pit of vitalistic conceptions.

Engels shows that a consistent materialistic philosophy
can follow only a single path in the attempt to solve the
problem of the origin of life. Life has neither arisen spon-
taneously nor has it existed eternally. It must have, there-
fore, resulted from a long evolution of matter, its origin
being merely one step in the course of its historical devel-
opment.

We shall consider only two fundamental theories based
on the conception of the continuity of life: the theory of
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cosmozoa and the closely related theory of panspermia,
and Preyer’s ? theory of the eternity of life. Although the
Preyer theory is of later date, it will be discussed first be-
cause it stands quite apart from the other philosophical
outlooks and, besides, it has now chiefly a historical inter-
est only. On the other hand, the panspermia theory passed
through many phases and 1is still to be found in many
works of contemporary scientists.

Starting from the empirically verifiable proposition that
all organisms are derived from similar organisms, Preyer
poses this question: “Is not the problem of the origin of
life based on a wrong assumption that the living must have
come sometime from the non-living? All organisms invari-
ably originate from other living organisms. On the other
hand, inorganic non-living substance has always and still
does now originate not only from other lifeless matter but
also from living organisms which either discard it as a
dead mass or leave it behind after death.”

But if the living has never originated from non-living
substance and has always come from the living, then it
must have existed even at the time when the Earth was still
a molten mass. Preyer actually accepts this conclusion and
regards as living not only the present-day organisms but
also the molten liquid mass which existed in the remote
antiquity. “If we rid ourselves of the idea wholly arbitrary
and unsupported by facts that protoplasm can exist only in
its present composition, and of the old convenient preju-
dice that at first there was only inorganic substance, we can
without fear take the next bold step, discard altogether all
belief in a primary origin, and recognize the timelessness
of the current of life.”
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On such foundations Preyer sketches approximately the
following picture of the continuous life. Originally the en-
tire fiery liquid mass of the Earth was a single mighty or-
ganism whose life was manifested in the motion of its sub-
stance. But as the Earth began to cool the substances which
could no longer remain in the liquid state separated as a
hard mass and formed the dead inorganic substance. This
process continued further, but at first the molten liquid
masses alone represented life on Earth in contradistinction
to the inorganic bodies. “Only when these combinations
had in the course of time petrified on the Earth’s surface,
i.e. died out, combinations of elements appeared which till
then had remained in gaseous and liquid state, and which
have gradually taken on the semblance of protoplasm, the
foundation of everything living to-day. . . . We, therefore,
assert that motion is the beginning of life in the world, and
that protoplasm is the residuum which must have been left
over after the substances now regarded as inorganic had
separated out on the cooled surface of the planet.”

Thus Preyer develops his deeply idealistic but very an-
cient conception of a universal life essence, and places an
extraordinarily broad and indefinite interpretation on the
idea of “life.” If we leave out the interpretation and
concern ourselves only with the question of the origin of
present protoplasmic organisms, the theory has absolutely
nothing concrete to offer us. Nevertheless, it lasted for
some time and enlisted a large number of followers, which
only characterizes the type of ideas about the origin of life
which was dominant at the end of the last century.

The other theory, which later was designated as the cos-
mozoa theory, attempted to reconcile the principle of eter-
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nity of life with the conception of the origin of our planet.
All adherents of this theory assumed that life existed eter-
nally, that it was never created, never separated from dead
material. But how then did life originate on the Earth? The
Earth itself is not eternal, since it must have had a begin-
ning sometime, having separated from the Sun, and cer-
tainly during the early period of its existence could not
have been populated with organisms, simply because of
unfavorable temperature conditions. To overcome this diffi-
culty, the idea was promoted that germs of life dropped to
the Earth from the interstellar and interplanetary spaces just
as they get into Pasteur’s flasks from the outside air. This
conception was first elaborated in 1865 by Richter?®, who
proceeded from the assumption that, owing to the very fast
movement of cosmic bodies, small fragments or hard par-
ticles could have become detached, and that viable spores
of microorganisms could also have been carried away
from the cosmic bodies together with these detached par-
ticles. The particles, floating in the interstellar space,
could be carried accidentally to other cosmic bodies and,
landing on a planet where conditions for life were already
favorable (moderate humidity and temperature), com-
mence to develop and later become the ancestors of the en-
tire organic kingdom of that planetary body. Richter
assumed that somewhere in the universe there were always
cosmic bodies present on which life exists in cellular form.
Later this idea was also developed by Liebig* who believed
that “the atmosphere of celestial bodies as well as of
whirling cosmic nebulae can be regarded as the timeless
sanctuary of animate forms, the eternal plantations of or-
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ganic germs.” Therefore, the existence of living organisms
in the universe is eternal, organic life is never really
created but only transmitted from one planet to the next.
The problem, according to Richter, is not how life orig-
inates but how the germs of life can be carried from one
celestial body to the other.

Richter paid special attention to the possibility of trans-
fer of viable germs through the universal spaces separat-
ing celestial bodies. He pointed out that organic germs in
a dormant state can exist a long time without water or
nourishment but become revivified as soon as the condi-
tions favor this, and therefore germs can endure very long
journeys. The only danger to the existence of these germs
comes from the rise in temperature resulting from the tre-
mendous friction as the body falls through the Earth’s at-
mosphere. However, some meteorites contain traces of
carbon and other easily inflammable substances. If those
substances could reach the Earth without burning up, it is
quite possible for germs also to traverse the atmosphere
without losing their viability.

H. von Helmholtz® developed a similar idea a number
of years after Richter. This well known German physiol-
ogist stated that organic life either had to begin sometimes
or else it must have existed eternally, but he inclined to the
second alternative and thought that live germs were
brought to the Earth by meteorites. He based this possibil-
ity upon the fact that meteorites, on passing through the
Earth’s atmosphere, are heated only on the surface while
the interior remains cool. He comments as follows: “Who
would deny that such bodies floating everywhere in the
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universal space do not leave behind them the germs of life,
wherever the planetary conditions are already suitable to
promote organic creation!”

However, in his introduction to Thomson’s “Treatise on
Theoretical Physics” Helmholtz ° has this to say about the
theory of cosmozoa: “If anyone is inclined to regard this
hypothesis as not very probable or indeed highly question-
able, I have nothing to say against this. But it seems to me
that if every attempt to create organisms from inanimate
matter has failed us, it is entirely within the domain of
scientific discussion to inquire whether life had ever been
created, whether it is not just as old as matter itself and,
finally, whether germs are not carried from one celestial
body to another, taking root and developing wherever they
find favorable soil.”

Thus, even Helmholtz did not feel entirely convinced in
the correctness of his reasoning. The theory itself, too,
soon disappeared from the scientific horizon, since the
most painstaking search of meteorites failed to reveal in
them not only organisms or their remnants, but even traces
of sedimentary or biochemical formations. Only in the very
last few years Ch. Lipman’ attempted once more to re-
suscitate these ideas. He examined a number of rocky
meteorites for possible traces of living organisms. Using
a very intricate technique to preclude the possibility of
contaminating the meteorites with earth bacteria, he came
to the conclusion that live bacteria and their spores are
found in the interior of the meteorites. The organisms
which he succeeded in isolating were identical with the
bacterial forms existing on the Earth. This makes it very
probable that, in spite of all his precautions, Lipman did
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not succeed in preventing earth bacteria from contaminat-
ing the meteorites while they were ground to a powder.
Even in different regions of our planet there are different
forms of microorganisms, and it would be extremely
strange if exactly the same bacterial forms found on the
Earth were present also on some remote planets.

At the beginning of the twentieth century the idea of the
transfer of germs from one celestial body to another was
again revived in the form of the so-called theory of pan-
spermia, originated by the great Swedish physical chemist
S. Arrhenius. Being a strong adherent of the conception
that life is scattered throughout universal space, he showed
very convincingly, by means of direct calculations, the
possibility of transfer of particles from one celestial body
to another. The principal activating force is the pressure
exerted by light rays, discovered by Clerk Maxwell and
brilliantly verified experimentally by P. Lebedev.

Arrhenius® draws the following picture of the transfer
of small particles, including microorganismal spores,
through the interstellar and interplanetary space. The up-
ward air currents, which are especially powerful during
large volcanic eruptions, may carry the tiniest particles of
matter to a tremendous height of sixty miles or more above
the Earth’s surface. In the upper layers of the atmosphere,
due to a number of causes, there are always electrical dis-
charges which are strong enough to shoot these material
particles from the Earth’s atmosphere into the interplane-
tary space, where they are driven farther and farther by
the one-sided pressure of the Sun’s light rays. Under cer-
tain conditions, this results in the formation by our planet
of something like a comet’s tail but, of course, of incom-
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parably smaller dimensions. This tail is formed by the
finest particles of matter always leaving the Earth and re-
pelled by the action of the Sun’s rays. According to Arrhe-
nius, similar phenomena occur on the other planets also.

In this way tiny particles of substance must be cast off
all the time from the Earth’s surface as well as from the
surface of other celestial bodies. If a planet is inhabited
by live organisms, particularly microorganisms, their
spores would be thus carried off into the interstellar space.
Arrhenius calculated that bacterial spores with a diameter
of 0.0002-0.00015 mm. move with very great speed in the
empty space under the influence of pressure of the Sun’s
rays. Separated from the Earth, such spores will pass be-
yond the limits of our planetary system in 14 months, and
in 9000 years will reach the nearest star, o-Centauri.

The movement of spores of microorganisms may be not
only away from but also back towards the Sun. Living
germs carried off into the interstellar space may meet with
particles of cosmic dust of relatively large size. If a spore
attaches itself to a particle with a diameter of over 0.0015
mm. its movement is reversed and it then moves towards
the Sun, because the light pressure will no longer be able
to overcome the gravitation of the heavy particles to the
Sun. Arrhenius thinks that in this way the Earth could be
covered with microorganismal spores arriving into our
solar system from other stellar worlds. Of course, this
could only happen if the spores were still in a viable con-
dition after completing this very long journey through
space.

This aspect of the problem naturally received special at-
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tention from Arrhenius and other adherents of this theory.
Arrhenius discusses in detail all the dangers to living
germs lurking along their path from planet to planet. Ac-
cording to Arrhenius the absence of moisture or oxygen
and the extreme cold of the interplanetary space present
no terrors for the microorganismal spores, nor does the
heating of the particles, as they fall rapidly through the
Earth’s atmosphere, endanger their existence. From his cal-
culations Arrhenius concludes that the heat does not ex-
ceed 100° and lasts only a short time. Since bacterial
spores are known to remain viable after such treatment,
he thinks it is reasonable to regard the transport of viable
germs from one planetary system to another as the cause
of the origin of life on Earth. This theory has many sup-
porters, being especially energetically upheld by Kos-
tychev®.

However, the farther research is carried in this direc-
tion, and the better we become acquainted with the world
around us, the more new facts come to light, which con-
tradict radically this theory and make it seem less and less
probable that such a transfer of viable germs from one
celestial body to another really occurs.

As is well known, modern astronomy recognizes our
solar system, consisting of a central body with planets
whirling around it, as a rather unusual phenomenon in the
universe of stars. In order that such a system could have
been formed it was necessary for some celestial body, some
star of approximately the same mass as our Sun, to come
relatively close to it at a remote period of its existence. As
a result of attraction between the Sun and that passing star,
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a colossal cloud of superheated gases was thrown out from
the surface of the Sun, out of which our planetary system,
including the Earth, was subsequently formed.

But this sort of meeting or approach between two stars
in the universal space could be only an extremely rare
event. The following simple model may serve to illustrate
this point. Assume that in the model the Sun’s dimensions
are reduced to those of an ordinary apple. If we desire to
picture, on the same scale, the distance between the Sun
and the star nearest to it we would have to place one apple
in Moscow and the other in New York. It is easy to see
how little probability there is that the apples (celestial
bodies) would ever meet. The famous contemporary Eng-
lish astronomer Jeans’ says that, according to calcula-
tions, the probability of any star becoming a Sun sur-
rounded by planets is about one to one hundred thousand.
He also observes that it is extremely difficult to imagine
life of a higher order capable of developing on celestial
bodies radically differing from our own planet warmed
by the Sun. He concludes, therefore, that, from the point
of view of space, time and physical conditions, life is cir-
cumscribed by its existence in an insignificantly little nook
of the universe.

Thus modern astronomical conceptions offer no support
to the ideas of a ubiquitous distribution of life germs
throughout the universe. Of course, this does not mean that
life exists only on our Earth. We still have too little infor-
mation to deny completely the possibility of existence of
organisms on some other planets, whirling around stars
similar to our Sun. But there can be no doubt that these
worlds inhabited by living organisms are much farther re-
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moved from our solar system than are the nearest stars.
Therefore, the transport of living germs from one plane-
tary system to another would require not thousands of
years, as Arrhenius thought, but at least many hundreds of
thousands or even millions of years.

These long periods alone would make transport of viable
germs extremely improbable. But the investigations of the
last years on short wave interstellar radiations remove such
a possibility completely. The lethal action of light rays of
short wave length, particularly the ultraviolet rays, on
microorganisms and their spores has long been known. Fre-
quently, even a brief radiation is sufficient to sterilize com-
pletely a given medium and to destroy all the microorgan-
isms and spores. The light of the stars is rich in ultraviolet
rays but the atmosphere around our Earth protects us from
their destructive effect. Life germs carried beyond the
limits of this atmosphere would be inevitably killed off by
the ultraviolet radiation penetrating the interstellar spaces.

The believers in the theory of panspermia attempted to
ward off this objection by pointing out that since the photo-
chemical reactions provoked by ultraviolet rays kill the
microorganisms only in the presence of oxygen and water,
their lethal effect would not be exerted in the vacuum exist-
ing in the interstellar spaces. These objections are not very
convincing since photochemical reactions may proceed with
the aid of the elements of water contained in organic com-
pounds. But these can be entirely neglected nowadays since
the discovery of the very short rays of cosmic radiation.
These rays have much shorter wave lengths than the ultra-
violet or even the Roentgen rays (X-rays), and the changes
brought about under their action are no longer purely
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chemical, but much more far-reaching intra-atomic changes.
Their effects in the interstellar space have now been the
subject of numerous investigations, which have been re-
viewed recently by J. Lewis'* in a very interesting article
on “The Origin of Elements”. In this article many facts
are presented showing that substances unprotected by an
atmosphere (for instance, meteorites) suffer far-reaching
transformations under the influence of the interstellar
radiation. At the same time a number of extremely pro-
found changes take place within the atoms leading to the
formation of new elements. For instance, iron and nickel
are transformed to aluminum and silicon, which in turn
may be further transformed to magnesium, sodium, and
helium.

Life germs wayfaring in the interstellar space unpro-
tected against cosmic radiation would not only be abso-
lutely doomed to perish, but even their inner chemical
structure would in a comparatively brief time suffer rad-
ical changes under the influence of radiant energy. We
must, therefore, once and for all give up the idea that life
germs floated towards our Earth from the outside cosmic
spaces. We must, instead, search for the sources of life
within the boundaries of our own planet.



CHAPTER II1I

THEORIES OF THE ORIGIN OF LIFE
AT SOME DISTANT PERIOD OF THE
EARTH’S EXISTENCE

From THE PRECEDING TWO CHAPTERs we learned that
neither the theory of the spontaneous generation nor the
theory of the continuity of life solves rationally the prob-
lem of the origin of life on Earth. These theories invariably
come in conflict with the objectively established facts de-
rived from a careful and detailed study of the world
around us. This is not hard to understand since these
theories are based on the tacit assumption of an absolutely
impassable hiatus between animate and inanimate nature.

Already in the second half of the last century attempts
were made to solve the problem of the origin of life on the
basis of materialistic conceptions and we find such tend-
encies in the work of Bastian®. Although he, like the vital-
ists, set out to prove the possibility of autogeneration of
microbes, he did so along principally different lines. Thus,
unlike Pouchet, Bastian considered it entirely possible that
living things originated from inorganic substances without
the intervention of any specific vital force (archebiosis).
Ch. Darwin? in one of his letters to Wallace criticized Bas-
tian’s experiments and considered them altogether improb-
able. While he admits the correctness of the idea of arche-
biosis, he pointed out that spontaneous generation had not
been proven. According to Darwin life must have originated

45
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sometime, somehow, but how this happened was still un-
known.

A. Weisman® somewhat later developed the same idea.
Rejecting decisively any vitalistic tendencies, he believed
that life must have arisen sometime or other from inan-
imate matter. He thought that, at the very beginning and
under conditions unknown to us now, the simplest, tiniest
organismal forms, the “biophores” were created. The more
highly organized beings developed from these at a later
period.

Haeckel’s theory of archegony* is based on similar
ideas. He refused to believe that the hypothesis of cosmozoa
can explain the origin of life on Earth. Since at one time
the Earth must have been in a condition which precluded
any possibility of organic life, animate substance must
have arisen from inanimate substance at some moment in
the development of the Earth. The fact that autogeneration
of microorganisms is not observed at the present time does
not contradict this assumption. It would still have been
possible for organisms to originate from non-living matter
at some remote period of the existence of our planet, be-
cause the external conditions at that time were entirely
different from those prevailing at the present day. In
Haeckel’s opinion the organisms, which originated by spon-
taneous generation, must have been the lowest, simplest
things imaginable—“homogeneous, structureless, amor-
phous lumps of protein.” They were supposed to have re-
sulted from the interaction of dissolved substances in the
primeval sea but Haeckel does not explain just how these
organisms actually originated. Indeed, he regards any de-
tailed presentation of the primary origin as necessarily un-
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satisfactory, because of the lack of reliable data concerning
the extremely peculiar conditions existing on the Earth’s
surface at the time organisms made their first appearance.

Thus, Haeckel placed the center of gravity of the whole
problem of the origin of life in the peculiar physical con-
ditions prevailing at one time on the Earth. He could see
no difference between the formation of a crystal and of a
living cell. The simplest living thing, the “non-nucleated
monera”, crystallized out mechanically from inanimate
substance®. But herein lies Haeckel’s fundamental error,
because it implies that simplest organisms can actually
arise all at once from inorganic matter, the whole thing
depending merely on the presence of some peculiarly fa-
vorable external physical forces which determine the trans-
formation of inanimate substance into an animate being.
Furthermore, according to his theory, such forces existed
only during the dim past of the Earth’s history and have
been so completely lost, that spontaneous generation is no
longer possible at the present time.

Another German biologist E. Pfliiger® approached this
problem from a somewhat different angle. He searched for
the causation of life not only in the peculiarity of external
conditions but also in the properties of the substances them-
selves, from which organisms must have been formed. He
built up his theory on the basis of the chemical properties
of proteins, with which he identified indissociably the es-
sence of the vital process. Pfliiger supposed that in the or-
ganism there are two principally different categories of
protein: dead, or storage protein, and live protoplasmic
protein. In the first category belong such proteins as egg
white, proteins stored in seeds, etc., which are chemically
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very stable, inert substances. In the absence of microorgan-
isms these proteins can be preserved an indefinitely long
time without undergoing any substantial chemical altera-
tions. On the contrary, the live protein of protoplasm is
an extremely unstable substance. This instability or lability
is, according to Pfliiger, the basis of all chemical transfor-
mations of metabolism within the living cell. Every living
thing undergoes more or less degradation, which depends
upon the presence of special chemical groupings in the live
protein. The live protein must possess the ability to be-
come autoxidized by the oxygen of air, because carbon
dioxide is always formed in the degradation of living sub-
stance. But carbon dioxide can not be formed by the direct
oxidation of carbon atoms and the splitting off of mole-
cules of CO.. The products of degradation obtained from
decomposing dead protein or the dead protein itself are en-
tirely incapable of such oxidation. Therefore, live protein
must contain some atomic groups or special radicles which
are capable of autolysis and of autoxidation. A number of
considerations led Pfliiger to the hypothesis that the mole-
cule of live protein is characterized by the presence of a
cyanogen (CN) radicle. Pfliiger derived the fundamental
proof of this from his comparative study of nitrogenous
products of protein decomposition obtained in the metab-
olism of the living organism and of the corresponding
decomposition products of dead protein resulting from
artificial cleavage. These products differ radically from
each other, the characteristic products resulting from the
metabolism of live protein in the organism, such as urea,
uric acid, etc., never being duplicated in the artificial split-
ting of dead protein. These characteristic substances, how-
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ever, can be easily reproduced from compounds containing
cyanogen (CN) by an atomic rearrangement, as for in-
stance the formation of urea from ammonium cyanide in
the Wholer synthesis.

But the formation of cyanogen is associated with the ab-
sorption of much heat, and the calorimetric study of cyan-
ogen shows that this radicle contains a large amount of
energy. Pfliiger supposed that in the formation of cellular
substance, i.e. of live protein, from the food protein, the
latter underwent a change, probably associated with con-
siderable heat absorption, resulting from the chemical
union between the carbon and nitrogen atoms to form
cyanogen (CN). Thus, the introduction of cyanogen into liv-
ing matter imparts to it lability, which explains the tendency
of the protein to undergo decomposition and autoxidation.
The atoms in cyanogen, according to Pfliiger, have a strong
oscillatory movement. The carbon atom of CN on the acci-
dental approach of two oxygen atoms leaves the sphere of
action of the nitrogen and passes into the sphere of action
of the oxygens, uniting with them to form carbon dioxide.

Pfliiger attempted to schematize the entire process of
metabolism of matter, attributing all the properties of live
protoplasm to the presence in its protein component of a
definite chemical grouping of the cyanogen radicle, and on
this basis developed his whole theory of the origin of life.
“If one considers the beginning of organic life, it is not
necessary to pay attention first of all to carbon dioxide and
ammonia, because both represent the end and not the be-
ginning of life. The beginning is to be found to a very
much larger degree in cyanogen (CN).”

To solve, therefore, the problem of the origin of living
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substance, one must find a solution to the problem of the
origin of cyanogen. “In this respect organic chemistry gives
us the very important fact, namely, that cyanogen and its
compounds are formed at a red glow when nitrogenous
compounds come in contact with red hot coal, or when a
mixture of the two is heated to a white glow. . . . It is,
therefore, obvious that cyanogen combinations were formed
at a time when the Earth was either entirely or partly in
an incandescent state. . . . From this it follows that life
comes from fire and, in the last analysis, was formed at a
time when the Earth was a red hot mass. . . . If one thinks
of the immeasurably long period of time during which the
Earth’s surface was cooling at an exceedingly slow rate,
cyanogen and its compounds had plenty of time and oppor-
tunity to follow their great tendency to transformation and
polymerization, and by the addition of oxygen and, later,
also of water and salts to change to a labile protein, which
constitutes living matter.”

Modern biochemistry has completely discarded the
fundamental conceptions of a labile autoxidizable live
protein, such as Pfliiger postulated. Not only protein but
other organic substances as well, for instance the hydro-
carbons, which are very stable, chemically inert com-
pounds, undergo quite rapid changes and transformations
within the living cells of the organism. This depends upon
the presence in living cells of a whole system of catalyzers,
the enzymes, which increase to an extraordinary degree the
speed of definite chemical reactions, thus making the metab-
olism of matter possible. Of course, the nitrogenous metab-
olism also depends upon enzymatic action, but it proceeds
along lines altogether different from those which Pfliiger
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imagined. Neither storage protein nor protoplasmic protein
can be oxidized directly by oxygen of the air. The protein
degradation in the living cell generally commences as a
hydrolytic cleavage resulting in peptones and amino acids.
These cleavage products undergo oxidation through a fairly
complex enzymatic system, and not directly by oxygen of
the air but by the bound oxygen of water. The nitrogen is
always split off at first as ammonia. Urea, uric acid, etc.,
are formed by secondary syntheses and certainly have
nothing to do with a cyanogen radicle in the protein mole-
cule. It becomes, therefore, more and more doubtful
whether the presence of a cyanogen radicle in protoplasmic
protein is really essential. In any event, it can be said with
certainty that no radicles or separate molecular groups of
any of the known compounds can account for the totality of
the vital properties of the organism. Pfliiger undoubtedly
committed a grievous error in oversimplifying the complex
phenomena which constitute the cellular metabolism of
matter '

Nevertheless, Pfliiger’s theory deserves an exceptional
place in the development of our ideas on the origin of life.
Pfliiger was the first to realize the possibility of a primary
origin of organic substances which, because of their enor-
mous content of chemical energy are also extensively en-
dowed with capacity for further change and transformation.
He was the first to point out that “carbon dioxide is not the
beginning but the end of life.”

Later this statement was completely forgotten and a
number of subsequent authors, discussing the conditions
under which life originated on Earth, considered it indu-
bitable that all the carbon in the atmosphere of our planet
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was in the form of carbon dioxide gas. A certain interest
attaches to Allen’s® theory from this point of view. Like
Pfliiger, he also focused attention chiefly on the nitrogen,
which he regarded as different from all other elements be-
cause its compounds are characterized by considerable
chemical instability (in other words, by chemical activity).
This accounts for the ability of this element to form mobile
atomic complexes, which are characteristic of living sub-
stance. Allen did not refer to cyanogen or some other rad-
icle but assumed, nevertheless, that some active nitrogenous
molecules were responsible for metabolism. “Every vital
phenomenon represents the combination of oxygen with or
the separation of oxygen from nitrogen.” Allen accordingly
developed a view which, though similar to that of Pfliiger,
was less definite and indeed rather nebulous. But when
these views regarding the origin of life are compared, they
are found to differ radically, since Allen assumed that car-
bon dioxide was the primary carbon compound. The carbon
dioxide reacts with nitrogen compounds liberating oxygen.
Thus primary living substance from the very start mani-
fests all the properties found in living organisms. To fur-
nish a source of energy for these reactions, Allen resorted
to powerful electrical discharges and to solar light absorbed
either by dissolved or by suspended iron compounds in
water. In general he produced a highly complicated picture
of the formation of living substance from non-living inor-
ganic compounds, a picture neither definite nor convincing.

Much later, indeed in the twentieth century, H. Osborn °
developed somewhat similar ideas in his book “The Origin
and Evolution of Life”. In the beginning he pictures the
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Earth still uninhabited by living creatures, thickly blan-
keted with an atmosphere containing much water vapor and
carbon dioxide. This carbon dioxide served as the source
of carbon for the formation of organic substances from
which organisms developed by a long process of evolution.
“We may accept the hypothesis that in the earliest periods
of organization of living matter there was a combination of
the ten elements essential for life. Of these the four most
important elements were derived from their primary com-
binations of water, bound nitrogen (volcanic eruptions)
and carbon dioxide of the atmosphere.” But Osborn fails
to explain how such a transformation could occur, limiting
himself entirely to the rather ambiguous statement about
the “attractive force” between oxygen and hydrogen.

As will be shown later, these assertions of a primary
origin of carbon dioxide in the atmosphere of our planet
are entirely arbitrary and do not correspond to reality. In
the history of our ideas on the origin of life they played
an important though entirely negative role, because of the
very significant deductions to which they led and which
only helped to confuse the whole problem. Because, if at
the time living things first appeared on the Earth’s surface
there were no organic substances, only carbon dioxide,
water, oxygen, nitrogen and a number of mineral salts be-
ing present, then obviously the primary organisms must
have been endowed with an ability to assimilate such sub-
stances and to be nourished by them just as contemporary
plants are nourished. V. Omeljanski in his “Principles of
Microbiology” *® says: “The pioneers of life undoubtedly
were some very primitive organisms which did not require
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preformed organic substances but were able to synthesize
organic substance from inorganic compounds, from car-
bon dioxide, oxygen and nitrogen of the air as well as the
different mineral salts. In this group of microbes with a
primitive metabolism belong the nitrifying organisms, the
nitrogen assimilating bacteria and perhaps also the blue-
green algae.”

But all these living organisms possess a complex struc-
ture, and to accomplish the synthesis of organic compounds
from dead matter they must also be endowed with a spe-
cialized physico-chemical structure or apparatus. How
could such combinations arise directly from carbon di-
oxide, water and mineral salts? V. Omeljanski, reflecting
the viewpoint of his time, offers this very simple answer:
“When the Earth cooled off and the existence of organic
life became possible, it appeared as the result of an un-
known combination of matter and energy.”

By the end of the nineteenth and the beginning of the
twentieth century, parallel to these attempts to picture the
origin of life at some remote geological epoch, a different
movement was started to solve the problem of the origin
of life experimentally. The movement was an outgrowth of
investigations on the so-called models of living cells, like
the artificial cell of Traube. Traube** placed a small crys-
tal of copper sulfate in an aqueous solution of potassium
ferrocyanide. At the.surface of contact a membrane of cop-
per ferrocyanide is formed, which is insoluble in water.
This membrane forms a semipermeable * bag around the

* A semipermeable membrane is one which permits only molecules of

water to pass through it and blocks the passage of any other kind of
molecule.
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copper sulfate. As the crystal gradually goes into solution
the osmotic pressure * within the little bag increases all
the time and finally the very thin and inelastic membrane
tears. The copper sulfate solution escapes through the
crack and, as it comes in contact with the potassium ferro-
cyanide solution, new copper ferrocyanide is immediately
formed which repairs the break, but now the bag has some-
what increased. As this repeats itself, the little bag con-
tinually grows, assuming a definite shape and size. Traube
thought that his artificial cell imitated the growth of real
living cells and that the study of this model would lead to
an understanding of the physico-chemical causes of growth.

Subsequently O. Biitschli** prepared a model which re-
produced the movements of live amebae. On rubbing a
drop of olive oil with a potash solution the droplet com-
menced to send out pseudopodia, to move about and even to
engulf hard particles very much as amebae take up algae,
etc. Rhumbler'® and many other investigators constructed
analogous models, reproducing the movements, also the
feeding and division of cells.

Such artificial models have scientific value only to the
extent to which the phenomena they manifest are based on
the same physico-chemical causes which determine these in
living cells. Such models permit one to study certain phe-

* Osmotic pressure is the force with which a solution draws water mole-
cules from a more dilute solution or from pure water, from which it is
separated by a membrane. The osmotic pressure varies with the amount of
substance dissolved. For instance, a solution containing 342 grams of ordi-
nary sugar in one liter (molar concentration), if it is separated by a semi-
permeable membrane from pure water, draws the water to itself with a force
equal to 22.4 atmospheres. An atmosphere is equal to the pressure of a col-
umn of mercury 76 cm. long or 15 pounds per square inch. The concentra-
tion of dissolved substances in blood serum is such that its osmotic pressure
is about 7 atmospheres.
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nomena in great detail and under less complicated condi-
tions than those which prevail in the living protoplasm. Un-
fortunately, however, investigators have often been deluded
by external superficial resemblances between models and
living things, and have been led to extremely simplified
mechanistic conclusions. As an illustration of such an ex-
cessive delusion by external appearances S. Leduc’s* ex-
perimental production of so-called osmotic cells may
be mentioned. Principally, Leduc reproduced the same
phenomena as Traube only under much more complicated
conditions. Leduc placed a piece of fused calcium chloride
in a saturated solution of potash and potassium phosphate.
An impermeable calcium phosphate membrane was formed
which acted as an osmotic bag. By changing the concentra-
tion of the solutions, by adding different substances and by
various other means Leduc succeeded in producing very
complex formations surprisingly like algae, mushrooms,
etc., in appearance, chiefly as a result of the action of os-
motic pressure and surface tension forces *.

Of course, osmotic pressure undoubtedly plays a sub-
stantial role in the life of plant or animal cells. But mere
external resemblances are not enough to conclude that there
is complete identity of physico-chemical processes in living
cells and in these “osmotic” cells, as Leduc attempted to do.
Allured by the wraith of external resemblance between his

* Whenever two substances are in contact with each other the molecules
constituting the layer of contact, or surface, are subjected to mechanical
and electrical influences which put them under a definite tension. This im-
parts to the surface layer peculiar properties. Surface tension forces play an
important role in giving stability to colloidal systems. In such complex col-
loidal systems like protoplasm the lowering of surface tension causes an

outflow, like the pseudopodium of an ameba, while increasing the surface
tension would cause its retraction.
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artificial forms and living organisms, Leduc was led to
believe that his experiments actually blazed a trail for a
new movement in biology, which he designated as “syn-
thetic biology”, the science of the production in the labora-
tory of living forms from non-living substance.

It is hardly necessary to dwell upon the complete hope-
lessness of this oversimplified approach to the solution of
the problem of the origin of life. Just as it is impossible to
explain vital phenomena on the basis of the existence of
some special chemical radicle so it is impossible to construct
a living organism with the aid of osmotic forces alone. The
resemblance between Leduc’s forms and living organisms
is not greater than the external resemblance between a live
person and his marble image, but no one seriously believes
in Galatea’s coming to life or in the visit of Pushkin’s
“Stone Guest”.

While Leduc merely indicated the paths for synthesizing
organisms, a number of authors at the beginning of this
century carried these experiments farther and claimed that
they had succeeded in making living things by artificial
means. Of course, all these claims were founded on more
or less crude mistakes and have no real value so far as the
solution of the problem of the origin of life is concerned.
Their interest lies chiefly in a simplified mechanical ap-
proach to this problem.

As an example of such abortive attempts at “synthesis of
life” mention may be given to Kuckuck’s ** work published
under the high-sounding title: “Solution of the Problem of
Autogeneration”. According to Kuckuck, when radium acts
on a mixture of gelatine, glycerol and common salt, a
peculiar culture appears on the gelatine after 24 hours,
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consisting of living cells which grow, divide and manifest
other signs of life. This was obviously the work of a dilet-
tante who was not sufficiently familiar with colloidal sys-
tems *, and is, of course, devoid of any real significance.
Still it can not be dismissed as something casual or merely
as a curiosity. To a certain extent it reflects the crude
mechanistic views developed by Haeckel and his followers,
though perhaps in a highly exaggerated form, and could
only have originated from such conceptions and theories.
Even Haeckel himself believed that simple living things
could at one time have originated from inorganic matter
very much in the manner of a crystal which crystallizes
from a solution. All that was necessary was some specific
but unknown force to bring about this change from inan-
imate matter to an animate thing. Kuckuck searched for
this force in the phenomena of radioactivity which at that
time were still very poorly understood.

Actually Haeckel had not advanced beyond the naive
conceptions of primary autogeneration, except that he rele-
gated the event to the dim past, and for the “vital force” of
the vitalists he substituted specific, unusual and unknown
external conditions. But just how these conditions and

* Colloidal systems or solutions are unlike true or homogeneous solutions,
which are formed when such substances as sugars, salts, etc., are dissolved.
Substances in the colloidal state form heterogeneous solutions being repre-
sented by relatively large masses, which can not go through (dialyze) var-
ious live or dead membranes (fish bladder, capillary wall, parchment,
collodion, cellophane, etc.). They can be, therefore, separated from true
solutions by the use of such membranes. Starches, proteins, and many other
substances form colloidal sols. Substances in the colloidal state manifest
rather striking and peculiar behavior, which constitutes the subject of a
special field-Colloidal Chemistry. Besides their impermeability, they exert

very slight osmotic pressure and display remarkable surface phenomena
(adsorption).
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forces have formed such extremely complex systems as are
represented even by the simplest living organisms remained
a dark mystery as much for Haeckel as for all subsequent
biologists.

The numerous objections which the adherents of the
theory of the continuity of life raised against theories
which assumed that living organisms have been generated
at some remote period in the existence of our planet, be-
come thus quite understandable, and can all be reduced to
two points. The first was expressed by Preyer'® who re-
ferred with biting sarcasm to those mysterious conditions
which were necessary for the appearance of life in geolog-
ical epochs of long ago and pointed out that no one seems
to understand what those conditions really were. If the con-
ditions were the same as prevail now, the origin of life
would be plainly impossible because, as Pasteur’s investi-
gations have shown, this does not occur at the present time.
On the other hand, if those conditions were different, the
generated organisms must have perished at once, because
the viability is confined to a very narrow range of varia-
tion in external conditions.

The other objection has been formulated by S. Kosty-
chev ' in his popular book: “The Appearance of Life on
Earth” (Russian, 1921). He argues that even the most
simply organized living things possess a very complex, deli-
cate and perfect protoplasmic structure. The various vital
processes are made possible by this protoplasmic structure
and perfect functional differentiation. The metabolism of
matter and energy characteristic for living things would be
entirely impossible without a specially adapted apparatus,
and it is highly improbable that such a complex apparatus
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could have arisen fortuitously. If the reader were asked to
consider the probability that in the midst of inorganic mat-
ter a large factory with smoke stacks, pipes, boilers, ma-
chines, ventilators, etc. suddenly sprang into existence by
some natural process, let us say a volcanic eruption, this
would be taken at best for a silly joke. Yet, even the sim-
plest microorganism has a more complex structure than any
factory, and therefore its fortuitous creation is very much
less probable.

These arguments are of substantial significance only if
we accept Haeckel’s standpoint and assume that at some
definite period in the Earth’s existence, under the influence
of some physical forces and of some unknown conditions,
the living organism has originated all at once from non-
living matter, just as a crystal is formed in the mother
liquor. Even if this organism is the simplest monera, never-
theless it must have been endowed with every attribute of
living matter, i.e., its inner structure must have been
adapted to carry on definite vital functions. But it is in the
highest degree improbable that this adaptation, this pur-
posefulness of inner structure could result from the action
of some blind external physical force.

All these difficulties, however, disappear if we discard
once and for all the above mechanistic conception and take
the standpoint that the simplest living organisms originated
gradually by a long evolutionary process of organic sub-
stance and that they represent merely definite mileposts
along the general historic road of evolution of matter. Then
the arguments of both Preyer and Kostychev lose their
force. Kostychev commits the same error in his argumenta-
tion as the anti-Darwinists did, when they tried to prove
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the impossibility of natural development of higher organ-
isms possessing many organs beautifully adapted to per-
form definite functions. Unquestionably, a factory could
never originate through some natural phenomenon and in-
dependently of man, simply because every factory is con-
structed in accordance with some set, previously worked
out plan. Everything in the factory, beginning with the erec-
tion of the building and machinery down to the arrange-
ment of different sections, has been calculated by the engi-
neer with a view to fulfill definite and foreseen aims. The
natural elements could not accomplish such human objec-
tives or fulfill a previously laid-down plan.

It is inconceivable that such a preconceived plan of proto-
plasmic structure could exist unless one assumes a creative
divine will and a plan of creation. But a definite protoplas-
mic organization and fitness of its inner structure to carry
out definite functions could easily be formed in the course
of evolution of organic matter just as highly organized ani-
mals and plants have come from the simplest living things
by a process of evolution. Later we shall attempt to trace
this evolution and to picture the gradual formation of living
things from non-living matter. In this evolution more and
more complex phenomena of a higher order became super-
imposed upon the simplest physical and chemical proc-
esses; new properties developed ultimately resulting in the
emergence of systems which are already subject to biologi-
cal laws.

From this standpoint it is easy to answer Preyer’s ques-
tion: under what conditions could life have appeared in
the past, and why does not this happen now? We do not need
to invent some special, unknown forces for this. The condi-



62 THE ORIGIN OF LIFE

tions for the origin of living things are the same as the con-
ditions under which organic substance has been gradually
evolving. The first prerequisite condition was the primary
mass formation of such organic substances. It is absolutely
unthinkable that such complex structures like organisms
could have been ever generated spontaneously, directly
from carbon dioxide, water, oxygen, nitrogen and mineral
salts. The generation of living things must have been in-
evitably preceded by a primary development on the Earth’s
surface of those organic substances of which the organisms
are constructed. Now, under natural conditions, we do not
observe the formation of those substances which are formed
only secondarily by organisms as a result of their vital ac-
tivity. At one time the primary formation of such organic
substances was deemed entirely impossible but this view
has long since been discarded under the impact of the bril-
liant successes of organic chemistry. The chemist succeeded
in synthesizing in vitro, in his flasks and test tubes under
artificial conditions, practically all the known organic sub-
stances and, therefore, no one is any longer justified in
questioning the possibility of a primary origin of these
substances. We know well the nature of the conditions
under which these syntheses can be carried out and we
need, therefore, only to prove or to disprove the possibility
of such primary syntheses during remote periods of our
planet’s existence.

Another condition essential for the origin of life is the
possibility of prolonged transformations, of prolonged evo-
lution of the primary organic substances. Organic substance
is the building material out of which the complex structure
of living organisms could be formed. As will be shown sub-



LIFE AT SOME DISTANT PERIOD 63

sequently, to accomplish this transformation from substance
to organism requires a very long time. At the present time
such a transformation is entirely out of the question be-
cause, if organic substance originated anywhere on the
Earth’s surface, it would be extremely rapidly devoured
and destroyed by the countless microorganisms inhabiting
the soil, air and water. But before life had yet appeared,
the Earth, of course, was entirely sterile and the organic
substances which were formed could evolve in many differ-
ent directions for a very long period of time. However
strange this may seem at first sight, a sterile, life-less pe-
riod in the existence of our planet was a necessary condi-
tion for the primary origin of life. This condition prevailed
only in the remote past but does not exist now, since the
surface of the Earth is already thickly populated by innu-
merable highly organized living things.

To establish the possibility for generation of life in the
dim past of the Earth’s history, it is necessary first of all to
prove the possibility of a primary formation of organic
substance on our planet and, secondly, to trace the further
evolution of this substance. Contemporary science enables
us to furnish a more or less definite answer to both of these
problems.



CHAPTER 1V

PRIMARY FORMS OF CARBON AND
NITROGEN COMPOUNDS

IN THE PRECEDING CHAPTER it was shown that the first
essential condition for the appearance of life was the mass
formation of organic substances on the Earth’s surface.
Only in the presence of such matter rich in internal chem-
ical energy and, therefore, capable of various transforma-
tions and changes could complex substances arise, out of
which the bodies of living organisms are made. Neverthe-
less, most of the students of the problem of the origin of
life based their theories upon the assumption that carbon
dioxide was the primary carbon compound. They thought
that carbon made its first appearance on the surface of the
Earth in its most completely oxidized form, incapable of
further chemical transformation. This proposition was tac-
itly accepted as axiomatic but actually it was entirely un-
founded. Many astronomical and geological facts throw
serious doubt on the correctness of this assumption.

To form some conception of the primary forms of car-
bon compounds, which originated on our planet, it is neces-
sary first of all to learn something of those carbon com-
pounds which are found on other sidereal bodies. This will
allow us to approach the question of the transformations of
carbon at the time the Earth was formed and during the
first stages of the evolution of our planet.

Owing to successful spectroscopic analysis of the stars

64
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(astrospectroscopy) we have to-day a definite conception
not only of their physical state but also of the chemical
composition of the stellar atmospheres. The work of the
famous Pickering and his school has established that accord-
ing to their spectra the stars can be grouped into a number
of types. The Harvard classification® of stars, which is now
generally accepted, may be expressed by the following
scheme:

The letters of this scheme indicate spectral types of stars.
O-stars are distinguished among the spectral types by their
exceptional brightness and enormous mass. These are the
hottest stars, whose temperature even on the surface reaches
20,000 to 28,000° C. Their spectrum, which was studied by
Plaskett?, is extremely complex and by no means yet fully
understood. Plaskett discovered a large number of ele-
ments, including hydrogen, helium, carbon, nitrogen, oxy-
gen, magnesium and silicon, partly in the neutral but, prin-
cipally, in the ionized state.

The next type, B, includes the bluish-white stars, in
whose spectra appear first of all the helium, then the hy-
drogen lines. The lines of metals appear only in the sub-
classes of this type, which have cooled off most. The pres-
ence of un-ionized carbon has also been established. To
this interesting group belong principally the bright stars of
our Milky Way, especially the three bright stars which
make up the girdle in the constellation Orion.

The white or hydrogen stars belong to the type A. The
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spectra of these stars are rich in the so-called Balmer hy-
drogen lines. Helium here disappears but the metal lines,
in particular the lines of sodium, calcium, magnesium,
iron, chromium, strontium, etc., gradually become more
and more prominent.

The stars of type F, or the yellowish-white stars, are
characterized by very intense lines of calcium, both in the
neutral and in the ionized state; the hydrogen lines fade
out, while the G-bands come into prominence. The first
traces of these bands appeared already in the previous A
type, but now they become especially strong. These bands
are given by hydrocarbons (organic compounds of C + H.
Motor-fuels and lubricants, paraffin and natural gas are
hydrocarbons).

Our own Sun belongs in the next type G (yellow stars).
These stars have a much lower temperature of the surface
layer (6,000-8,000° C.) than those of the preceding spec-
tral types. Their spectra are marked by numerous lines of
metals and are very complex. The spectrum of the Sun, as
can be easily understood, has been studied in greatest de-
tail, and we shall return to this subsequently.

The stars on the right side of the scheme have even lower
temperatures. The types K and M, which belong here, have
a surface temperature in the neighborhood of 4,000° C.
The former is characterized by a very complex spectrum of
many metals. The hydrocarbon band G is very clearly
marked but the violet portion of the spectrum is somewhat
faded out. The spectrum of type M abounds in bands indi-
cating the appearance of a series of chemical compounds.

The red stars of type S, characterized by complex absorp-
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tion and emission spectra, with a great preponderance of
bands, occupy a somewhat distinct position.

Finally, the last two types R and N are the dull red stars
with the lowest surface temperature, which may apparently
drop as low as 1,800° C. This makes the study of these
sidereal bodies rather difficult. Their spectra also abound
in absorption bands, which indicate the presence of a num-
ber of chemical compounds, especially interesting among
which are the carbon compounds, to which we shall refer
later.

This scheme of the spectra, which at first was established
empirically, has a very profound physical significance, as
our investigations have shown, because it corresponds ap-
proximately to the natural sequence of thermal ionization,
which is the physical cause determining the presence of
different spectral phenomena. The stellar spectra are deter-
mined not only by the presence of this or that element in
the surface layer of these astral bodies but also by the
state of these elements and, especially, by the degree of
their ionization. Thus, the difference in chemical composi-
tion of stars which previously seemed so abrupt, is now
explained by the thermodynamic environment of their sur-
face layers. For us the thing of real importance is the fact
that the spectral scheme reflects the gradual decrease in
the temperature of these astral bodies. On the left side of
the scheme we find stars with the highest surface tempera-
tures, and these decrease gradually as we pass from the left
to the right side of the scheme. At the same time, this
sequence also reflects to a certain extent the gradual evo-
lution of the star during the second period of its existence,
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when according to Herzsprung’s expression it becomes
“dwarfed” ®.

For our purpose it is of interest to survey the appearance
of carbon in the different spectral types of stars. It is im-
portant to note first of all that this element has been noted
in almost all the enumerated spectral types, save only the
S-stars. In the O-stars, having the highest temperatures,
Plaskett discovered that the carbon was chiefly in the mono-
and di-ionized condition. The surface temperatures here
are so high that any chemical combinations of carbon are
out of the question, and even the atom suffers material
alteration by losing its surface electrons (ionization).

In the next and much cooler type B (20,000-15,000° C.)
Henroteau and Henderson* have already found carbon in
the neutral state also, but even in this case no chemical
combinations can yet exist. The first signs of such combi-
nation appear in the type A spectrum. In the latest (also
the coldest) subclasses of this type were first discovered
traces of the G band (\ 4314 Frauenhoffer’s spectrum), in-
dicating the possibility of the appearance in such stars of
the primitive carbon compounds, the hydrocarbons®. In
the subsequent, still colder subclasses of stars the hydro-
carbon bands appear more and more distinctly, as the tem-
perature of the star’s surface falls, and reach the maximum
distinctness in the M and R classes. At the same time the
spectra of the F, G, K, M, R and N stars reveal the cyano-
gen bands. Of great interest also is the appearance in the
same type of spectra of the so-called Swan bands. They
can be seen in the spectrum of the Sun and especially of
the stars of the N and R types®. In former times these bands
were erroneously attributed to carbon monoxide (CO) but
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more recently Patti, on the basis of a spectroscopic inves-
tigation of these bands, succeeded in establishing with a
fair degree of certainty that the Swan spectrum is deter-
mined by the C. molecule. Von Klueber * comes to the same
conclusion on the basis of the quantum theory, and thinks
that the molecule of the type C. is responsible for the
Swan spectrum since “the lines of these bands reveal
such an alternating sequence of intensity as can be postu-
lated for the symmetry of molecules consisting of two simi-
lar atoms.”

It is, therefore, evident that, even at comparatively high
temperatures of the star’s surface, atoms of carbon com-
mence to unite, but these unions are of only three types:
carbon atoms unite with carbon atoms forming dicarbon
molecules of the type C:; or they unite with nitrogen form-
ing cyanogen (CN) and, finally, with hydrogen giving
methene (CH).

TABLE I

TypeES oF CARBON CoMPOUNDS AT DIFFERENT STELLAR TEMPERATURES

Type of Star | Absolute Temperature Carbon Combinations

(0] 25,000° C+;CH C

B 20,000—15,000° C

A 12,000° C; CH (traces)

G 8,000° C;; CH; CN

M 4,000° C,; CN; CH (very intense
bands)

N 2,000° Cre—C1; C12—Cn3;

C2—C¥; CN; CH

Von Klueber 7, who in his book “Das Vorkommen der
chemischen Elemente im Kosmos” made a detailed analysis
of all that is known of chemical composition of stellar at-
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mospheres, lays special emphasis on the absence from the
surface of the Sun, as well as of other stars, of any combi-
nations of carbon and oxygen, and of CO in particular,
despite the fact that other oxides of metals (BO, AlO, TiO,
ZrO) and even HO are already easily distinguishable. He
says “CO though often quoted in the literature, has not yet
been demonstrated and its presence does not seem probable
even in the later types of stars. The supposition that it does
exist really resulted from the erroneous interpretation of
the Swan spectrum, which actually results from the mole-
cule C..”

We may now survey the different forms of carbon com-
binations which are found on our own solar system. On the
Sun, which belongs to the G spectral type, carbon is present
either as the molecule C: or as the hydrocarbons (C + H) ®,
or finally as cyanogen (CN) °. We shall discuss the analysis
of the solar spectrum in greater detail later.

We must consider the comets as sidereal bodies which
emit light. A series of investigations has been devoted to
the study of their spectra, but their nature and chemical
composition has been clarified only in recent years. It is
becoming more clearly established that comets belong to
our solar system and that they apparently have something
to do with the streams of “falling stars” and meteorites.
Comets seem to consist of cosmic dust, of hard particles
partly surrounded by a gaseous layer. Their luminosity is
caused, principally, by electrical discharges in a very at-
tenuated medium, but also, at least in part, by the heat gen-
erated upon the approach of the Comet to the Sun. The gas
and dust particles, which are thereby emitted, are thrown
back by the pressure exerted by the Sun’s light, and form
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the tail of the comet. Spectroscopic studies of the nucleus
and tail of comets reveal the sharp distinction in the chem-
ical composition of both. This is easy to understand, since
the nuclear spectrum to a certain extent gives us a concep-
tion of those compounds which first originated in the mate-
rial composing the comet. On the contrary, the compounds
found in the tail of the comet result secondarily from
changes and chemical transformations induced by the ap-
proach of the comet to the Sun. These changes, of course,
must be fundamentally different from those which the sub-
stances of the comet must have undergone at the time of its
formation. In the nucleus of the comet, as in the other sid-
ereal bodies, are found dicarbon C:, cyanogen and hydro-
carbons *°, but in the tail, beside the dicarbon, it is possible
to demonstrate definitely the presence of ionized carbon
monoxide (CO*) also (Baldet) ''. Here we find, for the
first time, the combination of carbon with oxygen, but the
secondary character of this formation in the tail of the
comet is quite evident.

The study of the chemical composition of the planets of
our solar system is much more difficult. As is well known,
these celestial bodies only reflect the Sun’s light and this
alone complicates considerably their spectroscopic analy-
sis. Besides, it is necessary to bear in mind that many sub-
stances, whose presence in the planetary atmosphere may
be assumed, show no selective absorption in those regions
of the spectrum which are accessible to our analysis as, for
instance, hydrogen, nitrogen, helium, neon and argon. Fur-
thermore, the gases of the Earth’s atmosphere absorb a con-
siderable part of the spectrum. Thus, for instance, ozone,
although present only in very small quantities in the higher
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layers of the atmosphere, nevertheless cuts off the spectrum
at 2900 A and deprives us completely of the opportunity
of investigating this most interesting portion of the plan-
etary spectrum. And, finally, the most important thing in
the analysis of the spectra is the fact that it is necessary at
all times to account for the absorption by the gases of our
Earth’s atmosphere. This difficulty is now being overcome
by comparing the spectrum of the planet under investiga-
tion with the spectrum of the Moon, which has no atmos-
phere. However, this method also has its shortcomings,
because the observations can be regarded as sufficiently ac-
curate only when the Moon and the planet can be seen at the
same height, and when the observations are made simulta-
neously and with the same instrument. Another method de-
pends on the application of the principle of Doppler, and
consists in the study of a shift in the lines at the time when
the planets rapidly approach toward or recede from the
Earth. This very delicate method has made it possible in
recent years to obtain some very interesting results.

In spite of all these difficulties of investigation we have
now considerable data for the study of the chemical compo-
sition of the planetary atmosphere, which Russell recently
summed up in his presidential address'* before the meet-
ing of the American Association for the Advancement of
Science (December, 1934). The planet nearest to the Sun,
Mercury, can be compared in many respects to our satellite,
the Moon. The surface of Mercury consists of dark igneous
rocks. If an atmosphere exists there, it must be extremely
attenuated and reveals no evidence of condensation. Venus,
on the contrary, undoubtedly has an atmosphere with heavy
clouds, which hide from us the actual surface of this planet.
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Every effort to discover either oxygen or water in the atmos-
phere of Venus has been fruitless. But Adams and Dunham
succeeded in 1932 in establishing beyond a doubt the pres-
ence there of rather large quantities of carbon dioxide.

In the comparatively thin atmosphere of Mars, on the
other hand, it is possible to prove the presence of water and
some, though very little, oxygen. Wildt thinks that this is
chiefly in the form of ozone formed under the influence of
ultraviolet rays. No carbon dioxide has been found there.
Von Klueber points out that some investigators believe
there is vegetation on the surface of Mars, this belief being
based on a number of observations. Therefore, the carbon
on Mars is supposed to be in the form of organic combina-
tion, but the evidence for this is still too meagre for us to
draw any definite conclusions.

Especially interesting from this point of view are the
latest results of the investigation of the atmosphere of the
large planets. It has been established long ago even by sim-
ple telescopic observation that Jupiter is surrounded by an
atmosphere. The rapid changes in the spots on the surface
of Jupiter could only be explained by the presence of
clouds, which are easily formed and easily evaporated in
the atmosphere of this planet. The same was found true for
Saturn and somewhat later for the other larger planets.
However, spectroscopic investigations of these planets for
a long time failed to bring any definite results. The bands,
which were seen in the spectra of these planets, remained a
puzzle and until very recently could not be identified with
the spectra of any known gases. Only in 1932 a young Ger-
man physicist R. Wildt hit upon the right track in solving
this problem and showed that some bands in the spectrum
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of Jupiter correspond to the bands of ammonia, while oth-
ers to those of methane. This was soon corroborated by
Dunham, who also discovered the complete correspondence
of the carefully measured individual lines in these bands.
The correspondence for ammonia was found in more than
60, and for methane in 18 lines in a part of one band.
Finally, in 1934, Adel and Slipher® were successful in
identifying all the bands characteristic for methane. It
must, therefore, be regarded as settled that the atmosphere
of Jupiter contains ammonia and methane, but the attempts
to discover the presence of other hydrocarbons there such
as ethane, ethylene, and acetylene gave negative results.
However, this can be explained by the low temperature
(—135° C.) which prevails on Jupiter’s surface, since, as
is shown in the accompanying table, all these hydrocarbons
boil, at the usual atmospheric pressure of 760 mm., at a
considerably higher temperature, and methane alone can
exist in gaseous condition.

TABLE 1I
Compound Boiling Point at 760 mm.
Methane (CH,) —165° C.
Ethane (CzHo) el 95
Ethylene (C:H,) —103
Acetylene (C,H.) — 85

Adel and Slipher have this to say on this point: “We are
thus forced to the conclusion that other hydrocarbons, if
they exist at all in the atmosphere of the large planets, must
exist only in very small quantities in relation to the meth-
ane present. Probably these hydrocarbons, like many oth-
ers, are found in the lower strata of the atmosphere of the
large planets. The free movement of a large red spot on
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Jupiter leads us to believe that it is an island of heavy hy-
drocarbons and ammonia floating on an enormous hydro-
carbon ocean, so enormous as to be coextensive with the
planet’s surface.”

Saturn, like Jupiter, is also swathed in a massive atmos-
phere of methane and ammonia vapors but, since it is far-
ther from the Sun, its surface temperature must be even
lower than that of Jupiter. Therefore, a considerable part
of the ammonia must already be in the solid state there, and
this is reflected in the Saturn spectrum, in which the meth-
ane bands appear very clearly. Uranus and Neptune, being
still farther removed from the Sun, have a still lower tem-
perature, and the ammonia must have completely separated
from their atmosphere in the frozen state. This explains the
extraordinarily strong methane bands in the spectra of these
planets. The methane itself must be almost ready to liquefy
on Neptune in spite of the very low boiling temperature of
this compound. Thus, on all the large planets we find car-
bon in the form of compounds with hydrogen.

The study of meteorites presents very special interest in
attempting a solution of our problem, primarily because
meteorites falling upon our Earth can be subjected to direct
chemical analysis and even to a mineralogical investiga-
tion. These are the only non-terrestrial bodies whose com-
position can be determined with exceptional reliability and
completeness. Besides, the study of the origin of meteorites
convinces us more and more that they represent pieces or
fragments from celestial bodies closely related by their ori-
gin to our planet, the Earth. Zaslavski ', in his article de-
voted to the chemical composition of meteorites, sums up
as follows our knowledge of their genesis: “Parallel with
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the growth of our knowledge of the composition of me-
teorites, our conception of their origin has also become
more refined. First of all, there has been established with
a high degree of certainty the common origin of the two
principal groups of meteorites, the rocky and ferrous
(Wahl, Prior). Besides, by far the largest number of scien-
tists regard it as an established fact that meteorites belong
to our solar system, even to the interior of this system, i.e.,
to the small planets (Berwerth, Tschermak, Suess, Fers-
man, Clarke, Washington, Farrington, Tammann, Gold-
schmidt, I. and W. Noddack, etc.). I shall refer here to
some of the most important arguments of Paneth (1931)
for regarding the Earth and the meteorites as belonging to
one and the same system. 1. The close resemblance in the
composition of the Earth and meteorites has been well estab-
lished. 2. The surprising correspondence of atomic weights
of the elements which are found both in the Earth and in
the meteorites can only be explained on the assumption
that both isotopes of iron, nickel, chromium and that all
three isotopes of silicon, etc., at one time were all fused to-
gether and were ideally mixed in the gigantic crucible, our
Sun. 3. The time which has elapsed since the meteorites
hardened, estimated according to the helium (radioactiv-
ity) method, does not exceed the length of time since the
hardening of the Earth (about 3 X 10° years). 4. Theo-
retical calculations indicate the possibility of the forma-
tion of meteorites at the expense of semi-solidified plan-
etary masses, just as in the case of the Moon. 5. Numerous
astronomical observations confirm the regular periodicity
in the fall of meteorites upon the Earth in relation to the
season of the year and even in the course of a single day.
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6. In recent years the calculations showing the distinctness
of the orbits of meteorites from that of our solar system
have been subject to serious doubt.”

The genetic relationship between meteorites and our
planet has been considered by scientists for a long time and
a number of outstanding modern geochemists have been
studying the structure and composition of meteorites from
this point of view. Fersman™® in his book “Geochemistry”
gives an extensive review of these investigations. He shows
the enormous significance of the study of meteorites for the
solution of geochemical problems. To quote: “It is possible
that we are just beginning to comprehend the large part
which the fully thought out analysis of meteorites plays
not only in determining the composition of the Earth but
also for the elucidation of those laws, which govern the
changes in composition between the crust and the Earth as
a whole, which is necessary for the clear understanding of
the total quantity of elements in the accessible crust of the
Earth. We are now becoming convinced that this type of
analysis of the average composition of meteorites furnishes
the necessary data for a determination of the exact value
of clarkes * and that with regard to a number of elements
they, more than any other cosmic body, obey more closely
those laws, which express the correlations of heliochemical
clarkes.”

He also gives a number of comparative analyses of me-
teorites and of different rocks. His data actually reveal a
remarkable resemblance between the average weight com-

* In Fersman’s terminology, a clarke represents the relative (percent)

content of an element. This concept defines the relative amount of atoms of
a certain element in a given cosmic body or a portion of it.
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position of the Earth and of meteorites, which could not be
accidental and which led Fersman to the definite conclu-
sion, namely, that “meteorites, by the character of their
elements and the structure of their atoms, are generally
similar to the elements of the deepest zones of the Earth’s
crust and, in all probability, correspond even more closely
to the composition of the central core of our planet.” The
stony meteorites correspond to the deep rocks, while the
metal meteorites to the central core. It is easy to see from
the above that the study of the composition and structure of
meteorites has an exceptional significance for the solution
of the problem of the nature of the primary compounds
which arose in the formation of our planet.

As already mentioned, two principal groups of meteor-
ites are distinguished, the iron (metallic) and the stone,
the first consisting essentially of so-called nickel-iron, with
more than 90 percent iron, up to 8 percent nickel, and 0.5
percent cobalt, and some phosphorus, sulfur, copper and
chromium. They also always contain about 0.1 percent car-
bon, though in some instances the content of this element
seems to be much greater. In the stone meteorites there is
very much less iron, only about 25 percent, but there is
much oxides of various metals, such as magnesium, alu-
minum, calcium, sodium, manganese, etc. The oxide of
silicon, SiO:, is an important component, and the carbon
content is, on the average, 0.15 percent *°,

In former times these two groups of meteorites were
sharply differentiated according to their origin, but Prior
has proved the common magmatic origin of both. Meteor-
ites undoubtedly represent fragments of igneous rocks,
since no evidence of sedimentary rocks has been found in
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them. The mineralogical investigation of the meteorites
proves that they were formed under conditions of more or
less pronounced oxygen deficiency, which is especially true
for the iron meteorites, in which even the phosphorus is
in the free, unoxidized state.

Carbon, the element which interests us particularly, is
found in practically all meteorites. It can be demonstrated
in its natural condition in the amorphous form as well as
in the form of graphite or diamond. The elementary carbon
of the meteorites is unquestionably associated genetically
with the iron carbides found there. The so called carbon
meteorites frequently contain up to 2-4.5 percent amorphous
carbon. Graphite in noteworthy amounts was discovered
only in the iron meteorites in the form of clusters, plates or
grains, sometimes reaching considerable sizes up to 12
grams. Yerofejev and Latchinov succeeded in obtaining 1
percent carbon in the form of diamonds from a meteorite
which fell in 1886 near the village of Novo-Urei. Later, Foote
and Koenig obtained diamond dust from a meteorite which
fell into the Diablo canyon in Arizona, and this was cor-
roborated by subsequent analyses of Kuntz, Huntington and
others. Weinschenk also found diamonds® in the Magura
meteorites, and in 1889 discovered cohenite, a mineral
which is very common and characteristic for meteorites.
This mineral represents a carbide of iron, nickel and co-
balt with a general formula (FeNiCo)sC. The formation of
these carbides of iron and of other metals in meteorites
is easy to understand since such compounds are readily
formed at high temperatures and at those conditions are
very stable.

Hydrocarbons must also be mentioned among the com-
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pounds containing carbon, which are found in meteorites.
Wholer, way back in 1857, obtained a small amount of an
organic substance resembling Ozocerite from a stone me-
teorite found near Kaba in Hungary. Analysis of this sub-
stance has proved that it actually was a hydrocarbon of
high molecular weight. A similar substance isolated from
meteorites, which fell in Coldbockfeld contained as much
as 0.25 percent hydrocarbons. Melikov and Krzhizhanow-
ski ' later found a small amount of hydrocarbons in a sili-
cate meteorite which fell in 1889 in the south of Russia. Von
Klueber points out the several occasions when hydrocar-
bons were found in meteorites. Smith isolated a compound
with the composition C.H:.Ss, while in other localities com-
pounds were found of the composition (CsHs0:)n.

At the time, when the presence of hydrocarbons in me-
teorites was demonstrated, the view was still firmly held
that organic substance, therefore also hydrocarbons, can
originate under natural conditions only in the living cell.
For this reason many scientists have frequently expressed
the supposition that the hydrocarbons of meteorites are
formed secondarily by the decomposition of organisms,
which at some time inhabited these celestial bodies. How-
ever, every attempt to discover some signs of organic life
ended in failure and at present we must regard it as a well
established fact that “meteorites completely lack sedimen-
tary, hydatogenic deposits as well as formations of bio-
chemical character” **. Therefore, the hydrocarbons of me-
teorites, just as the hydrocarbons of previously described
celestial bodies, must have had a primary origin, i.e., with-
out any relation to organic life.

Summing up what had been said so far, it must be
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pointed out that in practically all the sidereal bodies, in
the atmosphere of stars including our own Sun, in the nu-
clei of comets, in the atmosphere of the large planets, and
finally in meteorites also carbon is found either in its ele-
mentary form, or in the form of compounds with nitrogen
(CN) but more often with hydrogen. In this respect only
our Earth and Venus, the planet closest to it, offer an excep-
tion in that their atmospheres contain carbon in an oxidized
state, as carbon dioxide (CO:).

The carbon dioxide in the atmosphere of our Earth is
obviously of secondary origin. A considerable part of it is
directly associated with the vital activity of living organ-
isms (respiration, fermentation), but even the carbon di-
oxide thrown out in enormous quantities during volcanic
eruptions or from extinguished volcanoes is not primary
in origin but results from the decomposition of previously
formed carbonates owing to the high temperature of the
deep layers of the Earth’s crust and the molten state of the
metamorphic rocks. V. Vernadski®® in his “Outlines of
Geochemistry” points out that not carbon dioxide but pure
carbon must be regarded as the primary juvenile mineral.
The metal carbides like cohenites, minerals similar to those
which have been found in the basaltic islands of Disco and
other islands of western Greenland, must also be regarded
as primary carbon compounds *°.

Our knowledge concerning Venus is still too limited to
allow us to draw any definite conclusion about the origin
of the carbon dioxide contained in its atmosphere. But by
analogy with the condition prevailing on our Earth we
would be more justified in assuming that even there the
compound is of secondary origin. Thus, all the facts pre-
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sented seem more or less to support the assumption that
carbon, at least in part, first appeared on the Earth’s sur-
face in the reduced form, particularly in the form of hydro-
carbons. Let us examine the present theories of the Earth’s
origin and evolution in relation to this conception.

We shall take as the starting point in this discussion the
generally accepted theory of Jeans on the origin of our
planetary system. Jeans®’, like Chamberlin, assumes that
a star in the normal course of development, i.e., without the
intervention of some extraneous forces, could not form
around itself seven planets. It is, therefore, necessary to
search for the cause of the formation of the solar system
in the influence of some outside force. Jeans further as-
sumes that the normal course of development of the Sun
was interrupted by a catastrophe some two or three billion
years ago. At that time a sidereal body, a star equaling or
even exceeding our Sun in mass, must have begun to ap-
proach it. Just as the attractive force of the Moon causes
the rising tides in the oceans of our Earth, so the approach-
ing star caused a grandiose tidal wave in the flaming solar
atmosphere. Along the line of centers between this star and
the Sun the solar atmosphere was pulled out in the form of
a tremendous wave many thousands of miles in height, and
this tidal wave continued to rise as the star came nearer to
the Sun. Finally there was a moment, when the force of at-
traction exerted by this star exceeded the force of attraction
by the Sun, the crest of the wave was pulled away and shot
forth in the direction of the passing star. Obviously, such
a break in the surface of our Sun could happen only if the
approaching stellar body came too close to it. Exact calcu-
lations show that, assuming the stellar mass as equal to the
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solar mass, the critical distance between the star and the
Sun must have been not more than 2.5 times the radius of
the Sun. Of course, if the stellar mass was greater than the
solar mass, this distance could have been somewhat greater.
In any event, according to Jeans, the star had to come so
close as to collide with the Sun, and he pictures the conse-
quences of such a “near collision” in the following man-
ner: as the crest of the wave, formed on the surface of the
Sun, pulled away, the pressure on its lower portions dimin-
ished and this caused the entire mass of matter to fly off
from the Sun in the direction of the star. Had the two sid-
ereal bodies continued to approach one another they would
have finally fused together. But the star was not moving
directly toward the Sun and, having approached it as far
as the critical distance, it did not collide with but passed by
the Sun and, as it receded into space, its tidal effect also
decreased. No more material was pulled away from the
Sun’s surface but the stream, which at first became sepa-
rated from it, formed a long hot thread-like nebula which
hung in space and was attracted by the Sun. The shape of
the thread resembled a cigar pointed at both ends, the ex-
treme thin end of the nebula farthest away from the Sun
being the original crest of the tidal wave. The thick middle
portion was formed at the time, when the star passing in
the vicinity of the Sun was at the “critical zone” and,
finally, the thin end close to the Sun was formed, when the
force of the tidal pull had already decreased considerably.

The mass of this nebula and the force of mutual attrac-
tion of its component particles were sufficiently large so
that this gaseous stream was relatively quickly torn into a
number of separate condensations. Even at the compara-
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tively high temperature within these gaseous masses drop-
lets of molten metal and lava must have been formed, which
fell toward the center of the condensations and formed the
primary molten core of the planets®. Where the gaseous
mass was most immense, the most enormous accumulations
of matter in the center of the gaseous nebula occurred,
which explains the fact that the largest planets of our sys-
tem, Jupiter and Saturn, occupy the middle positions in the
planetary chain. Farther away from the Sun are situated
planets of smaller size, Uranus and Neptune and, similarly,
closer toward the Sun are the relatively little planets,
Mars, Earth, and Venus. Finally, the smallest of the plan-
ets, Mercury, and the recently discovered Pluto are the
planets nearest to and the farthest from the Sun, both hav-
ing originated from the tapering ends of the cigar-shaped
nebula.

Thus, according to this theory, our Earth and all the
other planets were formed from substances which go to
make up the solar atmosphere. The chemical composition
of this atmosphere is fairly well known to-day as a result
of the numerous spectroscopic investigations of the Sun,
especially the classical studies of Rowland* and of the
famous Mount Wilson Observatory in California. We give
below a table of the comparative composition of the solar
atmosphere, of the Earth’s crust and stone meteorites, cal-
culated by von Klueber in comparable values (log. Q).

On the basis of an analysis of these data, von Klueber
arrived at the conclusion that there is “good correspond-
ence in the composition of the Sun, of the Earth’s crust and
of stone meteorites.” It would be difficult not to concur with
this statement, although so far as the metalloids are con-
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TABLE III
CoMPARATIVE ANALYsIS OF ComposiTiON oF THE Sun (Log. Q)
Serial Sun’s Earth’s Stone
No. Element Atmosphere Crust Meteorites
11 Sodium 8.6 8.7 7.8
12 Magnesium 9.2 8.6 9.1
13 Aluminum 7.8 9.2 8.2
14 Silicon 8.8 9.7 9.3
19 Potassium 8.4 8.7 7.2
20 Calcium 8.3 8.8 8.1
21 Scandium 5.3 3.0
22 Titanium 6.9 8.1 7.0
23 Vanadium 6.7 6.9
24 Chromium 7.4 7.1 7.5
25 Manganese 7.6 7.3 7.3
26 Iron 9.0 9.0 9.4
27 Cobalt 7.4 5.8 7.1
28 Nickel 7.8 6.8 8.2
29 Copper 6.8 6.3 6.2
30 Zinc 6.7 5.9
Metalloids
1 Hydrogen 11.5 8.3 6.9
6 Carbon 8.5 7.4 7.2
7 Nitrogen 8.7 6.8
8 Oxygen 10.2 9.7 9.6
9 Fluorine 6.8
15 Phosphorus 7.4 7.0
16 Sulphur 7.2 7.3 8.3
17 Chlorine 7.7 6.9

cerned, especially hydrogen and nitrogen, there are con-
siderable discrepancies, the Earth’s crust being poorer in
these elements than the Sun’s atmosphere. This discrepancy
would probably have been even greater, if the comparison
were made between the Sun’s atmosphere and the mean
composition of our planet. We shall discuss later the causes
of these discrepancies.
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Of course, the elementary composition tells very little of
the possible chemical combinations. At the temperature of
5,000-6,000° C., which prevails on the Sun’s surface, chem-
ical combinations practically do not occur, and the solar
atmosphere consists principally of free atoms, and partly
even of ionized atoms. Only in the Sun’s spots, where the
temperature is down to 3,000-4,000° C., does the spectro-
scope reveal considerable quantities of chemical compounds
such as TiO, BO, MgH, CaH, OH, as well as hydrocarbon
CH (methene).

The incandescent mass, which is the Sun’s atmosphere,
is in constant turbulent motion. Immense storms, colossal
eruptions from the Sun’s surface, energetically stir this in-
candescent mass and constantly alter the relative concen-
tration of the elements in the separate horizontal layers,
the heliospheres of the Sun. This has been demonstrated by
a number of investigators, especially by St. John??, Ac-
cording to St. John’s results in the upper zones of the exter-
nal gaseous envelope of the Sun, the chromosphere, at a
height of 14,000 kilometers (about 8500 miles) from the
visible surface of the Sun, the gaseous mass consists prin-
cipally of hydrogen and strongly ionized calcium. Next
helium is found and in the deeper portions of the chromo-
sphere appear lines of titanium, nickel, magnesium, so-
dium and of a small amount of chromium. Deeper yet
there is a thin layer of vaporized heavy metals and, finally,
beneath these is the photosphere, which constitutes the visi-
ble surface of the Sun. Observation can not penetrate be-
yond this level. We give here St. John’s schematic repre-
sentation of the distribution of elements in the different
layers of the gaseous atmosphere, from which it is obvious
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that carbon, the element of particular interest to us, is lo-
cated at great depth, about 500-1000 kilometers (about
300-600 miles) above the Sun’s visible surface.

This distribution of the elements in separate zones de-
pends upon the circumstance that each atom of the solar
atmosphere is under the influence of several opposed forces.
On the one hand, because of the extremely rapid movement
imparted to them by the high temperature, the atoms tend
to move away from the Sun and to disperse into the void
of space. This centrifugal movement is also promoted by
the pressure of light, which attains colossal magnitudes
near the Sun’s surface. These centrifugal forces, however,
are opposed by centripetal forces, such as, in the first place,
the gravitational force which, because of the Sun’s immense
mass, is very great indeed. The position of atoms in the
Sun’s atmosphere is determined by a correlation of these
forces. The lighter atoms are carried off to the periphery
while the heavier ones, having large atomic weights, are
distributed in the lower layers. Thus, the general distribu-
tion of the elements of heliospheres undoubtedly follows
first of all the laws of gravitation. St. John emphasizes par-
ticularly that the absence of the heavy atoms in the most
remote heliospheres is not due to our method of observa-
tion but, beyond a doubt, to an actual decrease in the rela-
tive content of this or that atom in the different zones.

At first glance, and from the point of view elaborated
here, it may not seem quite clear why carbon should be
found in the lowest zones of the heliosphere. According to
its small atomic weight (12) carbon should occupy a much
higher level. However, a more detailed study of this prob-
lem explains this seeming contradiction. The element car-
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bon is one of the substances most difficult to melt and even
at 3,000° C. it does not yet liquefy. Clearly, even much
higher temperatures are required to convert it to vapor.
Direct spectroscopic investigation shows that even at the
temperature of the Sun’s surface the carbon is not in
the form of free atoms but of the dicarbon compound of the
type C:, which is responsible for the Swan spectrum. In
the atmosphere of the Sun, therefore, carbon atoms form
combinations with each other, associate into comparatively
large and heavy complexes, which give very dense and
easily compressible vapors. For this reason carbon must
get into the deeper layers of the Sun’s atmosphere, just as
water vapor in our Earth’s atmosphere is found principally
at the lower levels although the molecular weight of water
(18) is less than that of oxygen (32) or nitrogen (28),
which chiefly make up the bulk of this atmosphere.

The formation of planets from the overheated gaseous
mass, erupted from the Sun’s surface, commenced at tem-
peratures still close to the temperature of that surface. The
vapors of the most easily compressible elements, even under
these circumstances, must have condensed into droplets
which fell in the direction of the center of the future planet,
thus forming its molten nucleus. Heavy metals, such as
iron, nickel, etc., which do not melt easily, must have con-
tributed the first components of this nucleus. In accordance
with the conception previously developed, carbon likewise
must have rapidly entered into the composition of the orig-
inal molten core of the planet. The heavy carbon vapors
must have condensed into drops and precipitated in the
form of carbon rain or snow even at temperatures at which
the formation of carbon dioxide was clearly out of the ques-
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tion, since carbon dioxide undergoes considerable dissoci-
ation even at much lower temperatures (about 2,800° C.).
The carbon monoxide (CO) has greater thermal stability
but this, too, begins to decompose with the liberation of
elementary carbon at temperatures of 2,500 to 3,000° C.
These considerations explain to a certain degree the ab-
sence of oxides of carbon in the atmosphere of the Sun and
of other permanent stars and lead us to the conclusion that
the principal mass of carbon must have entered into the
composition of the metallic core of our planet as the free
element. In this core, mixed with the heavy metals, includ-
ing iron, the carbon must have reacted chemically first of
all with these elements as the core gradually cooled off. As
a result of these reactions carbides, compounds most stable
at high temperature, must have been formed.

The picture we have drawn of the formation of the pri-
mary molten core of the planets is confirmed by the study
of the present structure of the Earth. Geophysicists and
geochemists, from numerous data pertaining to specific
gravity, gravitation, seismological phenomena, etc., accept
it as an established fact that the center of our planet is oc-
cupied by a metallic core of a radius of 3400 kilometers
(about 2000 miles). Furthermore, the chemical composi-
tion of this core is definitely established as being quite
similar to that of the ferrous meteorites and includes iron,
nickel, cobalt, phosphorus and carbon. The iron sample
first discovered by Nordenfeld on the beach of the island
of Disco may perhaps be representative of this deep for-
mation. This extremely rare deep rock contains carbon in
the form of the familiar mineral cohenite, which is a car-
bide of iron®. A similar carbide has been found in other



CARBON AND NITROGEN COMPOUNDS 91

localities, where native iron is present, and Vernadski is of
the opinion that “it is very probable that more careful in-
vestigation of these minerals will shed light on their uni-
versal occurrence in the deep basalts”.

The central metal core of our planet is surrounded by
geospheres, the structure and composition of which are
shown in Table IV, which has been taken from Fersman’s
“Geochemistry”.

An examination of this table shows that the elementary
composition of separate geospheres is not uniform. De
Launay **, who studied the composition of the Earth’s crust,
concluded that there must be some connection between the
partitioning of the elements in the geospheres and their spe-
cific gravity, which obeys the law of universal gravitation.
He states that: “In the molten Earth, previous to the forma-
tion of a crust, the chemical elements moved away from
the center for a distance inversely proportional to their
atomic weight (specific gravity) as the dissociated atoms,
which are not bound to each other would behave at very
high temperatures, when subjected only to the influence of
universal gravitational and centrifugal forces”.*® Subse-
quently, under the influence of the theory of atomic trans-
formation, this view has been elaborated but even at the
present time De Launay’s theory is still accepted by many
scientists, at least as regards the first twenty eight elements
of the Mendelejev system, i.e., for those elements which
constitute about 99.9 percent of the Earth’s crust.

Roughly speaking, it may be imagined that each gaseous
particle of the planetary atmosphere covering the central
metallic core, when it first originated, must have been under
the influence of several opposing forces in the same sense
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as was shown with regard to the Sun’s atmosphere. But at
this stage these forces had lost much of their effect, the
centripetal force having decreased, because the mass of the
planets was incommensurably small by comparison with
the mass of the Sun, while the centrifugal force likewise
decreased, because the gases forming the atmosphere had
cooled off. The results of the interaction of these opposing
forces were different so far as the different planets of our
solar system were concerned. Mercury, located nearest to
the Sun, had the highest temperature and at the same time
was the smallest member of the planetary family, and as
a result of this lost a considerable portion of its lighter ele-
ments before they could form chemical combinations dur-
ing the earliest stages of its existence. At the present time
Mercury is nothing but a bare rock with no gaseous en-
velope.

The situation as regards Jupiter and the other large plan-
ets was quite the reverse since here gravitational forces far
exceeded the forces which tended to disperse the atmos-
phere into the void of interstellar space, and as a result of
this these planets retained whole and unchanged the ele-
ments with which they were endowed by the Sun.

Our Earth occupies in this respect an intermediate posi-
tion. It neither lost all of its original atmosphere nor has it
retained this completely, but there was a selection of ele-
ments. The more massive gas particles with a high atomic
weight or compounds with a high molecular weight were
held close to the surface of the central core and gave rise
to the deep igneous rocks, while the lighter particles ar-
ranged themselves in the higher zones. Finally, some gas-
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eous elements having the least atomic or molecular weight
could not be held by the attraction of the Earth and were
dispersed into the void of interstellar space. This partly ex-
plains the higher specific gravity of the Earth as compared
to the specific gravity of the large planets, and accounts for
the difference in the composition of the solar atmosphere
and of the Earth’s crust. This difference, as was shown pre-
viously, consists chiefly in the smaller content of the lighter
elements.

The attraction of the Earth is quite sufficient to hold, at
the present time, even the lightest of the gases, hydrogen,
but a simple calculation will show that at the temperatures
which prevailed at the time of the formation of our planet,
the Earth must have lost considerable quantities of hydro-
gen, helium, nitrogen, neon or even of free oxygen. Helium
and neon, of course, belong to what is known as the inert
gases which do not react chemically with other substances
and are always in the state of free elements, and since they
have small atomic weights must have been lost from the
Earth. As a matter of fact, our atmosphere contains these
elements only in negligible quantities, very much smaller
than those in the atmosphere of the Sun and stars. Munsel
and Russel point out that neon, which is very abundant in
stars and nebulae, is found in our atmosphere in a con-
centration of only 2:1000. The other enumerated elements
must have been retained to a considerable extent by the
Earth’s surface in so far as they formed chemical com-
pounds with other substances or formed gas particles with
a higher molecular weight. In this manner water vapor and
a number of other compounds of hydrogen were retained,
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as well as compounds of oxygen with silicon and metals,
or of nitrogen with oxygen, carbon or metals (for in-
stance, Al:Nz, aluminum nitride).

The idea has long ago been expressed that the primary
atmosphere of the Earth must have been devoid of free
oxygen. Arrhenius® in his well known book “Life Course
of a Planet” has discussed this problem in detail, and at
present it is regarded as highly improbable that free oxy-
gen was contained in the original Earth atmosphere. The
amount of elementary oxygen which at the high tempera-
tures escaped being dispersed into interstellar space or
failed to enter the composition of the primary igneous rocks
inevitably had to combine with other elements during later
periods of the Earth’s existence, since most of the compo-
nents of the Earth are substances with strongly marked re-
ducing power and avidly unite with oxygen. This view is
completely substantiated by modern geochemical investi-
gations. As can be seen from the structure of the Earth
given in Table IV, the lower geospheres are entirely lacking
in oxygen, but even the higher zones are far from being
saturated with this chemically very active element, which
even at the temperature now prevailing can easily enter
into chemical combination with substances composing the
Earth.

Beyond a doubt the molecular oxygen found in our pres-
ent-day atmosphere was formed secondarily and at a much
later epoch, as a result of the activity of living organisms.
At the present temperature of the Earth the oxygen is held
by the Earth’s attraction and cannot become dispersed into
the interstellar space. But, if all organic life on Earth
would now perish, the entire free oxygen of the air, as the
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studies of Goldschmidt show, would disappear after a defi-
nite lapse of time, because it would be absorbed by the
incompletely oxidized igneous rocks.

In his recently published “Problems of Biogeochemistry”
V. Vernadski®" considers in detail the problem of the ori-
gin of our present atmosphere and points out that the bio-
logical origin of the free oxygen cannot be questioned.
However, he thinks that “the biological origin must also
be assumed for the still more important gas, as far as
weight and volume are concerned, namely, the nitrogen of
the air.” The primary atmosphere of the Earth could not
contain nitrogen in the form of the gaseous element. The
Earth has lost a considerable part of the nitrogen, as is
borne out by the fact that the nitrogen lines are prominent
in the spectra of stars and that nitrogen which is so abun-
dant in the cosmos forms but a small part of the Earth’s
crust (Russell **). Only the nitrogen, which has reacted and
formed certain chemical compounds, was retained by the
Earth, but as the free, gaseous component of the Earth’s
atmosphere it appeared only at a much later epoch.

Thus, after the earliest period of cooling and formation
of our planet, the Earth must have had the following ap-
pearance: a central molten core, abounding in native
metals, covered by a membrane of primary igneous rocks
and, finally, all enveloped by an atmosphere consisting
principally of superheated aqueous vapor, some nitrogen
and other heavier gases. The carbon, which is of special
interest to us, was in the central molten core in the form
of carbides of iron and of other metals, and was separated
from the atmosphere by the layer of primary igneous rocks.

Contact between the substances forming the central core
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with the substances composing the Earth’s surface nowa-
days occurs very rarely and only under exceptional circum-
stances, because of the thickness of the present layer of
igneous rocks. But, as Vernadski*® says: “There are facts
which show unmistakably that metallic carbides, the cohen-
ites, and perhaps others, are actually present in some
erupted rocks under conditions which do not exclude the
possibility of formation of hydrocarbons under the influ-
ence of hot water.” Furthermore, he refers to the escape of
cohenites to the Earth’s surface as in the basaltic island of
Disco or in other localities on the Earth, where native iron
ores are found.

However, at the earliest period of the existence of the
Earth, which we have been discussing, the escape of car-
bides to the Earth’s surface undoubtedly must have oc-
curred, because at that time there was tremendous translo-
cation and shifting of masses of the still poorly formed
earth crust. It is enough to think of the catastrophe, which
as some believe, resulted in the formation of the Moon and
of the immense depression in the Pacific Ocean, when
colossal masses of primary igneous rock were torn away
and deep internal magmas must have poured out on the
surface of our planet. And subsequently, too, owing to the
tremendous tides within the molten core of the Earth, the
deep rocks must have been thrown outside where they came
into direct contact with the superheated water vapor of the
atmosphere existing at that period.

As far back as 1877 D. 1. Mendelejev?® showed that
hydrocarbons must be formed when carbides are acted on
by water, in accordance with the reaction:

3 Fean + 4' m Hzo = m Fe304 + C3nH8m



CARBON AND NITROGEN COMPOUNDS 99

Cloez® investigated the hydrocarbons originating when
cast iron is dissolved in hydrochloric acid, and found
C,Hz, compounds and others. Mendelejev treated crystal-
line manganese iron (containing 8 percent carbon) with
the same acid and obtained a liquid mixture of hydrocar-
bons which by smell, appearance and reactions exactly
resembled natural naphtha. On the basis of this reaction
Mendelejev built his well known theory of the mineral
origin of naphtha. He says further: “As the igneous rocks
were folded, cracks must have been formed which at the
crests opened outwards while at the depression they opened
inwards. Both these types of cracks became in time filled
in, but the more recent the origin of the mountain the more
open must these cracks be, and water must have entered
through them into the Earth’s interior to such depths as
would be impossible normally from a plane surface.”
Thus, according to Mendelejev, sea water found its way to
the glowing central core, containing large quantities of
carbon-iron, and by their interaction the hydrocarbons of
naphtha were produced.

At present this theory has been given up, because it does
not tally with many geological observations. And, indeed, it
would be difficult to imagine how drops of liquid water
could possibly reach the glowing mass of carbides, from
which they were separated by more than a thousand kilo-
meters’ (about 600 miles) thickness of igneous rocks. How-
ever, Mendelejev’s fundamental proposition of the forma-
tion of hydrocarbons through the action of water on car-
bides of iron has been fully corroborated by the older
as well as by the newer investigations.

Away back in 1841 Schretter obtained a liquid resem-
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bling naphtha, when he allowed dilute acid to act on cast
iron. Later Hahn® studied this reaction and found a very
considerable quantity of naphtha-like liquid when he al-
lowed a large amount of white cast iron to be acted upon
for several weeks by dilute acid. Furthermore, Cloez,
whose work has been referred to by Mendelejev, performed
experiments wherein he obtained hydrocarbons by means
of superheated water vapor acting on a ferromanganese
containing 5 percent carbon. Haritchkov ** studied the for-
mation of gaseous and liquid hydrocarbons when solutions
of magnesium chloride, magnesium sulfate and sodium
chloride were heated with filings of ordinary grey cast iron
containing 3 percent carbon for a long time at 100° in
sealed tubes or closed bottles. Ipatjev ®, who repeated the
experiments on the production of hydrocarbons from cast
iron containing carbon by the reaction with dilute hydro-
chloric acid, salt solutions as well as steam, found that his
chemical studies completely corroborated the idea of the
formation of naphtha through decomposition of iron car-
bides by sea water.

It would be a simple matter to enumerate more investi-
gations of similar character, but the facts already presented
demonstrate with sufficient certainty that hydrocarbons are
formed when carbides of iron are treated with dilute acids,
salt solutions or simply with superheated steam. Similarly,
carbides of other metals, especially of the alkalies and of
alkaline earths, readily give rise to hydrocarbons when
acted on by water.

Hydrocarbons must have originated on the Earth by a
similar process during the remote past of its existence,
when carbides were erupted onto its surface and were acted
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upon by the superheated aqueous vapor of the atmosphere
of that epoch. Such primary origin of hydrocarbons appar-
ently takes place even to-day, though under rare and ex-
ceptional conditions, but at the beginning of our planet’s
existence this must have occurred on a large scale. Unques-
tionably, the results of this grandiose process have left
their mark to this time both in the atmosphere of the large
planets * and in the hydrocarbons of the small planetary
formations, the fragments of which fall to the Earth as
meteorites. These primary hydrocarbons have not been pre-
served on the surface of the Earth because they were sub-
jected to further, far-reaching chemical transformations
which, as will be shown in the next chapter, formed the
basis for the origin of complex organic compounds.
Summarizing the arguments presented in this chapter, it
is obvious that the most essential condition for the origin
of life, namely, the first mass formation of the simplest
organic substances, occurred in the very dim past of our
planet’s existence. This is confirmed by all available data
in the possession of modern science. Carbon made its first
appearance on the Earth’s surface not in the oxidized form
* Russell, in the address previously mentioned, supposed that the
hydrocarbons of the large planets resulted from the reduction of carbon
dioxide by elementary hydrogen, contained in large quantities in the atmos-

phere of those planets. According to his conception, the reaction proceeded
according to the following equation:

CO; + 4 H; = CH, + 2 H,0

Russell, therefore, assumes that carbon dioxide is the original substance,
but we have shown that the idea of a primary formation of carbon dioxide
is very doubtful and is founded upon an erroneous interpretation of the
Swan spectra as indicative of the presence of such an oxide of carbon in
the stellar atmospheres. According to this view, furthermore, the presence of
hydrocarbons in meteorites would be entirely inexplicable.
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of carbon dioxide but, on the contrary, in the reduced state,
in the form of hydrocarbons.

We must now consider briefly the history of another
element extremely important biologically, namely, nitro-
gen. It was already pointed out earlier that, on the basis of
Vernadski’s data *, nearly all the nitrogen of our atmos-
phere has originated secondarily and is associated, in one
way or another, with the activities of living organisms.
During the process of the Earth’s formation neither ele-
mentary nitrogen nor oxygen could be held in appreciable
quantities by the attraction of the Earth. The portion of
nitrogen which was actually retained by our planet was
held only because it entered into combination with other
elements, forming more or less massive particles of high
molecular weight. This seems the more probable since
nitrogen, which is such an extremely passive substance
under our present conditiors, reacts readily and energeti-
cally with a number of other elements at temperatures of
1000° C. or higher.

Of the different possible compounds of nitrogen, the
oxides may be considered first. The reaction between nitro-
gen and oxygen follows the equation: N> + O: = 2 NO, but
this oxide, on slow cooling, easily dissociates again into a
molecule of nitrogen and oxygen (at temperatures near
1000° C.). It is not likely, therefore, that nitric oxide (NO)
could be the initial substance from which primary nitrog-
enous substances could have been produced. The com-
pounds of nitrogen with metals, the so-called metal nitrides,
seem a much more likely source. Lithium, magnesium, cal-
cium, aluminum, iron, etc., when heated to high tempera-
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tures, absorb nitrogen avidly and form the corresponding
nitrides, according to the equations:

3 Mg + N2 = Mg3N2; 2 Al + Nz = AlzNz

Such compounds could originate, when the igneous rocks
were being formed, from the primary gaseous envelope of
the central metallic core, and the probability of such for-
mation is corroborated by the fact that metal nitrides, espe-
cially the iron nitrides, are found in the deep layers of the
Earth’s crust (A. Gautier®) and in lava from volcanic
eruptions (A. Brun). Treated with water vapor the nitrides
give ammonia, in accordance with the equation:

FeN + 3 HzO = Fe(OH)s + NHs

This compound could also have had a primary origin in
the upper layers of the hot gaseous envelope through con-
tact between hydrogen and nitrogen, in the manner in
which ammonia is now prepared technologically by the
Haber process (N, + 3 Hy — 2 NHj).

Finally, the carbides erupted upon the surface of
the Earth at temperatures close to 1000° C. could react
with nitrogen to form the corresponding cyanamides,
CaC; + N; = CaCN: + C, which on reacting with super-

heated steam give ammonia:
CaCN; + 3 H,0 = CaCO; 4+ 2 NH,

It is clear, therefore, that all possible reactions, under
the stated conditions, lead to the formation of ammonia.
This is also substantiated by the constant finding of large
amounts of ammonia in the atmosphere of the big planets.
The primary formation of ammonia is also corroborated



104 THE ORIGIN OF LIFE

by a number of geochemical investigations. On this topic
Vernadski'® informs us as follows: “The elimination of
ammonium chloride and fluoride by volcanoes is beyond
question. Its formation by decomposition of living matter,
caught by the lava, can account for this only in part. Be-
sides, the discharge of ammonia together with superheated
steam (up to 190° C.) near geysers from a depth of not
less than 200 meters (666 feet) as, for instance, in Tuscany
or in California, certainly cannot be associated with the
presence of any living things. These gases are magmatic in
origin and come off together with the steam. The ammo-
nium aluminosilicates of kaolin are present apparently in
isomorphous admixtures of minerals from volcanic and
massive rocks and it seems very probable that the occur-
rence of nitrogen in these rocks is of primary nature.”

Thus, it can be assumed with a high degree of proba-
bility that nitrogen, like carbon, first appeared on the
Eartl’s surface in its reduced state, in the form of
ammonia.



CHAPTER V

ORIGIN OF ORGANIC SUBSTANCES
PRIMARY PROTEINS

IT was PoINTED ouT previously that many authors
(Haeckel *, Osborn?®, Omeljanski®, etc.) assumed the pos-
sibility of a spontaneous generation of life on Earth at
some remote epoch in the existence of our planet. They
generally attributed this to the influence of external condi-
tions prevailing on the Earth’s surface at that time, which
were totally different from the physical conditions of the
present time. The peculiar environmental, physical condi-
tions were held responsible for the spontaneous generation
of life, and were thus regarded as its immediate cause.
But, as Haeckel said: “To this day we have no satisfactory
conception of the extremely peculiar state of our Earth’s
surface at the time of the first appearance of organisms.
. . . Therefore, any account of the primary generation
must be considered premature.”

It is hardly possible to agree with this point of view
to-day. It is beyond doubt that during the epoch under
consideration (especially during the early period of the
existence of hydrocarbons) the physical conditions on the
Earth’s surface were different than now: the temperature
was much higher, the atmosphere had a different composi-
tion, light conditions were different, etc., but in this there
is nothing unusual or mysterious. Quite the contrary, these

conditions are more or less well known to us and we can
10§
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not only easily picture them to ourselves but we can even
reproduce them, to a large extent, in our own laboratories.
Nevertheless, they do not furnish an explanation of how
life had arisen on our Earth. And it is not difficult to under-
stand this because knowledge of the external physical con-
ditions is not sufficient for the solution of the problem of
the origin of life. It is also necessary to take into considera-
tion the inherent chemical properties of the substances
from which, in the last analysis, living creatures were
formed. The study of the behavior of those substances
under given external influences will indicate the path which
the evolution of organic substance has followed. This ap-
proach to the problem is justified especially by the fact
that only at the beginning of this evolutionary process were
the environmental conditions of existence different from
those of our own natural environment. From the time when
the primary ocean came into being, the environment in
which organic substances existed resembled our own so
closely that we may safely draw conclusions about the
progress of chemical transformations on the basis of our
knowledge of what is happening to-day.

The main difficulty in effecting this sort of reconstruc-
tion arises from the overwhelming variety of chemical
transformations and reactions of which hydrocarbons and
their derivatives are capable. However, for the solution of
our problem it is not necessary to reproduce the process in
all its details. It is important only to form a definite con-
ception of the fundamental tendencies, of the basic trends
of the behavior of organic matter in its continual evolution
on the Earth’s surface. In this respect modern organic and
biological chemistry furnish us with sufficient factual ma-
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terial for arriving at thoroughly well founded conclusions.

The interaction between carbides and superheated water
vapors, referred to in the preceding chapter, must have
taken place at temperatures several hundred degrees high.
We have a sufficiently clear idea of the changes which
hydrocarbons undergo under such conditions, because the
process involved in the heat treatment of hydrocarbons has
been the subject of numerous investigations in connection
with oil cracking and similar technological processes. Re-
cently Paneth has shown that at temperatures close to
1000° C. we are dealing with the formation not of hydro-
carbons but of their free radicles, such as methene (CH),
methylene (CH:), etc. These radicles cannot exist for long
in the free state but combine with each other, forming a
very large number of unsaturated * hydrocarbons of the
ethylene and acetylene series. Such compounds may also be
formed simply by heating saturated hydrocarbons to high
temperatures. For instance, Holliday and Nuttingham*
have demonstrated in 1931 that methane, heated to 1000°
C. without any contact catalyst, changes to acetylene ac-
cording to the equation:

2 CH,= CH = CH + 3 H, — 91 Cal.
Methane Acetylene

However, in the presence of a sufficient amount of water
vapor, we have not merely the formation of unsaturated
hydrocarbons but also of the oxidized hydroxy derivatives.
Such derivatives may be formed later also, when the un-

* Carbon which is tetravalent combines with four other atoms. Such hydro-
carbons are spoken of as saturated. If, however, there are some free valences,
the carbons combine with each other by these available valences so that two,
three or four bonds hold the carbons together. Such compounds are called
unsaturated, and they readily bind some other atoms, such as hydrogen, etc.
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saturated hydrocarbons have been changed to saturated
compounds by the action of superheated steam of the
Earth’s atmosphere, under which circumstances molecules
of water become attached to unsaturated hydrocarbons. As
an illustration of this process of hydration we may mention
the reaction described by A. Tchitchibabin® for the con-
version of acetylene to acetaldehyde, according to the
equation:
CH = CH + H,0 — CH,COH

In the presence of the oxide of iron this reaction takes
place even at a temperature of 300° C.

Considerable quantities of various oxidation products of
hydrocarbons, such as alcohols, aldehydes, ketones, and
organic acids must have originated as a result of such
transformations on the Earth’s surface. In the above de-
scribed reaction, as Tchitchibabin points out, if the heated
moist acetylene gas contains ammonia, it is possible to
observe with the naked eye the formation of a crystalline
precipitate of an aldehyde-ammonia; i.e., under these con-
ditions ammonia very rapidly combines with the acetalde-
hyde formed by hydration. Similarly, other oxidized de-
rivatives of hydrocarbons (the above mentioned alcohols,
aldehydes, and acids) can enter into a variety of reactions
with ammonia giving rise to ammonium salts, amides,
amines, etc.

As the temperature of the Earth had cooled off suffi-
ciently to permit the formation of droplets of liquid water,
torrents of boiling water must have poured down upon the
Earth’s surface and flooded it, thus forming the primitive
ebullient oceans. The oxygen and nitrogen derivatives of
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the hydrocarbons already present in the atmosphere were
carried down by these torrential rains and the oceans and
sea, at the moment of their first formation, contained,
therefore, the simplest organic compounds in solution. The
interactions between the hydrocarbon derivatives and their
further transformations did not, however, cease in this new
aqueous medium. On the contrary, alcohols, aldehydes,
acids, amines, amides, etc., continued to react with each
other as well as with the elements of the aqueous environ-
ment, giving rise to a prodigious number of all sorts, and
even much more complex, organic compounds. We cannot
follow the extremely varied and numerous processes of
evolution of organic matter in detail, and for our purpose
this would be superfluous. We can certainly establish the
general trend of these transformations and changes on the
basis of our knowledge of the properties of these com-
pounds.

The hydrocarbons and their derivatives are pregnant
with tremendous chemical possibilities. Using them as raw
material, the modern organic chemist can reproduce in his
laboratory all the multiplicity of organic substances found
at present in nature. He can, furthermore, synthesize arti-
ficially most of the compounds which go to make up the
bodies of animals and plants and serve as the building
material for living cells.

It must be noted, however, that the chemist employs in
his syntheses altogether different means than the living
cell. The chemist frequently utilizes halogens [i.e., deriva-
tives of chlorine, bromine, etc.], mineral acids, strong
alkalies, high temperatures and pressures, and various
other powerful agents to cause organic substances to react
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with each other quickly and in the desired direction. The
chemist has at his disposal an immense arsenal of all sorts
of means, which enables him to realize the most varied
reactions and to obtain the product he needs.

Under natural conditions, on the other hand, the syn-
thesis of various organic compounds in living organisms
proceeds on an entirely different basis. Here we neither find
powerfully acting agents or high temperatures, nor are the
molecules of organic matter subjected to chlorination,
bromination or to the action of other halogens, while the
medium itself remains more or less neutral, and yet the
organic substances undergo a series of most fundamental
alterations and transformations. It may be regarded as
firmly established that all these transformations of organic
matter may also proceed outside the living cell, the dif-
ference being only in the velocity with which the reactions
are accomplished. In the living cell special catalysts (the
enzymes) are present which increase by several hundred
thousand times the speed of chemical reactions between
the organic substances. The ability to react does not depend
upon the presence of enzymes but upon the organic sub-
stances themselves which undergo transformation. These
transformations can take place independently of the living
cell, except that, without the enzymes, they proceed at an
extremely slow speed. In the laboratory or in the chemical
factory no progress would be possible because of this slow
rate of transformation of substances, and for this reason
the chemist always searches for some powerful agent by
means of which to whip up the speed of a chemical reac-
tion. However, time was not a matter of great consequence
in the origin of organic substances on our planet, because
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the evolutionary process lasted an incalculably long period,
thus permitting even slowly progressing chemical reactions
to play a very significant part. For the problem under con-
sideration here it is extremely important to study the trans-
formations of organic substances in the living cell. This
offers an opportunity to clarify the fundamental chemical
reactions which organic substance may undergo in aqueous
solution and which are essential for the synthesis of those
highly complex compounds of which living organisms are
built.

It is generally believed that reactions taking place
within the living cell are many and varied, because a very
large number of different substances can be isolated from
plants and animals. A close examination of the subject,
however, reveals the fallaciousness of this view. In spite of
the truly astounding and overwhelming quantity of various
substances comprising the organism of living things, all
these have arisen and have been formed as a result of com-
paratively few simple and more or less similar reactions.
All the transformations of organic matter which can be
demonstrated within the living cell are based on three prin-
cipal reaction types. First, condensation, i.e., the lengthen-
ing of the carbon chain, and the reverse process of splitting
the chain between two adjacent carbon atoms; second,
polymerization, i.e., the union between two organic mole-
cules through an atom of oxygen or nitrogen, and
hydrolysis, the reverse process of splitting up such unions;
and, third, the process of oxidation with its invariable ac-
companiment of reduction (oxidation-reduction reactions).

The so-called aldol condensation of aldehydes discov-
ered in 1872 by Wiirtz® can serve as an example of the first
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reaction. In the case of acetaldehyde the reaction proceeds
according to the equation:

CH;-COH + CH;-COH = CH,;-CHOH-CH,-COH
Acetaldehyde  Acetaldehyde Acetaldol

In this reaction two molecules of acetaldehyde become
welded together, so to speak, to form a single molecule of
aldol, a compound consisting of a four carbon atom chain.
Although in the equation, as it is written, no molecules of
water appear either on the left or on the right side, it is
necessary to point out that the condensation reaction is
actually intimately associated with a shifting of the ele-
ments of water.

We described the welding together of two molecules of
aldehyde, but a succession of condensations involving many
parts may take place, leading to the formation of organic
compounds with long carbon chains. Furthermore, as a re-
sult of this reaction closed rings of hydroaromatic or of
aromatic compounds may be formed, such as:

H OH
. &0 M

HO—IJ-ZI—H \C<SIH HO—I:I:I \c<0 "
Ho/ L J:<OH _—)HI;> l
P ¢

Glucose Inosite
(* Aldehyde group)
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Such condensation reactions play a very important role
in a large number of biochemical processes and are the
basis of numerous syntheses occurring in living cells. For
instance, the above described aldol condensation reaction
of acetaldehyde is the basis for the synthesis of fatty acids.
By the condensation of two molecules of glyceraldehyde
and of the corresponding ketones simple sugars, the hex-
oses, are produced. The formation of tannins is associated
with the closing of a hydrocarbon chain into a hydroaro-
matic ring, etc.”

Condensation reactions also proceed easily outside the
living cell and their velocity can be considerably increased
by means of different inorganic catalysts, such as zinc
chloride in the Wiirtz synthesis or milk of lime in the
famous Butlerov® synthesis of sugar by an aldol condensa-
tion of formaldehyde: 6 CH:O — CeHi20s, etc.

As an example of the reverse process, the rupture of the
union between carbon atoms, mention may be made of the
splitting of pyruvic acid into acetaldehyde and carbonic
acid:

OH

1
BR i l/o
CH,C-+C—OH + H,0 — CH;,C—H + C—O0H
t
Pyruvic Acid Acetaldehyde + Carbonic Acid

This reaction is of very great biological importance. All
the carbon dioxide given off by organisms in fermentation
and respiration originates in this or some similar manner°.

The second type of reaction mentioned before, namely,
polymerization, is also a union of two or more molecules
with each other, but in this case the welding is no longer
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by a direct bond between two carbon atoms, the carbons
becoming united to each other by an oxygen or nitrogen
bridge. The synthesis of mixed esters may serve to illus-
trate this reaction and proceeds according to the equation:

0]
I
CH—C—O/H + HO—CH.CH; =

Acetic Acid Ethyl Alcohol
1
< CH;—C—0—CH.CH; + H.0
Ethyl Ester

As can be seen from this, a bond is established between
the molecule of acid (acetic acid) and alcohol (ethyl alco-
hol) through an oxygen atom, whereby at the place of
juncture hydroxyl and hydrogen are given off and combine
to form water. Fats in the living cell arise by this reaction,
the fats likewise being mixed esters in which the alcohol is
represented by glycerol and the acid by the various fatty
acids, such as stearic, palmitic, oleic, etc.

Other kinds of organic molecules may also be combined
in the process of polymerization. The formation of the
simple ethers is likewise of considerable biological sig-
nificance, and in this case two alcohol molecules become
united through an oxygen bond, with the loss of a molecule
of water, according to the equation:

Rl—CH2OH + Rz—'CH2OH h— R1CH2—O—CH2R2 + H20,
Alcohol Alcohol Ether

where R; and R: designate different carbon residues.
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This reaction is the basis for the formation of substances
such as cane sugar, starch, cellulose and other complex
carbohydrates, which play a leading role in the chemistry
of the animal and especially of the plant organism.

Finally, polymerization may take place by the union of
molecules through a nitrogen atom. E. Fischer*°, as is well
known, has shown that two amino acids may combine with
each other according to the equation:

HOOC-CH,-NHH + HO[OC-CH.-NH. =

Glycine Glycine

= HOOC-CH.-NH-0C-CH;-NH, + H;0
Glycyl-glycine

This reaction underlies the synthesis of protein sub-
stances, and this fact alone is sufficient to indicate the ex-
ceptional biological significance of this reaction.

In every instance of polymerization discussed here it
will be noted that the reaction proceeds with the elimina-
tion of a molecule of water. The opposite process, namely,
hydrolysis, consists in the rupture of bonds of complex
organic compounds, whereby the components of the water
molecule, hydrogen and hydroxyl, are added on at the
point of rupture, thus:
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CH.OH CH,OH
l[—o H H L 0
H H
; ~'- -
H (I)H H OH H OH
{OH}
H (LH L OH
Maltose
CH,OH CH;0H

Ko K

2 Glucose Molecule

The hydrolysis of complex organic compounds has been
especially well studied in biological chemistry, because
this type of reaction is very common in all vital phenomena
associated with the breaking up of nutrient deposits and of
foodstuffs in general, as in the development of plant seeds,
in the digestive process of animals, etc. It may also take
place easily outside the living cell, for instance in a simple
aqueous solution, but the speed of the reaction can be
greatly increased by the action of enzymes or of inorganic
catalysts.

The essential feature of the third type of reaction, the
oxidation-reductions, may be grasped from an example
which was the first to be carefully studied, namely the so-
called Cannizzaro reaction'. Two molecules of aldehyde
can react with a molecule of water according to the fol-
lowing equation:
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(0]
I

CH;—C—H) H, CH;-CH,-OH (Alcohol)
A

CH,—C—H () CH;-COOH  (Acid)

As can be seen, one molecule of aldehyde adds on the
oxygen of the water becoming oxidized to a corresponding
acid, while the other molecule adds on the hydrogen be-
coming reduced to a corresponding alcohol. Thus a simul-
taneous oxidation-reduction reaction takes place at the
expense of the elements of water. Whereas in the hydrolysis
reaction the hydrogen and hydroxyl are added simultane-
ously at the point where the complex molecule ruptures, in
this reaction the components of water become attached to
different organic molecules.

The mechanism of the oxidation-reduction reactions in
aqueous solutions was first elucidated by M. Traube'® in a
number of experiments with inorganic substances. Later
A. Bach®® showed that similar transformations form the
basis of the process of respiration and of other oxidation
phenomena occurring in the living cell. H. Wieland ** de-
scribes the mechanism of this reaction somewhat differ-
ently, assuming that the substance which is to be oxidized
(one molecule of aldehyde, in the above example) first of
all combines with a whole molecule of water and becomes
hydrated. Hydrogen is then split off from the hydrate and
is taken up (accepted) by the other aldehyde molecule, or
some other substance, which becomes reduced in this proc-
ess. No matter which of these hypotheses we choose to
adopt, the important thing to note here is that, in either
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event, the oxidation-reduction reaction takes place at the
expense of the components of water.

It would seem strange at first glance that the great vari-
ety of chemical processes, which may properly be assumed
to occur within the living cell, can all be reduced to three
fundamental types, but a careful examination of biochem-
ical phenomena sustains this view. Let us consider, by way
of illustration, the chemistry of such a complex process as
the fermentation of alcohol. It has long since been realized
that the simple formula for fermentation: CeH1206 =
2 CHsCH,OH + 2 CO., is merely a summary of the entire
process, showing its beginning and conclusion. But in real-
ity the chemical process of fermentation is made up of a
large chain of intermediate reactions. From the investiga-
tions of Kostychev, Lebedev, Neuberg, Harden, Embden,
Meyerhof *°, and others we now have a fairly clear concep-
tion of the separate links in this chain of events and of their
sequence. First of all, the sugar combines with two mole-
cules of phosphoric acid to form a complex ester. This
ester splits up into two molecules of triose-phosphate by a
rupture of the bond between adjacent carbon atoms. An
oxidation-reduction reaction then takes place between these
resulting molecular fragments, whereby one molecule be-
comes reduced to glycero-phosphate while the other is at
the same time oxidized to phospho-glyceric acid. Phos-
phoric acid is now split off, and this is followed by the
so-called internal Cannizzaro oxidation-reduction reaction,
which is associated with a shifting of hydrogen and hy-
droxyl, resulting in the formation of pyruvic acid. The
latter is split between two carbon atoms with the formation
of carbon dioxide and acetaldehyde. The acetaldehyde and
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the triose-phosphate, originally split off from the sugar,
now undergo a mutual oxidation-reduction, whereby the
triose-phosphate becomes oxidized to phospho-glyceric acid
and the acetaldehyde becomes reduced to ethyl alcohol. The
resulting phospho-glyceric acid is now ready to enter once
more the described cycle of reactions.

Thus, it is clear that the entire fermentation process is a
chain of successive reactions of polymerization, oxidation-
reduction and of splitting open bonds between carbon
atoms, in which the products of one reaction are immedi-
ately subjected to the next reaction, etc., until finally the
end of the process is reached. If the sequence of the links
in this chain of reactions were somewhat altered, an alto-
gether different end product would represent the summation
of the reactions. Thus, for instance, in lactic acid fermen-
tation the process runs along, just as in alcohol fermenta-
tion, until pyruvic acid is formed. In this case, however,
the pyruvic acid is not split into aldehyde and carbon
dioxide by a rupture of the bond between two adjacent car-
bon atoms, but instead an oxidation-reduction reaction
takes place between the pyruvic acid and the glycero-phos-
phate, which resulted from the previous reactions. Thus,
pyruvic acid becomes reduced, giving rise to lactic acid.

It is, therefore, quite obvious that by a mere change in
the order of reactions in place of alcohol and carbon diox-
ide an altogether different product, lactic acid, is now
obtained. The effect such a mere change in the sequence of
comparatively simple reactions of the above described type
has on the nature of the end products is the reason why a
tremendous variety of organic substances is present in the
cells of living organisms. If the chain of chemical trans-
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formations begins with a condensation, is followed by
oxidation-reduction reactions, and then a condensation
takes place again, the resulting end product may be one
chemical compound. But if the condensation is followed by
polymerization, the polymerization by oxidation-reduction,
and finally by hydrolysis, an altogether different substance
is obtained. To illustrate this more clearly we present a
rather incomplete list of the various products resulting
from a simple sugar (glucose) depending upon the order
of the reactions to which it is submitted.

The complexity and multiplicity of substances originat-
ing in living cells is thus determined by the complexity and
variety of combinations of the simplest reactions of the
three types described previously. But a careful considera-
tion of these reactions shows that they all have one charac-
teristic in common; namely, they all require the participa-
tion of water. The components of water (hydroxyl (OH)
and hydrogen (H)) are either attached to or are detached
from the carbon atoms of the molecules of organic sub-
stance. The water, it must be noted, plays an active part,
and all the reactions described might be regarded as an
interaction between water and organic substance. By virtue
of this interaction the numerous transformations of organic
substances occurring under natural conditions in organisms
can be reproduced. In living cells these reactions proceed
with great velocity and in definite sequence because of the
presence of catalyzers, the enzymes, as well as of certain
special conditions to be discussed later. However, the inter-
action between water and organic substances would take
place anyway, though at a very much slower rate. Water
and the simplest organic substances furnish, therefore, the
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initial stuff necessary for building up the most compli-
cated and varied organic compounds which form the mate-
rial basis of “living substance.” As a matter of fact, chem-
ists have long known a number of syntheses which occur
simply when aqueous solutions of organic substances have
been kept for a time.

We shall mention only a few of the more striking exam-
ples of such syntheses. In 1861 A. Butlerov® obtained by
the action of milk of lime on formaldehyde a sweet-tasting
syrup which gave the usual tests of the simple sugars. The
chemical nature of the compound was only elucidated 30
years later by E. Fischer'® who showed that the reaction
follows the empirical equation: 6 CH,0 = C¢H;;0s with
the formation of a hexose sugar. Low'" changed the
conditions of Butlerov’s experiments somewhat and thus
obtained a sugar solution which could be fermented by
yeast, i.e., it could serve as nutriment for heterotrophic
microorganisms. H. and A. Euler*® have accomplished this
synthesis simply by allowing a formaldehyde solution to
which chalk has been added to stand, whereby a consider-
able amount of sugar was formed. They showed that at first
there is a condensation of formaldehyde to glycol aldehyde:
2 CH,0 — CH,0H-COH, the sugar being formed from
the latter.

This reaction forms the basis for the entire carbohydrate
chemistry. The carbohydrates play a foremost part bio-
chemically both as a source of energy and as building
material for the living cell. The synthesis of sugar is
achieved with such ease that the question has even come up
repeatedly of its utilization in the manufacture of sugar on
a commercial scale.
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As another example we may mention the synthesis ac-
complished in 1904 by Curtius *°. This investigator started
with an aqueous solution of a comparatively simple organic
substance, the ethyl ester of glycocoll. He left the solution
by a window and after some time observed the formation
of slimy strands. On testing these slimy threads he found
that they possessed several properties characteristic for the
simplest proteins, such as the biuret reaction. As later stud-
ies have shown, Curtius actually had a fairly complex
product, a polypeptide, formed in his beakers. E. Fischer *°,
who studied polypeptide structures in great detail, synthe-
sized these from halogen derivatives of amino acids, but
his was an artificial procedure which does not operate
under natural conditions. Curtius, on the other hand,
brought about the same synthesis in his experiments through
the simple interaction of water and an organic substance
under the influence of light.

A. Bach® likewise set aside a mixture of formaldehyde
and potassium cyanide in solution and, after a lapse of
time, was able to isolate from this a peptone-like substance,
which has the properties of the simplest proteins. In these
experiments also, simply through the interaction of water,
formaldehyde and CN-ions, a substance similar to com-
pounds present in living cells was produced. When it was
freed from impurities by dialysis, the substance thus ob-
tained could be used as substrate in a nutritive medium
for the cultivation of putrefactive bacteria. It is, therefore,
obvious that substances can be produced by very simple
procedures, as was the case also in Léw’s synthesis, which
are suitable as foods for microorganisms requiring organic
matter for their development.
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In each of these examples cited, reactions took place in
aqueous solutions of organic substances simply on stand-
ing, which resulted in the formation of more highly com-
plex molecular compounds. The well known French chem-
ist P. Sabatier® has shown, on the basis of a large body of
factual material, that the simplest oxygen derivatives of
hydrocarbons and particularly aldehydes have an excep-
tionally strong tendency to polymerize. It suffices to add to
them traces of various substances to induce the formation
of large molecules through the binding of carbon atoms to
each other either directly or through an oxygen atom. On
the contrary, the opposite reaction, the de-polymerization
occurs very seldom, since polymeres possess a stable
molecular structure.

Summarizing briefly what has been said, we can draw
the following conclusions: Hydrocarbon derivatives, such
as alcohols, aldehydes, organic acids, amines, amides, etc.,
undergo important transformations when their aqueous
solutions are allowed to stand. In these solutions the dis-
solved substances undergo reactions of condensation and
polymerization, as well as oxidation-reduction reactions; in
other words, every type of chemical change occurring in
the living cell. As a result, numerous high molecular com-
pounds, similar to those present in living cells, may appear
in aqueous solutions of hydrocarbon derivatives on long
standing.

Such reactions must have occurred in the warm waters
of the primary hydrosphere of the Earth, in which the
simplest hydrocarbon derivatives were dissolved. There is
absolutely no reason to doubt that these reactions were
essentially like those chemical interactions which can be
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reproduced at the present time in our laboratories. We
may, therefore, assume that complex, high-molecular or-
ganic substances were being formed in any part of the
primitive ocean and in every water reservoir, pool or dry-
ing-up basin, by a series of syntheses similar to those in
Butlerov’s flasks, in Curtius’ beakers, or in Bach’s mixtures.
In this way the great variety of organic substances must
have originated which are necessary for the building up of
living cells. In other words, in these primitive waters ma-
terials were created out of which living organisms were to
be built up subsequently.

We must allude very briefly to the very important prob-
lem of asymmetric synthesis. As is well known, many or-
ganic compounds can exist in two very similar forms. Their
molecules are made up of the same atoms, and indeed of
the same atomic groupings, but these groups are differently
arranged in space. If some radicle, or atomic grouping, is
situated on the right in one compound, the same radicle
will be placed on the left in the other representative of this
compound, and vice versa, as is shown below.

d ¢ c d
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Our two hands furnish the simplest illustration or model
of such an asymmetry. Placing our hands in front of us
with palms turned downwards, it is obvious that in spite
of their general similarity the right and left hands differ
very markedly from each other in the arrangement of their
separate parts. Thus, the thumb on one hand is turned to
the left while on the other to the right, etc., so that each
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hand is a mirror image of the other. In the artificial syn-
thesis of organic substances we always obtain an equal
mixture of both asymmetric forms of the molecule (race-
mic mixture). This, of course, is quite understandable
since the formation of one or the other form, i.e., of the
right or left antipode or isomere, in a chemical reaction
depends upon which of two atoms, situated to the right or
to the left of the plane of symmetry, will be replaced by
another atom. But since both must be under the influence
of absolutely identical forces, the probability that one or
the other antipode will be formed must be absolutely the
same. Since incalculable numbers of atoms partake in
chemical reactions, the law pertaining to large numbers
operates fully so that the formation of an excess of only
one antipode is entirely improbable.

In living organisms, however, we witness regularly the
formation and accumulation of only one particular anti-
pode. When an organism elaborates some substance pos-
sessing an asymmetric molecule, it always produces the
same antipode. The other asymmetric form either does not
occur at all in nature, or else it is produced by a different
organism. Chemical asymmetry is an essential phenomenon
in the structure of living organisms as it is a most charac-
teristic property of all living substance.

L. Pasteur *?, who was among the very first to study the
chemical phenomenon of asymmetry, pointed out its full
significance for an understanding of the living process. He
believed that “this property may be the only sharp differ-
entiation between the chemistry of dead and living matter
which can be made at present.” At the same time, Pasteur
posed before science the problem of the causation of asym-
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metry and of the methods by which asymmetric molecules
in living organisms have arisen. Marcwald®®, and later
McKenzie *, succeeded to a certain extent in furnishing a
solution to this problem. These investigators demonstrated
experimentally the possibility of asymmetric synthesis
under the influence of an optically active, i.e., asymmetric
molecule. Especially interesting from this point of view is
the recent work from Bredig’s school®® on the asymmetric
synthesis by means of a catalyst with an asymmetric struc-
ture. Thus, Bredig and Minajev®® have shown that when
the synthesis of hydrocyanic acid with aldehyde is carried
out, using quinine or quinidine as a catalyst, either the
right or the left isomere of cyanhydrine is obtained. Since
the catalyzers of living cells, the enzymes, are themselves
asymmetric molecules, synthesis by their aid leads to the
formation of asymmetric substances.

This, however, immediately raises another question as to
how asymmetric molecules could have arisen in the first
place. Japp?, at the commencement of the twentieth cen-
tury, enunciated the belief that such a primary synthesis of
asymmetric molecules is impossible and that, like the living
organism, asymmetric molecules can be derived only from
other asymmetric molecules. However, this hypothesis was
found to be fallacious, because asymmetric synthesis can
proceed under the influence of asymmetric physical forces.
Pasteur®® had already foreseen very clearly such a pos-
sibility and thought that the Earth’s magnetic field might
be such an asymmetric factor. Acting upon this idea, he
attempted to produce asymmetric synthesis in the field of a
powerful magnet but, of course, without success, because
both the magnetic field and the rotation of the Earth are
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symmetrical forces. Van’t Hoff *° later looked to polarized
light as the possible cause for the formation of asymmetric
molecules in nature. Following many failures in the hands
of various investigators, W. Kuhn and Braun®, and subse-
quently also Mitchell®, applied this principle to asym-
metric syntheses with complete success. These experiment-
ers furnished indubitable proof that asymmetric molecules
can be produced without the aid of the living cell.

This demonstration, nevertheless, was not enough for the
understanding of how the asymmetric synthesis was real-
ized. It was still necessary to show that on the Earth there
is actually an asymmetric factor which is responsible for
the appearance of asymmetric molecules. This interpreta-
tion was recently furnished by Bick. Sementzov®, in a
recent review dealing with the question of asymmetric
synthesis, thus summarizes Bick’s hypothesis: “It was
shown a long time ago that sky light is partially plane
polarized and, on being reflected from the surface of the
water, is transformed into elliptically polarized light. The
direction of polarization of the ray depends entirely upon
astronomical causes, embracing the entire surface of the
Earth, and upon the superadded magnetic field of the
Earth.

“The fact that the Earth’s magnetic field is asymmetric as
regards the plane which passes through the point of reflec-
tion from the Earth’s surface, through the Sun and through
the zenith, makes it impossible to have an equal quantity of
right and left light. Without the magnetic field such equal-
ity would prevail for any pair of rays symmetrically ar-
ranged with regard to this plane.

“It must, therefore, be assumed as highly probable that
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the excess of one of the isomeres was produced by a photo-
chemical reaction under the influence of elliptically polar-
ized light. The further fixation and formation of an asym-
metric flora and fauna was then assured by the asymmetric
synthesis under the influence of an excess of one of the
antipodes.”

Vernadski *® assumes that the asymmetric factor is to be
looked for in the phenomenon which occurred at the time
when the Moon had become separated from our planet. In
his opinion—“the separation of the Moon imparted a
spiral-like whirl motion to the substance of the Earth (prob-
ably a right-hand motion) which has never again been
repeated.” According to this view, molecular asymmetry
could have originated just at that particular moment in the
Earth’s history, the primary asymmetric synthesis having
never repeated itself again.

Be this as it may, there is every reason to believe that
in the primary hydrosphere of the Earth conditions existed
which were not only favorable to the production of complex
and varied organic substances but also for endowing them
with optical activity (asymmetry).

While considering the problem of the primary origin of
different organic compounds in the Earth’s hydrosphere, it
is necessary to give special attention to the possibility of
protein formation under those conditions. The proteins play
an exclusively prominent role in the structure of living
protoplasm. F. Engels® observed that “wherever there is
life, it is found in association with proteins, and wherever
there is protein, which is not in the process of decomposi-
tion, one also finds without an exception the phenomena of
life.” It is true that many organic as well as inorganic sub-
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stances together with the proteins go to make up the proto-
plasm. Nevertheless, the proteins constitute the fundamen-
tal substance out of which “living matter” is built up, i.e.,
the matter present in the cells of all plants, animals and
microorganisms.

For this reason the problem of the primary origin of
proteins has always attracted the attention of investigators
who concerned themselves with the question of the origin
of life. Unfortunately many irrelevant matters have been
brought into this discussion, which only helped to confuse
the subject and made its solution so much more difficult.
One group of scientists (Pfliger, Rubner, Verworn, etc.)
assumed the existence of a special “live protein,” “biogenic
molecule,” etc. According to the ideas of these investigators
the molecules of the hypothetical compounds contain spe-
cial atomic groupings, some peculiar radicles, which im-
part to the whole compound exceptional instability (labil-
ity) and chemical reactivity, which determine the metabolic
activity and all other vital properties of protoplasm. On
this supposition the phenomena of life can all be explained
by the definite arrangement of atoms in the molecule of
proteins present in the protoplasm. The origin of such a
hypothetical live protein molecule, endowed with specific
chemical structure, requires some very special and exclu-
sive conditions, and the ideas of some scientists, especially
those of Verworn®’, are shrouded in a fog of mystery.

On the other hand, another group of investigators speak-
ing of proteins have in mind the substances which have
been isolated from plant or animal sources. But even the
simplest of these substances represent extremely complex
compounds, containing many thousands of atoms of carbon,
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hydrogen, oxygen, and nitrogen arranged in absolutely
definite patterns, which are specific for each separate sub-
stance. To the student of protein structure the spontaneous
formation of such an atomic arrangement in the protein
molecule would seem as improbable as would the acciden-
tal origin of the text of Virgil’s “Aeneid” from scattered
letter type.

What we wish to consider here, however, does not con-
cern itself with the origin in the protein molecule of some
specific live grouping. Neither does the complete identity
of primary proteins with substances, which could result
only from a long evolutionary process in the organic world,
claim our attention. We shall concern ourselves simply
with the question whether protein substances, in the sense
in which the term is understood by contemporary biochem-
ists, could have arisen in the primitive hydrosphere to-
gether with other complex organic substances.

We still lack a definite conception of the structure of the
protein molecule. Since the classical researches of E.
Fischer it has been known that the amino acid components
of the protein molecule are bound together through nitro-
gen atoms (polypeptide bonds), but other types of atomic
arrangement have also been discovered in the course of
subsequent numerous researches by Ssadikov and Zelinski ®,
Abderhalden *", Troensegaard ®, Gavrilov *, etc. This prob-
lem is now a live topic of discussion in scientific literature.
Summarizing this discussion, Kiezel *° comes to the conclu-
sion that the polypeptide structure of protein seems the best
established and obvious, but by no means the only possible
structure. Besides the ordinary chemical combinations,
residual valences also play a very important part in the
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structure of the protein particle (as was demonstrated by
the work of Meyer and Mark*', and especially of Sved-
berg*?). Separate amino acid chains and rings are united
into large colloidal complexes by such residual valences.

Summing up briefly our present knowledge of the chem-
istry of the proteins it may be said that protein substances
represent complex organic compounds built up from amino
acids bound to each other by peptide linkages, as well as
by other less well known bonds. The resulting molecular
complexes are further bound together through residual
valences into large colloidal particles. The formation of
such organic compounds in the primitive hydrosphere of
the Earth required no special or specific conditions apart
from those already discussed in this chapter. The forma-
tion of the separate amino acids may follow the scheme
proposed by Trier*, according to which these compounds
may result from the interaction of ammonia with oxy-acids,
which are obtained by the Cannizzaro reaction from alde-
hydes. For instance, in the aldol condensation of formalde-
hyde, as was shown previously, glycol aldehyde is
produced which, by an oxidation-reduction reaction, yields
glycol and glycolic acid. The latter reacting with ammonia
gives glycine, the simplest of the amino acids:

1. 2 CH,OH-COH+H.0=CH,OH-CH,OH+CH.OH-COOH

Glycol aldehyde Glycol Glycolic acid
2. NH; + HO-CH,-COOH = NH,-CH,-COOH + H,0
Ammonia Glycolic acid Glycine

Other amino acids are formed in a similar manner when
different hydrocarbon derivatives are subjected to the
above reactions. The combination of amino acids with each
other to form polypeptide complexes has already been dis-
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cussed. It results from polymerization and can, therefore,
be easily accomplished under conditions prevailing in the
primitive hydrosphere of the Earth. The other types of
atomic grouping, which we must suppose also exist in the
protein molecule, could likewise result from the previously
mentioned reactions. Finally, the union between separate
atomic chains and rings by residual valences is also easily
accomplished in aqueous solutions of protein precursors.
Thus, the primary formation of compounds of the pro-
tein type is in no way unusual, exceptional, or different
than the formation of other complex organic substances. It
is a far more fundamental point to decide, why protein
substances have come to play such an exclusive role in the
further evolution of organic compounds and in the origin
of living organisms. But it is hardly likely that an answer
to this problem will be found in searching within the pro-
tein molecule for some unstable, labile atomic arrangement
or radicle. The presence of basic amino groups and of
acidic carboxyl groups imparts to amino acids, and to
proteins built from them, very striking chemical proper-
ties. The amino acids and the proteins are so-called ampho-
teric electrolytes, or substances reacting with both acids
and bases, which makes it possible for them to enter a
number of different reactions with the elements of water or
with organic substances present in the aqueous medium. At
the same time, the ease with which separate amino acids
become welded together and the ease with which the result-
ing complexes become united by their residual valences
furnishes the necessary conditions for the creation of enor-
mous hydrophil colloidal particles. The latter are in close
relation to numerous molecules of water forming a diffuse
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aura about them. All these properties of proteins (exten-
sive reactivity, tendency to form high-molecular complexes,
etc.) lend to them, in comparison with other organic
substances, by far the greatest capacity to attain a higher
stage of organization and transition to a colloidal state,
which bridges the gap between organic compounds and
living things.

The carbon atom in the Sun’s atmosphere does not rep-
resent organic matter, but the exceptional capacity of this
element to form long atomic chains and to unite with other
elements, such as hydrogen, oxygen and nitrogen, is the
hidden spring which under proper conditions of existence
has furnished the impetus for the formation of organic
compounds. Similarly, protein is by no means living mat-
ter, but hidden in its chemical structure is the capacity for
further organic evolution which, under certain conditions,
may lead to the origin of living things. In this sense, it
seems to us, we should interpret Engel’s formula: “Life is
a form of the existence of protein bodies.”



CHAPTER VI

THE ORIGIN OF PRIMARY
COLLOIDAL SYSTEMS

It was sHowN PREVIOUSLY that the theories attempting to
explain the properties of living matter on the basis of some
specific radicles in the protein molecule are untenable.
Attempts to deduce the specific properties of life from the
manner of atomic configuration in the molecules of organic
substance could be regarded as predestined to failure. The
laws of organic chemistry cannot account for those phe-
nomena of a higher order which are encountered in the
study of living cells. The structure of the protein molecule,
its amino and carboxyl radicles, polypeptide or other link-
ages, etc., determine only the ability of this material to
evolve and change into a higher grade of organization,
which depends not only on the arrangement of atoms in the
molecule but also on the mutual relationship of molecules
towards one another. But what paths did this evolution
follow?

The idea has been frequently advanced that the evolu-
tion of organic substances and of proteins in particular
must have proceeded as an unlimited growth of individual
molecules. New atomic groups are supposed to unite con-
tinually with the small primary particle, either by main
(homeopolar) valences or by supplementary (residual)
valences, so that the particle or molecule grows larger and
larger and its structure becomes more complicated. Finally

137
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it attains dimensions which correspond to those of the
minutest living things. According to this idea, organisms
represent such separate molecules with an infinite variety
of atomic groupings which permit them to manifest the dif-
ferent vital functions. This viewpoint was discussed in de-
tail in connection with the theories of spontaneous genera-
tion of ultramicrobes reviewed in the first chapter. But
some investigators, like V. Kourbatov?, apply this to all
organisms, regarding every living cell as a “single chem-
ical particle or, more correctly, as a colossal poly-ion.”

At the present time such a conception of the living cell
seems highly debatable since it is contradicted by a num-
ber of definitely established physico-chemical properties
of the protoplasm. However, we must analyze carefully
the possibility of such an evolutionary course of organic
matter. This is especially necessary since the possibility of
such an evolution, although only under definite artificial
conditions, is to a certain degree supported by a series of
recent experimental studies. From this standpoint the ex-
periments of Staudinger® are of particular interest. This
investigator studied a series of successive high molecular
combinations obtained by successive polymerization of low
molecular substances. Among these products he produced
polyoxy-methylene-diacetates, which represent long chains
formed from formaldehyde residues united to each other
through oxygen atoms:

CH;CO-0-CHO............. 0-CH;0-COCH,4

The number of formaldehyde residues in the chain may
be gradually increased without limit. A tremendously in-
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teresting transformation takes place in the properties of
polymeres produced by this method in that with the elonga-
tion of the chain and the increase of the molecular weight
of the polymeres their solubility gradually diminishes and
their density becomes progressively greater. Higher poly-
meres, composed of about fifty formaldehyde residues,
already manifest a definite thread-like structure, and on
roentgenological examination give the so-called Debye-
Scherrer diagram, which indicates a definite orientation of
their component parts.

Staudinger thinks that other natural and highly polymer-
ized organic compounds, such as cellulose, silk, rubber,
etc., have a similar type of structure, and accordingly these
substances, like the artificial polymeres, result from repeti-
tive additions of the same atomic groups, binding each
other by basic or main valences and forming molecular
chains of any desired length. Thus, for instance, cellulose
represents fundamentally an extremely long chain made
up of molecules of cellobiose united to each other by an
oxygen.

Polanyi ®, Pringsheim*, and Hess® have an entirely dif-
ferent idea of the nature of the structure of polymeres, and
this view has been presented with great lucidity by Berg-
mann ® in his famous report before the congress of natural-
ists in Diisseldorf in 1926. According to this view highly
polymerized compounds consist of small molecules held
together by associative forces. The principal factor in the
formation of these high molecular complexes are thus not
the main valences (which are generally indicated in struc-
tural formulas by dashes) but the forces of the side or
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residual valences, which not infrequently appear in atoms,
groups of atoms or whole molecules after their usual main
valences have been satisfied.

The chemical studies of Haworth® and especially the
roentgenological investigations of Meyer and Mark® have
shown that the truth is to be found somewhere between these
opposite viewpoints. Particularly in the case of cellulose
we are actually dealing with long chains of cellobiose
molecules united to each other by oxygen atoms, but the
length of these chains is not infinite. Mark’s studies on the
resistance of cellulose to tearing (tensile strength) demon-
strate this especially clearly. If these molecular chains
were infinitely long they would possess at least a ten-fold
greater tensile strength than they actually possess. Haworth,
studying the products of degradation of methylated cellu-
lose, proved that the chain consists of approximately fifty
cellobiose residues. Therefore the length of the molecular
chains of which cellulose is made up has been fairly defi-
nitely established. According to Meyer’s data this is equal
to 500 A [A or Aengstrom unit is 0.1 millimicron; 250
million Aengstroms make up one inch] and 40-60 such
chains are held together by residual valences in the form
of bundles as crystallites or micels. The structure of such
formations is determined, therefore, not only by the ar-
rangement of the atoms as chains, the molecules, but also
by the relation of these molecules to each other. Further-
more, the micels in the natural cellulose thread from dif-
ferent plants are also oriented in a definite manner.

Such orderly orientation of molecules in the micels and
the arrangement of the micels themselves determines the
structure of a large number of natural products composed
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of highly polymerized organic substances. Thus, for in-
stance, the silk fiber, like cellulose, consists basically of
micels oriented regularly and parallel to the axis of the
thread, the micels themselves representing sheaves of
molecular chains. However, in this instance the chains are
made up not of carbohydrate but of amino acid residues.
The chain evidently contains regularly alternating residues
of glycine and alanine united by peptide linkages. In Fig-
ure 5 a schematic representation of these molecular struc-
tures is shown.

In the micels of silk, as well as of cellulose, each
molecular chain is straight and extended, with its principal
axis oriented parallel to the axis of the micel, but in hair
or in wool more complicated patterns are encountered.
Roentgenological investigation of natural hair and of hair
subjected to stretching under the influence of steam shows
that only in the latter are the molecular chains, which are
made up of amino acid residues, arranged in a straight
line. In the natural, unstretched hair these chains have a
more complicated arrangement and instead of being in a
straight line are in the form of a spiral, as is illustrated
in Figure 6. In natural hair (a-keratin) NH and CO res-
idues attract each other, causing the chain to become
twisted into a spiral structure, with the result that the length
of each link made from three amino acid residues is only
5.1 A, but when the hair is stretched these atomic groups
become separated. The chain straightens out and, as roent-
genological studies show, the length of the chain becomes
10.2 A (p-keratin).

It is actually possible to stretch hair to exactly double
its length. Studying the molecular chains of natural hair,
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we note for the first time the ability of proteins to form
not only linear but more complicated chain configurations.
Meyer and Mark remark that protein chains can exist in
the extended linear shape only under special conditions,

\co---- SR
N
] GHR co GHR, |®
- "'\’/ - ' o<
<o NA «

z
I

o

°d | GO >
RGP N =

55.
(@)
I
Py

»
z
I

0

»

o

I

3X3.4 A

NH e]o) CO-------mmmmmmmm e
oK. I /3

Fig. 6. Schematic structure of alpha and beta keratin.

while under ordinary circumstances they form twisted
chains. This greatly complicates the inner structure of the
proteins.

Such formations as we considered, i.e., cellulose, silk,
hair possess a comparatively very simple organization rep-
resented by a more or less geometrically regular internal
structure, which is essentially very close to the structure of
a crystal. Their simplicity, constancy and static nature
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made these substances the favorite objects of investigation,
because it is possible, even with the aid of our relatively
crude methods, to unravel all the details of their structure.
At the same time it must not be overlooked that this very
simplicity and constancy of structure is associated with the
fact that all these materials really represent only dead
components of the cell. Numerous attempts to discover
analogous structures in the living protoplasm have been
without success. It can only be said that one is dealing here
with some elusive reciprocal orientation of molecules, with
the existence of some molecular swarms, whose structure
cannot yet be elucidated with our comparatively crude
means of investigation. To be sure, one can observe in
protoplasm the reversible process of formation of fiber
structures, of most delicate supporting threads, fibrils, etc.,
but it does not follow that such micellar structures actually
preexist in the protoplasm and do not arise under the influ-
ence of some internal or external factors. This can be
demonstrated by a very simple example. The investiga-
tions of Herzog®, Katz'®, Procter and others have shown
that collagen from tendon fibers and gelatin are very
closely related to each other from the point of view of
chemical composition and of the structure of their crystal-
lites and micels. Whereas, however, the micels of collagen
are regularly oriented in only one direction (along the
fiber axis), those of gelatin are arranged without any rec-
ognizable plan. But dried and stretched gelatin gives the
typical diagram of a fiber structure almost identical with
that of collagen, i.e., under tension the gelatin micels orient
themselves along the lines of force.

The fiber structure, therefore, does not preexist in gelatin
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but arises under external influences generated by the ex-
perimenter. Perhaps a different structure would result, if
some other influence could be exerted. Under the manifest
disorder in the arrangement of gelatin micels there lurks
the possibility for the appearance of various micellar ori-
entations and structures, and these structures can be modi-
fied by external influences. In the case of gelatin the
possible variety of structure must be limited by the com-
parative simplicity of the structure of its micels. In this
sense, protoplasm is endowed with incomparably greater
potentialities. The preexisting molecular swarms and mixed
micels, which as a rule are associations of different pro-
teins and other organic compounds, may under proper
external conditions form a great variety of very complex
and, what is most important, labile structures. In this re-
spect they differ fundamentally from the stable structures
of cellulose, silk or hair, which were discussed previously,
in which the orderly arrangement of the separate elements
is fixed and definitive. Their structure even under extreme
changes in the environment is most stable and permanent.
The static order, the very perfection of their structure
makes further evolution of these substances impossible.
They are dead matter not only because they do not reveal
any signs of life, but also because they are the blind ends
in the evolutionary path of organic substance.

We shall indeed end up in blind alleys, if we follow the
hypothesis of the evolution of organic substance mentioned
in the beginning of this chapter. Unless we choose to in-
dulge in chemical phantasies, instead of keeping our feet
on firm ground of experimentally verified facts, it must be
admitted that a successive growth of the molecule, by
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polymerization of link to link, will indeed result in com-
pounds with definite structure, but these will be static and
dead, either like those which Staudinger obtained in his
syntheses or like cellulose, silk, etc.

But the evolution of organic matter along this path under
the conditions discussed in the previous chapters is impos-
sible anyway. Successive and repetitive polymerization of
separate links can take place only in pure solutions and
provided the polymerized substance is isolated. In complex
mixtures of a great variety of organic substances this proc-
ess follows an entirely different course. The primary hydro-
sphere of the Earth certainly was not a pure solution of
some organic substance nor did it offer any possibility for
the isolation of the formed products. Beyond any question
one is dealing here with a complicated mixture of high
molecular organic compounds, in which the infinite growth
of chains made of the same type of molecule and the for-
mation of uniform micels could not occur.

The chemist, and especially the physical chemist, always
prefers to work with the isolated chemically pure substances,
because only so can he study in detail their properties and
nature. This accounts for the traditional contemptuous atti-
tude of chemists to various mixtures or “dirty substances.”
Until quite recently it was still considered that the most es-
sential thing for the chemist is to study the properties of
individual compounds, and to regard the properties of mix-
tures as the sum of the properties of their components. To-
day such a view seems entirely untenable. Willstiitter ', in
his remarkable Faraday lecture, lays special emphasis on
the significance of investigating mixtures. “Until now it was
taken for granted in chemistry that the properties of com-
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ponents in chemical compounds disappear but that in mix-
tures of substances they are retained. This is an antiquated
viewpoint. . . . Mixtures may actually possess the nature
of new chemical compounds. This similarity between mix-
tures and compounds can be explained in such a way that
electrostatic and electromagnetic fields of force of sep-
arate components present in a mixture may act upon each
other, whereby new means of attraction are produced.”
Thus, on mixing different substances new properties ap-
pear which were absent in the component parts of the
mixture. This fact is of tremendous significance to every
biochemist, since under natural conditions he never deals
with pure substances. Sorensen ' quite correctly points out
that even in the preparation and isolation of proteins one
never deals with individual substances. In a series of such
preparations he demonstrated experimentally that they rep-
resent mixtures of components with different solubilities
and different composition. Meyer and Mark ® have shown
that owing to their high content of the fat absorbing
“lipophil groups” (phenyl, methyl, etc.) proteins manifest
a very strong tendency to form molecular associations. Pro-
tein preparations are such associations of varied protein
chains tied up somehow to each other. With our present
technique of preparation it is not possible to separate the
individual components of these associations and we are,
therefore, dealing with more or less complex mixtures of
different types of protein.

In dealing with protoplasm we are undoubtedly also con-
fronted with such associations consisting of various pro-
teins, but the situation here is even incomparably more
complex owing to the fact that besides the proteins there is
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also present a great variety of other, non-protein com-
ponents. The fat-like lipoid substances play a particularly
outstanding role in this connection, forming intermolecular
combinations with the proteins through their lipophil
groups. On the other hand, by means of their so-called hy-
drophil groups (NH, OH, O, as well as the ionizable
groups COOH and NH.) the proteins can combine with
molecules of water and with a number of water soluble
substances. This complexity of the protoplasmic composi-
tion manifests itself strikingly in the study of its physico-
chemical properties.

Rubinstein *® has shown that such properties of the pro-
toplasm as heat coagulation, surface precipitation, per-
meability, electrical properties, etc., cannot be explained on
the basis of the properties of some one protoplasmic com-
ponent, like the proteins, lipids, etc., but are the resultant
of correlation and reciprocal action of different colloidal
systems, which make up the protoplasm. This alone com-
pels us, in considering the evolution of organic substance,
to rely not upon those alterations to which this or another
isolated compound may be subjected, but to bear in mind
alterations which take place in complex mixtures of various
organic substances.

As is well known, the proteins, and other high molecular
organic substances resembling them, form colloidal solu-
tions in water. When one is dealing with a mixture of such
colloidal systems the separation of any one component in
pure condition, or its crystallization, is exceedingly diffi-
cult or even impossible to accomplish. But all the dissolved
colloids can be separated from the solution simultaneously
with comparative ease by means of coagulation. The mech-
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anism of coagulation is very different for the hydrophobe
and hydrophil colloids. The particles of hydrophobe col-
loids,which are principally inorganic, have no affinity for the
solvent medium, the water, and are held in a dispersed state
only by virtue of electrostatic forces. Bearing the same elec-
trical charges, the colloidal particles repel each other and,
being thus dispersed, cannot unite into complexes of greater
or less size. But as soon as the charge upon the particles is
decreased (for instance, by introducing electrolytes into the
solution) the stability of the colloidal system is at once dis-
turbed. The colloidal particles, having lost their electrical
charge, commence to fuse together by the force of surface
tension, forming large aggregates which finally separate as
a precipitate.

The process is somewhat different in the case of hydro-
phil (organic) colloids. Here the stability of the colloidal
system depends not only on electrostatic forces but also on
the affinity of the colloidal particles for the molecules of
water. Such radicles and groups as — NH, — OH, = O,
etc., hold molecules of water by adsorption because of their
affinity for the elements of water. The colloidal micels ap-
pear, therefore, as if they were swathed with a more or less
thick membrane of water, which keeps the individual par-
ticles from clumping together. It is not enough to neutralize
their electrical charge to coagulate such hydrophil col-
loids. It is also necessary to decrease their solvation, i.e.,
their ability to hold this surrounding water membrane.
Upon the removal of these water membranes the hydrophil
particles run together, forming a flocculent precipitate con-
sisting of accidentally united colloidal micels.

But it has been known for a longe time ** that in solutions



I50 THE ORIGIN OF LIFE

of hydrophil colloids, besides coagulation, another phe-
nomenou of separation may be observed, which is perhaps
best described by the picturesque though unscientific word
“unscrambling” (Entmischung, the Germans call it). Un-
der this condition the colloidal solution separates into two
layers, a fluid sediment, rich in colloidal substance, which
is in equilibrium with a liquid layer, free from colloids.
During the past several years this phenomenon has been
subjected to careful investigation by B. de Jong'®, who
designated it as coazervation in distinction to ordinary
coagulation. He calls the fluid sediment rich in colloidal
substances the coazervate, while the non-colloidal solution
he calls the equilibrium liquid. In a number of instances
this coazervate does not settle out as a continuous fluid
layer but remains in the form of minute microscopic drop-
lets floating in the equilibrium liquid. The coazervate, un-
like the coagulate, represents a fluid mass. Though in both
the coazervate and the equilibrium liquid the solvent is
water, nevertheless the droplets of coazervate are sharply
demarcated from the surrounding medium by a clearly
discernible surface. These droplets may fuse with each
other but they never mix with the equilibrium liquid. This
is strongly reminiscent of what one observes when lumps
of protoplasm are squeezed out from plant cells. Just as the
coazervate, protoplasm is also suffused with water but, in
spite of its fluid consistency, it does not mix with its sur-
rounding medium and floats in the water in the form of
little balls sharply separated from the solvent medium.

At first glance such a sharp separation of two aqueous
solutions seems extremely strange, but de Jong arrived at a
very satisfactory explanation of this phenomenon on the
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basis of a detailed analysis of its mechanism. As was noted
before, in hydrophil solutions (or sols, as they are termed)
the separate colloidal particles are surrounded by a mem-
brane of hydration water which, as de Jong shows, is of a
diffuse nature. The molecules of water adsorbed directly

Fic. 7. Schematic arrangement of water molecules around the colloidal
particle of a hydrophile sol.

to the colloidal particles are attached very firmly and are
strictly oriented with regard to each other. But the water
molecules of the next layer are oriented less perfectly and
the farther they are removed from the colloidal particle the
less firmly are the molecules attached to each other. Finally
a zone is reached outside the colloidal particle where the
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water molecules are no longer oriented and where they
move as the free molecules of the solution. Thus, the most
characteristic feature of the hydration membrane surround-
ing the colloidal particles of a sol is the complete absence
of any real delimitation between the water molecules of the
membrane and the water molecules of the solution. (See
illustration in Figure 7.)

On the other hand, the phenomenon of coazervation is
associated with the appearance of a definite delimitation.
The process of coazervation is nothing more than the dim-
inution in hydration of the colloidal particles; in other
words, their diminished- ability to hold around themselves
a water membrane. The colloidal particles, however, do not
completely lose the water but retain those molecules which
are closest and most firmly adsorbed and are very rigidly
oriented towards the particle, as can be illustrated by the
accompanying diagram (Figure 8).

Fic. 8. Schematic representation of the transformation of a particle of
colloidal solution into a coazervate particle.

Thus the coazervate represents a special type of con-
centrated colloidal sol, in which the water molecules are
rigidly oriented with regard to the colloidal particle. A real
separation is thus brought about between the shell of
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oriented water molecules and the free molecules of the
equilibrium liquid.

The most varied colloidal systems may under certain
conditions give rise to coazervation, but this happens most
easily when two or more colloidal solutions having particles
with opposite electrical charges are mixed together. As was
already stated, the stability of hydrophil colloidal sols is
determined partly by electrostatic and partly by hydration
forces. Similarly charged particles repel each other and
thus counteract the process of coagulation. But when op-
positely charged colloidal particles are present in the same
system the situation is quite different. Here the electrostatic
and the hydration forces are antagonistic to each other, the
hydration still promoting the stability of the sol, but the
electrostatic forces, on the contrary, tending to bring the
colloidal particles closer together. The mutual attraction of
oppositely charged particles can, to a certain degree, over-
come the effect of hydration. This so-called complex coazer-
vate, resulting from the mixture of oppositely charged
colloids, exists by virtue of the antagonistic action of the
hydration and electrostatic forces, and the stability of the
system is determined by the cooperation of two opposed but
balanced influences. This imparts to the systems the prop-
erty of extreme lability, making it possible for them to
shift easily in either direction from the equilibrium under
the influence of the smallest change in external conditions.

To illustrate this, let us consider an example of the for-
mation of such complex coazervates. On mixing at 42° C.
a dilute gelatin solution (0.67 percent) with a similar solu
tion of gum arabic (0.67 percent) the mixture will appear
as a clear, homogeneous liquid so long as the pH of the solu-
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tion is above the isoelectric point* of gelatin (pH=4.82),
because under these conditions of actual acidity the particles
of both colloidal components are negatively charged and,
therefore, coazervation does not occur. But on making the
solution somewhat more acid the gelatin, which is an am-
photeric electrolyte, will change its electrical charge. At
pH below 4.8 the electrical charge on the gelatin will be-
come positive while the gum arabic particles will still be
negatively charged. In this way coazervation will be in-
duced and from the previously homogeneous solution drop-
lets of the complex gelatin-gum arabic coazervate will now
begin to separate out.

The stability of this complex coazervate is thus deter-
mined by the mutual attraction of colloidal particles, but
the degree of attraction is a function of the product of the
opposite electrical charges which the particles bear. On
mixing solutions of gelatin and egg lecithin, the charge on
the former at pH = 4.82 (the isoelectric point of gelatin)
is zero and, although the lecithin particles are negatively
charged, no coazervation takes place because the product
of charges is also nil. Similarly, at pH = 2.7 (the isoelec-
tric point of lecithin) the formation of a coazervate is still
impossible, because the lecithin particles are devoid of
electrical charge at that acidity. The greatest force of mu-

* The pH is a logarithmic scale for measuring the degree of acidity or of
alkalinity of a solution, i.e. the concentration of its hydrogen and hydroxyl
ions (H*, OH-). Theoretically this scale extends from 0 to 14 from the
extreme acid to the extreme alkaline side, the value of pH = 7.0 correspond-
ing to the exact neutral point. Certain substances such as the proteins (gela-
tin), etc., which have both acid and alkaline properties manifest these
properties to a variable extent depending upon the pH of the solution. The
pH at which these attain a minimal value is designated as the isoelectric
point of the substance, because it is least ionized and does not migrate in an
electric field at that point.
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tual attraction between the particles of gelatin and lecithin
is at an intermediate pH, for instance at pH = 3.6, at
which acidity the coazervate is most stable. A shift in the
concentration of hydrogen ions in either direction causes
an increase in the hydration force with the resulting lique-
faction of the coazervate. On approaching the isoelectric
point of one or another component of the system the condi-
tions for the existence of the coazervate disappear and the
coazervate dissolves. Naturally, using mixtures of different
components the maximum stability will likewise be within
a different pH range. Thus, for instance, a mixture of gela-
tin with protamine, whose isoelectric point lies in an alka-
line medium (pH=10—11), may give a coazervate which
is stable at pH = 8.9. The extreme sensitivity of coazer-
vates to changes in the actual acidity of the solution beyond
definite limits of tolerance is, therefore, clearly seen. But
coazervates manifest such sensitivity not only towards hy-
drogen or hydroxyl ions (i.e., to changes in acidity or
alkalinity) but also towards other electrolytes, and even to-
wards neutral salts. Since the stability of the complex
coazervates ultimately depends upon electrical forces of
attraction between oppositely charged colloidal particles,
every influence tending to diminish those forces must lead
to a breaking up or a reversible dissolution of the co-
azervate. For this reason ions, which cause a discharge of
the coazervate particles, bring about liquefaction of the
coazervate system. However, a series of coazervate systems
were found which are stable to neutral salts, as, for in-
stance, the complex coazervates of clupein-nucleic acid or
clupein-soya bean, lecithin. The behavior of coazervates
under the action of a constant electrical current is also
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very interesting. Without going into details, not only by
its external appearance but also by its physico-chemical
mechanism this behavior is identical with the disintegra-
tion of protoplasm, which results when a constant current
is passed for a long time through a medium containing liv-
ing organisms.

As was already mentioned, the stability of a coazervate
is greater the higher the product of the opposite electrical
charges on its component particles, which is the stabilizing
factor. On the contrary, the hydration of the particles, i.e.,
their ability to hold the membrane of water molecules, acts
in the reverse direction and tends to dissolve the coazervate.
But the hydration of the colloid depends greatly upon tem-
perature, the hydration decreasing with rising temperature.
This accounts for the fact that coazervates are not only sen-
sitive to electrical but also to thermal influences. With ris-
ing temperature, owing to the decreased hydration of the
colloids, the coazervate becomes condensed and squeezes
out droplets of equilibrium liquid, but some of the latter
may remain dispersed within the substance of the coazervate
giving rise to vacuoles. This again suggests an analogy to
the vacuolization of protoplasm. Vacuolization is an impor-
tant characteristic which distinguishes protoplasm from
most of the other colloidal systems.

B. de Jong describes many interesting physico-chemical
properties of coazervates which may be compared to the
properties of protoplasm, especially interesting correla-
tions being obtained in experiments with coazervates made
up of a large number of components, as, for instance, a
coazervate of gelatin, gum arabic, nucleic acid, etc.

Obviously, such analogies must be considered with the
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utmost caution and under no circumstances would it be per-
missible to look upon complex coazervates as an exact col-
loidal model of protoplasm. Nevertheless, a careful study
of coazervates shows that one is dealing here not merely
with an external resemblance, as was the case in the previ-
ously cited experiments of Leduc (Chapter III). The im-
portant thing is that a number of phenomena displayed by
coazervates, as well as by protoplasm, are determined by
the same physico-chemical causes and obey the same inner
mechanism, so that a knowledge of the coazervates is a very
essential landmark in the evolution of our appreciation of
the physico-chemical properties of the protoplasm.

We must call attention especially to the following prop-
erties of the complex coazervates. In the first place, their
marked capacity to adsorb various substances dissolved in
the surrounding solution deserves mention. Before co-
azervation takes place, as was pointed out before, there is
no real demarcation between the diffused molecules which
make up the membrane surrounding the colloidal particles
and the free molecules of the solvent. But in the process of
coazervation a definite demarcation sets in, with the forma-
tion of an interface separating the coazervate from the
equilibrium liquid. This demarcation leads to the develop-
ment of new surface phenomena, particularly of adsorption
by the coazervate of various substances dissolved in the
surrounding medium. There are many organic compounds
which are thus almost completely removed from the equi-
librium liquid by the coazervates, even when these organic
substances are in as low a concentration as 0.001 percent.
Part of these adsorbed molecules is in the hydration mem-
branes of the coazervate but part is actually attached to the
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colloidal particles themselves, not infrequently forming
chemical compounds with them. As a result of this, the
coazervate droplets may actually increase in size, growing
at the expense of substances present in the equilibrium
liquid, whereby even their chemical composition may un-
dergo a radical change.

The second property of complex coazervates which merits
attention is their ability to undergo secondary transforma-
tions. As was pointed out previously, the state of aggrega-
tion of complex coazervates makes them more or less
mobile fluids. Depending upon external conditions (tem-
perature, hydrogen ion concentration, presence of electro-
lytes, etc.) their viscosity may vary within wide limits.
Under certain conditions directive forces arise in coazer-
vates which alter their character of ideal solutions, thanks
to which the coazervate particles acquire a regular orienta-
tion with regard to each other. In other words, something
happens in the coazervate system similar to that which was
previously described in the case of stretched gelatin. B. de
Jong states that it is even possible to discern in coazervates
a structural plan of a more or less regular crystalline form.
He observed this in coazervates obtained from the proteins
edestin and egg albumin. He likewise observed the forma-
tion of regular six-sided platelets in coazervates of which
one component was starch. However, these structures ap-
pearing in coazervates differ materially from those rigid,
static formations which characterize cellulose, silk, etc.
These, on the contrary, are very unstable structures and
even the friction of the cover glass can induce them to
reverse back to the original droplet form. Thus a definite
orientation of colloidal particles, i.e., a definite structure,
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may arise in coazervates, but this structure can be main-
tained only so long as the directive forces responsible for
this orientation of the particles are operative. But as soon
as these forces die out or are modified, the structure they
helped to bring into being likewise disappears or changes.

After this long excursion into the domain of colloidal
chemistry we may once more return to those organic sub-
stances which were dissolved in the original aqueous cover-
ing of the Earth. It is not likely that the chemical transfor-
mations of these substances could have followed some one
definite direction, owing to the varied chemical potentialities
with which the oxygen and nitrogen derivatives of hydro-
carbons are endowed. According to the reactions described
in the preceding chapter not a single, definite, individual
substance must have appeared in the original hydrosphere
of the Earth but a complex mixture of different high-molec-
ular organic compounds of primary proteins, lipids, car-
bohydrates and hydrophil colloids. In other words, the
formation of complex coazervates in the Earth’s hydro-
sphere was unavoidable because their formation requires
very simple conditions, merely the mixture of two or more
high-molecular organic substances being necessary. In so
far as we admit the possibility that such substances existed
in the original aqueous envelope of the Earth, we have no
reason for denying the possibility of formation of coazer-
vates in the waters of the primitive seas and oceans. The
relatively low concentration of these organic substances in
the hydrosphere could not be an obstacle, since coazerva-
tion can take place even in highly diluted solutions. The
waters of our present day sea and ocean contain only insig-
nificant traces of organic compounds resulting from the de-
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composition of dead organisms. In the great majority of
cases these compounds are used up by plankton organisms,
for which they serve as the basic food supply. However, in
some comparatively rare instances, in great depths of the
sea, under conditions precluding the development of micro-
organism, these substances may be preserved for a more
or less long time. Studies made on the ooze obtained from
such great depths indicate that under such conditions the
dissolved organic substances may form jelly sediments.
Such a phenomenon of colloidal precipitation from water
containing merely traces of organic substance has been also
observed not infrequently under experimental conditions,
when the action of microorganisms has been excluded.
Therefore, sooner or later complex coazervates were bound
to appear from the mixture of several different hydrophil
colloids in the original hydrosphere of the Earth.

The formation of coazervates was a most important event
in the evolution of the primary organic substance and in
the process of autogeneration of life. Before that event or-
ganic matter was indissolubly fused with its medium, being
diffused throughout the mass of the solvent. But with the
formation of coazervates organic matter became concen-
trated at different points of the aqueous medium and, at the
same time, sharp division occurred between the medium
and the coazervate. Previously the particles of hydrophil
sols, enveloped by hydration membranes and bound to their
dispersion medium, had no real boundary separating them
from this medium, but with the onset of coazervation or-
ganic substance became separated from the solution, was
set apart from the aqueous phase by a real, sharp boundary,
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and in a certain sense became antagonistic to its surround-
ing, external environment.

This antagonism is a tremendously significant character-
istic of living things. One cannot conceive of an organism
which is completely dispersed in its surrounding medium.
Every living thing is to a greater or less degree separated,
more or less sharply differentiated from this medium. As
a result of such a separation and of the existence of definite,
sharp delimitation the chemical interactions between organ-
ism and its environment acquire a rather complex, pecul-
iar character, which we designate as the material exchange
between organism and its environment. In its primitive con-
dition this exchange of matter must have been operative in
the primary complex coazervate, because the coazervate
was not suspended in pure water but in a very complicated
mixture of various dissolved organic and inorganic com-
pounds. Owing to the inherent ability of coazervates to ad-
sorb, they must have picked out some of these substances
not merely mechanically, by holding them fixed to the sur-
face, but also by direct chemical reaction with the coazer-
vate particle. In a word, there must have been a conversion
of material derived from the environment into components
of the colloid substance itself. According to the experiments
of de Jong, this would result in an increase in size and
weight of the primary coazervate; in other words, in its
growth,

In the process of coazervate formation organic substance
not only became concentrated at definite points in space
but, to a certain degree, it also acquired structure. Where
previously there was only a helter-skelter accumulation
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of moving particles, in the coazervates these particles are
already to a certain extent oriented with regard to each
other. True, this orientation is not yet stable and is pre-
served only so long as the directive forces within the co-
azervate are operating, nevertheless we witness here the
origin of some, though still very labile, elementary organ-
ization. Thus, in coazervates the behavior is subject not
only to the simplest laws of organic chemistry but also to
the newly superimposed colloid-chemical order. However,
even this higher order of relationship is still insufficient to
secure the origin of primary living things. To initiate life,
it was necessary for coazervates and similar colloidal sys-
tems to acquire, in the course of their evolution, properties
of a yet higher order, properties subject to biological laws.



CHAPTER VII

ORIGIN OF PRIMARY ORGANISMS

So LONG AS THERE WAS No DELIMITATION between the or-
ganic substance and its aqueous environment; in other
words, so long as it was still dissolved in the waters of the
original hydrosphere of the Earth, the evolution of organic
substance could be considered only in its entirety. But as
soon as organic substance became spatially concentrated
into coazervate droplets or bits of semi-liquid colloidal
gels; as soon as these droplets became separated from the
surrounding medium by a more or less definite border,
they at once acquired a certain degree of individuality.
The future history of coazervate droplets could now follow
different courses. Their fate was now dependent not only
on external conditions of the medium but also on their own
specific physico-chemical structure or organization. To be
able to trace the further course of this evolution of organic
substances, we must first of all get a clear conception of
the nature of this organization and of how this may affect
the velocity and direction of the chemical processes.

As was already discussed in a previous chapter, the or-
ganic substances serving as material for the formation of
colloidal structures can react with each other in a great
variety of ways. They possess tremendous chemical poten-
tialities, and we focused attention on these inherent chem-
ical potentialities when the origin of high-molecular

compounds in the primary hydrosphere of the Earth was
163
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considered. At that time we were little interested in the
velocity of these processes because the evolution of organic
substances undoubtedly took place over a very long period
of time and even very slow chemical transformations could
play a dominant role.

Indeed, it is very characteristic of organic substances to
utilize their chemical potentialities extremely sluggishly,
i.e., with very small velocity. There are various reactions
which require months and even years for their completion.
For this reason the organic chemist must always resort in
his syntheses to powerful reagents, such as acids, alkalies,
halogens, etc., with which to whip up and accelerate the
progress of the chemical interaction between organic sub-
stances.

In modern chemical practice, both in the laboratory and
in industry, special accelerators of chemical reactions and
various catalysts have found wide application. By this we
mean the introduction of substances which, when present
in the reaction mixture even in very small amounts, in-
crease tremendously the velocity of various reactions. It is
characteristic for catalysts that they do not change the
course of the reaction and are found in the same quantity
at the conclusion as at the beginning of the reaction. The
catalyst acts only by its presence, without becoming a part
of the composition of the reaction products. For this reason
a very small quantity of catalyst suffices to cause very large
masses of substance to react very rapidly with each other.

Many different substances are used as catalysts and their
number increases all the time as chemistry develops new
demands for them. The ability to act as catalysts is un-
doubtedly characteristic for the majority, if not actually
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for all, substances. In particular, the various metals (plat-
inum, mercury, copper, iron, cobalt, nickel, zinc, etc.) and
their oxides; various ions, especially hydrogen and hy-
droxyl ions; halogens and a number of salts are widely
used as catalysts in organic chemistry. All the reactions
discussed in Chapter V, which are based on the interaction
of organic substances with water, are greatly accelerated in
the presence of various catalysts. Thus, for instance, the re-
action of condensation of formaldehyde is catalyzed by the
hydroxyl ion (OH ™) by the addition of lime or chalk.
Hydrolysis is greatly accelerated by the presence of acids
(hydrogen ions, H *). The ions of iron and other metals
also play an important role in oxidation-reduction reac-
tions. There can be no doubt that in the transformation of
organic substances in the primitive hydrosphere of the
Earth the phenomenon of catalysis played an important
part in so far, of course, as the waters always contained
the enumerated substances, and the dissolved organic sub-
stances would always come in contact with every sort of
mineral deposit.

In view of the exceptional theoretical and practical sig-
nificance of catalysis, it is now attracting the attention of
many investigators. However, to this day we have neither
a well clarified conception nor a generally accepted theory
as to the nature of this phenomenon. Perhaps no unified
theory of catalysis is even possible, the acceleration of the
reaction in different instances resulting from different
causes. In particular, it is necessary to differentiate homo-
geneous catalysis, occurring in gases or in solutions, and
heterogeneous catalysis, occurring on the surface of solid
substances. In the first instance, the acceleration of the
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reaction results frorm the formation of an unstable inter-
mediate compound, the substrate-catalyst, which decom-
poses rapidly setting free the reaction end-products, while
the catalyst is restored in its original condition. In heter-
ogeneous catalysis the adsorption of substrate on the catalyst
surface plays a very important part. Further transforma-
tion of the substrate takes place under the influence of spe-
cifically active centers of this surface. More detailed
information on catalysis will be found in P. Sabatier’s®
book “Catalysis in Organic Chemistry” or in Rideal and
Taylor’s? “Catalysis in Theory and Practice.”

Chemical reactions between organic substances in the or-
ganism of animals and plants take place with very great
speed. Life could not proceed at such an overwhelming
tempo, as it actually does, were not these reactions so rapid.
In the last analysis, all vital phenomena such as nutrition,
respiration, growth, etc., result from the chemical trans-
formation of organic substances. Outside the living organ-
ism, in the chemist’s test tube or flask, these substances
react very slowly, indeed. The cause of the great velocity
of reaction in living cells is to be found in the great
variety of specifically acting catalyzers, the so-called
enzymes, present in the cell. The discovery of enzymes
dates far back and their enormous biological significance
was appreciated also a long time ago. Without enzymes
there can be no life. There is no living organism, no viable
cell which is not fitted out with a complete set of such
catalyzers. As soon as conditions become unfavorable for
enzymatic activity, the vital processes are either greatly in-
hibited (anabiosis) or even stop entirely.

It is easy to understand, therefore, that enzymes have



ORIGIN OF PRIMARY ORGANISMS 167

aroused great interest and received close attention from
numerous investigators®. Enzymes have been obtained
long ago from living cells either as aqueous extracts or as
dry preparations, and under suitable conditions can be pre-
served for a considerable time. The dry preparations can
be easily dissolved in water and in the form of solutions,
without the aid of living cells, they manifest the same ac-
tivity as in the organism. As a result of many researches by
outstanding investigators it can be stated with certainty
that enzymes are catalytically active substances. They differ
from other catalysts, first, by their biological origin, and,
secondly, by the specificity and exceptional vigor of their
action. There are many inorganic and organic substances
which can accelerate reactions just as the enzymes do, but
there is no comparison between them so far as the effective-
ness of the catalytic action is concerned. For instance, the
hemoglobin pigment of blood catalyzes the oxidation of
polyphenols by hydrogen peroxide, but Willstitter’s per-
oxidase preparation is 30,000 times more powerful cata-
lytically than an equal quantity of pure crystalline hemo-
globin. The hydrogen ion hydrolyzes cane sugar just as the
enzyme invertase does, but according to Euler yeast inver-
tase splits the sugar ten million times as energetically as
does the inorganic catalyst, the hydrogen ion (H *). Such
examples could be easily multiplied, but even these few will
suffice to show that enzymes of living cells represent an ex-
ceptionally complete and extremely rational (if one may be
permitted to describe it so) apparatus for the acceleration
of chemical interactions between organic substances. In
spite of the great advance in chemical technology, we have
not as yet succeeded in creating such powerful accelerators
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as are at the disposal of living nature. What imparts to
enzymes this exceptionally energetic activity and how did
such a perfect apparatus come to exist in the living cell?

It is known from the practical application of inorganic
catalysts that frequently a mixture of two or more catalysts
acts much more powerfully than either one separately. Oc-
casionally even the addition of substances, which them-
selves are very inactive, enhances greatly the activity of the
catalysts. The effect of oxides added to metallic catalysts
(iron, nickel, cobalt, etc.) of hydrogenation may serve as
an example of such secondary catalyst-promoters. Sim-
ilarly, in the catalytic oxidation of ammonia the oxide of
iron if it is combined with the oxide of bismuth may give
as good results as contact with platinum. The addition of
cerium oxide to osmium-asbestos increases the catalytic ac-
tivity of the latter many times. In the hydrolysis of pyridine
the addition of cerium oxide increases more than ten-fold
the catalysis of the oxidation of hydrogen by nickel. A mix-
ture of oxides of copper and manganese promotes with
exceptional energy the oxidation of carbon monoxide even
in the cold, etc. The enormous theoretical and practical sig-
nificance of promoters is responsible for the great interest
aroused by this phenomenon, and there is a very extensive
special literature dealing with this problem, but we cannot
go into this matter in greater detail. We wish only to refer
to the work of A. Mittasch’s school, which has accumulated
a tremendous amount of material on this question, based
on the very long experience gained in the laboratory of the
Baden Aniline and Soda Industry, and to the work of
H. Taylor devoted to the theory of promoter activity.

According to information accumulated during the past
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several years, the activity of promoters is the more ener-
getic the more closely they are united with the basic cat-
alysts. A simple mechanical mixture of promoter and
catalyst is generally not very effective. For instance, it was
shown that MnO must be mixed with Fe:0s before the
higher oxides can be reduced. There are some indications
that promoters apparently become incorporated into the
crystal lattice of the catalyst, and that in some instances
catalyst and promoter become united into a single complex
substance.

At the Sixth Mendelejev Congress in Kharkov (1932)
the author* expressed the view that natural enzymes like-
wise represent some such complexes. The enzyme particle
is thought to represent a firm combination of separate cat-
alysts and promoters in such a manner as to impart an ex-
traordinarily high catalytic activity to the whole. This view
is based on the results of R. Willstiitter’s® brilliant work on
the isolation and purification of enzymes. This work was
begun by Willstatter back in 1920, and in his experiments
he proceeded on the assumption that enzymatic activity is
a property belonging to individual substances. It was his
opinion, therefore, that it is necessary, first of all, to isolate
the enzymes from the organism in a chemically pure con-
dition, and then to study their chemical nature by the usual
methods employed in the investigation of other organic
compounds.

Willstitter devised very excellent new procedures for
isolating enzymes and for purifying them from various con-
taminating admixtures. In this way he succeeded in obtain-
ing preparations possessing overwhelming, hitherto un-
known catalytic activity. But his preparations were still
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mixtures of substances rather than pure chemical com-
pounds. Attempts at further purification of the preparations
or of separating them into their components encountered
insurmountable difficulties, inasmuch as each new step in
this direction brought about a decrease in the total enzyme
activity; in other words, purification resulted in an inac-
tivation of the enzyme.

This perplexing fact is easily explained by the intricate
structure of the enzymes. In living cells the separate com-
ponents of the natural enzyme complex (catalysts and
promoters) are intimately associated and in the usual pro-
cedures for separating enzymes from organisms or from
their tissues the complex as a whole is obtained. In the
process of isolation of this complex it can be freed to a
certain degree from various accidental admixtures which
have no catalytic effect. In this way Willstatter actually ob-
tained highly active preparations. But as soon as the puri-
fication procedure is followed still further and the enzyme
complex is broken up into its component parts, the activity
of the system as a whole is lost or, at any rate, is very much
decreased. In a number of instances the activity could be
again restored by mixing the separated components. This,
of course, is very easily accomplished where the complex is
made up of chemically different substances, and partic-
ularly where one of the components is some inorganic com-
pound or ion. For instance, the salivary amylase, an enzyme
which converts starch to sugar, always contains a certain
amount of inorganic salts, particularly of chlorides. In
purifying this enzyme by the usual procedure, i.e., by pre-
cipitation with alcohol from aqueous solution, the inorganic
component of the enzyme complex is fully retained even
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when the precipitation is repeated many times. However,
the salt can be removed by other methods, such as dialysis
(Bierry, Giaja et Henri®) or adsorption (Biedermann™?),
in which case the amylase freed from the inorganic salts
becomes entirely inactive. Its ability to split starch, how-
ever, is at once restored upon the addition to the organic
moiety of the enzyme preparation of a small amount of
sodium chloride or of some other chloride. According to
Biedermann the inorganic salts of the amylase hydrolyze
starch, though they do this very slowly, but the organic
component of amylase by itself (i.e. without the chlorides)
does not hydrolyze starch. The hydrolytic activity of the
salts from the enzyme preparation is, however, increased
many thousand times when they are combined with the or-
ganic component. Thus, the enzymatic activity belongs to a
“chloride-amylase”® complex in which the catalyst proper
is the inorganic salts, while the organic moiety increases
tremendously, or promotes their action.

The complex nature of this enzyme is very obvious and
can be easily demonstrated, but the situation is quite differ-
ent where the enzymatic activity depends upon the combina-
tion of two or more substances, which are closely related
by their chemical nature. The artificial separation of such
a complex and especially its combination presents un-
wonted difficulties, as one can easily surmise. Still, in some
instances this can be done under laboratory conditions.
Then, again, there are instances where each component of
the enzyme complex is produced by different cells and are,
therefore, found separately under natural conditions.

An interesting example of this natural separation of
components was discovered by Shepovalnikov'® in the ac-
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tivation of trypsin by enterokinase. Trypsin, the enzyme
from the pancreatic gland, cannot split native proteins
when it is obtained directly from the pancreatic juice, but
acquires this property on the addition to it of a substance
secreted by the mucous membrane of the small intestines
(enterokinase). According to the researches of Wald-
schmidt-Leitz'!, trypsin and enterokinase combine with
each other in definite proportions and a new enzyme com-
plex results which now splits native proteins. This complex
is fairly stable but Waldschmidt-Leitz'? succeeded in sep-
arating it again into its original components by means of
adsorption. The trypsin set free from the enterokinase, as
might have been expected, has lost its proteolytic activity.
Nevertheless, the activity can be restored once more by re-
combining the separate components, i.e., the trypsin and the
enterokinase. This experiment illustrates that, as a result
of combining two different substances, new enzymatic prop-
erties arise which are entirely absent when either com-
ponent is used separately.

Theorell presentet at the XV International Physiological
Congress in Leningrad (1935) an interesting example of
the formation of an enzyme from separate components. He
broke up the respiration enzyme into its component parts
and then regenerated the enzyme by combining the indi-
vidual components.

It is interesting to compare these observations on natu-
ral enzymatic complexes with the various attempts de-
scribed in recent years for creating artificial enzymatic
models, i.e., catalyzers which not only reproduce enzymatic
reactions qualitatively but actually resemble enzymes in the
specificity of their action. All these attempts deal primarily
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with the construction of some more or less elaborate com-
plex. For instance, Langenbeck*® obtained a model for
carboxylase, an enzyme which splits pyruvic acid into car-
bon dioxide and acetaldehyde. He showed that even the
simplest amines exert a weak carboxylase effect which, how-
ever, can be increased manifoldly by successive and sys-
tematic introduction of new and very complex atomic
groupings into their molecules. Recently, Bredig** and his
collaborators constructed a new enzymatic model from di-
ethyl-amino compounds adsorbed on cotton fibers. This
artificial complex catalyzes the splitting of carbon dioxide
from beta-keto-carbonic acids and aids in the synthesis of
mandelic nitrile from hydrocyanic acid and benzaldehyde.
It is interesting to note that Bredig obtained asymmetric
reaction products (i.e., substances which rotate the plane of
polarized light) with his enzyme model.

We have been dwelling at some length on these instances,
because they illustrate quite clearly the idea of an inner
chemical organization and how this may affect the velocity
and direction of chemical transformations. So long as the
separate components are scattered they exert very slight
catalytic action, but when combined into a single complex
they acquire extraordinary enzymatic activity. This activity
depends not merely on the fact that these substances are
spatially together, but is more or less determined by the
position which they occupy with regard to each other, by
the definite arrangement of the molecules in the crystal
lattice as was shown to be the case for inorganic catalysts
and promoters, or on the surface of protein colloidal car-
riers as in the case of enzymes.

We must, therefore, conclude that the naturally occurring
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high-molecular enzymes of living cells are not individual
chemical compounds but complexes made up of numerous
catalysts and promoters. The tremendous power of enzy-
matic activity must be attributed exclusively to a favorable
arrangement of components in this complex, which, of
course, could not have arisen fortuitously but only as a re-
sult of a long evolution of living organisms. In this process
ever new catalysts and promoters must have been gradually
added on secondarily to the simple and not very active
primitive catalyst. This greatly complicated the nature of
the whole complex but, at the same time, endowed it with
ever increasing activity and more perfect adaptation to the
special function which enzymes fulfill in living cells. In
this way the living cell acquired the ability to accomplish
quickly and with very minute amounts of enzyme such
transformations of matter, which previously could have
been brought about only with very great quantities of cat-
alyst. The inner chemical organization became strengthened
in the process of natural selection, insuring a gradual evo-
lution which finally culminated in those highly perfected
enzyme systems existing at the present time. To a certain
extent it is even possible to follow this evolutionary process
by studying the enzymatic systems of the existing lower and
higher organisms. Thus, according to Kuhn’s*® investiga-
tions, invertase obtained from various yeast manifests great
differences in activity. The studies made on the natural pro-
teolytic systems'® from lower and higher plants and ani-
mals are likewise very interesting, since they show that
proteases from lower forms are somewhat like prototypes
of similar systems from the more highly developed organ-
isms. It is, therefore, quite possible that the latter may have
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evolved from the former in the course of a very long evolu-
tion which involved a slow rearrangement between catalysts
and promoters.

A study of enzymatic systems reveals how the more com-
plicated biological phenomena are built up from the sim-
plest chemical reactions. By their nature enzymes represent
a certain combination of chemical compounds, but their
origin is definitely biological. Enzymes are produced only
by secretion from living cells and, what is even more im-
portant, these enzymatic systems could not have been
formed anywhere else under natural conditions. To de-
velop such perfect combinations of catalysts and promoters,
as we now witness in the case of plant peroxidase or yeast
invertase, a definite direction of evolutionary processes was
needed, and a natural selective process was required, which
destroyed the unsuccessful combinations, retaining for fur-
ther development only such complexes as would fulfill
their function with the greatest celerity and efficiency.

But enzymes represent merely the earliest and simplest
form of chemical organization of living matter. Considered
entirely as an isolated phenomenon, a single reaction cat-
alyzed by this or that enzyme could not have any deciding
significance in the internal chemical economy of living
cells. It assumes significance, however, only in conjunction
with the long chain of chemical transformations of the sub-
stances of protoplasm, of which the particular reaction is
only a single link. The chain of transformations is deter-
mined by a strict coordination of the particular reaction
with all the other chemical transformations.

The organic substances found in living cells rarely orig-
inate there as the products of a single reaction. Generally
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they are formed by a correlation of a number of chemical
reactions following one another in a perfectly definite
order. Such vital phenomena as respiration, fermentation,
growth, etc., are always associated with a long succession
of chemical transformations, the separate events of which
are related to each other in a very definite manner. As was
already pointed out in Chapter V, this orderly succession of
separate reactions leads ultimately to the formation of one
or another product, and every change in the succession is
equivalent to a radical alteration of the process as a whole.
A harmonious coordination of velocities of the different re-
actions is prerequisite for the existence of this orderly suc-
cession, and this is possible only under the condition of
strict regulation of the activity of each enzyme catalyzing
a particular reaction. If, for instance, one was to prepare
an artificial mixture of all the enzymes which promote the
separate reactions constituting the respiratory process, he
would still fail to reproduce respiration by means of this
mixture. Individual reactions, such as oxidation-reduction,
or hydrolysis, etc., will take place in this mixture, but the
entire process will not be accomplished for the simple rea-
son that the reaction velocities will not be properly and
mutually coordinated.

The same thing occurs when we destroy mechanically
the integrity of the living protoplasm, as by grinding it
finely. The mixture thus obtained contains all the enzymes
which were present also in the living cells, and all the sub-
stances which were previously acted upon in the course of
biological processes. Nevertheless, the mixture no longer
reproduces the chemical transformations observed in the
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living cell because it lacks a definite physico-chemical or-
ganization. This has been long known and acknowledged as
evidence that the enzymatic activity of living cells proceeds
differently than that of destroyed cells.

F. Hofmeister " called attention to this fact back in 1901
and attempted to explain the regulating action of the proto-
plasm as being due to “the chemical organization of the
living cell.” He thought that such organization resulted
from the foam structure of protoplasm. The possession of
a definite protoplasmic structure, in his opinion, makes it
possible for the enzymes to be localized spatially and for
their actions to become coordinated. With the destruction of
the protoplasm this coordination is disturbed and the char-
acter of the enzymatic reactions is therefore also altered.

The hypothesis of a foam or alveolar structure of proto-
plasm was finally discarded, but the conception of a reg-
ulatory action of the cell based upon this idea has been
retained and is still found in the physiology text books.
Thus, Jost ** compares the living cell to a chemical factory,
where all chemical processes must be strictly isolated from
each other. Each product must pass through a consecutive
series of departments (a series of separate chemical reac-
tions) before it becomes the finished article of manufacture
(final metabolic product). V. Palladin®® interpreted the
regulatory action of protoplasm as being due to the fact
that, as the need for the separate enzymes ceases, they are
changed to an inactive condition and are “locked up,” so to
speak, until they are again needed. The bound enzymes are
released by the protoplasm as the need for them arises.
Kostychev ** compares the enzymes to actors and the proto-
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plasm to the stage director who calls them upon the scene
at the proper moment and thus insures the smooth running
of a complicated play.

But these views, of course, are merely comparisons or
analogies, which, apart from effectively visualizing the
process, offer little of substantial value for understanding
the essence of this phenomenon of regulation of the enzy-
matic activity within the living cell.

It is very difficult to conceive how any particular proto-
plasmic structure can influence the work of enzymes. At the
same time many physiological observations show that enzy-
matic activity changes radically as soon as the protoplasmic
structure is altered. It is not even necessary to have a far-
reaching destruction of the protoplasm, since often what
may appear as a slight external influence will alter seri-
ously the regulating ability of the protoplasm. We may
refer to the experiments of Iljin* for an illustration of
such a profound change in enzymatic activity of living
cells. Iljin studied the amylase * of stoma cells from leaves
of different plants, which are very favorable for observing
enzyme activity within the uninjured live cell. As the starch
contained in these cells is hydrolyzed, the osmotic pressure
of the cellular juice increases very much owing to the trans-
formation of the colloidal starch to sugar, and the shape of
the cell also changes because of the consequent absorption
of water. It is possible, therefore, to determine exactly the
progress of starch hydrolysis by following the changes in
shape of the stoma cells. Placing whole leaves or small
pieces of a leaf in salt solutions, Iljin was able to detect a

* Amylase is an enzyme which breaks up, or hydrolyzes the starch mole-
cule into its sugar (maltose) components.
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very definite influence of electrolytes* on the rate of
the enzymatic process. The sodium and potassium ions
(Na*, K*) especially increase markedly the hydrolytic
action of amylase, whereas calcium ions (Ca **) inhibit it.
The acidity of the cellular juice likewise has great influ-
ence. Careful consideration of these experiments reveals
that the changes in enzyme activity is conditioned by altera-
tions in the colloidal properties of the protoplasm which
these electrolytes induce. The same may be said of the ac-
tion of narcotics or other surface active substances ** which
have practically no in vitro effect on the action of enzymes
in solution, whereas even minute traces alter the enzymatic
function of the living cell. The interesting experiments of
E. Lesser* on the influence of narcotics on the hydrolysis
of glycogen (or animal starch) in the frog’s liver may be
offered as an illustration. Under the action of various sur-
face tension lowering substances there is a sudden increase
in the formation of sugar in the liver cells. Lesser even suc-
ceeded in establishing a definite relationship between the
surface tension lowering effect of the substance investigated
and its influence on the work of cellular enzymes. Similar
observations have been made also on plant organisms as, for
instance, the greatly increased enzymatic action (catalase,
peroxidase, reductase, etc.) which F. Denny ** obtained in

* Substances like salts, acids and bases whose molecules split up into
fragments, called ions, conduct an electric current. They are therefore known
as electrolytes. The ions, unlike the original molecule, are electrically
charged, the cations bearing charges of positive and anions charges of nega-
tive electricity.

** Surface active substance or surface tension lowering substance are
synonvmous terms. Certain substances can decrease the tension at the sur-
face of contact. Such substances, for instance soaps, tend to accumulate in
the surface layer, this phenomenon being designated as adsorption. See note
on p. 58.
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potatoes by means of ethylene-chlorhydrine. This narcotic
has no effect on the enzymatic activity of the pressed plant
juice and acts only on the enzymes of living cells. N. Ivanov
and his collaborators* reported recently similar results
on the effect of ethylene on ripening fruit.

But the enzyme activity of living cells can be very much
altered even without the aid of outside substances. A mere
disturbance in water balance of green leaves from different
plants brings about a very marked activation of many
enzymes. H. Molisch * kept in the dark leaves that were cut
in two, one half being somewhat wilted but the other half
having normal turgor. After five hours in the dark he found
that the starch of the wilted halves almost completely dis-
appeared, whereas in the control halves with a normal
water content there was only a very slight change in the
starch content. A similar phenomenon was studied by D.
Tollenaar ** and was recently described also by Iljin*" in
tobacco leaves, and in our Institute in Moscow we ?® found
the same thing to hold true for the enzymes invertase and
B-glucosidase in wilted tea leaves.

These influences do not act directly on the enzymes them-
selves, and the results on wilted leaves depend upon the fact
that in every instance the colloidal state of the protoplasm
is altered and the enzyme activity rises and falls with the
alteration in physico-chemical structure of the protoplasm.
Recently we have shown in a number of experiments?®® that
the regulating action of the protoplasm is very intimately
associated with the phenomenon of adsorption. The proto-
plasmic colloids adsorb the enzymes whereby their hydro-
lytic activity is decreased. On the contrary, as the enzymes
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are freed again their original activity is restored. These
changes in enzyme activity in relation to their adsorption
by colloids can be easily demonstrated without living cells,
as in experiments with protein precipitates. Thus, we*® in-
vestigated the phenomenon of inactivation of amylase solu-
tions by the addition of precipitates obtained from egg
albumin with tannin, nucleic acid and other substances. The
colloidal gels or coazervates thus formed adsorb the
amylase. At the same time the hydrolytic action of the
enzyme is greatly diminished or even stopped. On filtering
or centrifuging off the precipitate the solution, which previ-
ously contained the enzyme, no longer splits starch. The
amylolytic activity, or the enzyme amylase, of the solution
has disappeared. The precipitate, however, acts quite differ-
ently. It does not have the ability to liquefy or saccharify
starch because, as was pointed out previously, the adsorbed
enzyme is in a sense inactivated. But by certain procedures
it is possible to free the enzyme from the precipitate and to
put it back again into solution, whereby its hydrolytic ac-
tion is once more restored in its original strength.

It was possible to show, furthermore, that the most varied
physical and chemical factors (shaking, warming, acidify-
ing, etc.) can inactivate enzymes, provided they induce the
formation of protein precipitates which can adsorb the
amylase. It is the adsorption, or the change from a micro-
heterogeneous to a macroheterogeneous state of the enzyme,
which is responsible for the decrease or even loss of its
hydrolytic action. It is not necessary that the protein pre-
cipitate should be formed in the enzyme solution, since in-
activation can be brought about even by the addition to it
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of a ready precipitate. The important thing is that the con-
ditions in the medium should be favorable for the adsorp-
tion of the enzyme by the protein precipitate.

Investigations carried out by A. Bach®, V. Palladin®,
by myself *, and others have shown that each living cell
contains practically a constant amount of enzymes which is
characteristic for the cell. However, only enzymes in the
microheterogeneous condition exert hydrolytic activity,
while that part of the enzyme which is adsorbed or bound
to the protoplasmic colloids does not manifest hydrolytic
action. Under the influence of various physical and chem-
ical factors the colloidal state, particularly the degree of
dispersion of substances in the living cell, is radically
though reversibly altered. With such alteration in the col-
loids, the relation between the free and bound portions of
the enzyme is also altered, leading to an increase or de-
crease in the free enzyme which, of course, results in an
increase or decrease of the hydrolytic activity. This is the
reason why every factor which alters the colloidal condition
or structure of the protoplasm so markedly affects the
enzymatic activity, too. Such factors, as the electrolyte com-
position, surface tension activity, dehydration of the proto-
plasm, whether by drying or freezing, etc., are all very im-
portant in producing a marked change in the hydrolytic
activity of the cellular enzymes, because by their influence
on the colloidal state of the protoplasm they alter the rela-
tionship between the adsorbed and the free moiety of the
enzymes.

Subsequent extensive investigations on a great variety of
plants carried out in our Institute by Kursanov, Rubin and
by Sissakjan® have shown that not only the extent of
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enzyme activity but also the nature of this activity may be
altered by adsorption or liberation of the enzyme. A large
number of facts has convinced us that certain substances
can be split by hydrolyzing enzymes only if the latter are
in the free microheterogeneous state. In the adsorbed state,
on the contrary, they not only lose the ability to promote
hydrolysis but begin to manifest the opposite, or synthesiz-
ing action, whereby the formation of substances is now
achieved which previously were decomposed by the enzyme.

Thus our investigations revealed that in every living cell
the enzymes exist in two forms, a dissolved moiety which
has a hydrolyzing action and a moiety adsorbed to the cellu-
lar structures which has a synthesizing action. Many phys-
iological characteristics of different plants are intimately
associated with the ratio which exists between the hydrolyz-
ing and synthesizing moieties of the enzyme in the particu-
lar cell. This relationship between the enzymatic actions is
determined primarily by the species and variety of a given
plant. For instance, in the roots of the sugar beet almost all
the invertase is adsorbed and exerts a synthesizing action,
but in the common beet a considerable portion of this en-
zyme acts hydrolytically. By means of various influences
it is possible to affect the state of the enzyme and thus to
shift the equilibrium between hydrolytic and synthetic
processes prevailing under natural conditions *°.

In the investigation of enzymes, these are ordinarily sep-
arated from cells and tissues by simple extraction with
water. The enzymes in the aqueous extracts are, of course,
in a free microheterogeneous state and consequently dis-
play their full hydrolytic activity. For this reason we are
particularly well familiar with that side of their activity
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which results in the splitting or breaking up of various com-
plex organic substances. But enzymes, like all catalysts,
may also act in the reverse direction, accelerating the syn-
thesis or formation of new high-molecular compounds.
Their synthesizing action is especially clearly manifested
in the living cells, where the enzymes are bound by adsorp-
tion to the protoplasmic colloids. Any influence, which aids
in leaching out the enzyme from its combination and thus
sets it free, increases its hydrolytic activity and at the same
time decreases its synthetic action. This, of course, re-
sults in a preponderance of decomposition processes and
leads to the cleavage of substances which make up the
protoplasm. On the othei hand, the increased adsorption of
enzymes by cellular structures turns the resultant of the
opposed forces in the direction of synthesis of new com-
pounds, resulting in the growth of the cell through accumu-
lation of substance.

Thus a change in the physico-chemical properties of pro-
toplasmic colloids can affect in a very definite way the
extent and the direction of enzymatic action. A definite
colloidal structure of the living cell affects the work of
enzymes and regulates their activity. However, it must not
be assumed that adsorption and elution of the enzymes are
the only mechanisms for the autoregulation of biochemical
processes. We dwelt upon this aspect of the problem and
discussed this phenomenon at some length because it throws
light on the connection existing between protoplasmic struc-
ture and the force of enzymatic action.

One can mention, of course, several other factors affect-
ing the velocity and the direction of chemical processes oc-
curring in the protoplasm. In recent years the problem of
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the influence of the electrical potential of oxidative proc-
esses, the so-called oxidation-reduction potential, on the
course of cleavage and synthesis of proteins has been care-
fully studied. It was established by the work of Willstitter *°,
Waldschmidt-Leitz*", Grassmann®®, etc., that cathepsin, a
cellular proteolytic enzyme which splits native proteins,
can exert its action only under very definite conditions. Just
as trypsin from the pancreas can only act in the presence
of enterokinase, so does cathepsin hydrolyze native pro-
teins only when activated by the special substance glutathi-
one. Glutathione consists of three amino acids, one of
which is the sulfur containing cysteine or cystine. These
two amino acids differ from each other in that cysteine con-
tains the sulfur in the reduced state as SH (sulfhydryl),
whereas in cystine the sulfur is in the oxidized S — S form,
the change from one to the other being reversible:

Plu fl{n R,
2SH=8 — é +2H
The glutathione likewise may exist in two forms, the re-
duced (GSH) or oxidized (GS — SG):
(l} G G
pded §iom
Only the reduced glutathione can activate cathepsin. If
the oxidation-reduction potential of a living cell is very
high, its glutathione will be entirely in the oxidized form,
the cathepsin will be inactive and the protoplasmic pro-
teins, therefore, will not be hydrolyzed. On the contrary,

as the oxidative processes become weaker the glutathione
changes to the reduced form, which activates the enzymatic
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cleavage of proteins. This in turn leads to a change or even
destruction of protoplasmic structures. Other enzymes ad-
sorbed on the proteins are set free and thus the hydrolytic
activity with regard to a number of other substances is
sharply increased. Ultimately all this may end in an exten-
sive autolysis or self-digestion with the resulting dissolu-
tion of protoplasmic structures and complete destruction
of the living cell. Such autolysis actually occurs in animal
tissues when, for instance, their blood supply is cut off.
This stops the respiration, which normally requires oxygen
brought by the hemoglobin of the blood. The same may be
also observed in plant cells and tissues whose oxidative
processes are lowered or stopped by one means or another.
In this respect the investigations of K. Mothes® are very
interesting, because they demonstrate how the cleavage or
synthesis of proteins in green leaves are regulated in this
manner.

In the living, non-injured protoplasm phenomena of de-
composition likewise occur to a certain extent, but their
velocity is very definitely related to the velocity of con-
structive processes, which predominate and thus furnish
the necessary conditions for a long and stable existence of
the whole system. We wish to emphasize that the dynamic
stability of living things should not be construed in the
sense that there is no decomposition of organic compounds
or destruction of colloidal structures. On the contrary, it is
very well known that such decomposition does and must
occur since the energy thereby set free is absolutely neces-
sary for syntheses and for the formation of new substances.
But in protoplasm, owing to the existence of a definite
physico-chemical organization, the chemical processes are
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so reciprocally coordinated that a decomposed substance
is at once replaced by a newly synthesized one, and a struc-
ture which had been destroyed is immediately restored.
Thus, there is a constant exchange of substances, but syn-
thesis always predominates over destruction, and this cre-
ates the dynamic stability of the system.

This type of stability is not to be confused with the static
stability of crystals or similar formations. If a parallel can
be drawn at all, it is with different types of simple dynamic
systems whose very existence is determined by the move-
ment of matter and by the energy changes associated with
it. For instance, a stream of water under definite constant
conditions may retain its form within certain limits for a
certain length of time. The form depends upon a number
of directive forces, which orient the movement of water
molecules in this system in a definite manner. But the ex-
istence of the stream of water is determined by the circum-
stance that all the time new particles of water pass through
it with a definite velocity. By quick freezing it is possible
to fix the definite form of the stream, but the resulting mass
of ice is no longer a dynamic system and its stability is
purely static.

Analogous to the stream of water or to the flame of a gas
burner, protoplasm also exists only so long as new matter
and its chemical energy pass through it in an uninterrupted
flow. A great variety of chemical substances enter the cell
from the surrounding medium and are subjected to pro-
found changes and transformations. The resulting mole-
cules and particles become mutually oriented under the
influence of definite directive forces and form mobile col-
loidal systems, which become part of the physico-chemical
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structure of the protoplasm. But alongside this assimilatory
process there is also a breaking down of protoplasmic
structures and substances which make up its composition,
the products of destruction being eliminated back into the
surrounding medium.

The enzymes merely accelerate the separate chemical re-
actions which take place there, making the entire system
more dynamic. But they can equally well increase the con-
structive or the destructive processes. Thanks to the pres-
ence of a definite physico-chemical organization resulting
from adsorption, permeability, etc., the separate chemical
processes are brought into harmonious correlation, and the
normal living cell is a dynamically stable system in which
constructive processes predominate over the destructive
processes. The cell is either maintained in a steady state or
it actually grows. On the contrary, if the physico-chemical
organization of the cell is disturbed, the destructive
processes usually gain preponderance and the protoplasm
begins to autolyze, its structure breaks up and its compo-
nents dissolve.

The artificial coazervates, which we can obtain by mix-
ing together different colloidal solutions, and the analogous
formations, which have originated in the hydrosphere of
the Earth, do not have and never have had the highly effi-
cient physico-chemical organization described above. They
lose their structure comparatively easily and go back to the
solution state. One does not, therefore, find here any appre-
ciable dynamic stability, but even in the instability of these
coazervate systems exceptional possibilities for further evo-
lution lie dormant.
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Let us assume that in some archaic water basin on our
planet coazervate droplets appeared as a result of the mix-
ing of solutions of high-molecular organic substances. What
would be the fate of such droplets? As was mentioned be-
fore, such colloidal formations are very unstable. Let the
temperature of the surrounding medium undergo a substan-
tial change, or let the hydrogen ion concentration approach
the isoelectric point of one of the coazervate components,
or let the salt composition in some part of the basin become
unfavorable, and the coazervate droplet, after a more or
less brief existence, will at once decompose, dissolve and
change back to the primary sol, the molecules of the com-
ponent colloids dispersing again in the surrounding solvent.
The short-lived existence of the individual coazervate drop-
let will have come to a sudden end.

On the other hand, it is also possible that a situation may
arise, where the external and internal conditions would be
favorable for further and more or less durable existence
of the droplet. Under given concrete conditions of the sur-
rounding medium it would remain stable for a definite
time. To understand the nature of this stability we must
consider it in relation to the familiar artificial coazervates.
As was pointed out in a previous chapter, such colloidal
formations are usually obtained on mixing solutions of
artificially purified and more or less distinct substances
(gelatin, gum arabic, albumin, nucleic acid, etc.). These
substances contain neither enzymes nor other sufficiently
active catalysts and the chemical transformations within
these artificial coazervates proceed at a very slow rate.
During the comparatively brief period of observation no
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material chemical changes can take place within these co-
azervates which, to a certain degree, lends them static char-
acter.

This static condition, however, is only apparent. Since
the substances making up the coazervates do react with each
other, even though very slowly, some chemical transforma-
tions must occur after long existence of these colloidal for-
mations. This manifests itself especially strongly in coaz-
ervate droplets suspended not in pure water but in aqueous
solutions of various substances. In that case it absorbs from
the outside medium substances which react more or less
rapidly with the materials constituting the coazervates, and
the chemical composition of the coazervate must, therefore,
gradually change.

These changes may contribute either to increased stabil-
ity of the coazervate or, on the contrary, may cause the co-
azervate, even under constant external conditions, to lose
its original structure, to break up and return to the original
hydrophil sol state. At the same time the chemical processes
within the coazervate may take the direction either towards
assimilation or towards gradual degradation (by oxidation
or hydrolysis) of the substances making up the coazervates.
If the latter processes predominate, the coazervate will
sooner or later disappear entirely. On the other hand, if the
synthetic, assimilatory processes are the stronger, the co-
azervate will either keep its original mass or it n.ay actually
increase in size. In this case we may speak of a certain sta-
bility of the coazervate, but this stability is dynamic in
character and is determined by a correlation between the
velocities of the processes of assimilation and degradation.

This, of course, holds true for the natural coazervate
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droplet which was suspended not in pure water but in solu-
tions of a great variety of organic and inorganic substances.
It absorbed these substances from the surrounding medium
and, therefore, its composition must have been changing
gradually. These changes were the more significant because
the absorbed substances reacted with the coazervate sub-
stances, and though the interactions proceeded exceedingly
slowly they would ultimately result in essential changes in
the composition and structure of the droplet. The founda-
tion was thus laid for the processes of assimilation and deg-
radation. Coazervate droplets, in which the former counter-
balanced or even overbalanced the latter, were the only
ones which were stable under the existing environmental
conditions. On the contrary, droplets in which the chemical
forces worked chiefly in the direction of degradation were
doomed to disappear sooner or later. The life history of
such coazervates terminated rather quickly and they did
not, therefore, play an important part in the further evolu-
tion of organic matter. In this way a natural selection of
coazervates originated in its most primitive and simplest
form, only the dynamically most stable colloidal systems
securing for themselves the possibility of continued exist-
ence and evolution. Any deviation from this stability re-
sulted in a more or less rapid loss and destruction of the
individual system.

With the background of “natural selection” and by its
strict control, further modifications in chemical organiza-
tion of these colloidal formations must have proceeded
along definite lines. To a certain extent, we may imagine
that the origin of primitive enzyme systems followed a simi-
lar course of transformations. In naturally arising coazer-
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vate droplets, contrary to what happens in the artificial
coazervates, inorganic catalysts, such as hydrogen ions,
iron oxide, etc., undoubtedly assume an important part, ac-
celerating the definite chemical changes within the coazer-
vates. If these effects promote assimilatory processes the
droplets containing catalysts gain a certain advantage as
regards the speed of their growth. This advantage could
be increased even much more if through absorption of new
substances into the coazervates some inorganic or organic
promoter became more or less successfully united to the
catalysts and thus greatly increased their effectiveness. The
enhanced speed of a given chemical reaction within the co-
azervate droplet made the colloidal system more highly
dynamic.

Of course, the mere gain in dynamic force and the ac-
celeration of chemical reactions within the coazervate could
not determine the further evolution of such formations, but
the increasing rate of chemical transformation was all the
time regulated by a “natural selection” of newly arising
formations. If the increase in the rate of a given reaction
so affected the coordination between assimilation and deg-
radation as to promote the latter, such an imperfect system
would become mechanically unfitted for further evolution
and would perish prematurely.

But we must not underestimate the enormous significance
of the increase in dynamic force of coazervate systems in
the process of their evolution. Previously, in discussing the
resultant velocity of all the combined reactions, little atten-
tion had been paid to this factor. But in considering not the
absolute amount of time required for a given phase of devel-
opment but rather the relative velocity of reactions in iso-
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lated, individual systems, the coordination of the velocities
assumes foremost significance, because this determines
their dynamic stability. At a given stage of development
the very process of evolution of organic systems depended
upon the coordination of the growth velocities of separate
individual coazervates. Each coazervate droplet increased
in weight and volume the more rapidly the more perfectly
its physico-chemical organization was adapted to this end.
Every new change in this organization, if progressive in
nature, in the sense that it promoted more rapid absorption
of dissolved substances and consequent growth of the coaz-
ervate, furnished further impulses to more vigorous expan-
sion. On the contrary, even stable coazervate droplets, in
which the tempo of chemical transformation was slowed
down, were retarded in their growth and became progres-
sively less important in the total mass of coazervates. A
peculiar competition had thus arisen among coazervate sys-
tems as regards the velocity of their growth.

Naturally, it must not be imagined that every coazervate
droplet could grow indefinitely as a single system. Sooner
or later this would have to break up into separate droplets
or fragments simply under the influence of external me-
chanical forces, or this could result from the action of sur-
face tension forces. Incidentally, such fragmentation would
be advantageous from the point of view of further growth
of the coazervate, since it would establish a more favorable
relation between surface and mass and thus increase the
absorption of dissolved substances. Therefore, a coazervate
droplet endowed with an ability to divide had a certain
definite advantage over the others.

The daughter droplets resulting from mechanical divi-
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sion have the same physico-chemical organization as the
mother droplet, since they all represent portions of the
same original system. They could each undergo changes
which would either increase or decrease their chances in
the growth competition. This would result not only in a
gradual increase in the mass of organized substance on the
Earth’s surface, but, and this is even more important, the
quality of the substance would change in a very definite
direction.

The simplest organic coazervates with their unstable ele-
mentary structure were destined sooner or later to disappear
from the face of the Earth, to disintegrate and to return to
the original solution state. Their nearest descendants, too,
although they have already developed some stability, will
soon drop out of the procession unless they acquire the
ability to accomplish chemical reactions quickly. Only
those systems continue to grow and evolve whose structure
has undergone profound changes and which have developed
a complex enzymatic apparatus enabling them to transform
chemically and to assimilate absorbed substances with ex-
traordinary rapidity. At the same time, the coordination of
enzymatic processes, upon which the high degree of dy-
namic stability depends, becomes more and more perfected.
The separate chemical processes become so regulated that
new substances immediately take the place of those de-
stroyed, and new structures immediately replace those worn
out. The process of “competition in growth velocity” results
in a quantitative preponderance of such systems which are
best adapted to their environmental conditions and possess
the most perfect organization. But the further the growth
process of organic matter advances and the less free or-
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ganic material remains dissolved in the Earth’s hydro-
sphere, the more exacting ““natural selection” tends to be-
come. A straight struggle for existence displaces more and
more the competition in growth velocity. A strictly biologi-
cal factor now comes into play.

This new factor naturally raised the colloidal systems to
a more advanced stage of evolution. In addition to the al-
ready existing compounds, combinations and structures,
new systems of coordination of chemical processes ap-
peared, new inner mechanisms came into existence which
made possible such transformations of matter and of en-
ergy which hitherto were entirely unthinkable. Thus sys-
tems of a still higher order, the simplest primary organisms,
have emerged.



CHAPTER VIII

FURTHER EVOLUTION OF PRIMARY
ORGANISMS

WiTH THE APPEARANCE of primary organisms the question
of the origin of life on Earth is, properly speaking, closed.
What follows now is a history of the evolution of living
creatures which passes through a succession of stages, from
the origin of cells to the formation of multicellular organ-
isms, and finally, to the appearance of reasoning beings.
The thing of special interest for us is the first stage in the
development of the highly differentiated cell with its nu-
cleus, chondriosomes, protoplasts and other organoids,
since here one can learn something of the earliest steps in
the evolution of primary organisms. Unfortunately, how-
ever, the problem of the origin of the cell is perhaps the
most obscure point in the whole study of the evolution of
organisms. This is easily understandable since the evolu-
tionary history is founded upon the investigation and com-
parison of the structure of contemporary living things,
aided by data derived from a study of fossils (paleon-
tology) and of individual development (ontogeny). But
neither from paleontology nor from ontology can one
learn anything concerning the development of the simplest
living things. Furthermore, our information as to the inti-
mate structure of these organisms is very limited, inasmuch
as the direct study of the inner structure is, for purely tech-

nical reasons, very difficult. We know only that some organ-
196
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isms, bacteria in particular, do not possess well differenti-
ated separate structures, such as are found in a completely
formed normal cell. But we know absolutely nothing as to
how these structures were formed, how the nucleus origi-
nated, how the protoplasm became differentiated, etc., and
on this score we can only advance general hypotheses of
greater or less degree of probability.

Mention will be given to only a few of the most note-
worthy views regarding the origin of the cell. Kozo-Pol-
janski in his “QOutline of a Theory of Symbiogenesis” de-
velops the idea that the cell resulted from the symbiosis of
simplest living organisms. In recent years Keller %, discuss-
ing the problem of the origin of the cell, drew a parallel
between the multicellular organisms and the cell. “The mul-
ticellular organism cannot be regarded simply as the sum
total of cells, a mere congeries of unicellular organisms.
The cells are more or less profoundly altered, having lost
important old properties and acquired many new ones. . . .
Similarly in the cell nucleus we have a system consisting
of the residues of primitive living units which have been
altered in an extraordinary way and highly specialized.
. . . We are developing the view that at some distant time
in its history the cellular nucleus passed through a stage
when it existed as a colony of elementary living units simi-
lar to the colony stage through which the multicellular or-
ganism passed. Bacteriophages and genes are the remnants
of those living units.”

It is possible and, perhaps, even probable that the cell
nucleus did originate from such primary living units not
directly but through an intermediate stage of more complex
living things, like the bacteria.
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“Protoplasm perhaps still represents a drop of that or-
ganic medium in which the first beginnings of living things
appeared; to be sure, altered and modified to an extraordi-
nary degree under the organizing influence of the cell nu-
cleus. . . . Chlorophyll grains also must have been at one
time independent living units, simpler than the cell itself,
but containing the green substance, chlorophyll. Even now
we find organisms of this description, namely, the chloro-
bacteria.” By way of summary Keller draws the following
picture of the development of a vegetable cell: “In the mass
of jelly which was to become the protoplasm a colony of
colorless living units existed which later was transformed
into the nucleus. Other living organisms, colored green by
a substance related to chlorophyll, likewise became incor-
porated into this mass. . . . This symbiosis of organisms,
which was at first accidental, gradually became elaborated
into a most intimate and permanent system in which the
previously independent organisms acquired the character
of organs of a single whole, the cell.” In all these hypothe-
ses the idea that the living cell, as a system of a higher
order, is compounded from the simplest living things, re-
ceived fullest expression.

From the viewpoint developed in the preceding chapters
it seems much more probable that the origin of the isolated
nucleus, chondriosome, plastid, etc., is only the external vis-
ible expression of a gradual unfolding and perfection of an
inner physico-chemical structure and organization of col-
loidal formations. The very ephemeral initial orientation
of molecules could acquire by an evolutionary process a
more stable character and serve as the starting point for
the formation of complexes and structures more or less
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easily distinguishable under the microscope. Differentia-
tion of these complexes in the total protoplast mass came
about gradually in the evolution of living organisms. There-
fore, in our simplest organisms, for instance in bacteria, we
find this still at a very low stage of development and com-
paratively poorly expressed. It is well known that the nu-
clear substance of bacteria is not concentrated into a single
formation but is dispersed as very tiny particles through-
out the protoplasm. Similarly, the structure of the nuclear
apparatus of the blue-green algae is much less definite than
of organisms at a higher stage of the evolutionary process.
To a certain extent we can even follow the gradual elabora-
tion of the cellular structure in the course of phylogenetic
development of organisms (evolution of nucleus, plastid,
etc.). But we must not lose sight of the fact that these for-
mations are but the visible reflections of the inner physico-
chemical structures, which determine the course of vital
processes and of the physiological behavior of the cell.
Only a comparative study of this inner physico-chemical
structure could throw light on the course of the gradual
development of primary living things. Unfortunately our
present technique of investigation would not permit us to
perceive directly this inner physico-chemical organization
of the protoplast. This inability to observe directly is not
only due to the fact that we are dealing with magnitudes
approaching molecular sizes. The structures themselves are
too complex and, what is even more important, too mobile
to be actually directly perceivable. We must search, there-
fore, for other methods which will make it possible to pene-
trate the intimate inner structure of the simplest living

things.



200 THE ORIGIN OF LIFE

The comparative study of enzyme complexes and enzyme
systems from different species of organisms seems to offer
such a method, because the enzyme represents the primary
elementary form of a biologically organized substance. As
was pointed out previously, enzymes did not arise all at
once but developed gradually in the evolutionary process
by a coordination of catalysts and promoters. The degree
of its perfection and the effectiveness of its action are de-
termined by this coordination or organization. Therefore,
the comparative investigation of the nature and activity of
enzymes obtained from organisms at different stages of evo-
lution can aid us, to a certain extent, in unraveling the
changes which these elementary cellular “organs” undergo
in the development of living things.

Unfortunately we possess only a few cursory bits of in-
formation on this subject. Grassmann ® made a most interest-
ing attempt at a comparative study of proteolytic systems
(protein-splitting enzymes) of high and low organisms.
These systems represent a combination of several enzymes
such as proteinases, polypeptidases, aminopolypeptidases,
dipeptidases, etc. The character of the action of these sys-
tems depends upon the mutual coordination of the separate
enzymes as well as on the influence of additional substances,
the activators. The study of this problem leads to the con-
clusion that the proteolytic systems of the lowest organisms
are directly related to the protease systems of higher plants
as well as to the proteolytic enzymes of animal cells. The
constitution and functional division of the simplest proteo-
lytic systems correspond to the more primitive development
of lower organisms. On the contrary, the systems from
higher organisms are correspondingly more highly organ-
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ized, having resulted from a gradual perfection of the sim-
plest proteolytic systems.

But the sum total of enzymes in the living cell does not,
of course, reflect fully the inner physico-chemical structure
of the simplest organisms, the enzymes representing merely
their primary elementary structure. Therefore, the study of
separate enzymes or of whole enzyme systems is not enough
to comprehend the complexity of the inner physico-chemical
structure of the protoplast. As was pointed out before, this
structure determines the “regulatory action” of the proto-
plasm as a result of which the separate enzymatic reactions
are correlated harmoniously into the long chain of chemical
transformations constituting the processes of nutrition, fer-
mentation, respiration, growth, etc. A disturbance of this
organization disturbs also the connection between the sepa-
rate chemical processes. Alteration of the inner physico-
chemical structure also changes the sequence in which one
reaction follows the other and, therefore, changes the char-
acter of the entire biochemical process. It is in this manner
that organization determines the course of vital phenomena.
On the other hand, through the study of the biochemical
processes in different organisms we can form some judg-
ment of the inner physico-chemical organization and of its
alterations in the process of evolution.

The comparative study of biochemical processes in living
organisms allows one, to a certain extent, to perceive the
gradual course of development of primary organisms. Just
as the anatomist reconstructs the evolutionary development
of animals by the comparative study of organs from differ-
ent animals, so also can the biochemist form a conception
of the consecutive stages passed by primary living things
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in their evolution on the basis of chemical processes under-
lying various vital phenomena.

This comparative study of biochemical processes in liv-
ing organisms is particularly significant from our point of
view because it furnishes a factual basis for testing the con-
clusions arrived at in previous chapters. All the interme-
diate forms of organization of substance transitional be-
tween primary organic compounds and simplest living
creatures have long since disappeared from the face of the
Earth as the result of a relentless natural selection. For this
reason we must make the constructions on the basis of a
study of physical and chemical properties of organic com-
pounds and colloidal formations. We assumed that the ex-
ternal conditions, under which organic substances evolved
from the moment the Earth’s hydrosphere was first formed,
differed little from contemporary conditions, as we observe
them in nature or can reproduce in our laboratories. This
idea appears entirely justifiable. It was only necessary to
establish firmly the primary mass evolution of organic sub-
stances on the Earth’s surface, and this we attempted to do
in Chapter IV. But having reached definite conclusions as
to the gradual evolution of primary living things, it is very
interesting now to check these conclusions by a comparative
study of biochemical processes occurring in organisms liv-
ing at the present time.

As was shown previously, primary organisms could exist
and grow only by virtue of absorption and assimilation of
organic substances dissolved in the surrounding aqueous
medium. The organization or inner chemical apparatus per-
mitting assimilation of these substances must have existed,
therefore, from the very moment these primary organisms
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came into existence. This must have inhered in the very
foundation of their structure and consequently organisms
living at the present time must still be endowed with that
apparatus. Indeed, with few and readily explainable excep-
tions, the ability to use organic substances as nutriment is
found in absolutely all living things, although many have
long ago become adapted to independent nourishment with
inorganic substances.

Most of the species of organisms now living are generally
heterotrophic, i.e., they are capable of using only organic
compounds for nourishment. Among them are found not
only all the highest and the lowest animals but also the
great majority of bacteria and all fungi. This fact in itself
is extremely significant because it would be very difficult
to imagine that the origin of such a multifarious assortment
of living things was associated with a regression or loss of
the ability for autotrophic nourishment (i.e., of the ability
to form proteins, etc., from inorganic salts and CO:). It
must be noted, furthermore, that this loss had to be very
thoroughgoing since in none of the species enumerated are
there any signs or rudiments of an apparatus to be found
indicating that at some time in the past they were able to
nourish themselves on inorganic substances. Such a suppo-
sition seems extremely improbable.

On the other hand, an examination of typical autotrophic
organisms, particularly of the green plants, shows that they
have retained to a considerable degree the ability to use
preformed organic substances for their nourishment. This
ability is especially well developed in the lowest representa-
tives of the plant kingdom, in the various species of algae.
Although these living things are thoroughly capable of au-
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totrophic existence, experiments have shown that nourishing
them artificially on organic substances acts very favorably
on their development. It was definitely established by these
experiments that they assimilate the organic substance di-
rectly *. This may run parallel with the assimilation of car-
bon dioxide, but in some instances the latter may be easily
excluded and the algae converted to an exclusively sapro-
phytic mode of existence. Especially luxurious growth on
organic substance was secured in the case of the blue-green
algae, such as Nostok®, diatoms, and even some of the green
algae (‘Spirogyra). Some species of Spirogyra and a num-
ber of the blue-green algae utilize organic matter of pol-
luted waters even under natural conditions. In any event,
they develop especially luxuriantly in the presence of or-
ganic compounds. All this goes to show that the enumerated
organisms at first possessed the ability of using organic nu-
trients and that only in the later evolutionary process new
organizational forms were superimposed over the basic
mechanism, making it possible for the algae to assimilate
inorganic substances. That is the reason why, under proper
conditions, they can go back so easily to their primitive
mode of nourishment.

But this holds true even for the higher green plants which
long ago became specialized to assimilate carbon dioxide
by photosynthesis. Apart from the fact that a large variety
of cells from higher plants (cells of roots, stalks, etc.) gen-
erally depend entirely on organic substances for their nutri-
tion, even the highly differentiated chlorophyll bearing
cells, with their perfectly organized assimilatory apparatus,
have preserved the ability to use preformed organic sub-
stances as nutriment. This has been corroborated by obser-
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vations on sprouts and etiolated leaves® as well as in ex-
periments with pure sterile cultures of higher plants, which
have been reared through the entire vegetative cycle in the
dark in solution of sugar or of closely related substances.
Furthermore, with the aid of the method developed by
Mothes of introducing solutions of organic substances
through the stomata directly to the parenchyma of green
leaves it was established that parenchyma celis can assimi-
late such substances. In our own laboratory A. Kursanov
demonstrated that by this method of “feeding’ green leaves
with sugar a considerable increase in the protein content
can be achieved, inorganic compounds serving as the source
of nitrogen.

It was already mentioned that many investigators have
accepted and still do accept the view that carbon first ap-
peared on the Earth’s surface in the form of carbon diox-
ide. If this were really so, it would follow inevitably that
the primary living organisms must have been capable of
independent autotrophic nutrition, assimilating carbon di-
oxide as the primary source of carbon. But such an as-
sumption is radically contradicted by all the data gathered
from a study of the lowest organisms. This contradiction
has attracted the attention of many biologists for a number
of years. The primary origin of green organisms capable
of such assimilation seemed most improbable since it is
easy to show that the operation of photosynthesis requires
a very highly developed organization. The discovery that
some bacterial species are capable of using mineral sub-
stances alone for their nutrition naturally attracted special
attention because these organisms can utilize the energy of
such exothermic reactions as the oxidation of ammonia to
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nitrous and nitric acid, of sulfur to sulfuric acid, or of fer-
rous to ferric oxide. The nitrifying bacteria, the sulfur bac-
teria, the iron bacteria were very quickly proclaimed as
the type of organisms which was the first to appear on the
Earth. S. Winogradski expressed this opinion when he
found that nitrifying microbes, which he was the first to
discover, can exist in the absence of organic substance®.
The same idea was developed in greater detail by Osborn®
in his book “The Origin and Evolution of Life”, as well as
by V. Omeljanski *°.

The idea that these bacteria represent primary living
things is based exclusively on the supposed primitiveness
of their metabolism. Careful analysis, however, reveals
that their metabolism is far from being primitive. These
autotrophic organisms can be compared in this respect to
the green autotrophes, even to the simplest algae. Just as
photosynthesis requires a sufficiently highly developed pro-
toplast organization, so can the carbon dioxide assimilation
through chemical synthesis (nitrification, oxidation of sul-
fur, iron, etc.) proceed only in the presence of a highly dif-
ferentiated structure, and this could result only from a long
evolution of living organisms. Therefore, nothing princi-
pally new is added by the assumption that nitrifying and
similar bacteria have had a primary origin. One could
equally well make the assumption that the green auto-
trophes are of primary origin, if one accepts the viewpoint
that only carbon dioxide is the primary material used in
building up living things. Such an assumption, however,
does not in the least remove the contradiction between the
hypothesis and the data from the systematics of lower or-
ganisms, according to which microorganisms capable of
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chemical synthesis could have arisen only as a side branch
from the main stem of evolution followed by all other liv-
ing organisms.

Lotsy’s book “Studies on the History of Botanical Spe-
cies” may be cited as an illustration of this. He starts with
the assumption that all the carbon on the Earth’s surface
was originally in the form of carbon dioxide, but the enor-
mous systematic material at his disposal forces him, never-
theless, to acknowledge that the progenitors of the entire
organic kingdom could only be the simplest living beings
capable of thriving exclusively on organic substances.
Lotsy ** himself does not attempt to resolve this contradic-
tion. But it can be easily avoided by discarding the precon-
ceived and, as shown before, totally unfounded notion that
carbon dioxide was the sole possible source of carbon for
the primary living organisms. In that case, of course, the
basis for considering nitrifying and other autotrophic mi-
croorganisms as prototypes of primary living things is also
destroyed. A number of considerations, to be discussed
later, convince us that this fairly isolated group of living
things must have arisen at a relatively much later period in
the evolution of the organic kingdom, probably at the same
time when the first autotrophes capable of photosynthesis
appeared.

The study of contemporary forms of living things brings
us, therefore, to the conclusion that the ability to assimilate
dissolved organic substances is possessed by nearly all or-
ganisms and is inherent in their constitution. In full accord
with the idea developed in the preceding chapter, contem-
porary living things even of the lowest organization are al-
ready endowed with a completely formed and quite perfect
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apparatus, enabling them to obtain and to assimilate or-
ganic substances with extreme rapidity. The study of many
bacterial species demonstrates that these microorganisms
can assimilate dissolved organic substances even when these
are present in exceedingly small concentration. Under natu-
ral conditions a number of microorganisms belonging to
the plankton exist at the expense of organic substances
found as mere traces in their surrounding medium.

This is not surprising in view of the well known fact that
these microorganisms possess an extremely well developed
capacity to absorb organic substances. Many experiments
show that bacteria absorb such substances exceptionally
well and rapidly. The assimilation and transformation of
absorbed substances by microorganisms proceeds likewise
very rapidly. According to V. Vernadski’s** calculations,
a single coccus with a volume of 1072 cc. could under fa-
vorable conditions cover the entire globe in less than thirty
six hours by a process of cell-division. This magnitude of
the “growth energy” indicates the great speed with which
organic substance can be assimilated by these simplest of
organisms. There can be no question, therefore, that they
must possess a well adjusted internal physico-chemical ap-
paratus. This could have been achieved only as a result of
a long continued natural selection of colloidal systems,
which have reached a high degree of perfection in this
respect.

In the light of the newest findings with regard to the for-
mation of so-called “secondary” bacterial cultures™ it is
interesting to consider the idea that the ability of assimilat-
ing organic substance inheres in the basic structure of mod-
ern living things. D’Herelle ** already noted that when bac-
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teriophage acts on dysentery bacilli the culture may be so
completely destroyed (or lyzed) that no visible bacteria
can be found in it. Occasionally, however, the solution be-
comes turbid after a lapse of some time and normal Shiga
dysentery bacilli reappear. This phenomenon has been
studied carefully by Handuroy *, who concludes that under
the influence of bacteriophage there is a breaking up or dis-
aggregation of bacterial bodies into numerous fragments.
Some of these fragments can pass through bacterial filters
and represent the so-called invisible or filterable bacterial
forms. Subsequently, normal bacteria (secondary cultures)
are again formed from those fragments. It is most interest-
ing that these separate “pieces” of bacteria are apparently
able to grow in different organic media although many of
the biochemical properties of the original cultures suffer
material alterations from the fragmentation of bacteria.
Thus the proposition, that the inner physico-chemical
organization which makes absorption and assimilation of
organic substances possible must have appeared together
with primary organisms, finds corroboration in a number
of facts established by observation on organisms living at
the present time. But assimilation of organic substances is
always intimately associated with their degradation. Only
in the case of simple adsorption can assimilation of organic
substance proceed without decomposition. But as soon as
the absorbed substance begins to undergo chemical trans-
formation, it must be subjected to profound decomposition
at least in part. This depends upon the fact that most syn-
theses represent endothermic reactions, i.e., processes re-
quiring some energy for their accomplishment. In coazer-
vates and in primary organisms this energy is derived from
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organic substances adsorbed from the environment. As was
already pointed out, these substances are rich sources of
potential energy and by coordinated reactions, principally
oxidation-reduction reactions, this energy can be more or
less utilized in the synthesis of substances for building up
the organism.

It follows that assimilation of organic substances unac-
companied by a degradation process may occur only in pri-
mary coazervates representing an extremely simplified sys-
tem. But rapid growth and development can occur only in
colloidal systems in which the adsorbed organic substances
are subjected to far-reaching chemical transformations.
Consequently, in the course of evolution of coazervates and
gels the ability must have developed very rapidly to uti-
lize the hidden potential energy of organic substances for
performing the endothermic synthetic reactions. In other
words, an inner physico-chemical structure had to be devel-
oped which made it possible to bring about most complete
degradation of adsorbed organic substance in order to uti-
lize most fully its potential chemical energy.

The largest amount of potential energy can be released
in the oxidation of organic substances by the oxygen of the
air, i.e., by their “burning” to carbon dioxide and water as,
for instance, in the oxidation of sugar according to the
equation:

CeHmOo + 6 02 =6 C02 + 6 H20 + 674 Calories

A similar oxidation of carbohydrates actually occurs in the
respiration of animals and plants. But, if the argument pre-
sented in previous chapters is valid, under no circumstances
could this process have been realized in primary organisms,
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because free oxygen was completely lacking in the Earth’s
atmosphere of that epoch, and transformation of organic
substances could take place only through interaction with
the elements of water. The primitive apparatus of degra-
dation must, therefore, have been such as to permit the oxi-
dation of organic substance only by means of the hydroxyl
(OH™) of water.

To appreciate this we must consider the hypothesis pro-
posed by Traube*® at the close of the last century. Traube
reasoned from the experimentally established fact that in
the absence of water no oxidation can proceed even with
the aid of free oxygen. Thus, for instance, metallic sodium
retains its lustre in absolutely dry oxygen, i.e., this easily
oxidizable metal fails to become oxidized. A carbon mon-
oxide flame is immediately extinguished if it is introduced
into oxygen completely free from water vapor. These obser-
vations led Traube to believe that substances are oxidized
not by free gaseous oxygen of the air but by the bound oxy-
gen of water.

The simplest instance of hydrolytic oxidation is pre-
sented by the decomposition of water by alkali metals, i.e.,
the oxidation by means of the hydroxyls of water with the
liberation of a corresponding amount of hydrogen:

Naz + 2 Hzo =2 NaOH + Hz

From thermodynamic considerations it is clear that only
substances relatively rich in free energy, manifested in a
strong affinity for the hydroxyl of water, can decompose
water with the liberation of gaseous hydrogen. Such in-
stances are comparatively rare, but the decomposition of
water by the simultaneous action of two substances, of
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which one is oxidized by the hydroxyl (OH) of water while
the other accepts the hydrogen (H) is much more common.
This can be illustrated by the reaction first described by
Engel ' and later studied carefully by A. Bach *®. The salts
of hypophosphorous acid do not themselves decompose
water with any measurable speed but, if a small amount of
palladium black is introduced into an aqueous solution of
such a salt, the hypophosphorous acid is immediately oxi-
dized to phosphorous acid, the hydrogen being set free on
the palladium (Pd) at the same time:

H\/O HOH H\/O
4 + 4 +1 %+ mo

HOH "\ Pd
€ o HG OH

Hypophosphorous Water Phosphorous
Acid Acid

This reaction can be interpreted as follows: Water, as is
well known, dissociates into hydroxyl and hydrogen ions
(OH—, Ht) to an extremely slight extent. Hydroxyl is a
very powerful and universal oxidant which also oxidizes
hypophosphorous acid very easily. However, if only the hy-
droxyls would disappear there would be no further disso-
ciation of water and the reaction would come to an end
from the very start. But the situation would be quite differ-
ent if both the hydroxyl and hydrogen ions would disappear
simultaneously, as this would disturb the equilibrium be-
tween the ionized and un-ionized molecules of water. The
disappearing ions would be replaced by new hydrogen and
hydroxyl ions resulting from the dissociation or ionization
of water, and the reaction would proceed further. There-
fore, the oxidation of hypophosphorous acid by the hy-
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droxyl of water will proceed smoothly only in the event if
the hydrogen of the water can be removed by one means
or another. In the experiment referred to above the removal
has been accomplished with the aid of palladium black.

The hydroxyl of water, which, as already pointed out, is
a tremendously powerful oxidant, can oxidize a great va-
riety of organic substances. A similar oxidation is gen-
erally observed at the anode in the electrolytic process, and
Fichter oxidized a great variety of aliphatic and aromatic
compounds at the anode. It is interesting to note in this con-
nection that he found the same intermediate products of
oxidation as are eliminated by living organisms.

Many investigations of recent years show unmistakably
that the reaction of oxidation of organic substances by the
hydroxyl of water is without exception the basis of all types
of the energy metabolism of various living things. The only
difference between them, as will be shown later, is in the
methods of the hydrogen acceptance.

The detailed study of the respiratory process actually
shows that fundamentally we are dealing here with anaero-
bic (i.e. without oxygen) transformations of organic sub-
stance. The inner physico-chemical mechanisms, which
make the degradation of organic substance at the expense
of the elements of water possible, are the primary mecha-
nisms involved. On the contrary, the aerobic respiration by
means of oxygen seems to be a supplementary overlayering
of this process, and extra superstructure acquired at a later
period. Indeed E. Pfliiger **, who discovered the anaerobic
type of respiration in higher animals, expressed the thought
that this process is neither pathological nor just a casual
biological adaptation for surviving a brief oxygen depriva-
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tion. In Pfliiger’s opinion the ability to degrade carbohy-
drates anaerobically is the foundation of the whole respira-
tory process. Somewhat later Pfeffer *° developed a similar
view with regard to higher plants. He showed that plants
deprived of atmospheric oxygen acquire the ability of so-
called intramolecular respiration, which is entirely iden-
tical chemically with alcoholic fermentation. The still later
investigations of V. Palladin and especially of S. Kosty-
chev® have shown that in the great majority of cases nor-
mal respiration begins as an anaerobic cleavage or splitting
of carbohydrates. However, on the admission of air the in-
termediate products of alcoholic fermentation are oxidized
to carbon dioxide and water through the action of special
oxidative mechanisms. On blocking free oxidation the
process leads normally to the formation of alcohol and car-
bon dioxide. S. Kostychev ** gives the following scheme to
illustrate the coordination of these processes:

CqHuOo (Sugar)

Intermediate Products

Fermentation Respiration
(2 CO; + 2 C,H;0H) (6 CO; + 6 H:0)
Carbon dioxide  Alcohol Carbon dioxide Water

Similarly the careful analysis of the chemistry of respi-
ration of animals carried out principally by O. Meyerhof **
and G. Embden ** demonstrated that the process is based on
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an anaerobic lactic fermentation. All the early stages of
muscle respiration coincide with the early stages of this
fermentation, the oxidation by the free oxygen of air being
superimposed only in the later stages.

Thus, just as absorption of organic substances is the basic
primary process even in chlorophyll bearing autotrophes,
while even the process of photosynthesis is secondary and
of a much later origin, so also in the metabolism of energy
lactic acid and alcohol fermentations are primary proc-
esses, while respiration by means of oxygen represents a
much later supplementary superstructure. And just as in
the matter of assimilation we can bring an organism back
to its archaic, saprophytic mode of life, so also in the case
of respiration it is possible to a certain extent to suppress
the aerobic phase and to force higher organisms, at least
for a short time, to return to the more archaic, primary
method of metabolizing organic substances. At the same
time we know large groups among the simplest organisms
at the lower stage of development which have not yet be-
come adapted to the oxidative respiration (i.e., to the use of
oxygen) in the course of their evolution. These organisms
still realize their energy metabolism by more archaic and
less efficient methods: for instance, yeast by the typical al-
cohol fermentation and certain bacteria by lactic acid fer-
mentation. These microorganisms, like their remote ances-
tors, can exist in the absence of oxygen, although oxygen is
useful for their normal growth and multiplication, and in
some instances is even indispensable.

In the anaerobic degradation of organic substances the
end products are compounds still possessing considerable
potential energy (alcohol, lactic acid) which can no longer
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be utilized by the organism without the aid of oxygen. The
result, of course, is that fermentation processes have an in-
comparably smaller energy effect than respiration, as can
be seen from the following equations:

ConOo + 6 02 =6 COz + 6 HzO + 674 Calories

Respiration

Celeoo =2 CHaCHgOH + 2 COz + 28 Calories

Alcohol Fermentation

CeH;1:0s = 2 CH;CHOHCOOH + 18 Calories

Lactic Acid Fermentation

It is obvious from these equations that it would be neces-
sary to subject 25 gram-molecules of sugar to alcohol fer-
mentation or 37 gram-molecules to lactic acid fermentation
in order to obtain as much energy (calories) as the oxida-
tion of 1 gram-molecule of sugar yields by the respiratory
process. This demonstrates clearly the inefficiency of fer-
mentation as compared to respiration from the energy
standpoint.

However, from the standpoint of inner biochemical ad-
justments the fermentation processes presuppose already a
high degree of organization. As was already shown in
Chapter V, both alcohol and lactic acid fermentation rep-
resent long chains of separate chemical reactions (hydroly-
sis, oxidation-reduction, cleavage of carbon bonds, etc.)
which proceed at a definite and fairly great velocity owing
to the presence in yeast and bacterial cells of specific en-
zymes. But the advanced inner physico-chemical organiza-
tion of these cells manifests itself in this, that the velocities
of the individual reactions are very strictly coordinated.
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Intermediate products (triose, pyruvic acid, acetaldehyde,
etc.) resulting from any of these reactions, just like every
organic substance, possess large chemical potentialities and
can undergo further transformation in a great variety of
directions. But within the yeast or bacterial cell the veloci-
ties of different reactions constituting fermentation are so
regulated that the products of one reaction are immediately
subjected to further transformation in a definite direction
by the next reaction. For instance, in alcohol fermentation
pyruvic acid is split up into carbon dioxide and acetalde-
hyde by the action of the carboxylase enzyme. Acetalde-
hyde is a substance endowed with enormous biochemical
potentialities and can be converted into a great variety of
products. But in alcohol fermentation the acetaldehyde
molecule resulting from the cleavage of pyruvic acid im-
mediately undergoes an oxidation-reduction reaction and is
thereby changed to ethyl alcohol. It gives rise to no extra
by-products because there is no opportunity for it to un-
dergo any other kind of chemical transformation.

The more highly perfected and coordinated the process
becomes the fewer intermediate products and by-products
are formed and the phenomenon acquires to an ever greater
degree the character of a straight process. In yeast cells,
because of their long adaptation to definite, specific environ-
mental conditions, a fairly high type of physico-chemical
organization has developed so that alcohol fermentation may
serve as an example of an excellently regulated process.
Under ordinary conditions only the initial and the final
products of fermentation can be observed, since intermedi-
ate products do not accumulate to any appreciable extent,
and the same holds true also for the by-products of this re-
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action. During fermentation sugar is converted in a strictly
quantitative manner into alcohol and carbon dioxide so
that the sugar concentration of a solution can be measured
by the amount of carbon dioxide gas evolved by yeast. This
orderliness of the fermentation process can be disturbed
only by special means and then the yeast cell can be forced
to realize its energy metabolism along different lines.

The lactic acid fermentation is a less perfect process than
the alcohol fermentation both from the standpoint of the
energy yield as well as of the effectiveness of regulation.
When sugar is fermented by certain lactic acid bacilli, it is
not uncommon for other products, particularly ethyl alco-
hol, acetic acid, etc., to be formed together with the lactic
acid. Nevertheless, there are some species of these micro-
organisms whose inner physico-chemical mechanism for
fermentation has already reached a high level of develop-
ment. Thus, for instance, Bacterium lactis acidi Leichm.
under favorable conditions of fermentation yields up to 98
percent of the theoretical amount of lactic acid. In other
words, the separate reactions in these organisms are so in-
tegrated that the entire process runs off almost strictly in
accordance with the equation:

CeHqu — 2 C3H603
Sugar Lactic Acid

practically all the sugar being changed to lactic acid *°.
Although both alcohol and lactic acid fermentation rep-
resent a more archaic and simpler type of energy metabo-
lism than respiration, nevertheless a number of the micro-
organisms have attained a fairly high form of organization
and a high degree of mutual adjustment of the separate
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links in the reaction chain of the process. Butyric acid fer-
mentation, however, is associated with a very much lower
stage of organization. Although there is good reason for
believing that this represents one of the oldest fermentation
types, it is carried on, on a colossal scale even at the present
time under natural conditions. Kostychev * says that there
is no ooze deprived of oxygen, no bog or swamp where
butyric acid fermentation does not go on and, where oxida-
tive activity is impossible, this process aids in the decom-
position of the principal mass of organic substance.

Theoretically, the equation of butyric acid fermentation
can be expressed as follows:

CeleOq—)CH3CH2(4H2COOH + 2 COz + 2 Hz + 15 Calories
Sugar Butyric Acid _

From the energetic standpoint this is even less efficient
than the lactic acid fermentation but the primitive character
of butyric fermentation manifests itself even more clearly
in the poor adjustment of the separate chemical reactions
partaking in this process. The regulation of the entire proc-
ess in this case is at a much lower level of development than
in the fermentations described earlier. As a matter of fact,
a butyric acid fermentation corresponding exactly to the
above equation has never been observed, and in addition
to butyric acid, carbon dioxide and hydrogen there is also
a long list of intermediate products formed such as ethyl
alcohol, lactic acid, acetic acid, etc. Neither is the quanti-
tative relationship between the separate reaction products
constant, but varies greatly both with the genetic history of
the microorganisms and with the external conditions of the
fermentation. Not infrequently by-products such as acetic
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acid, which are formed during the first days of fermenta-
tion, are no longer found towards the end of the process,
and vice versa. Frequently the by-products are found in
such prodigious amounts that at times it is difficult to decide
whether one is dealing with a butyric acid fermentation in
which’ lactic acid is a by-product, or with a lactic acid fer-
mentation complicated by butyric acid.

This variability, both quantitative and qualitative, of the
products of butyric acid fermentation indicates that the or-
ganisms have not yet acquired that perfect physico-chemical
organization which imparts an absolutely definite direction
to the general course of the process by a strict integration
of the velocities of its component chemical reactions. Here
the intermediate products are not acted on in some one defi-
nite direction; they can enter a variety of chemical inter-
actions resulting in different end products.

The chemistry of butyric acid fermentation has not been
so well studied as that of lactic or alcoholic fermentation,
because the process lacks constancy and its component reac-
tions are very badly tangled up *. But one can say with cer-
tainty that at least the first stages of all these fermentations,
even if not entirely identical, are quite similar. In every
instance a molecule of hexose (a six carbon sugar) splits
into two of triose (a three carbon sugar) molecules by a
series of reactions. In butyric acid fermentation one mole-
cule each of acetaldehyde, carbon dioxide and hydrogen
result from the triose:

Ce¢H,206 — 2 C;HO;

Hexose Triose

CsHsOa bl CH3CHO + C02 + Hz
Triose Acetaldehyde
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Naturally this splitting of the molecule does not take
place in one step but is the outcome of a series of inter-
mediate reactions, which have not yet been clarified in
every detail.

In this process we must focus attention upon two ex-
tremely interesting points: the formation of acetaldehyde
and the appearance of hydrogen which in butyric acid fer-
mentation is liberated as a gas. Acetaldehyde is an ex-
tremely important biochemical product and within the
living cell it may serve as the source of a great variety of
substances. Actually the study of biochemical processes in
cells shows that acetaldehyde is at the crossroads of a num-
ber of transformations in the living organism. It was al-
ready shown that it results from cleavage of pyruvic acid
in the fermentation of alcohol, but in the yeast cell the
chemical processes are so well regulated that the acetalde-
hyde is immediately reduced by the hydrogen (H) of
water while the hydroxyl (OH) oxidizes the triose to gly-
ceric acid, which later becomes converted to pyruvic acid
(See Scheme of Alcohol Fermentation on p. 119):

C3H603 d C3H004 - C3H403
Triose Glyceric Acid Pyruvic Acid

In butyric acid fermentation, where strict regulation of
the processes is lacking, acetaldehyde can be changed in
different directions. Fundamentally, it is transformed to
acetaldol by an aldol condensation, as follows:

2 CH;CHO — CH;CHOH-CH,-CHO
Acetaldehyde Acetaldol

By an oxidation-reduction reaction at the expense of
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water (inner Cannizzaro reaction) acetaldol is transformed
to butyric acid, the basic product of this fermentation:
CH;-CHOH - CH,-CHO — CH;-CH,-CH,- COOH
Acetaldol Butyric Acid

However, together with butyric acid, as was already men-
tioned, other products may also be formed because, in the
absence of a strong regulatory mechanism, acetaldehyde
may react along other chemical paths as well. In particular,
two acetaldehyde molecules may undergo a Cannizzaro
oxidation-reduction reaction with the result that one mole-
cule becomes reduced to alcohol while the other is oxidized
to acetic acid:

2 CH,CHO 4+ HOH — CH,CH,0H + CH,COOH
Acetaldehyde Water Ethyl Alcohol Acetic Acid

In this way other end products besides butyric acid may
be formed in the fermentation process. Acetic acid may be
formed even without ethyl alcohol in which case, however,
hydrogen gas is set free. Furthermore, by the interaction of
two acetic acid molecules, or directly from acetaldehyde,
acetoacetic acid can be formed, which subsequently splits
into acetone and carbon dioxide, as follows:

CH;-CO-CH,-COOH — CH,-CO-CH; + CO,
Acetoacetic Acid Acetone

The production of acetone is actually observed in ethyl-
acetone or butyl-acetone fermentations, which are merely
modifications of butyric acid fermentation.

The liberation of hydrogen in butyric acid fermentation
is likewise a most noteworthy phenomenon, as it does not
occur in other types of energy metabolism of the cell. In
other types of fermentation the hydrogen of the water, set



EVOLUTION OF PRIMARY ORGANISMS 223

free when organic substance is oxidized by the hydroxyls,
is immediately utilized for reduction processes either in
the synthesis of protoplasmic substances or in the reduction
of intermediate split products. But the butyric fermentation
bacteria have not yet developed that powerful fermenta-
tive apparatus which would make such rapid reduction
processes possible and, therefore, the hydrogen atoms in
this case have the opportunity to unite into molecules and
are liberated from the cell as a gas. Of course, from the
standpoint of general energy economy of the cells this is
very wasteful. For this reason butyric acid fermentation is
characterized by a very low coefficient of utilization by liv-
ing organisms even of the small amount of energy made
available in this process.

However, in some types of butyric acid fermentation, for
instance the butyl-acetone fermentation already mentioned,
part of the hydrogen can be utilized for the reduction
process. In this manner acetaldehyde becomes reduced to
ethyl alcohol, butyric acid to butyl alcohol, while acetone
is changed to iso-propyl alcohol:

CH;-CHO + 2 H — CH;-CH,-OH
Acetaldehyde Ethyl Alcohol

CH;-CH,-CH,-COOH+4 H—CH;-CH,-CH,-CH;-OH+-H-0
Butyric Acid Butyl Alcohol

Acetone Iso-propyl Alcohol

If we recall that lactic acid is also usually formed in
butyric acid fermentation, it becomes clear that butyric
acid bacteria are able to form a great variety of different
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end products. Here, still in a chaotic and unregulated state,
one finds the various physico-chemical mechanisms of fer-
mentation, such as alcoholic, lactic acid, acetic acid, etc.,
which only later develop into perfect mechanisms. If we
follow Jost in comparing living cells to a chemical factory,
bacteria performing butyric acid fermentation should be
described as a handicraft industry, where different mate-
rials are fabricated as they are needed but without any
plan or specialized tools, whereas the yeast cell is already
like a well organized factory with highly specialized ma-
chinery and a strict balance sheet of production.

The study of butyric acid fermentation gives some con-
ception of the poorly organized, insufficiently integrated
energy metabolism prevailing among primary living things.
Their different chemical reactions still lack strict coordina-
tion. Organic substances absorbed from the outside medium
as well as intermediate products of metabolism undergo
chemical transformations in a great variety of ways. Fur-
thermore, because of the poor coordination of various
processes the coefficient of utilization of the chemical
energy of these reactions is still too low to permit sec-
ondary reactions of synthesis to proceed. Only gradually,
and as a result of natural selection, mechanisms arise for
the regulation of enzymatic action which coordinate more
and more strictly the velocities of the separate reactions.
The number of chemical possibilities for the formation of
intermediate products is decreased, but the entire process
is thereby improved and consequently the coefficient of use-
ful activity is raised. The process becomes more direct and
orderly, as is manifested in the more highly organized
types of fermentation.
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The detailed study of the chemistry of different fermen-
tation types allows one, to a certain extent, to draw a pic-
ture of the gradual evolution of the internal chemical
organization of simplest living things. In all these fermen-
tation types the basic phenomenon is the oxidation of triose
by the hydroxyl of water (OH). The fate of the liberated
hydrogen (H), however, differs according to the degree of
coordination of the velocities of reduction (hydrogen ac-
ceptance) and other simultaneous reactions. In butyric acid
fermentation the reduction reactions proceed extremely

(0)
slowly. The carbonyl groups (l!‘. ) of the acetalde-

hyde, which could add on hydrogen, disappear instead,
with much greater speed, in condensation reactions whereby
butyric acid is formed, while the unaccepted hydrogen
atoms unite into molecules (H:) which escape as gas bub-
bles. In lactic acid bacteria the reduction mechanism is al-
ready much perfected, so that hydrogen can no longer be
given off in molecular combination. It is rapidly accepted
by pyruvic acid which is thereby reduced to lactic acid. In
yeast, too, reduction reactions may proceed with great
speed but in this case they are strictly coordinated with the
action of carboxylase, an enzyme which the lactic acid
bacilli do not possess. This enzyme splits pyruvic acid
into carbon dioxide and acetaldehyde, the latter becoming
reduced to alcohol by the hydrogen of water. It is obvious,
therefore, that the processes of lactic acid and of alcohol
fermentation are outgrowths of butyric acid fermentation,
resulting from improved regulation, and that they represent
advanced types of fermentation which have been passed
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on even to the more highly evolved organisms. Together
with the oxidative processes by means of free oxygen these
fermentative processes are now basic forms of energy
metabolism of the higher plants and animals.

These fermentation types could be transformed into res-
piratory processes at a much later period but only after
oxygen appeared on the Earth. The primitive metabolism
of energy was entirely anaerobic and depended on the in-
teraction of organic substances with molecules of water.
But the supply of organic substance which could undergo
fermentation must have been, therefore, decreasing in the
primitive hydrosphere, being replaced by fermentation
products, such as carbon dioxide, alcohol, lactic and butyric
acid, etc. Sooner or later this process must have come to a
natural end with the complete exhaustion of organic nu-
trient material and the death of all living things. That this
did not actually happen is due to the fact that some micro-
organisms had acquired the ability to utilize light energy
by virtue of their pigmentation.

The purple and green bacteria studied by G. Molisch**
are interesting examples of such organisms capable of
using light energy. Some species of these bacteria can be
nourished only by means of organic substances since they
have absolutely no power of photosynthesis. However, in
some manner not yet clearly understood, light improves
considerably the ability of these organisms to utilize or-
ganic compounds. There is, apparently, some increase in
the coefficient of utilization of substances in the fermen-
tation process. Van Niel *® has recently made some very in-
teresting investigations on the purple sulfur bacleria. These
bacteria utilize hydrogen sulfide as a source of energy,
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oxidizing it to sulfur and even to sulfuric acid by means of
the oxygen of air, according to the equation:

2st+02=2H20+Sz
Sz+2H20+302=2stO4

Van Niel’s experiments show that in the light these bac-
teria oxidize hydrogen sulfide even in the complete absence
of free oxygen. By virtue of photochemical processes they
can thus use for their oxidative reactions the bound oxygen
of water (OH) while the hydrogen is used in a number of
reducing reactions, particularly in the reduction of carbon
dioxide.

It seems most probable that the primary utilization of
light by pigmented organisms was not a photosynthesis but
only a “rationalization” of the process of degradation of
organic substances and of the energy metabolism of cells
in the complete absence of oxygen. Unfortunately this sub-
ject has been studied very little so far, but the supposition
does not seem baseless that the light energy absorbed by
organisms could contribute to a more thorough and more
“rational” oxidation of organic substance.

It is a well known fact that ultraviolet rays promote the
dissociation of water into its ions (H*, OH ™). The recent
investigation of many photochemists show that the dissocia-
tion can be brought about even by rays of the visible spec-
trum provided proper sensitizers are employed. In other
words, radiant energy may be used to dissociate water just
as electrical energy is used in electrolysis. Weigert*® offers
the following scheme of the photochemical reaction of the
dissociation of water:
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Sensitizer + hv (quantum) = Sensitizert + e (electron)
e + H,O0 = H:O- = H + OH-
OH~- + Sensitizert = Sensitizer + OH

H.0 4+ hv = H + OH

Microorganisms which, through the formation of pig-
ment-sensitizers, have acquired the ability to dissociate
water by some such photochemical reactions have an enor-
mous advantage in the matter of a more “rational” utiliza-
tion of organic substances serving as sources of nutrition.
As was already pointed out on several occasions, in all
types of fermentation organic substance is oxidized by
means of the hydroxyls of water. The liberation of the hy-
droxyls by the decomposition of water molecules is, there-
fore, an essential preliminary step in the process. This can
be brought about by the simultaneous action of the oxidiz-
able substance and of a hydrogen acceptor, just as in Bach’s
experiments of the oxidation of hypophosphorous acid to
phosphorous acid in the presence of palladium black. A
very considerable amount of chemical energy produced in
the oxidation of organic substances is dissipated in disso-
ciating the water and consequently the coefficient of utiliza-
tion of nutritive material cannot be very large. But in
photolysis this dissociation of water is accomplished with
the aid of outside energy derived from the Sun’s rays and
the coefficient of utilization of organic substances can be
increased many times. This is the real significance of light
for the purple bacteria of Molisch, which are capable of
nourishing themselves only on organic matter.

It may, therefore, be supposed that the first organisms
possessing pigment benefited from light as a supplementary
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means for the more efficient utilization of organic sub-
stances and that only at a later period they developed the
accessory ability for photochemical assimilation of carbon
dioxide. This view is supported also by the circumstance
that, according to the results of a number of investigators,
photolysis of water is the primary reaction in the process of
photosynthesis.

This hypothesis was first formulated at the close of the
last century by A. Bach®’, who attempted to support it with
his experiments on the photochemical reduction of carbon
dioxide in the presence of uranium salts. Much later O.
Warburg® applied the quantum theory to photosynthesis
and came to the conclusion that carbon dioxide cannot be
decomposed directly by the action of the Sun’s rays, its
transformation to formaldehyde being a secondary and
purely chemical process. The hypothesis was developed
further by T. Thunberg **, who showed that the first act in
the assimilation of carbon dioxide is the dissociation of
water by the light. Subsequently this hypothesis was re-
peatedly subjected to criticism but even the most recent
experimental work argues in favor of a primary photolysis
of water in the photosynthetic process. One may also recall
Wurmser’s® theory according to which carbon dioxide
does not even partake in the primary photochemical reac-
tion. By the aid of chlorophyll as sensitizer the energy of a
certain substance A is raised to the level A, by an expend-
iture of radiant energy. The substance A. passes from the
chlorophyll grains into the stroma of the protoplasts where
it meets the carbon dioxide, the latter becoming reduced in
a coupled reaction. Wurmser assumes that the transforma-
tion of A to A, represents the primary photochemical dis-
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sociation of water. A. Stoll® likewise presupposes the

dissociation of water with the absorption of light energy in
developing, on the basis of extensive researches, his recent
theory of photosynthesis. According to this theory, the
hydrogen necessary for the reduction of carbon dioxide
comes from a preliminary hydration of chlorophyll and
a subsequent photolysis of the hydrate. The activated
hydrogen acts further on the carbon dioxide bound to the
chlorophyll molecule while the hydroxyl (OH) is trans-
formed to hydrogen peroxide (H:0:). The enzyme catalase
sets free oxygen from the latter:

2 HzOz — 2 HzO + 02

A similar liberation of oxygen must have taken place in
the photochemical reaction of pigmented organisms which
still feed on organic substances and are not able to assim-
ilate carbon dioxide. The liberation of an oxygen molecule
played an outstanding biological role. The appearance of
oxygen immediately disturbed the chemical equilibrium
which has already come into existence. Let us for a mo-
ment survey the environment of that epoch. Organic sub-
stance forming suitable raw material for the anaerobic
metabolism is already to a considerable extent exhausted.
The atmosphere is enriched with carbon dioxide, hydrogen,
methane, and other gaseous products of fermentation.
Products, such as ethyl alcohol, organic acids and carbon-
ates, are dissolved in the waters of the seas and oceans,
together with many reduced inorganic compounds, partic-
ularly ammonia in the form of its salts, ferrous iron in the
form of its carbonate (FeCOs) and, finally, hydrogen
sulfide.
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In the absence of free oxygen all these substances are en-
tirely unavailable for the animals of that epoch, but with
the advent of oxygen the possibility of their utilization as
sources of energy has been realized. In the first place, this
must have stimulated the evolution of organisms capable of
oxidative fermentation, like acetic acid fermentation. The
basic physico-chemical mechanisms necessary for accom-
plishing this process in its simplest form was already pos-
sessed by organisms performing butyric acid fermentation.
We already noted there the formation of acetic acid and
the problem was merely one of creating some superstruc-
ture which would make it possible to oxidize the hydrogen
by means of molecular oxygen. The evolution of such a
mechanism even in a very imperfect form markedly in-
creased the coefficient of utilization of organic substances
which yield energy. At the same time, this widened consid-
erably the range of available substances which could serve
as sources of energy. For instance, ethyl alcohol which
previously was a totally useless by-product of alcoholic
fermentation, could now be used for acetic acid fermen-
tation *;

CH;CH,OH + O, = CH;COOH + H.0 4 117 Calories

But even such by-products of primitive fermentation
were found on the Earth’s surface in limited quantities.
The acute shortage of organic nutriment at that epoch in
the world’s history makes it quite intelligible why the
change in the evolution of living organisms took place in
the direction of utilization of inorganic substances (am-
monia, hydrogen sulfide, ferrous iron). The development
of nitrifying bacteria, of sulfur bacteria, of iron bacteria
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must be referred to this particular epoch in the Earth’s
history, because these processes require for their realiza-
tion molecular oxygen which previously was not present in
the atmosphere of our planet **:

2 NH; + 3 0, = 2 HNO; + 2 H,0
2 HNO; 4 O, = 2 HNO;
2H,S + 0, =2H,0 + S;
S: + 2 H.0 + 3 0, = 2 H,S0,
2 FeCO; + 3 H,O 4+ O = Fex(OH)s + 2 CO,

The same holds true, with a high degree of probability, for
the origin of bacteria which oxidize hydrogen, methane
and carbon monoxide.

The luxuriant development of these organisms with an
extremely specialized type of energy metabolism was
greatly aided by the specific conditions existing during
that epoch, namely, the shortage of organic nutriment and
the great abundance of inorganic sources of energy. This
epoch could not have been of a very long duration. In the
first place, the supply of inorganic sources of energy could
not have been unlimited and was gradually exhausted with
the development of autotrophic organisms capable of chem-
ical synthesis. Replenishment of the supply from the deep
layers of the Earth’s crust could have taken place only very
slowly. Besides, the supply of organic nutrient materials
must have been gradually increasing at the same time,
owing to the rapid development of the process of carbon
dioxide assimilation.

The pigment which appeared in primitive organisms and
enabled them to perform the photolysis of water had no
direct relation to carbon dioxide assimilation in the sense
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as we now understand this process. The ability to employ
radiant energy for a more rational utilization of organic
substances created enormous odds for further rapid growth
and evolution in favor of the pigmented organisms. The
endowment with pigment put these organisms ahead of the
rest of the Earth’s population. In the dissociation of water
by radiant energy active hydrogen is formed which is avail-
able not only for reduction processes associated with syn-
thesis of “living substance” but for a number of other
reduction reactions as well. Therefore, photolysis itself
furnishes a basis for accomplishing the reduction of carbon
dioxide. As soon as new supplementary mechanisms for
binding carbon dioxide have arisen in the evolution of
pigmented organisms, the actual assimilation of the carbon
dioxide commenced immediately.

We are still very much in the dark as to the chemistry of
carbon dioxide assimilation and cannot, therefore, trace
the sequence of events in the development of this process.
One thing, however, is certain, namely, that the assimila-
tion of carbon dioxide is made up of a series of reactions
proceeding in the light or in the dark in a strictly co-
ordinated fashion. R. Willstitter and A. Stoll®" in 1918
worked out a scheme of photosynthesis according to which
the assimilation of carbon dioxide is a diphasic process.
At first the carbon dioxide combines with the magnesium
of a chlorophyll molecule forming a complex salt. Then the
primary photochemical reaction really occurs, the carbon
dioxide bound by the chlorophyll being converted to alde-
hyde peroxide through the absorption of large quantities
of radiant energy. This compound rich in energy but easily
decomposable now undergoes a series of transformations
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ending in the liberation of oxygen. Willstitter and Stoll
assumed that first one, then the other oxygen atom is freed
by the action of a catalase-like enzyme, with the formation
first of formic acid, then of formaldehyde, which is split
off from the chlorophyll. The freed chlorophyll is ready to
react again with a molecule of carbon dioxide.
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According to this scheme the first step in this process is
a photochemical reaction associated with absorption of
light energy. The second step, involving the decomposition
of the peroxide, is an enzymatic reaction which occurs even
in the dark. The later and very extensive researches of
O. Warburg corroborated this subdivision of the reactions
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into those which proceed in the light and those which pro-
ceed in the dark.

The weak point in the Willstétter-Stoll scheme is the
splitting off of oxygen. Recently, in an investigation al-
ready referred to, Stoll elaborates this point by suggesting
that a primary photolysis of water occurs, the dissociation
of H.O into H + OH initiating the photosynthetic process.
At first the chlorophyll becomes hydrated (i.e., it takes
up a molecule of water) then the hydrate decomposes:
H.0 — H + OH, under the action of light energy.

The hydroxyls formed in this process are converted to
hydrogen peroxide which is decomposed into water and
oxygen by the enzyme catalase. Thus, the oxygen produced
in photosynthesis does not originate from the carbon diox-
ide but from water (H.0) which was changed to peroxide
(Hz0:) by the absorbed energy. The hydrogen of the water
reduces the carbon dioxide, but before this can happen the
latter must be first activated. According to the Willstatter-
Stoll hypothesis carbon dioxide unites with the chlorophyll
and is changed by the action of solar energy to a peroxide.
The hydrogen from water acts upon this peroxide with the
result that the carbon dioxide is reduced to formaldehyde,
which serves as the material for the subsequent synthesis
of ‘carbohydrates.

According to the researches of Wurmser, Kautsky®®,
Ostwald ® and others the separate light and dark reactions
must occur in different phases of the chlorophyll granule
(the lipid and aqueous phase) and are coordinated not
only in time but also in space. This may explain why
neither pure chlorophyll nor ground-up leaves can affect
the assimilation of carbon dioxide since a definite organi-



236 THE ORIGIN OF LIFE

zation, even a certain architectonic of the constituent col-
loids, is necessary in order that the process should be ac-
complished *°.

Thus the acquisition of pigment does not yet by itself
insure that an assimilatory process will take place. For this
a complex physico-chemical organization is also required,
including a number of special enzyme complexes which
regulate in a definite manner the course and velocity of the
different reactions. This, of course, could not have just hap-
pened all at once. Highly developed organisms, capable of
perfecting their inner organization, must have already been
in existence and furnished a solid basis for such an evolu-
tion. It would be most instructive to compare the assimila-
tory systems found in plants at different stages of evolution.
In all probability a similar sequence could be established
in the organization of these biochemical processes as was
done for the different forms of fermentation. At any rate,
even the little we know of carbon dioxide assimilation al-
lows one to imagine how this process could have developed
from heterotrophic nutrition by means of organic sub-
stances.

The origin of photosynthesis was an extremely important
phase in the process of evolution of the organic kingdom
on our planet, which modified radically all the hitherto
existing relationships. Alongside with the accumulation of
oxygen the amount of organic substance, which could be
drawn into the cycle of energy metabolism, was also in-
creasing, and this made it possible for the basic evolution-
ary current to return to its primitive bed, developing or-
ganisms adapted to feed on organic substances. The epoch
of acute shortage of organic nutriment had been relegated
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to the past. The only biological reminiscence of this epoch
is to be found now in the small group of autotrophic or-
ganisms capable of chemosynthesis, and this represents
merely an insignificant rivulet in the main evolutionary
stream.

But once photosynthesis came into play, the further evo-
lution of organisms adapted to feed on organic matter pro-
ceeded on an altogether different biochemical basis. The
presence of a considerable amount of free oxygen ena-
bled even organisms without pigment to evolve in the direc-
tion of greater rationalization of their energy metabolism.
Speaking broadly, this consisted in the oxidation by atmos-
pheric oxygen of hydrogen resulting from the hydrolytic
oxidation of organic substances. In this way the archaic
apparatus of fermentation was fully preserved but new
physico-chemical structures were added to it, enabling or-
ganisms to utilize more fully the chemical energy of nutri-
tive substances. Therefore, as was already pointed out,
respiration is still based upon the oxidation by means of
hydroxyl from water, as was also the case in the archaic
forms of energy metabolism. But, whereas in alcohol or
lactic acid fermentation, for instance, the hydrogen is ac-
cepted by organic substances, under the new conditions the
hydrogen unites with the oxygen of the air. This opens up
the possibility for complete oxidation to carbon dioxide
and water with the liberation of the full energy content of
the substance, according to the equation:

CoHan + 6 02 =6 COz + 6 Hzo + 674 Calories

It must not be supposed, however, that oxidation by at-
mospheric oxygen proceeds very easily. On the contrary,
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molecular oxygen is, generally speaking, a fairly inert gas.
Organic substances serving as sources of energy for living
organisms (carbohydrates, fats, proteins, etc.) do not at
ordinary temperatures or in the presence of water undergo
oxidation by oxygen of the air with any measurable veloc-
ity. To bring about this oxidation, a very complex appa-
ratus is needed for the activation of the molecular oxygen.

According to the researches of A. Bach*', V. Palladin*?,
and myself *3, the respiratory process of contemporary
higher plants is accomplished by the following inner
physico-chemical mechanism: The plant cells contain a
very powerful system of strictly specific oxidative enzymes
(oxidases and peroxidases) which activate the molecular
oxygen. However, even in their presence oxygen cannot ox-
idize carbohydrates, fats or proteins, but acts only on cer-
tain substances of the polyphenol type. Such substances,
always found in plant cells, have been designated by V.
Palladin as the “respiratory chromogens”. The oxidation
of these substances by oxygen of the air catalyzed by oxi-
dase and peroxidase proceeds according to the following
equations:

R OH —O R— O H-O
- + ]
OH — O H-O
Chromogen Active Respiratory Hydrogen
Oxygen Pigment Peroxide

Oxidase Action

R OH H-O R O H-—-OH
+ |- +
OH H—-O O H—-OH
Chromogen Hydrogen Respiratory Water

Peroxide Pigment
Peroxidase Action
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It can be seen, therefore, that oxygen activated by the
enzymes removes hydrogen from the polyphenols forming
two molecules of water and two molecules of a quinone
compound, the so-called “respiratory pigment”, which
functions as an excellent hydrogen acceptor. By adding to
itself two atoms of hydrogen from two molecules of water
it is once more reduced to the original condition of “res-
piratory chromogen”, while the hydroxyls thus set free
from the water oxidize various organic substances. The en-
tire process of aerobic oxidation proceeds, therefore, ac-
cording to the following scheme:

Respi-
+ ,| ration
Pigment

Organic |+ 2 HO
Substance HO

N

T | =

Reduction
Oxidation

o Respi-
xidation ration

Product Chromo- | T 0. 2 HO0
gen

The oxygen of the air activated by the oxidase system
oxidizes the “respiratory chromogens”, which give up hy-
drogen and are transformed into “respiratory pigments”
which, in turn, act as hydrogen acceptors. By the action of
oxidation-reduction enzymes (already discussed in connec-
tion with the fermentation problem) a coupled oxidation-
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reduction reaction takes place as a result of which various
organic substances are oxidized by the hydroxyl of water,
while the hydrogen reduces the “respiratory pigment” back
to the “chromogen” condition.

In respiration with the aid of carbohydrates the phenome-
non also begins with a splitting of the sugar molecules
just as in the process of alcohol fermentation. In ordinary
alcohol fermentation the trioses are oxidized by the hy-
droxyls of water to pyruvic acid while the acetaldehyde is
reduced by the hydrogen of water to alcohol. But in respi-
ration the hydrogen is intercepted by the “respiratory pig-
ment” and the liberated acetaldehyde either unites with
some other substances in a synthesis of “living matter” or
is further oxidized by the hydroxyl of water while the hy-
drogen is again accepted by the “respiratory pigment”.

Our experiments have shown that this process may run
along uninterruptedly only so long as the separate reac-
tions remain very exactly integrated. In living cells the oxi-
dation of polyphenols (chromogens) to pigments, and the
reverse reaction of their reduction to the chromogen condi-
tion, are extremely delicately balanced. As a result there
is never any notable accumulation of pigment, since it is
immediately reduced back to the chromogen. The situation
is altogether different, however, when the cell has been de-
stroyed by cutting or grinding, which disturbs the regula-
tion of the separate reactions. At first the effect manifests
itself in a marked preponderance of oxidation over reduc-
tion processes which results in an accumulation of a certain
amount of respiratory pigment. This substance, however,
can be either reduced again to the chromogen state or it
may be oxidized further, forming a stable brown pigment
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which cannot longer be reduced reversibly, and represents,
therefore, a final end-product of the reaction.

Respira- | | Respira- Stable
ry —_— to Brown
Chromo- ory + O, :

gen + 0:—2 H,O | Pigment Pigment

Scheme of oxidation in the destroyed cell.

Under the influence of the oxidase enzyme the chromo-
gen is oxidized by atmospheric oxygen to the respiratory
pigment which in turn is oxidized to the stable brown com-
pound. Since the latter is incapable of accepting hydrogen
the respiratory cycle is broken. The oxidation of organic
substances by the hydroxyl of water ceases and the whole
respiratory process thus comes to a stop.

This illustration shows that in the course of evolution a
relatively complex mechanism must have developed in the
living cell, which enabled it to oxidize organic substances
to carbon dioxide and water and to utilize fully their po-
tential chemical energy. It shows, furthermore, that such a
complex physico-chemical apparatus can function only if
the separate processes, constituting the links of a compli-
cated chain of events in the transformation of substances,
are delicately regulated and integrated.

The chemistry of respiration of animal cells has not been
so clearly established. The basic respiratory mechanisms
so well defined in the higher plants are either entirely lack-
ing or play only a subordinate role. For one thing, the ani-
mal cell does not possess the tremendously active peroxi-
dase system characteristic for the plant cell, nor are the
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specific respiratory chromogens present there. According
to the view developed in the last few years by O. War-
burg*, the fundamental physico-chemical apparatus gov-
erning the respiration of animal cells is the “respiratory
enzyme” which he has discovered. This enzymatic system
consists of a combination of iron with a pigment of the
pyrrol structure. The latter is a special form of hemin, the
basic structural nucleus of the red pigment of blood, hemo-
globin.

In recent years D. Keilin** described a different oxida-
tion system. He thinks that the entire process of oxidation
is accomplished by means of special intermediate catalysts
and a specific enzyme responsible for the oxidation. This
enzyme differs from Warburg’s respiratory enzyme. It is
not a hemin compound but a special kind of oxidase con-
taining heavy metals. Keilin’s intermediate catalyst is cyto-
chrome, a reversible oxidation-reduction system consisting
of pyrrol compounds which are closely related to the proto-
hemins. It is very probable that there are also other oxida-
tive systems functioning in the animal cell.

At any rate, the inner physico-chemical mechanisms re-
sponsible for respiration in higher plants and in higher
animals are entirely distinct. This, of course, is quite un-
derstandable since the oxidative process originated at a
comparatively late phase in the evolution of organisms,
when the two principal branches of organic life (animal
and plant) had already become widely separated from
each other.

We purposely narrowed down the discussion of bio-
chemical processes in contemporary living organisms to a
few essential problems of metabolism. Unfortunately, even
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these problems have not yet been studied sufficiently and
our information is punctuated by many blank spaces. But
what little we do know is enough to sketch a more or
less definite picture of the gradual evolution of the inner
physico-chemical organization of the protoplast. In the
simplest organisms we find a fairly well adjusted appa-
ratus, which permits them to obtain quickly and to assimi-
late easily organic substances. But we still find evidence
of an inner organization of a very low degree of evolution
so far as the metabolism of energy is concerned. There are
many enzymatic systems for carrying out different reac-
tions with the aid of the elements of water, but the delicate
adjustment and strict coordination of the separate reac-
tions is still lacking. The whole process of metabolism still
bears the marks of being somewhat chaotic, its different
parts still lacking quantitative correlation. But gradually
out of this chaotic metabolic activity strictly interrelated
systems have evolved, which brought definite order and
integration into the current of chemical reactions. These
reactions became the separate links in well regulated meta-
bolic processes. Thus, for instance, alcohol and lactic acid
fermentation have evolved from the primitive, basic
process of butyric acid fermentation.

The appearance in the protoplast of a new chemical fac-
tor, the pigment, and its noncomitant effect, the photolysis
of water, created conditions for a more rational utilization
of organic substances as a source of energy. Under the con-
ditions of a general shortage of such materials, this intro-
duced new forms of existence and led to an elaboration of
new inner mechanisms permitting the assimilation of car-
bon dioxide. The abundance of organic substance resulting
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from the introduction of photosynthesis gave a new impetus
to the evolution of heterotrophic organisms. This evolution
followed the line of utilization of atmospheric oxygen for
a more rationalized and, from the point of view of energy
made available, a more effective oxidation of organic sub-
stances. Thus, new mechanisms were created, a new appa-
ratus for intracellular respiration and for energy metab-
olism came into existence.

The evolution of the inner physico-chemical apparatus
of the protoplasm consists, on the one hand, of the crea-
tion of new substances (pigments, etc.) and new enzy-
matic systems, and, on the other hand, of the refinement of
regulation of separate enzyme reactions and the organiza-
tion of strictly coordinated processes, such as fermenta-
tion, respiration, etc. It is quite clear that this evolution
was not limited only to the brief period which the organ-
isms existing at the present time make it possible for us to
study. From what has been said in the preceding chapters
it is obvious that the evolution commenced very much ear-
lier. But studying the separate stages in the gradual devel-
opment of contemporary organisms we may, with a certain
measure of probability, draw analogous conclusions also
with regard to the course of evolution even before living
organisms appeared. Undoubtedly, the evolutionary process
which molded the inner physico-chemical structure of
the protoplast still operates even at the present time. Even
now, whenever a new race or variety originates, it is possi-
ble to demonstrate that it possesses new biochemical prop-
erties and that its metabolism of matter and energy is some-
what different from that of its ancestors. This indicates that
some changes must have occurred in the inner structure,
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that new combinations of substances and enzymes have been
formed, that new physical and chemical systems and new
relations have been introduced. From our point of view,
therefore, the modern process of evolution of living organ-
isms is fundamentally nothing more than the addition of
some new links to an endless chain of transformations of
matter, a chain the beginning of which extends to the very
dawn of existence of our planet.



CHAPTER IX

CONCLUSION

SUMMARIZING WHAT HAS BEEN DISCUSSED in the preceding
chapters, one must first of all categorically reject every at-
tempt to renew the old arguments in favor of a sudden and
spontaneous generation of life. It must be understood that
no matter how minute an organism may be or how elemen-
tary it may appear at first glance it is nevertheless infinitely
more complex than any simple solution of organic sub-
stances. It possesses a definite dynamically stable struc-
tural organization which is founded upon a harmonious
combination of strictly coordinated chemical reactions. It
would be senseless to expect that such an organization
could originate accidentally in a more or less brief span
of time from simple solutions or infusions.

However, this need not lead us to the conclusion that
there is an absolute and fundamental difference between a
living organism and lifeless matter. Everyday experience
enables one to differentiate living things from their non-
living environment. But the numerous attempts to discover
some specific “vital energies” resident only in organisms
invariably ended in total failure, as the history of biology
in the nineteenth and twentieth centuries teaches us.

That being the case, life could not have existed always.
The complex combination of manifestations and properties
so characteristic of life must have arisen in the process of

evolution of matter. A weak attempt has been made in these
246
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pages to draw a picture of this evolution without losing
contact with the ground of scientifically established facts.

The gaseous mass which had once separated from the
Sun, owing to a cosmic catastrophe, furnished the material
out of which our planet was formed. Carbon together with
other elements of the solar atmosphere passed into this gas-
eous mass which ultimately was destined to form our Earth.
Carbon is distinguished among all the chemical elements
by its exceptional ability to form atomic associations, and
is found invariably in all living things. Even at tempera-
tures similar to those prevailing on the Sun’s surface its
atoms are united in pairs, and on further cooling it tends
to form molecules with even greater numbers of atoms
(type C.). Therefore, in the process of formation of our
planet from the original incandescent mass of gas, heavy
clouds of carbon must have very quickly condensed into
drops or even solid particles and entered the primitive
nucleus of the Earth in the form of a carbonaceous rain or
snow. There the carbon came into immediate contact with
the elements of heavy metals forming the nucleus, prima-
rily with iron which constitutes such an essential compo-
nent of the central core of our present Earth.

Mixed with the heavy metals, the carbon reacted chemi-
cally as the Earth gradually cooled off, whereby carbides
were produced, which are the carbon compounds most sta-
ble at high temperatures. The crust of primary igneous
rocks which were formed subsequently separated the car-
bides from the Earth’s atmosphere. The atmosphere at that
period differed materially from our present atmosphere in
that it contained neither oxygen nor nitrogen gas but was
filled instead with superheated aqueous vapor. The crust
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separating the carbides from this atmosphere still lacked
rigidity to resist the gigantic tides of the inner molten liquid
mass, caused by the attractive forces of Sun and Moon. The
thin layer of igneous rock would rupture during these tides
and through the crevices so formed the molten liquid mass
from the interior depths would spread over the Earth’s sur-
face. The superheated aqueous vapor of the atmosphere
coming in contact with the carbides reacted chemically giv-
ing rise to the simplest organic matter, the hydrocarbons,
which in turn gave rise to a great variety of derivatives
(alcohols, aldehydes, ketones, organic acids, etc.) through
oxidation by the oxygen component of water. At the same
time these hydrocarbons also reacted with ammonia which
appeared at that period on the surface of the Earth. Thus
amides, amines and other nitrogenous derivatives origi-
nated.

Thus it came about, when our planet had cooled off suf-
ficiently to allow the condensation of aqueous vapor and
the formation of the first envelope of hot water around the
Earth, that this water already contained in solution organic
substances, the molecules of which were made up of car-
bon, hydrogen, oxygen and nitrogen. These organic sub-
stances are endowed with tremendous chemical potentiali-
ties, and they entered a variety of chemical reactions not
only with each other but also with the elements of the water
itself. As a consequence of these reactions complex, high-
molecular organic compounds were produced similar to
those which at the present time compose the organism of
animals and plants. By this process also the biologically
most important compounds, the proteins, must have origi-
nated.
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At first these substances were present in the waters of
seas and oceans in the form of colloidal solutions. Their
molecules were dispersed and uniformly distributed in the
solvent, but entirely inseparable from the dispersing me-
dium. But as the colloidal solutions of various substances
were mixed new and special formations resulted, the so-
called coazervates or semiliquid colloidal gels. In this
process organic substance becomes concentrated in definite
spatial arrangements and separated from the solvent medium
by a more or less distinct membrane. Inside these coazer-
vates or gels the colloidal particles assume a definite posi-
tion towards each other; in other words, the beginnings of
some elementary structure appear in them. Each coazervate
droplet acquires a certain degree of individuality and its
further fate is now determined not only by the conditions
of the external medium but also by its own specific internal
physico-chemical structure. This internal structure of the
droplet determined its ability to absorb with greater or less
speed and to incorporate into itself organic substances dis-
solved in the surrounding water. This resulted in an in-
crease of the size of the droplet, i.e., they acquired the
power to grow. But the rate of growth depends upon the
internal physico-chemical structure of a given colloidal
system and is greater the more this is adapted for absorp-
tion and for the chemical transformation of the absorbed
materials.

In such manner a peculiar situation had arisen which
may be described as the growth competition of coazervate
gels. However, the physico-chemical structure of gels dur-
ing growth did not remain unaltered but tended constantly
to change owing to the addition of new substances, to chem-
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ical interaction, etc. These transformations could either re-
sult in a further perfection of the organization or, on the
contrary, induce the degradation and loss of structure. In
other words, it could bring about self-destruction and reso-
lution of the coazervate droplet which was itself responsi-
ble for starting the process. Only such changes in the struc-
ture of colloidal systems which enabled the gel to adsorb
dissolved substances more rapidly and thus to grow better;
in other words, only changes of a progressive kind acquired
importance for continued existence and development. A
peculiar selective process had thus come into play which
finally resulted in the origin of colloidal systems with a
highly developed physico-chemical organization, namely,
the simplest primary organisms.

This brief survey purports to show the gradual evolution
of organic substances and the manner by which ever newer
properties, subject to laws of a higher order, were super-
imposed step by step upon the erstwhile simple and ele-
mentary properties of matter. At first there were the simple
solutions of organic substances, whose behavior was gov-
erned by the properties of their component atoms and the
arrangement of those atoms in the molecular structure. But
gradually as a result of growth and increased complexity
of the molecules new properties have come into being and
a new colloid-chemical order was imposed upon the more
simple organic chemical relations. These newer properties
were determined by the spatial arrangement and mutual
relationship of the molecules. Even this configuration of or-
ganic matter was still insufficient to give rise to primary
living things. For this, the colloidal systems in the process
of their evolution had to acquire properties of a still higher
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order, which would permit the attainment of the next and
more advanced phase in the organization of matter. In this
process biological orderliness already comes into promi-
nence. Competitive speed of growth, struggle for exist-
ence and, finally, natural selection determined such a form
of material organization which is characteristic of living
things of the present time.

Natural selection has long ago destroyed and completely
wiped off the face of the Earth all the intermediate forms
of organization of primary colloidal systems and of the sim-
plest living things and, wherever the external conditions
are favorable to the evolution of life, we find countless
numbers of fully developed highly organized living things.
If organic matter would appear at the present time it could
not evolve for very long because it would be quickly con-
sumed and destroyed by the innumerable microorganisms
inhabiting the earth, water and air. For this reason, the
process of evolution of organie substance, the process of
formation of life sketched in the preceding pages cannot be
observed directly now. The tremendously long intervals of
time separating the single steps in this process make it im-
possible to reproduce the process as it occurred in nature
under available laboratory conditions.

There still remains, however, the problem of the artifi-
cial synthesis of organisms but for its solution a very de-
tailed knowledge of the most intimate, internal structure
of living things is essential. Even the synthesis of compara-
tively simple organic combinations can be accomplished
only when one possesses a more or less complete under-
standing of the atomic arrangement of their molecules.
This, of course, would apply even more so in the case of



252 THE ORIGIN OF LIFE

such complex systems as organisms. We are still too far
removed from such a comprehensive knowledge of the liv-
ing organism to even dream of attempting their chemical
synthesis. For the present research into the origin of life
must, therefore, be restricted to studies of a purely ana-
Iytical character.

We are faced with a colossal problem of investigating
each separate stage of the evolutionary process as it was
sketched here. We must delve into the properties of pro-
teins, we must learn the structure of colloidal organic sys-
tems, of enzymes, of protoplasmic organization, etc. The
road ahead is hard and long but without doubt it leads to
the ultimate knowledge of the nature of life. The artificial
building or synthesis of living things is a very remote, but
not an unattainable goal along this road.
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