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"It is the customary fate of new truths to begin as heresies and to end as superstitions"
Thomas H Huxley (Collected Essays', Xll, "The coming of age of the Origin ot" Species")

Introduction
The twentieth century has undoubtedly been the most revolutionary period in human
history. Our knowledge and understanding of the nature of the physical world has
acquired a new dimension which Jacob Bronowski (1973), in his Ascent of" Man,
described as "the greatest collective work of s c i e n c e - n o , more than that, the greatest
collective work of art of the twentieth century". In biology, too, the discoveries and
insights of the last thirty years have led to an intellectual breakthrough of comparable
magnitude and importance in our understanding of the molecular basis of living
processes. These twin revolutions have profoundly altered not only the material aspects
of our lives but our social and philosophicaloutlook as well. In this article I propose to
outline the story of the development of molecular biology, and particularly the
molecular basis of inheritance (molecular genetics), and to show how the two
revolutions in physics and biology became linked historically through the life and work
of Max Delbrfick. Delbrfick was one of the foremost pioneers of a new approach to the
study of basic biological processes for which he and his collaborators, Salvador Luria
and Alfred Hershey, were awarded the Nobel Prize in Physiology or Medicine in 1969.
He died in 1981 in his 75th year.
The phenomenon of life springs from two distinct but interdependent roots, the
informational and the structural. The informational root determines the ability of cells
to divide and pass on hereditary instructions to successive generations while these
instructions, in turn, specify the structures of the molecules that carry out the metabolic
activities of the cell as well, of course, as that of the genetic material itself.
Historically, the study of how the genetic information is passed from one generation
to the next, that is, the nature of the genetic code and the mechanism of replication of
the genetic material, evolved along very different lines from the more technological
analysis of how the structure of biological molecules determines their functions. So let
us begin with the story of the informational root by tracing the various branches that
formed it.

Tile origins of genetics
In 1865 Gregor Mendel, a Bohemian monk with an interest in science, published the
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results of his studies of inheritance in the garden pea. He showed that each of seven
different characters by which the parental plants differed, segregated among the
progeny not only independently but also randomly. Moreover when, for example, a
red- and a white-flowered plant were crossed, the first generation hybrids all had red
flowers; but among the next generation, white-flowered plants reappeared as a constant
proportion (1:3) of the progeny. Mendel inferred that each character is determined by a
discretefactor, as he called it, in the two parents which came together in their progeny
and segregated again in the germ line. In the case of flower colour the red factor is
dominant over the white, but each pollen grain or ovule contains either a red or a white
factor. If two red factors or a red and a white come together at fertilization, red flowers
will result while the union of two white factors, which occurs with a probability o f 1 in 3,
yields a white-flowered plant which will subsequently breed true.
There is good evidence that Mendel conceived the idea of particulate inheritance first
and later carried out the experiments that supported it against the currently held notion
that the characters of the parents were blended in the offspring.
Although Mendel's work marked the beginning of the science of genetics and was
published in a widely distributed journal, it was ignored for 35 years until rediscovered
and acclaimed by three independent workers in 1900. There were two likely reasons for
this initial lack of recognition. First, Mendel expressed his principles in mathematical
terms which were alien to the majority of botanists of his day so that his message was
not understood. Secondly, acceptance of the principles required their interpretation in a
more pragmatic form than existed at the time and awaited the development of cytology.
Weismann later recognized that the thread-like structures (termed chromosomes) of
the cell nuclei which were distributed to the daughter cells when they divided (mitosis),
but halved their number during germ cell formation (meiosis), might represent the
physical basis of inheritance.
Following their rediscovery, Mendel's principles rapidly flourished, were found to
apply to animals by William Bateson in Britain, and were then extended in great detail
and complexity to the fruit fly, Drosophila, by Thomas Hunt Morgan and his colleagues
at the California Institute of Technology. This group went on to discover the
phenomenon of recombination whereby, by a process of breakage and cross-reunion,
there is an exchange of equivalent regions of the parental chromosomes during meiosis;
the greater the distance apart on a particu!ar chromosome of two genes, as Mendel's
factors came to be called, the greater the probability of an exchange occurring between
them. Using recombination analysis, the locations and relative distances between a
large number of genes were mapped on the four Drosophila chromosomes.
The primary cause of variation between parental strains is a modification in the
structure of a gene, called a mutation, that alters or abolishes its function; thus, in the
pea, white flower colour results from a mutation in the gene that determines the
synthesis of red pigment. Mutations may arise spontaneously from errors in gene
replication, or be induced by exposure to radiations or mutagenic chemical agents.
Mendel realized that his principles of random and independent reassortment of genes
among the progeny of sexual crosses was the clue to Darwin's theory of evolution which
required the continuous production of new variations; a German edition of Darwin's
Origin of Species, with marginal annotations by Mendel, may be seen in tile museum of
his monastery at Brno, Czechoslovakia. The reshuffling of chromosome segments by
9recombination greatly increases the number of new variations on which environmental
selection may operate.
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Complementarity in physics and biology
Max Delbrtick was born in 1906, the youngest of seven children of a very prominent
academic family in Berlin. As a boy he developed an active interest in astronomy and
mathematics and decided to study these subjects at university. After obtaining his
degree at G6ttingen he attempted to write a Ph.D. Thesis on'novae but failed, mainly
because he found the mathematics of the astrophysical theory of the interior of stars
beyond him. However in the process he had to learn a good deal of quantum mechanics,
discovered by Heisenberg ill 1925, which brought him into contact with theoretical
physicists such as Max Born and Walter Heitler, and he won a Ph.D. Degree in this
topic in 1930. Delbrfick then obtained a Rockefeller Scholarship to work with Niels
Bohr in Copenhagen, and came under the spell of Bohr's concept of complementarity
as a generalized extension of Heisenberg's uncertainty principle. Thus the propagation
of light may be defined as a continuous motion of electromagnetic waves or as an
exchange of quanta of energy, but not by both at the same time; the two expressions of
reality are mutually exclusive but complementary. Delbrfick was particularly intrigued
by Bohr's idea, explicitly stated in a famous lecture entitled Light and Life that he gave
in Copenhagen in 1932 (see Bohr 1933), that a similar paradox might lie behind the
mystery of life; that "you could look at a living organism either as a living organism or
as a jumble of molecules; . . . . you could make observations that tell you where the
molecules are, or you could make observations that tell you how the animal behaves,
but there might well exist a mutually exclusive feature, analogous to the one found in
atomic physics . . . . " (Delbrtick 1980).
So Delbr/ick decided to learn some biology. Meanwhile, in 1932, he accepted a
position in Berlin as assistant to Lise Meitner who was collaborating with Otto Hahn
on the effects of irradiating uranium with neutrons. As a sideline he belonged to a small
informal group, mainly of physicists, who met privately to debate problems not only in
theoretical physics but also in biology. The main exponent of biology was the Russian
geneticist N W Timof4eff-Ressovsky who was working with the physicist K G Zimmer
on the mutagenic effects of ionizing radiations in the fruit fly (Drosophila), a
phenomenon discovered a few years previously by the American geneticist H J Muller.
Discussions of their findings suggested to the group that genes had a stability similar to
that of chemical molecules. At that time this was not the obvious conclusion it seems to
us now for, as Delbrfick has written, "they (genes) could have turned out to be
submicroscopic steady state systems, as they could have turned out to be something
unanalysable in terms of chemistry, as first suggested by Bohr" (Delbrfick 1977).
The upshot of these discussions was a paper by Timof4eff-Ressovsky, Zimmer and
Delbrtick (1935) on the nature of mutation and gene structure, in which it was
suggested that the great stability of the gene molecule in a constantly changing cellular
environment was due to fixation of the mean position and electronic state of each of its
atoms in "energy wells", so that discontinuous changes in their state, expressed as
mutations, could arise only by the acquisition of very high energies such as ionizing
radiations would impose (see Stent and Calender 1978). This paper, important not for
its conclusions but for the light it throws on the evolution of genetic concepts, lay
dormant until, ten years later, it received unexpected and influential publ]city in the
book What is Life? by the physicist Erwin Schr6dinger, as we shall see.
In 1935 the American virologist Wendell M Stanley made the exciting discovery that
the tobacco mosaic virus could be purified and crystallized as a protein without losing
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its ability to infect tobacco plants and replicate in them, suggesting that the gene might
be a protein. In 1937 Delbrtick, TimofdefRessovsky and Muller were invited to
Copenhagen by Bohr to discuss this finding, which seemed very relevant to the
phenomenon of life. Was replication an autonomous property of the virus mo!ecule, or
did infection stimulate the metabolism of the host to produce viral protein? Of course it
was not then known that the viral particles contained nucleic acid (ribonucleic acid or
~t,lA) encased in its protein coat. The outcome of the discussions was that viruses should
be viewed as molecules and their replication as essentially autonomous, the host merely
providing a nutrient medium. As Delbriick (1977) wrote, "In this sense, one should view
replication not as complementary to atomic physics but as a particular trick of organic
chemistry".
At the end of 1937,just a year before Meitner and Hahn's results were interpreted as
due to fission of the uranium nucleus, Delbrfick went to the California institute of
Technology, Pasadena, to learn more fruit fly genetics from Morgan and his group; but
he soon found that this subject had become too complicated and the jargon too
exacting for him to master in the year's duration of his Fellowship. By chance, however,
he met Emory Ellis who was working at the Institute on bacterial viruses (bacteriophages or phages tbr short) and, fresh t~romhis interest in tobacco mosaic virus, he was
fascinated by the simplicity and elegance of Ellis's methods and decided to work with
him. As he said in retrospect, "This seemed to me just beyond my wildest dreams of
doing simple experiments on something like atoms in biology" (Delbriick 1980). Thus
began his active career in biology that culminated in what has been called The Phage
Renaissance.

The discovery Of phage
The phage story really begins in 1910 when a flamboyant and itinerant FrenchCanadian bacteriologist, Felix d'H6relle, encountered a plague of locusts in Mexico.
The locusts were dying in large numbers from acute diarrhoea and from them d'H6relle
isolated the causative bacterium, which he subsequently used to control locust plagues
in the Argentine and North Africa, by dusting vegetation ahead of the advancing
swarms with cultures of the organism, d'H6relle noticed that confluent lawns of the
bacteria, growing on the surface of a solid nutrient jelly, often showed discrete areas of
clearing several millimeters in diameter, which he called plaques. These plaques
appeared devoid of bacteria but contained an agent which passed through bacterial
filters and reproduced the plaques in large numbers on fresh bacterial cultures.
In 1915 d'H6relle observed the same phenomenon with dysentery bacilli, an entirely
different organism, which he had isolated from an outbreak of dysentery among troops
in Paris. In the same year a British veterinary bacteriologist, Frederick Twort,
published the first report of the occurrence of plaques on yet another type of bacterium,
a micrococcus, and suggested that the lytic entity might be either an inanimate
autocatalytic agent or a virus; but he failed to follow up his research, d'H~relle, on the
other hand, went on to show that when increasing dilutions of plaque filtrate were
mixed with the bacteria and spread on nutrient jelly, the number of plaques decreased in
precise proportion. This revealed not only the particulate nature of the phage but also
provided an elegant method of counting the particles on the assumption that each
initial particle infected a single cell wherein it multiplied, until the cell burst to liberate
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many particles; these, in turn, infected adjacent cells until a visible zone of clearing was
produced. Moreover, d'Hdrelle transmitted his phage through fifty progressive
infective cycles, showed that it failed to multiply alone or on dead bacteria, and claimed
that it was a virus parasitic on bacteria.
d'Hdrelle published these results in 1917. He had moved once again to the University
of Leiden, and one of his colleagues there happened to be Albert Einstein whom he
consulted and who confirmed the logic of his particulate hypothesis. Einstein was
therefore the first of many theoretical physicists who subsequently became involved in
phage biology. Nevertheless, d'Hdrelle's views turned out to be generally unacceptable
to the orthodox microbiological establishment of" his day. Moreover his advocacy of
phages as therapeutic agents in bacterial infections, which inspired Sinclair Lewis to
dramatize them in his novel Martin Arrowsmith, subsequently proved to be mistaken
because of the prevalence of phage-resistant mutants in large bacterial populations.
So phage became mainly a laboratory curiosity for many years, apart from few farsighted researchers such as Martin Schlesinger who, in the early 1930s, first saw phage
particles as points of light by dark-field microscopy and equated their number with
that of the plaques they produced; he then went on to show that they were composed of
about equal parts of protein and nucleic acid (deoxyribonucleic acid or DNA). Again,
towards the end of the decade, the' Australian F M (now Sir Macfarlane) Burnet first
demonstrated the occurrence of specific phage mutations. However, Schlesinger died
prematurely in 1936 and Burnet turned to animal virology, so that only Delbrfick and
Ellis at that time were left to develop this field. The early story of phage is admirably
told by Stent (1963).

Delbriick's early contributions
Delbr6ck's seminal innovation was to bring a new analytical and mathematical
approach to the study of the phage life cycle. He applied the statistical methods of
random sampling to assess the proportion of free particles able to produce plaques, and
established the kinetics of their growth following infection of bacterial cultures in
liquid nutrient; no increase in plaque number occurred during the first 20-25 minutes,
the so-called latent period, but thereafter the number of plaques increased linearly until
a plateau was reached and the turbid culture became clear. Again, he devised a
technique, based on Poisson's statistics, of estimating the average number of phages
emerging from individual cells infected with only a single particle. These methods,
published jointly with Ellis, laid the experimental foundation for future research. Ellis
then returned to his previous studies of tumours in rodents, and Delbrfick continued
his research alone.
Many years later Thomas F Anderson wrote of this paper, and two others by
Delbrfick alone on the same topic, "The experiments were beautifully designed and
reported in an elegant style that was new to me. The three papers carrying the Delbrfick
label formed a little green island of logic in the mud-flat of conflicting reports,
groundless speculations, and heated but pointless polemics that surrounded the Twortd'H6relle phenomenon" (Anderson 1966).
The outbreak of war in 1939 prevented Delbrfick fl'om returning to Berlin and he
obtained an appointment as physics instructor at Vanderbilt University, Nashville,
Tennessee, but with a proviso permitting him to spend half his time on biological
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research. A year later he happened to meet Salvador Luria, an Italian refugee
microbiologist with a postdoctoral background in physics, who was also working on
phage in New York. They decided to work together on tile effects of infecting bacteria
simultaneously with two different varieties of phage.
To control the experiments, Luria had isolated bacterial variants resistant to each of
the two phages. The question then arose whether the resistance was due to mutation, or
to a Lamarckian adaptation of a constant small proportion of the bacteria, induced by
contact with the phage--a view widely held at the time since bacteria were thought to
lack an organized genetic system.
But how could an experimental decision be made since the only way to demonstrate
resistance was by exposing the bacteria to the phage? It was Luria who conceived the
idea (while observing colleagues gambling on a slot-machine at his club!) that, since
mutations arise spontaneously and randomly, ira series of cultures are started with only
a few cells, some will generate mutants early and others late so that there will be a
marked fluctuation between the final numbers of mutants in otherwise identical
cultures. By contrast, if resistance arises by adaptation of a constant proportion of cells
in the cultures, the numbers of resistant cells,judged by their ability to form colonies in
the presence of the phage, should not fluctuate but lie within the limits expected by
random sampling. Luria wrote about his idea to Delbrtick who replied with the
maliuscript of a complete mathematical theory as a basis for experiments, which
showed unambiguously that phage resistance arises in bacteria by mutation (Luria
1966).
The paper by Luria and Delbrtick (1943), describing their fluctuation test and its
outcome, was the real starting point of molecular biology since it first showed that
bacteria possess genes like the cells of higher organisms, and ushered in the study of
bacterial genetics which became one of the principal tools for probing the molecular
basis of life. Luria then isolated and studied phage mutations that altered their hostspecificity, thus fulfilling a prophesy of Herman Muller who had suggested as long ago
as 1921 that "If these d'H4relle bodies were really genes, fnndamentally like our
chromosome genes, they would give us an utterly new angle from which to attack the
gene problem . . . . must we geneticists become bacteriologists, physiological chemists,
and physicists? Let us hope so" (Luria 1970).
Delbriick and Luria, in 1943, became interested in some papers on phage by Alfred D
Hershey, a microbiologist at St. Louis, Missouri where Luria gave a seminar that
impressed Hershey with the potentialities of phage genetics. Thus these three formed
the nucleus of what became known as the Phage Group. At about this time
collaboration was also established with Thomas F Anderson, one of tile first American
electron-microscopists, who revealed the unusual anatomy of phage which turned out
to resemble a tadpole about one thousandth the volume of its host, with an angular
head and a narrow tubular tail by which the particle attached itself to the bacterial cell
wall.

The phage group
The Cold Spring Harbor Laboratory is a biological research institute, pleasantly
located on an isolated cove of Long Island, N.Y., where important international
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symposia on various aspects of quantitative biology have been held annually for many
years, except for a brief interlude during the war. Delbrfick first went there in 1941 and
thereafter returned nearly every year during the summer months where he was
increasingly joined by others intei:ested in phage, not only to do research but for the
stimulus of discussions in a relaxed and congenial atmosphere. In order to attract new
recruits to the field he initiated an annual Phage Course at Cold Spring Harbor with the
encouragement of the Director, Milislav Demerec, a Drosophila geneticist who himself
became a convert to bacterial genetics. In all there were 26 successive courses, beginning
in 1945, and Delbrfick was principal instructor for the first three. The curriculum was
designed to attract physicists and biochemists as well as biologists, and participation
required the unusual preliminary of passing a test of proficiency in mathematics and the
statistical method. The courses proved popular and, over the years, were attended by
more than 400 students, including a number from abroad, ranging from young
postdoctorals to senior scientists, many of whom continued to work in the field of
phage or bacterial genetics. Delbrfick also organized annual Phage Meetings starting in
1947 at Nashville; the third meeting was held at Cold Spring Harbor and they
continued there without interruption through 1981, attended by hundreds of
participants.
At the end of 1946 Delbrfick was appointed to a Chair of Biology at the California
Institute of Technology. This enabled him to accept postgraduate students so that, in
the words of Gunther Stent, his laboratory there "now became the Phage Group's
Vatican, where most of the disciples of what was later to be called the 'informational
school' of molecular biology took their orders" (Stent 1981). Delbrfick's reputation and
his gospel were now widely known and many converts, derived about equally from both
the physical and the biological sciences, came under his spell at Caltech; "it is likely that
the sense of excitement that often permeates a developing cluster must be generated by
someone with Delbrfick's charismatic force of personality" (Mullins 1972).
Why did so many physicists join the Phage Group? The answer, at least in many
cases, lay in Erwin Schr6dinger's book What is Life, published in 1944. Schr6dinger was
a theoretical physicist, the developer of the mathematics of wave mechanics, who was at
that time a refugee from Nazi Germany working in Dublin. He quoted extensively from
the 1935 paper of Timofdeff-Ressovsky, Zimmer and Delbrfick and maintained that
Delbrfick's model of the gene was the only possible one. He then proposed the novel
idea that "from Delbrfick's picture of the hereditary substance it emerges that living
matter, while not eluding the 'laws of physics' as established up to date, is likely to
involve hitherto unknown 'other laws of physics' which, however, once they have been
revealed, will form just as integral a part of this science as the former"--a prediction
rather different from Bohr's complementarity paradox. He went on to extend
Delbrfick's ideas about the stability of the gene atoms by suggesting that the gene is an
"aperiodic crystal" composed of a linear array of different isomeric components which
encode the genetic information; "indeed the number of atoms in such a structure need
not be very large, to produce an almost unlimited number of possible arrangements.
For illustration, think of the Morse code. The two different signs of dot and dash in well
ordered groups of not more than four allow of more than thirty different specifications". This indeed was a remarkable anticipation of the Watson-Crick model of
DNA that emerged less than a decade later.
Schr6dinger's book was read by many physicists who were intrigued by the paradox
and spurred to unravel the "other laws of physics". Among these was Leo Szilard who
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took the phage course at Cold Spring Harbor in 1947 and later published a number of
original papers oll phage genetics and bacterial mutation with Aaron Novick.
Thus the Phage Group grew into a loosely knit fraternity of individuals, mainly
pursuing their own scientific interests in America and Europe and meeting occasionally,
often at Cold Spring Harbor or Caltech, under the benign but critical leadership of
Delbrfick. His own comment on the Group was, "Well, the phage group wasn't much of
a group. I mean it was a group only in the sense that we all communicated with each
other. And that the spirit was--open. This was copied straight from Copenhagen and
the circle around Bohr, so far as I was concerned. In that the first principle had to be
openness. That you tell each other what you are doing and thinking. And that you
don't care who--has the priority" (see Judson 1979).

Analysis of the gene

In the early days of the Phage Group, most workers were using phages and bacterial
strains that they themselves had isolated from sources such as local sewage. Delbrfick
realized that the integration of experimental findings and the growth of a common pool
of knowledge was impossible on this basis. Accordingly, in 1944, he negotiated a"phage
treaty" whereby it was agreed that research be concentrated on a particular set of seven
phages, the T (type) series, which infected the same strain of colon bacillus (Escherichia
coli B). Thereafter important insights into the mechanism of the phage genetic system
emerged, the key features of which may be summarized briefly.
Hershey (1946) and Delbrtick and Bailey (1946) independently found that when the
bacterial host was simultaneously infected with two phage strains of the same type, but
each differing in two mutant characters (e.g., Ab and aB), the progeny phages comprised
not only the parental strains but recombinant phages as well (i.e. AB and ab). This was
reported to the 1946 Cold Spring Harbor symposium on "Heredity and variation in
microorganisms", which was notable for another event vital to the development of
molecular biology. This was the discovery by Joshua Lederberg and Edward Tatum
(who aimed to extend to bacteria the "one gene-one enzyme" hypothesis proposed for
the fungus Neurospora by George Beadle and himself in 1941) that biochemical
mutants of the colon bacillus not only mated but also yielded recombinants (see
Lederberg and Tatum 1946). Since neither mutant could multiply to produce colonies
unless its specific nutritional requirements were added to the medium, recombinants
combining the normal abilities of both parents could be efficiently selected on media
devoid of supplements.
It was later shown, using the principles of recombinational analysis devised for
Drosophila, that phage particles possess a single chromosome (Streisinger and Bruce
1960). Tile ability to select extremely rare recombinants fi'om bacterial matings (e.g. one
per million parents or less) led tofine structure genetic analysis, so that the topography
of very short regions of chromosome could be explored. Several years after the
discovery of phage recombination, Seymour Benzer devised a method for selecting
recombinants between phage mutants which all displayed the same character defect, i.e.
had different mutations in the same gene. His findings were the ultimate refinement of
genetic analysis and showed that recombination could occur between hundreds of
mutational sites within a single gene and not just between genes as had formerly been
thought. In fact it turned out that the resolving power of recombination and of
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chemical analysis of the genetic material were equivalent, since the former could
separate adjacent base-pairs of DNA, as we shall see (Benzer 1961).
In a Harvey Lecture in 1946 Delbrfick remarked, "it should be our first aim to
develop a method of determining the number of virus particles which are present in a
bacterial cell at any one moment. Here I, and those who have been associated with me in
this work, have to make the first admission of failure". In an attempt to solve this
problem, A H Doermann, who joined Delbrfick when he first went to Vanderbilt
Univeisity, disrupted bacteria at intervals following phage infection and found that no
plaque-forming entities were liberated during the first twelve minutes or so, implying
that the phage changes its state on entering the cell. Thereafter, however, infective
phages appeared and increased linearly in number. Since the progressive doubling o f a
complete organism would yield an exponential increase, this result suggested that
mature phage emerged by the assembly of its component parts (Doermann 1952).
What, then, was the early, non-infectious state of the phage? A famous experiment by
Hershey and Martha Chase, in 1952, provided the answer. They "labelled" phage with
radioactive isotopes of phosphorus(a2P) present only in its DNA, and of sulphur(35S)
which is restricted to its protein, and then infected non-radioactive bacteria with these
viruses. Analysis of the infected bacteria showed that whereas the phage DNAentered the
cells, most of the protein remained outside in the phage heads and tails attached to the
cell walls.The phage therefore acted as a micro-syringe that injected its DNA,encased in
the head, into the cell. Thus the genetic material turned out to be DNa which replicated
in the bacterial cytoplasm and directed its hosts' protein-synthesizing apparatus to
make phage head and tail proteins instead of its own.
This was a discovery of great importance that convinced the Phage Group, but it was
not original. As early as 1944 Oswald Avery and his colleagues at the Rockefeller
Institute, New York, had reported transfer of the ability to synthesize a specific
polysaccharide capsule from one bacterial type of Pneumococcus to another by means
of extracted and highly purified DNA.Avery suggested, very tentatively, that DNAmight
be the genetic material. Both Delbrfick and Luria knew of this work some time before
its publication and found it interesting, but failed to see its significance. This was
understandable at the time since, although it had been known from the end of the last
century that DNA and protein were closely associated in the chromosomes of higher
organisms, the chemical structure of DN/~, unlike that of protein, appeared to be too
simple to carry complex information. Moreover, Avery's phenomenon seemed remote
from the problems presented by phage and had been revealed by biochemical
techniques with which most phage workers were out of tune (Luria 1966).

The e l u c i d a t i o n o f ONA s t r u c t u r e
James Watson was an undergraduate at Chicago where he pursued his boyhood
interest in natural history. He was attracted towards population genetics but happened
to read Schr6dinger's What is Life? which aroused his curiosity about the nature of the
gene as well as the "legendary figure" of Delbrfick. On graduating, his initial application
to work on phage at Caltech was unsuccessful but he was accepted as a Ph.D. student by
Luria at the University of Indiana. Thereafter he became closely associated with
Delbrfick and other members of the Phage Group both at Cold Spring Harbor and
Caltech.
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When Watson obtained his doctorate on a phage project in 1950, he was encouraged
by Luria and Delbrfick to learn some biochemistry, so he went to Copenhagen to work
with a Danish nucleic acid chemist who had attended the first Phage Course at Cold
Spring Harbor in 1945. On a visit to Naples, he was present at a meeting on the
structure of biological macromolecules at which the London physicist, Maurice
Wilkins, talked about his and Rosalind Franklin's x-ray diffraction studies of DNA.The
regularities of the patterns on the x-ray photographs reflected a crystalline structure.
This excited Watson since it suggested that the gene might be simpler than had been
supposed, and that a knowledge of its structure might reveal how it worked.
Accordingly, the following year he was accepted by Sir Lawrence Bragg, the founder
of x-ray crystallography, to work at the Cavendish Laboratory, Cambridge, England
with Max Perutz and John Kendrew on the three-dimensional structure of hemoglobin. There he met Francis Crick, eleven years older than himself, a physicist turned
biologist who was working for his doctorate and who was also interested in DNA.
Although Watson knew little mathematics and virtually nothing of x-ray diffraction,
Perutz had assured him that he could easily understand enough theory to take x-ray
photographs. Crick, on the other hand, was basically a theoretician and a skilled
mathematician.
Their collaboration on DNA structure, however, was intermittent since Watson
became diverted by an interest in the structure of tobacco mosaic virus and, later, by the
sexual mechanisms of the bacterium E. coli proposed by the present writer whom he
had met in 1952. Nevertheless the discussions on DNA continued. In addition to 'the
usual mathematical approach, Watson and Crick adopted a method used by the
Caltech chemist Linus Pauling to elucidate a key feature of protein structure (the ehelix). This was the building of structures, suggested by intelligent guesswork, from
scale models of the molecules involved to see if they satisfied the chemical bonds needed
to hold the structure together--a kind of molecular jigsaw puzzle.
Chemically, I~NAwas known to be a long, linear structure with a uniform backbone
built from a succession of identical sugar and phosphate molecules. Jutting from each
sugar molecule is a flat, nitrogen~
molecule called a base of which there are
four different kinds, adenine (A) and guanine (G), and thymine (T) and cytosine (C).
Thus DNAis a chain of phosphate-sugar-base links termed nucleotides which differ only
in their bases, the chain itself being a polynucleotide. However the lateral dimensions of
the chain are not uniform since two of the projecting bases, T and C (pyrimidines)
comprise single hexagonal rings while A and G (purines) are longer two-ring structures.
The x-ray pictures of Franklin and Wilkins strongly suggested that DNAwas a regular
helix and that the bases faced inwards towards the core. Two questions therefore arose:
Did the helical configuration reflect two or more polynucleotide chains?; and How could
its uniformity accommodate the different dimensions of the purine and pyrimidine
bases? A clue to the second question was provided by the American biochemist Erwin
Chargaff who showed that the four DrqAbases were not randomly distributed as had
previously been thought, but that the numbers of A and T molecules were the same, as
were those of G and C, although the A + T / G + C ratios might differ widely in different
organisms.
Watson had decided to play with two-chain models and had come to the conclusion
that the bases were held together by weak hydrogen bonds, but he favoured the idea
that like paired with like. However, one day early in 1953, he writes, he "began shifting
the (model) bases in and out of various other pairing possibilities. Suddenly I became
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aware that an adenine-thymine pair held together by two hydrogen bonds was identical
in shape to a guanine-cytosine pair held together by at least two hydrogen bonds. All
the hydrogen bonds seem to form naturally; no fudging was required to make the two
types of base pairs identical in shape . . . . . . . I suspected that we now had the'answer to
the riddle of why the number ofpurine residues (A + G) exactly equalled the number of
pyrimidine residues (T+C). Two irregular sequences of bases could be regularly
packed in the center of a helix if a purine always hydrogen-bonded to a pyrimidine.
Furthermore, the hydrogen-bonding requirement meant that adenine would always
pair with thymine, while guanine could pair only with cytosine. Chargaff's rules then
suddenly stood out as a consequence of a double-helical structure for DNA" (Watson
1968).
This model of two symmetrically intertwined helices not only fitted all the chemical
facts but also satisfied, in a most elegant way, all the biological requirements of
hereditary material; the ability to replicate, to carry genetic information, and to
undergo mutational change. Due to the specificity of base pairing, the two strands are
complementary so that, when they separate, an A on one strand would attract a T, and
its complementary T on the other strand an A, from the cellular pool of nucleotides, to
form two daughter A-T base pairs; similarly for G-C pairs.
All vital processes are mediated by proteins which may contain several hundred
amino acids whose sequence determines how the long molecules f01d into the specific
Configurations that define their functions. The number of different sequences in which
the twenty amino acids can be arranged, and therefore the number of possible proteins,
is enormous as is evident when one thinks of all the words that can be made from the
restricted use of a twenty-six letter alphabet! How, then, does the DNa molecule encode
all this information'?. Crick conceived the idea that the sequence of the four bases
specified the sequence of the twenty amino acids, and a simple calculation showed that
from a four-letter alphabet sixty-four difl'erent three-letter words are possible. Crick
and his colleagues later showed, by a brilliant series of fine-structure genetic analyses of
phage, that a specific sequence of three bases encoded each amino acid; the genetic code
was indeed a triplet one (Crick et al 1961). Subsequent biochemical studies of the amino
acid sequences emerging from test-tube protein-synthesizing systems exposed to
artificially constructed sequences of nucleotides, revealed the triplet code for all twenty
amino acids.
Finally, combined biochemical and genetic studies disclosed how various chemical
reagents and radiations produced mutations by directly altering the structure of bases
or by inducing errors in DNA replication. Thus a base-pair such as A-T might be
substituted by G-C, C-G or T-A; a new triplet would be formed, coding for a different
amino acid in a protein whose function might thus be altered or abolished.
When the Watson-Crick model was first built and seemed correct, Watson divulged
it first in a letter to Delbriick who was fascinated, thought it obviously right and wrote
to Bohr about it saying that, in his opinion, it equalled Rutherford's discovery of the
nucleus of the atom (Delbrfick 1980). It has indeed turned out to be the outstanding
discovery of the twentieth century in biology, for which Watson, Crick and Wilkins
won the Nobel Prize in Physiology or Medicine in 1962. At the same time Perutz and
Kendrew were awarded the Prize in Chemistry for their work on hemoglobin
structure--a fitting culmination to the career of their patron Sir Lawrence Bragg who,
with his father, had won the Physics Prize in 1915 for initiating x-ray diffraction studies
of simple inorganic molecules.
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Aftermath of the phage era
About 1950 Delbrfick felt that research on phage was by then well established and his
questing mind turned to the mystery of cellular sensory perception and its conversion
to physiological activity, inherent in the behavioural reflexes of more complicated
organisms. He tbunded a group to study this problem in a simple fungus, Phycomyces,
which generates spore-bearing aerial shoots that grow towards a light source. Delbrfick
hoped that this organism might do for sensory physiology what phage had done for
genetics. The members of the group were recruited fi'om a series of eight Phycomyces
workshops held at Cold Spring Harbor. Research in this new field dominated his
interest for the rest of his life although it failed to achieve the basic insights he had
hoped for. Nevertheless he maintained sporadic, collaborative research on phage on
which he wrote a number of review articles. Following the discovery of DNAstructure he
toyed, up to the late 1950s, with theoretical, mathematical analyses of the genetic code,
and published a paper with Stent on the nature of DNA replication in which the term
"semi-conservative" was used to connote the mechanism suggested by Watson and
Crick, since only one of the initial two chains is conserved intact in each daughter
double-helix. This mechanism was confirmed experimentally the following year (1958)
and the term became common usage.
I would like to record here that Delbriick's influence on the development of
molecular biology went beyond his intellectual and academic contributions as a
scientist. He also played a role in introducing molecular genetics to Germany after the
war by helping to plan and organize a new Institute of Genetics in Cologne, along
collaborative lines very different from the traditional, hierarchical German system. He
also initiated annual phage and bacterial genetics courses there along Cold Spring
Harbor lines. The Institute was formally opened in 1961 with a lecture by Niels Bohr
entitled "Light and Life--Revisited"--a reflection on his ideas that had first attracted
Delbriick to biology just thirty years previously. Bohr died a few week's later and this
was his last public address. Delbrtick remained as Director of the Institute until 1962
when he returned to Caltech; but for some years thereafter he visited Cologne nearly
every year to give lectures, often on topics outside the normal curriculum. Towards the
end of the 1960s he acted as advisor on the foundation of the new University of
Constance in Germany, with the result that molecular biology dominated all the
natural science faculties there.
Although Delbrfick himself made no outstanding discovery, his Socratic influence on
the Phage Group was enormous, and he was the pioneer of a new approach to an
understanding of fundamental biological processes. Gunther Stent has commented
that in one respect the Phage Group failed in its mission for it did not discover the new
laws of physics that Schr6dinger had prophesied; the key to the mystery lay in the
structure of DNA. However, the really important achievement of the Group during the
early phase of the growth of molecular biology was "the introduction i~ito microbial
genetics of previously unknown standards of experimental design, deductive logic, and
data evaluation. These procedures led to final and definitive settlement of matters that
had been under dispute for ten or more years" (Stent 1968).
Tile growth and social impact of molecular Ifiology
Although the elucidation of DNt, structure and function was the crucial turning point in
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our approach to biological problems, the development of present-day molecular
biology and its practical applications emerged from other subsequent discoveries which
must be mentioned briefly. The first was that ~)~,IAdoes not participate directly in
protein synthesis. It turned out that tile information it carries is encoded in the sequence
of bases on only one of its two strands, the "sense" strand. This strand is copied
piecemeal by a single strand of ~NA in the same way that daughter strands of DNA are
lbrmed during replication. These single-stranded transcripts, termed '~messenger ~NA",
are released into the cytoplasm where they, as well as amino acids, become attached to
small and very complex organelles called ribosomes. The ribosomes then traverse the
messenger RNAmolecules like the head of a tape recorder, translating their sequences of
base triplets into the corresponding sequences of amino acids which are finally linked
together to form proteins.
Another important observation was that many bacteria, and especially the normal
intestinal flora of animals and man, harbour in their cytoplasm small, self-replicating
circles of DNA called plasmids. These plasmids do not harm their hosts but promote
mating and their own transfer to other bacteria; thus they are infectious and can spread
efficiently through bacterial populations but, unlike the genetic material of phage, they
lack a protein coat and have no extra-cellular existence.
A third advance was the isolating from various bacteria of a range of enzymes, called
"restriction enzymes", that recognize short, randomly occurring base sequences in
foreign DNA, but not in their own, and cut the DNA at these sites. This endows the
bacteria with a potent det~nce against the entry of harmful ~)Nt,such as that injected by
virulent phages. The discovery of these enzymes, and of plasmids, led to the
development of methods for the cloning of particular genes fi'om one organism and
their functional incorporation into the genetic material of another--an operation of
great potential importance for medicine and agriculture.
Suppose, for example, that one wishes to produce a human hormone cheaply in the
laboratory. DNAis extracted from human cells, purified and treated with a combination
of the enzymes, each of which will cut the molecules into small fragments at different
sites. These fragments will vary widely in size, but those carrying a particular gene will
all be of equal length since they are bounded by the same target sites on the DNA
molecules. The fragments of different length can now be separated into discrete bands
by migration through a film of jelly under the influence of an electric potential; the
smaller the fragments the faster they will move.
How is the particular band of molecules carrying the hormone gene identified? The
tissues that produce the hormone in the living organism normally contain a high
proportion of messenger RNAmolecules transcribed from the hormone gene. Thes e are
isolated and radioactive copies of them applied to the various DNAbands; only the band
that carries the hormone gene will recognize and pair with its corresponding messenger
RNAsequence and so can be identified by radiography. Since the structure of hormones,
and therefore their genes, have in general been highly conserved during animal
evolution, it is usually unnecessary to employ human tissue as the source of messenger
RNA,

The next step is to open the DNAcircles of a suitable plasmid with an enzyme which
cuts them in one place only, and then to close the circles again by inserting
biochemically the fragments of DI,IAcarrying the hormone gene. These hybrid plasmid
molecules are finally introduced into host bacteria which can be grown to large
populations in liquid culture media. Provided the genetic regulatory sequences that
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activate transcription of the hormone gene were included in the clone, and the bacterial
biochemistry is suited to its translation, the bacteria should synthesize and excrete the
hormone. Indeed methods such as I have described have already proved successful in
the bacterial synthesis of human growth hormone, insulin and interferon. Since largescale production is eminently feasible, biological research in this field has become
considerably commercialized with the promise of widespread social and economic
benefits.
The potential applications of molecular biology extend to many other fields of
human welfare. Thus the growth of crop plants, on which a large part of the world's
population relies for food, depends on a source of nitrogenous compounds derived
either from certain bacteria which can convert atmospheric nitrogen to nitrates in the
soil, or from nitrogenous fertilizers synthesized at great and increasing cost from
nitrogen, and petroleum as a source of hydrogen. However, leguminous plants such as
clover and soybean have evolved a subtle symbiotic association with certain nitrogenfixing soil bacteria which form nodules in their roots so that they can make their own
fertilizer. The ability to establish a similar symbiotic mechanism in cereals and other
plants would be of great agricultural and economic importance, and research towards
this end is being pursued in many countries. The bacterial genes necessary for nitrogen
fixation and its regulation have now been characterized and cloned, and a bacterial
plasmid has been isolated which can infect a wide variety of plants and incorporate a
part of its DNAinto the plant genetic material, so that it is transmitted to progeny plants
through the germ line. The insertion of nitrogen-fixing genes into this plasmid,
therefore, holds a promise of success.
Apart from its more obvious practical applications, molecular biology is opening up
new fields of knowledge ranging from the genetical and biochemical devices that
bacteria and phages have evolved to regulate and coordinate their metabolism, to the
etiology of human cancer. It has been known for many years that infection by certain
viruses produces rapidly developing cancers in a wide range of animals, birds or fishes;
in fact the first such virus was isolated from chickens as long ago as 1911. The
identification of these viruses was greatly facilitated by their ability to infect embryonic
rodent cells grown in artificial culture and to induce easily observable changes in them;
these altered cells produce tumours when injected into mice.
It was then found that the genetic material of these cancer viruses, some related and
others distinct, had affinities for small regions of the DNAnot only of rodents, birds and
fishes but also of man; cloning experiments revealed that these regions corresponded
only to specific fractions of the viral chromosomes which, by themselves, coutd produce
cancerous changes in cultured rodent cells. Cellular homologues of viral cancer genes
are therefore widely distributed in nature and must be regarded as normal genes which
probably play a fundamental role in the development and specialization of tissues, since
they have been more or less conserved over at least a hundred million years of evolution.
In fact the protein product of one of these genes has very recently (1983) been shown to
be ahnost identical with a human growth factor that stimulates division of connective
tissue cells.
What part, then, do cellular cancer genes play in causing cancer? Within the last two
years these genes from the cells of several human cases of cancer have been cloned and,
unlike their normal cellular equivalents, produced typical cancerous changes in
cultured rodent cells. Analysis of their base sequences then revealed that all had suffered
a single mutation, thus altering the structure of the derivative protein. Moreover the
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cancer genes of three viruses turned out to have equivalent mutations when compared
with their cellular homologues.
However, the inference that a single mutation in a cellular cancer gene may cause
cancer under natural conditions is probably an over-simplification, since the rodent
cells used in the laboratory tests had undergone many generations in artificial culture.
Recent research has shown that the mutant genes from one of the human cancer cases
mentioned above failed to produce the typical changes in fi'eshly isolated embryonic
cells, but did so in a small proportion of them (about one in a million) if they had
previously been treated with mutagens. This implies that cancer arises only in cells
which have suffered at least two very rare mutations, and explains why it is
predominantly a disease that arises late in life, For a discussion of these findings, see
Cairns and Logan (1983).
In this essay I have attempted to trace the somewhat erratic way whereby molecular
biology has evolved from the early discontinuous studies of phage which were widely
regarded as trivial at the time, through Delbrfick's romantic preoccupation with
complementarity in biology and the direction and continuity he then gave to phage
research, to the very complicated and pragmatic developments that the knowledge of
DNa structure evoked.
Although this rapid development in our understanding of how living cells operate at
the molecular level may properly be considered revolutionary, it is difficult to foresee its
long-term effect on social behaviour or organization, even though its impact on
medicine and agriculture will clearly improve the lot of many people. Already, however,
molecular biology is growing rapidly as an academic discipline and its commercial
possibilities are increasingly realized. We no longer think in terms of expensive
chemical syntheses to make biological products but, rather, of how to construct living
cells that will fulfill our needs more cheaply and efficiently.
In addition, there are some points of philosophical interest. For example, the theory
of evolution gains strong support, if any were needed, from the fact that the same
genetic code is used by _allforms of life which have been explored, from bacteria to man;
although, I suppose, creationists could argue that God devised the code, saw that it was
good, and decided to use it universally! Indeed it is not very long since many biologists
were vitalists, regarding life as a mysterious and incomprehensible phenomenon that
required a divine spark to ignite it--the klan vitale of Henri Bergson. Molecular biology
has now shown that life is something that can be understood down to its ultimate detail,
even though enormous complexities tie ahead. We can therefore look forward to a final
solution of such present mysteries as the differentiation of early embryonic cells and
their organization into tissues with specific functions and anatomical locations, the
physical basis of memory, and the cooperative ability of billions of nerve cells in the
brain to contemplate their own nature.
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