THE ORIGIN OF LIFE

By J. B. S. HALDANE

UNTIL about 150 years ago it was generally believed that

living beings were constantly arising out of dead matter.
Maggots were suposed to be generated spontaneously in
decaying meat. In 1668 Redi showed that this did not happen
provided insects were carefully excluded. And in 1860 Pasteur
extended the proof to the bacteria which he had shown were
the cause of putrefaction. It seemed fairly clear that all the
living beings known to us originate from other living beings. At
the same time Darwin gave a new emotional interest to the
problem. It had appeared unimportant that a few worms
should originate from mud. But if man was descended from
worms such spontaneous generation acquired a new
significance. The origin of life on the Earth would have been as
casual an affair as the evolution of monkeys into man. Even if
the latter stages of man’s history were due to natural causes,
pride clung to a supernatural, or at least suprising, mode of
origin for his ultimate ancestors. So it was with a sigh of relief
that a good many men, whom Darwin’s arguments had
convinced, accepted the conclusion of Pasteur that life can
originate only from life. It was possible either to suppose that
life had been supernaturally created on Earth some millions of
years ago, or that it had been brought to Earth by a meteorite
or by microorganisms floating through interstellar space. But a

large number, perhaps the majority, of biologists, believed, in
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spite of Pasteur, that at some time in the remote past life had
originated on Earth from dead matter as the result of natural
processes.

The more ardent materialists tried to fill in the details of
this process, but without complete success. Oddly enough, the
few scientific men who professed idealism agreed with them.
For if one can find evidences of mind (in religious terminology
the finger of God) in the most ordinary events, even those
which go on in the chemical laboratory, one can without much
difficulty believe in the origin of life from such processes.
Pasteur’s work therefore appealed most strongly to those who
desired to stress the contrast between mind and matter. For a
variety of obscure historical reasons, the Christian Churches
have taken this latter point of view. But it should never be
forgotten that the early Christians held many views which are
now regarded as materialistic. They believed in the
resurrection of the body, not the immortality of the soul. St
Paul seems to have atributed consciousness and will to the
body. He used a phrase translated in the revised version as
“the mind of the flesh”, and credited the flesh with a capacity
for hatred, wrath, and other mental functions. Many modern
physiologists hold similar beliefs. But, perhaps unfortunately
for Christianity, the Church was captured by a group of very
inferior Greek philosophers in the third and fourth centuries
AD. Since that date views as to the relation between mind and
body which St Paul, at least, did not hold, have been regarded
as part of Christianity, and have retarded the progress of
science.

It is hard to believe that any lapse of time will dim the

glory of Pasteur’s positive achievements. He published
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singularly few experimental results. It has even been
suggested by a cynic that his entire work would not gain a
Doctorate of Philosphy today! But every experiment was final. I
have never heard of any one who has repeated any experiment
of Pasteur’s with a result different from that of the master. Yet
his deductions from these experiments were sometimes too
sweeping. It is perhaps not quite irrelevant that he worked in
his latter years with half a brain. His right cerebral hemisphere
had been extensively wrecked by the bursting of an artery
when he was only forty-five years old; and the united brain-
power of the microbiologists who succeeded him has barely
compensated for that accident. Even during his lifetime some
of the conclusions which he had drawn from his experimental
work were disproved. He had said that alcoholic fermentation
was impossible without life. Buchner obtained it with a cell-free
and dead extract of yeast. And since his death the gap
between life and matter has been greatly narrowed.

When Darwin deduced the animal origin of man, a search
began for a “missing link” between ourselves and the apes.
When Dubois found the bones of Pithecanthropus some
comparative anatomists at once proclaimed that they were of
animal origin, while others were equally convinced that they
were parts of a human skeleton. It is now generally recognized
that either party was right, according to the definition of
humanity adopted. Pithecanthropus was a creature which
might legitimately be described either as a man or an ape, and
its existence showed that the distinction between the two was
not absolute.

Now the recent study of ultramicroscopic beings has

brought up at least one parallel cas, that of the bacteriophage,
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discovered by d'Herelle, who had been to some extent
anticipated by Twort. This is the case of a disease, or, at any
rate, abnormality of bacteria. Before the size of the atom was

known there was no reason to doubt that

Big fleas have little fleas
Upon their backs to bite’em;
The little ones have lesser ones,

And so ad infinitum.

But we now know that this is impossible. Roughly speaking,
from the point of view of size, the bacillus is the flea’s flea, the
bacteriophage the bacillus’ flea; but the bacteriophage’s flea
would be of the dimensions of an atom, and atoms do not
behave like fleas. In other words, there are only about as
many atoms in a cell as cells in a man. The link between living
and dead matter is therefore somewhere between a cell and an
atom.

D’Herelle found that certain cultures of bacteria began to
swell up and burst until all had disappeared. If such cultures
were passed through a filter fine enough to keep out all
bacteria, the filtrate could infect fresh bacteria, and so on
indefinitely. Though the infective agents cannot be seen with a
microscope, they can be counted as follows. If an active filtrate
containing bacteriophage be poured over a colony of bacteria
on a jelly, the bacteria will all, or almost all, disappear. If it be
diluted many thousand times, a few islands of living bacteria
survive for some time. If it be diluted about ten million fold,
the bacteria are destroyed round only a few isolates spots,

each representing a single particle of bacteriophage.
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Since the bacteriophage multiplies, d'Herelle believes it
to be a living organism. Bordet and others have taken an
opposite view. It will survive heating and other insults which
kill the large majority of organisms, and will multiply only in
presence of living bacteria, though it can break up dead ones.
Except perhaps in presence of bacteria, it does not use oxygen
or display any other signs of life. Bordet and his school
therefore regard it as a ferment which breaks up bacteria as
our own digestive ferments break up our food, at the same
time inducing the disintegrating bacteria to produce more of
the same ferment. This is not as fantastic as it sounds, for
most cells while dying liberate or activate ferments which
digest themselves. But hese ferments are certainly feeble
when compared with the bacteriophage.

Clearly we are in doubt as to the proper criterion of life.
D’Herelle says that the bacteriophage is alive, because, like the
flea or the tiger, it can multiply indefinitely at the cost of living
beings. His opponents say that it can multiply only as long as
its food is alive, whereas the tiger certainly, and the flea
probably, can live on dead products of life. They suggest that
the bacteriophage is like a book or a work of art, which is
constantly being copied by living beings, and is therefore only
metaphorically alive, its real life being in its copiers.

The American geneticist Muller has, however, suggested
an intermediate view. He compares the bacteriophage to a
gene -that is to say, one of the units concerned in heredity. A
fully coloured and a spotted dog differ because the latter has in
each of its cells one or two of a certain gene, which we know is
too small for the microscope to see. Before a cell of a dog

divides this gene divides also, so that each of the daughter-
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cells has one, two, or none according with the number in the
parent cell. The ordinary spotted dog is healthy, but a gene
common among German dogs causes a roan colour when one
is present, while two make the dog nearly white, wall-eyed and
generally deaf, blind or both. Most of such dogs die young, and
the analogy to the bacteriophage is fairly close. The main
difference between such a lethal gene, of which many are
known, and the bacteriophage, is that the one is only known
inside the cell, the other outside. In the present state of our
ignorance we may regard the gene either as a tiny organism
which can divide in the environment provided by the rest of the
cell; or as a bit of machinery which the "“living” cell copies at
each division. The truth is probably somewhere in between
these two hypotheses.

Unless a living creature is a piece of dead matter plus a
soul (a view which finds little support in modern biology)
something of the following kind must be true. A simple
organism must consist of parts A, B, C, D and so on, each of
which can multiply only in presence of all, or almost all, of the
others. Among these parts are genes, and the bacteriophage is
such a part which has got loose. This hypothesis becomes
more plausible if we believe in the work of Hauduroy, who
finds that utltramicroscopic particles into which the bacteria
have been broken up, and which pass through filters that can
stop the bacteria, occasionally grow up again into bacteria
after a lapse of several months. He brings evidence to show
that such fragments of bacteria may cause disease, and
d’'Herelle and Peyre claim to have found the ultramicroscopic
form of a common staphylococcus, along with bacteriophage,

in cancers, and suspects that this combination may be the
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cause of that disease.

On this view the bacteriophage is a cog, as it were, in
the wheel of a life-cycle of many bacteria. The same
bacteriophage can act on different species and is thus, so to
say, a spare part which can be fitted into a number of different
machines, just as a human diabetic can remain in health when
provided with insulin manufactured by a pig. A great many
kinds of molecule have been got from cells, and many of them
are very efficient when removed from it. One can separate
from yeast one of the many tools which it uses in alcoholic
fermentation, an enzyme called invertase, and this will break
up six times its weight of cane-sugar per second for an
indefinite time without wearing out. As it does not form alcohol
from the sugar, but only a sticky mixture of other sugars, its
use is permitted in United States in the manufacture of
confectionery and cake-icing. But such fragments do not
reproduce themselves, though they take part in the
assimilation of food by the living cell. No one supposes that
they are alive. The bacteriophage is a step beyond the enzyme
on the road to life, but it is perhaps an exaggeration to call it
fully alive. At about the same stage on the road are the viruses
which cause such diseases as smallpox, herpes, and
hydrophobia. They can multiply only in living tissue, and pass
through filters which stop bacteria.

With these facts in mind we may, I think, legitimately
speculate on the origin of life on this planet. Within a few
thousand years from its origin it probably cooled down so far
as to develop a fairly permanent solid crust. For a long time,
however, this crust must have been above the boiling-point of

water, which condensed only gradually. The primitive
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atmosphere probably contained little or no oxygen, for our
present supply of that gas is only about enough to burn all the
coal and other organic remains found below and on the Earth’s
surface. On the other hand, almost all the carbon of these
organic substances, and much of the carbon now combined in
chalk, limestone, and dolomite, were in the atmosphere as
carbon dioxide. Probably a good deal of the nitrogen now in the
air was combined with metals as nitride in the Earth’s crust, so
that ammonia was constantly being formed by the action of
water. The Sun was perhaps slightly brighter than it is now,
and as there was no oxygen in the atmosphere the chemically
active ultra-violet rays from the Sun were not, as they now
are, mainly stopped by ozone (a modified form of oxygen) in
the upper atmosphere, and oxygen itself lower down. They
penetrated to the surface of the land and sea, or at least to the
clouds.

Now, when ultra-violet light acts on a mixture of water,
carbon dioxide, and ammonia, a vast variety of organic
substances are made, including sugars and apparently some of
the materials from whiche proteins are built up. This fact has
been demonstrated in the laboratory by Baly of Liverpool and
his colleagues. In this present world, such substances, if left
about, decay -that is to say, they are destroyed by micro-
organisms. But before the origin of life they must have
accumulated till the primitive oceans reached the consistency
of hot dilute soup. Today an organism must trust to luck, skill,
or strength to obtain its food. The first precursors of life found
food available in considerable quantities, and had no
competitors in the struggle for existence. As the primitive

atmosphere contained little or no oxygen, they must have
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obtained the energy which they needed for growth by some
other process than oxidation —-in fact, by fermentation. For, as
Pasteur put it, fermentation is life without oxygen. If this was
so, we should expect that high organisms like ourselves would
start life as anaerobic beings, just as we start as single cells.
This is the case. Embryo chicks for the first two or three days
after fertilization use very little oxygen, but obtain the energy
which they need for growth by fermenting sugar into lactic
acid, like bacteria which turns milk sour. So do various embryo
mammals, and in all probability you and I lived mainly by
fermentation during the first week of our pre-natal life. The
cancer cell behaves in the same way. Warburg has shown that
with its embryonic habit of unrestricted growth there goes an
embryonic habit of fermentation.

The first living or half-living things were probably large
molecules synthetized under the influence of the Sun’s
radiation, and only capable of reproduction in the favourable
medium in which they originated. Each presumably required a
variety of highly specialized molecules before it could
reproduce itself, and it depended on chance for a supply of
them. This is the case today with most viruses, including the
bacteriophage, which can grow only in presence of the
complicated assortment of molecules found in a living cell.

The unicellular organisms, including bacteria, which were
the simplest living things known a generation ago, are far
more complicated. They are organisms -that is to say, systems
whose parts co-operate. Each part is specialized to a particular
chemical function, and prepares chemical molecules suitable
for the growth of the other parts. In consequence, the cell as a

whole can usually subsist on a few types of molecule, which
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are transformed within it into the more complex substances
needed for the growth of the parts.

The cell consists of numerous half-living chemical
molecules suspended in water and enclosed in an oily film.
When the whole sea was a vast chemical laboratory the
conditions for the formation of such films must have been
relatively favourable; but for all that life may have remained in
the virus stage for many millions of years before a suitable
assemblage of elementary units was brought together in the
first cell. There must have been many failures, but the first
successful cell had plenty of food, and an immense advantage
over its competitors.

It is probable that all organisms now alive are descended
from one ancestor, for the following reason. Most of our
structural molecules are asymmetrical, as shown by the fact
that they rotate the plane of polarized light, and often form
asymmetrical crystals. But of the two possible types of any
such molecule, related to one another like a right and left boot,
only on is found troughout living nature. The apparent
exceptions to this rule are all small molecules which are not
used in the building of the large structures which display the
phenomena of life. There is nothing, so far as we can see, in
the nature of things to prevent the existence of looking-glass
organisms built from molecules which are, so to say, the
mirror-images of those in our own bodies. Many of the
requisite molecules have already been made in the laboratory.
If life had originated independently on several occasions, such
organisms would probably exist. As they do not, this event
probably occurred only once, or, more probably, the

descendants of the first living organism rapidly evolved far
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enough to overwhelm any later competitors when these arrived
on the scene.

As the primitive organisms used up the foodstuffs
available in the sea some of them began to perform in their
own bodies the synthesis formerly performed haphazardly by
the sunlight, thus ensuring a liberal supply of food. The first
plants thus came into existence, living near the surface of the
ocean, and making food with the aid of sunlight as do their
descendants today. It is thought by many biologists that we
animals are descended from them. Among the molecules in our
own bodies are a number whose structure resembles that of
chlorophyll, the green pigment with which the plants have
harnessed the sunlignt to their needs. We use them for other
purposes than the plants -for example, for carrying oxygen-
and we do not, of course, know whether they are, so to speak,
descendants of chlorophyll or merely cousins. But since the
oxygen liberated by the first plants must have killed off most
of the other organisms, the former view is the more plausible.

The above conclusions are speculative. They will remain
so until living creatures have been synthesized in the
biochemical laboratory. We are a long way from that goal. It
was only this year that Pictel for the first time made cane-
sugar artificially. It is doubtful whether any enzyme has been
obtained quite pure. Nevertheless I hope to live to see one
made artificially. I do not think I shall behold the synthesis of
anything so nearly alive as a bacteriophage or a virus, and I do
not suppose that a self-contained organism will be made for
centuries. Until that is done the origin of life will remain a
subject for speculation. But such speculation is not idle,

because it is susceptible of experimental proof or disproof.
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Some people will consider it a sufficient refutation of the
above theories to say that they are materialistic, and that
materialism can be refuted on philosophical grounds. They are
no doubt compatible with materialism, but also with other
philosophical tenets. The facts are, after all, fairly plain. Just as
we know of sight only in connection with a particular kind of
material system called the eye, so we know only of life in
connection with certain arreangements of matter, of which the
biochemist can give a good, but far from complete, account.
The question at issue is: “How did the first such system on this
planet originate?” This is a historical problem to which I have
given a very tentative answer on the not unreasonable
hypothesis that a thousand million years ago matter obeyed
the same laws that it does today.

This answer is compatible, for example, with the view
that pre-existent mind or spirit can associate itself with certain
kinds of matter. If so, we are left with the mystery as to why
mind has so marked a preference for a particular type of
colloidal organic substances. Personally I regard all attempts to
describe the relation of mind to matter as rather clumsy
metaphors. The biochemist knows no more, and no less, about
this question than anyone else. His ignorance disqualifies him
no more than the historian or the geologist from attempting to

solve a historical problem.
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