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Life is a term, none more familiar. Any one almost would take it for an affront to be asked what he meant by it. And yet if it comes in question, whether a plant that lies ready formed in the seed have life; whether the embryo in an egg before incubation, or a man in a swoon without sense or motion, be alive or no; it is easy to perceive that a clear, distinct, settled idea does not always accompany the use of so known a word as that of life is.

—John LOCKE,
An Essay on Human Understanding




It is no doubt a very important matter to enquire into the nature of what is called life in a body. . .. However difﬁcult may be this great inquiry, the difﬁculties are not insuperable; for in all this we have to deal only with purely physical phenomena.

—Jean-Baptiste LAMARCK,
Zoological Philosophy




Preface





More than half a century ago, in 1953, Francis Crick and James Watson discovered the double helix structure of the DNA molecule, which constitutes the basis of heredity. They thought, Crick said, that they had discovered “the secret of life.”

In the quarter century between 1940 and 1965, scientiﬁc understanding of the fundamental phenomena of life made remarkable advances. But had the secret of life therefore been discovered? Had the question “What is life?” really been answered? Many people believed—and still believe today—that it had. Scientists, in particular, scarcely bothered any longer to inquire into the nature of life. By the latter part of the twentieth century the question had become old-fashioned, even taboo, since to ask “What is life?” would have implied that the answer already given by molecular biology was somehow not acceptable. By posing the question, one risked being excluded from the mainstream of modern science.

Things have begun to change, however. Fewer and fewer scientists are convinced that we have the complete answer. The question has once again become respectable, and it now lies at the heart of research being carried out by a great many biologists and other scientists in a wide range of ﬁelds. More than ﬁfty years after the publication of Erwin Schrödinger’s famous essay What Is Life? (1944), it has begun to reappear as a book title, and regularly occurs in the opening lines of journal articles on the origin of life.

The epigraph from John Locke at the beginning of this book is meant to call attention to two outstanding aspects of the question “What is life?”: ﬁrst, its antiquity, and the large number of answers that have already been given to it; and second, the historical character of the question itself, which three hundred years ago was posed in a very different way than it is today. Although the use of the term “life” is not obviously any clearer now than it was in Locke’s time, the reasons for this are not necessarily the same. Today, for example, we unequivocally accept that both a plant seed and an unincubated hen’s egg are alive. As the French philosopher of science Georges Canguilhem pointed out, both the nature of the answer given to the question “What is life?” and the interest shown in these answers changed considerably during the centuries following Locke. In this respect, the twentieth century was no different from the eighteenth and nineteenth.

My chief purpose is to extend this history beyond Watson and Crick’s discovery of the double helix—the point reached by Canguilhem—and to describe some of the new ideas that have been stimulated by developments in biology over the past half century. Many of these developments have gone unnoticed by the general public, as though it were supposed that the need for research had come to an end. The revival of the question “What is life?” is a consequence also of work taking place outside biology proper, notably in the emerging ﬁeld of astrobiology, as part of a more general change in intellectual orientation that I will examine as well.

Although the question is once again respectable, even fashionable, only a few scientists have dared to try to answer it directly. Their replies, though inevitably different from ones that have been given in the past, nonetheless form the latest chapter in a rich philosophical and scientiﬁc tradition. In addition to these explicit answers, others have implicitly been proposed by new research in biology and related ﬁelds. The attempt to create a functional biological membrane, for example, embodies a different conception of the steps involved in the formation of life than the attempt to create self-replicating nucleic acid polymers in a test tube; taken together, they represent two distinct ways of characterizing life. Experiments performed on a space probe in the hope of detecting the presence of life on other planets are another way of implicitly characterizing life.

Any increase in our knowledge of organisms and life unavoidably has implications for the problem of life’s origins and nature. This may be why most of the great biologists have studied it at one time or another. The career of the French molecular biologist and Nobel Prize winner Jacques Monod is a case in point. For many years Monod showed no interest in the origins of life; but when he started work on Chance and Necessity (1970), which contains a systematic discussion of the philosophical and ethical impact of recent advances in the molecular understanding of life, he found himself increasingly preoccupied by this question.

On surveying the various answers that have been given to the question “What is life?” a consensus can be seen to emerge with regard to the fundamental characteristics that are shared by organisms, and that therefore jointly constitute life. This consensus rapidly disappears, however, when scientists try to classify these characteristics and rank them in a hierarchy with a view to isolating a single characteristic that is consubstantial with life. Nonetheless we can all agree with Lamarck—the source of my second epigraph—that inquiring into the nature of life from a scientiﬁc point of view is indeed a very important matter. Another part of my purpose in writing this book, then, is to help readers think about questions that are seldom dealt with directly in science, and to try to reforge the bonds that once united science and philosophy (or what may be called, more generally, the humanities).

In seeking to act as an intermediary between biological research and philosophical thought, I wish to acquaint philosophers (and historians of ideas) with new discoveries and concepts in biology, enabling them to go beyond the DNA double helix and the informational conception of life that for the moment, at least, appears to have triumphed over other views; and to introduce biologists to the rich philosophical (and historical) tradition of thinking about life. I am well aware that this is a thankless task, for it cannot help but invite attacks from both sides. No doubt I will be accused, on the one hand, of having failed to present the latest scientific research in sufﬁcient detail, and, on the other, of caricaturing the philosophical issues. But I would rather risk such reproaches than accept the present situation, in which philosophers argue only with dead biologists and biologists only with dead philosophers, while counting on each side to correct my mistakes and make up for my omissions.

Some may ask why one should seek to reconcile science and philosophy—what the British scientist and novelist C. P. Snow famously called “the two cultures.” It could be argued, after all, that serious scientists would do well simply to ignore a vague question like “What is life?” because the time and energy involved in wrestling with it are wasted: whatever answer may be given, it will not have any immediate or direct effect on the actual course of research. I will return to this objection later on, and consider it in greater detail, for it is not wholly without merit. But were scientists to accept it completely, they would end up consigning themselves to an intellectual ghetto. Science has drawn—and continues to draw—great strength and vitality from the attempt to answer the great questions that humanity has posed itself throughout the ages. If scientists were to sever their historical connection with these sources of inspiration, the future development of science is likely to be severely hampered, and its quality compromised.

This book cannot help but bear the mark of my own training. I adopt the point of view of a molecular biologist, because that is what I am. A theoretical biologist or a researcher into the origins of life would no doubt have chosen different data and presented them differently. Nonetheless, I trust that I have cited the contributions of other disciplines often enough that interested readers will be able to consult them and, in the event of disagreement, to make up their own minds.

I should say, too, that my approach differs from that of most recent authors on the subject, many of whom are deeply involved in research into the origins of life, and who attempt to show that their view of the matter is superior to the ones that have been given by their competitors or by earlier writers. It is no doubt a weakness that I am less well informed about the technical aspects of the various models currently being debated than they are. But I hope that it is also a strength. I am less likely to be swayed by doubtful evidence, more apt to be skeptical of claims cloaked in ﬁne phrases that turn out on closer examination to have no precise meaning. Nor do I have any personal or professional interest in advocating one line of research rather than another. For all these reasons I believe I am in a better position to provide an objective—or at least a neutral—account of the various approaches.

Readers of this book will therefore not ﬁnd the sort of detailed technical discussion—for instance, of the synthesis of polymers in prebiotic media—that can readily be found in other works (which I nonetheless mention, and to which they are free to refer). I wish instead to present the recent evolution of ideas in the historical context of discussions about life, in order to be able to appreciate the weight and worth of current views; to distinguish what is genuinely new from what amounts to nothing more than an unwitting revival of old ideas. And although I readily acknowledge the great importance of research on the origins of life in this connection, many other lines of inquiry (to say nothing of social and cultural transformations) have contributed to the development of recent thinking, as I shall try to show in the pages that follow.

 

It is a pleasure to thank all those who, directly or indirectly, have supported me in this project. Anne Fagot-Largeault read the original manuscript with an attentive and critical eye, helping me both to sharpen the argument and, at least in part, to assuage my fears about venturing into the realm of philosophy. The encouragement and comments of the ecologist Régis Ferrière, a close colleague, as well as those of the philosopher Lindley Darden, were extremely valuable also. I owe thanks, too, to my translators, Matthew Cobb, who made a preliminary English version of the original French text, and Malcolm DeBevoise, who extensively revised the draft translation and made a number of useful editorial suggestions. Finally, I am indebted to my French publisher, Odile Jacob, and especially to Yale University Press, whose referees helped me improve the ﬁnal manuscript still further.







PART ONE

THE DEATH
AND RESURRECTION OF LIFE









In 1962, a French biologist named Ernest Kahane published a book titled Life Does Not Exist. Much more recently an American, Stanley Shostak, published one called Death of Life. Although both authors described the same phenomenon—the abandonment by biologists of research into the nature of life— their accounts of it were very different. For Kahane, the question of life, having been reduced to a physicochemical problem, had therefore either been solved or was in the process of being solved. Shostak, on the other hand, to judge from the subtitle of his book (“The Legacy of Molecular Biology”), felt that the problem of life had not so much disappeared as it had been overshadowed by a new picture of the living world. Indeed, only a few years after the appearance of Kahane’s book, the French molecular biologist and Nobel Prize winner François Jacob, in The Logic of Life (1970), remarked that life was simply no longer a topic for discussion in biology laboratories.1

Between the 1960s and the 1990s, the question “What is life?” virtually disappeared from scientiﬁc discourse. For most biologists its disappearance signiﬁed the deﬁnitive rejection of all forms of vitalism.2 Toward the end of the twentieth century, merely to pose the question carried the risk of exposing oneself to ridicule as a spiritualist of one kind or another, for whom life was something more than the product of particularly complicated chemistry. A second reason why the question was no longer asked is that many biologists felt that a clear answer had in fact been provided by molecular biology. That the question should now have come back into fashion—that the corpse of life seems still to be twitching—does not mean that spiritualism is making a comeback, but that previous scientiﬁc answers to the question are no longer considered fully satisfactory. Its revival is therefore due to the evolution of biological ideas. By themselves, however, developments within biology would not have been enough. Outside inﬂuences played a major role as well.

Life passed into eclipse only for a few decades—a brief and exceptional interlude in the long history of the biological sciences. For biology cannot escape a question that lies at its very heart.





CHAPTER I

The Twilight of Life





The expression “twilight of life” was ﬁrst used in 1935, in an article that appeared in the New York Times, to summarize the implications of the crystallization of the tobacco mosaic virus (TMV) by the American chemist Wendell Meredith Stanley.1 This experiment showed that the TMV was no different from the molecules that were habitually manipulated and puriﬁed by organic chemists: it was merely a very large molecule.

Stanley’s experiment was spectacular, and it received an enormous amount of publicity. But it was only one of a number of experimental approaches that, by the middle of the twentieth century, had succeeded in depriving organisms of their mystery and substituting in its place the chemistry of macromolecules. Thirty years later a sequel to Stanley’s discovery attracted nearly as much media attention. In 1967, using only simple molecules, the American biochemist Arthur Kornberg managed to replicate the genetic material of a bacteriophage—a small virus that infects bacteria—in the test tube (“in vitro”) by introducing a speciﬁc enzyme.2

To understand the philosophical import of these experiments, we need to put them in the context of a long historical debate. From the seventeenth century onward, naturalists had sought to describe the function of organisms in terms of physical principles. The ﬁrst mechanistic models failed to withstand the decisive test of experiment, however. The development of physiology in the middle of the eighteenth century, and the invention of the term “biology” at the beginning of the nineteenth century, were clear signs of a vitalist reaction to the simplistic reductionism of these models.3

Chemists nonetheless slowly learned ﬁrst how to isolate the molecules of life, and then how to make them. Although the road that led from the synthesis of urea by Friedrich Wöhler in 1828 to the in-vitro fermentation of sugars by Eduard Büchner in 1897 was hardly straight, it pointed in a single direction. A few years later, another German chemist, named Wolfgang Ostwald, used the phrase “world of neglected dimensions” to describe the terra incognita that lay between the molecules studied by organic chemists and the complex internal structures of cells that could barely be discerned under a light microscope.4 It was this world that biologists forcibly invaded in the opening decades of the twentieth century. The characterization of metabolic pathways and the plodding, but constant, progress in the description of biological macromolecules all followed from the work of Wöhler and Büchner, which, in seeking to naturalize the functioning of organisms, began to pull down the barrier that separated the chemistry of life from that of the inanimate world. From this point of view, the crystallization of the TMV was just another step forward. But the TMV was not a mere macromolecule: it was a virus, and therefore, it was argued, an organism. Even if it was very simple, it was nevertheless on the animate side of the boundary between life and non-life. By crystallizing the TMV, Stanley had crossed this boundary and, at the same time, destroyed it.

In the early decades of the twentieth century, viruses occupied an increasingly important place in biological research. By the late nineteenth century they were considered an extremely small kind of microbe, because they passed through ﬁlters that retained other microbes. Impossible to grow in vitro, they were known to be responsible for serious pathologies in humans (inﬂuenza and polio, for example) and also for diseases in animals and plants. But while viruses attracted particular attention on account of their medical and economic interest, they were studied mainly because they were seen to be an elementary form of life.5 What is more, because of their small size and simple chemical composition, they appeared to be within reach of the most advanced physicochemical techniques. Some researchers (the Canadian bacteriologist Félix d’Herelle, for example) even thought that they were fossil traces of the ﬁrst forms of life that had appeared on the planet.

The widespread interest in viruses also grew out of their resemblance to genes. Although Gregor Mendel had discovered the laws of genetics in 1865, he had not given a name to the “thing” that enabled characters to be transmitted, nor had he suggested what it might be made of. The reiﬁcation of the gene, as it might be called—its transformation into an object that could be studied using physical and chemical tools—did not begin until 1910, when Thomas Hunt Morgan’s group at Columbia University demonstrated that genes are linked to chromosomes.6 What made the gene interesting was not only its role in determining characters, but also its capacity for self-replication, which seemed analogous to the capacity for reproduction observed in organisms. At the same time, the gene, like the virus, was sufﬁciently small that its physicochemical properties could be studied.7 As the smallest “unit of life,” it lay at the intersection of research by biologists on the smallest possible hereditary units within organisms and inquiry by physicists into the structure of the most complex possible molecules.8 It was therefore the ideal research object, possessing the fundamental properties of life (self-replication and variation) in their simplest form. In 1929, the American geneticist Hermann Muller put forward the hypothesis that genes form the basis of life itself.9

The realization that viruses and genes shared a number of salient characteristics—their ability to replicate themselves with variation, their small size, and what was assumed to be their critical role in the earliest phases of life—had already led Muller, in 1922, to propose that viruses (in particular, bacteriophages) were pure genes.10 This identiﬁcation gave further impetus to the study of viruses, and lent even greater importance not only to Stanley’s experiment on the TMV, but also to research on the bacteriophage being carried out at about the same time by the German-born physicist Max Delbrück.11 There is a striking contrast, however, between the impact of Stanley’s experiment, which helped to expel the last vestiges of vitalism from biology, and the discreet and almost simultaneous movement away from the idea that viruses were a suitable model for the study of organisms. Viruses, it gradually became clear, are obligatory parasites—simple forms of life that use the machinery of host organisms to reproduce themselves. The decline of the virus model occurred in stages. The ﬁrst doubts were raised in the mid-1930s, at the same time that Stanley succeeded in isolating the tobacco mosaic virus.12 The problem was that, despite a great many attempts, it proved impossible to cultivate viruses in any non-living medium. With greater insight into the fundamental molecular mechanisms of life came a better understanding of the reasons for the strict parasitism of viruses, which were discovered to be nothing more than packets of genetic information protected by a more or less complex envelope of proteins. Viruses have neither the necessary molecular machinery to read this information nor a metabolism capable of constructing such machinery.

The “twilight of life”—the widespread expectation that life’s mystery would ﬁnally be dispelled with the unlocking of its secrets—was thus in fact a twilight only for objects that, because they are not autonomous and do not have the extraordinary ability to synthesize chemicals, lack the distinctive characteristics of life. This paradox evaporates, however, if we introduce a distinction between “replication” and “reproduction” that does not arise in the common use of these two terms, and that has been obscured further in recent decades by the genocentric view of the living world promoted by the British ethologist and evolutionary biologist Richard Dawkins.13 To replicate is to make a faithful copy of an object. Photocopies are a form of replication. The duplication of a DNA molecule into two daughter molecules is likewise a process of replication. On the other hand, reproduction in the biological sense implies the existence of a complex autonomous organism and its participation in the creation of a second organism that is similarly autonomous. The term “reproduction” therefore refers to a complex process involving entities with complex structures and functions.

In the case of both viruses and genes, only the term “replication” is appropriate; “reproduction” implies an autonomy that neither one possesses. Confusing these terms—and the distinct processes they describe—has had one very signiﬁcant consequence, namely that the reproduction of organisms is often reduced to the replication of the molecules that form them. In retrospect we can see that the momentary importance of viruses in the explanation of organic phenomena was due to a “hard” form of reductionism that denies the possibility that characteristics or functions may require a certain degree of complexity in order to be expressed, and seeks to explain them instead by reference to the structure of one or a few elementary components. In reducing the complex phenomenon of reproduction to the mere replication of macromolecules, it went unnoticed that the concept of reproduction itself had been deformed and denatured.

The reduction of life to physicochemical phenomena has had the further consequence—a very important one—of favoring research into the use of organisms for commercial purposes. It is not by accident that the development of this ﬁeld, biotechnology, should have coincided with the growing domination of a reductionist conception of life.14





CHAPTER II

Life as Genetic Information





In July 2002, the American journal Science announced the in-vitro synthesis of the polio virus (more precisely, the synthesis of a nucleic acid that allows the virus to be produced once it has been inserted into a cell) from simple molecules.1 The news made front pages around the world.

This kind of media attention may seem rather surprising. After all, the experiment was not entirely novel. As we have already seen, similar studies of a bacterial virus had been made thirty-ﬁve years earlier. The excitement surrounding this announcement had to do instead with memories of the devastating effects of the polio virus; admiration for the technological advances in the interval that had made it possible to synthesize the virus using only information contained in data banks, without direct reference to an actual virus; and fears that terrorists, employing the same method, might succeed in once again spreading a virus that was gradually being eradicated through an ongoing and global campaign of vaccination.

But the most curious aspect of this affair (and what led me, in fact, to write this book) was the confused nature of the questions posed by both journalists and scientists regarding the study’s implications. Had the experimenters actually created a polio virus? If so, had they created an organism? Was there any difference between their creation and that of the Creator? Is life inside a cell any different from life in a virus? The answers that were given to these questions turned out to be even more confused.

Already in the 1930s it had become apparent that viruses were not adequate models for illustrating the “principle” of life. And yet still today they are assumed, at least by the media, to satisfy this purpose, if only because the mere creation of a virus obliges its authors to deny that they have been playing God. The reason for this is that, beginning in the 1920s, viruses were taken to be genes, and the appearance of genes was thought to be identical with the appearance of life. Despite later developments, this genetic and informational view of life is still dominant in journalistic accounts of recent discoveries.

More than sixty years ago, in his famous essay on life and the origins of the order observed to exist in organisms, the Austrian physicist Erwin Schrödinger argued that this kind of order clearly differs from the one found in the inanimate world, which is based on statistical laws that account for the movement of particles.2 Schrödinger predicted that the origins of order in the living world would be discovered in the speciﬁc molecular structure of those parts of the cell that seemed to be chieﬂy responsible for its function: genes and chromosomes. Chromosomes were understood to be the carriers of genetic information, which was transmitted from generation to generation, enabling both the structural and functional characteristics of organisms to be reproduced.

Over the next three decades, from the mid-1940s through the 1960s, research in molecular biology provided support for Schrödinger’s claims and allowed them to be precisely stated in chemical terms. The active agents in cells, as we now know, are proteins—macromolecules that act as catalysts, activating chemical reactions, receiving and transmitting molecular signals, and endowing cells with form and mobility. Proteins are formed by chaining together smaller molecules—amino acids—in a speciﬁc and predetermined sequence. This sequence is not directly transmitted from generation to generation; instead it is indirectly coded in another macromolecule, DNA. Decoding this sequence permits the synthesis of the proteins responsible for the incessant chemical transformations that take place inside the living cell, and for its reproduction. With the discovery of the simple double helix structure of DNA in 1953 by James Watson and Francis Crick, it became possible to understand the ease with which this molecule replicates itself, and also how the information needed for the precise synthesis of proteins could be contained in its nucleotides.

This new informational conception of life made it possible to understand the nature of viruses as well. Viruses generally consist of a single molecule of nucleic acid (RNA or DNA), with one or more protein envelopes that protect the genetic information during its passage from organism to organism.3 It is this information that permits the synthesis of the enveloping proteins and of the few enzymes necessary for the replication of the genetic material. By itself a virus cannot replicate: it does not produce the energy required either for protein synthesis or for the replication of its own nucleic acid molecules; it is unable to manufacture the molecular components of its macromolecules; and it does not possess the highly complex molecular structures that allow genetic information, stored in the form of nucleic acids, to be translated into proteins. The structure of DNA and its role in coding the information needed for protein synthesis are now so familiar that we are apt to forget that the discovery of these fundamental molecular mechanisms of life came as a great surprise and source of wonder. Nothing in the many studies that have been carried out since has cast the least doubt upon the elegance and functional efﬁciency of these mechanisms, which have been retained by evolution to ensure the nearly exact reproduction of life forms.

It was tempting to suppose that the long-sought explanation of living phenomena had been found in the perfection of these very mechanisms—all the more so because they operate identically in all organisms. Little wonder, then, that by the 1960s Crick, Monod, and other molecular biologists were convinced that they had discovered the secret of life. To be sure, a great many details remained to be worked out, not least among them the mechanisms involved in cellular differentiation and the embryonic development of multicellular organisms, including the formation of highly complex structures such as the brain. But the constitutive principle of life had been identiﬁed: the genetic code, which is to say the rule of perfect correspondence between the structure of DNA (molecular memory) and that of proteins (the active agents of life and cellular form).

For several years this understanding was conﬁned to the theoretical level. Then, in the early 1970s, molecular tools were developed that made it possible to modify genetic material for the purpose of altering the properties of organisms. Most experiments had the basic aim of clarifying the role of various genes in the development or the functioning of a given organism. But it was only a short step from the basic to the applied, from understanding a gene’s function to modifying the genome in order to create a new type of organism. Bacteria were manipulated to produce animal or human proteins; plants were made resistant to various pathogenic agents, or to toxic substances such as weed killers; laboratory animals (especially mice) were genetically modiﬁed. The ability to modify an organism at will and to endow it with new properties (within the limits of the current understanding of gene function), and in this way to exert control over the evolution of life, was a striking indication of the progress that had been made in our understanding of the living world.

Furthermore, many people found it satisfying to imagine that organisms should contain a code and processes of translation analogous to the ones used by human beings in connection with what is widely believed to be their distinguishing characteristic: language. Some took this to be proof that human language had a direct biological origin; that, as the gospel according to John puts it, at the very beginning of the world—or, at least, at the beginning of life—was the word, speech. Life was logos.4

All these comparisons and analogies now look very naive. The fact that organisms contain a genetic code does not mean that they have a language in the sense that we use this term in everyday speech. And yet we should not be overly harsh in criticizing the unfounded assumptions of those who came before us. The discovery of the genetic code was a monumental shock, the like of which is rarely encountered in science and which readily excuses the handful of overstatements that were later made in its name.

Several other lines of research led to the idea that life could be reduced to non-life through the intermediation of macromolecules and information. For the moment I will mention only two of them, while reserving this topic for more detailed discussion later. The ﬁrst involves two similar accounts of the origin of life that were developed virtually simultaneously in the 1920s by the Russian biochemist Aleksandr Oparin and the British biochemist and geneticist John Haldane.5 The force of these accounts derived from the grouping together of data and observations from different disciplines, including biochemistry, geology, and astrophysics (the study of planets and their formation). Each of the scenarios devised by Oparin and Haldane assumed a series of three stages:


	1. Molecules such as amino acids, which were later to serve as the building blocks of life, appeared in the primitive chemically reducing conditions thought to have existed on Earth in the early phases of its development.


	2. These molecules then spontaneously associated with one another to form macromolecules.


	3. Self-reproducing metabolic systems in chemical exchange with the external environment appeared in spontaneously formed, closed structures (called “coacervates” by Oparin).




Grounds for speculation of this sort were greatly strengthened by an experiment conducted in 1953 by Stanley L. Miller at the University of Chicago, under the supervision of Harold C. Urey, that reproduced the ﬁrst stage in vitro. Miller showed that amino acids were formed from simple molecules such as ammonia and methane when these substances were held in a reducing atmosphere and subjected to repeated electrical discharges.6 The key stage of the Oparin-Haldane hypothesis was soon seen to be the biosynthesis of macromolecules and, above all, the appearance of a functional relation between these macromolecules—the invention of the genetic code.

A second line of research had its origins in studies of information, the development of electronic calculating machines (later called computers), and the cybernetics movement, all of which ﬂourished during and after World War II. There is no need to go into the details of this research to understand its profound impact on conceptions of life. The essential thing to keep in mind is that it had now become possible to imagine the development of machines that were sufﬁciently powerful to reproduce all the complexities of life. Progress toward this objective, through the construction of the ﬁrst computers and the implementation of complex cybernetic networks, quite naturally led mathematicians like Alan Turing and John von Neumann to ask what, if anything, distinguished organisms from machines that could imitate the behavior of organisms. In particular, the question arose whether a machine could cross the boundary between the inanimate and the living worlds. It was in this context that von Neumann proposed his theory of automata, in a historic paper published in 1948 that sketched the outlines of a machine that could reproduce itself by locating the necessary components in its environment.7

In the absence of any precise idea about the physical and chemical composition of organisms, these studies of artiﬁcial life long remained purely theoretical. Nevertheless, they had considerable inﬂuence and contributed, at least in the popular mind, to a blurring of the boundary between life and non-life. They are still frequently cited today in technical discussions about the origin and nature of life.8





CHAPTER III

The Return of Life





Molecular biologists used to argue that the appearance of life and the appearance of genetic information were one and the same thing. The plausibility of this claim derived from the fact that all terrestrial organisms are descended from the same ancestor and use the same genetic code. But it was sophistry nonetheless, and did more to obscure the origin of life than to clarify it. The problem was not so much the ﬁrst stages (the formation of molecules and macromolecules) as the appearance of precise rules of correspondence between these macromolecules. In particular, the molecular biologists’ view failed to explain how the genetic code could have appeared in the ﬁrst place, given that decoding requires cells to use proteins that are themselves coded for in the genome.

The work of the American scientist Carl Woese and of two British-born scientists working in the United States, Francis Crick and Leslie Orgel, soon reduced the apparent complexity of these functional organic macromolecules to just two components, RNA and proteins, by eliminating DNA (whose chemical properties suggested that it was a late arrival on the evolutionary scene).1 Nevertheless, the fundamental problem remained. This led many molecular biologists, including Jacques Monod, to think that the appearance of life forms must be an extremely rare event in the history of the universe; that life as we know it is uniquely conﬁned to Earth.

Beginning in the early 1980s, conventional wisdom found itself challenged again with the demonstration that RNA could also act as a catalyst—a role that previously had been reserved for proteins. In 1985, the American molecular biologists Norman Pace and Terry Marsh proposed the presence of a self-replicating RNA entity at the origin of life.2 A year later another American, Walter Gilbert, put forward the hypothesis that the living world we know was preceded by an “RNA world,” in which this macromolecule combined the functions that are now separately carried out by DNA and proteins. On this view, RNA acted both as memory and as functional agent, in particular as a catalyst.3 The RNA world then gave rise to proteins, which together with RNA subsequently led to the appearance of the third macromolecule, DNA. This model is now generally accepted, despite difﬁculties and doubts that the original nucleic acid molecule was in fact RNA, which, because it is chemically very unstable, is unlikely to have appeared ﬁrst.4 In the wake of Gilbert’s hypothesis a number of others were advanced, some of which had been proposed earlier but had failed to attract much attention. Some researchers suggested that the RNA world had been preceded by other living worlds in which replication processes were based on some other material factor, no longer serving this purpose, such as crystalline surfaces.5

The historical reality of such alternative living worlds is not universally admitted. The key point, however, is that these models opened the way to speculation about the nature of life and its origin by demonstrating the falsity of the earlier view, which identiﬁed life with genetic information in the form of a DNA code. It was now clear that genetic information—and the genetic code—were later inventions of the living world that enabled organisms to ensure their reproduction more effectively.

Once again, terminological ambiguity has led to a great deal of confusion. Biological macromolecules—DNA, RNA, and proteins—are often said to be “informational” (or “informative”) macromolecules. This may only be a loose way of emphasizing their complexity, which arises from the fact that they are formed by linking elementary components together in a precise sequence; but it could also mean that macromolecules (mainly nucleic acids) contain the information required for the synthesis of other macromolecules.6 A macromolecule can induce the formation of another macromolecule identical to itself (as in the case of an RNA molecule, which can self-replicate directly or indirectly), or it can induce the formation of a different type of macromolecule (thus the sequence of amino acids that form a protein is coded in present-day organisms by a gene made of nucleic acid). It is obvious that informational macromolecules in the ﬁrst sense of the term appeared very early in the evolution of life: it was their structural characteristics that enabled the ﬁrst cells to function. The difﬁculty is that if we adopt this sense of “informational,” everything is informational, since everything has a certain degree of complexity. The appearance of informational molecules in the second sense— as the carriers of information governing the synthesis of similar or different macromolecules—probably occurred much later, however.

The term “genetic” suffers from the same ambiguity. In present-day life forms, genetic material (that is, the material that enables characters to be transmitted from cell to cell and from generation to generation) is made up of nucleic acids. But a nucleic acid is not, in and of itself, a genetic polymer, even if its structure makes it possible for it to become one. It will become a genetic polymer only if it is placed in a network of relations associating it with various intracellular functions, so that its presence permits these functions to be reproduced. The ﬁrst molecules of nucleic acid to have been formed on Earth were not genetic. One must bear in mind that a capacity for self-replication is not, in and of itself, sufﬁcient to make a nucleic acid a piece of genetic material—that is, to make it capable, in one way or another, of producing the properties of the organism that contains it.

The appearance of life, then, is not the same thing as the appearance of genetic information. For in an RNA world, RNA is not genetic and informational in the same sense that DNA is genetic and informational in the present living world. The hypothesis of an RNA world was therefore a crucial step toward abandoning the informational picture of life. New developments in molecular research itself also showed the limits of this picture, which had nourished hopes that the decoding of the genome would give virtually direct access to the secret of life.7 These hopes have faded somewhat in recent years with the realization that being able to read the book of life has not led to any great or immediate revelation.8 Nor did the targeted modiﬁcation of genes always produce the expected results: a gene that was thought to be essential could sometimes be inactivated without the organism showing any ill effects, while a gene that had been thought to be well understood often turned out to have new and unsuspected functions in the organism.9

From this point of view, the fate of the idea of a genetic “program” is particularly telling. First used in connection with the operon model—the ﬁrst model of gene regulation, put forward by Monod and Jacob in 1961—the notion of a program was intended to explain the precise temporal and spatial regulation of gene activity observed during embryonic development and cell differentiation.10 Taken literally by some biologists, who drew an exact parallel between a genetic program and a computer program, the notion was much criticized.11 For one thing, it reduced the functioning of the organism to that of its genes, while ignoring both the environment and the structure and content of the organism’s cells. Moreover, the analogy with a computer program was ﬂawed, for in the imagined genetic machine of life it is impossible to distinguish between hardware and software (printed circuits and programs), just as it is impossible to distinguish between programs and data. Nevertheless, the term “genetic program” is still widely used in a metaphorical sense to designate genes and the regulatory sequences that control the functioning and development of the organism.
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