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A little Learning is a dang’rous thing;
Drink deep, or taste not the Pierian spring:

There shallow draughts intoxicate the brain,
And drinking largely sobers us again.

Fir’d at first sight with what the Muse imparts,
In fearless youth we tempt the heights of Arts,

While from the bounded level of our mind,
Short views we take, nor see the lengths behind;
But more advanc’d, behold with strange surprise

New distant scenes of endless science rise!

Alexander Pope (1688–1744), “A Little Learning”
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What is evolution? What is an organism? What is a gene? This book explores these
concepts and the controversies that have surrounded them. It aims to provide a
short history of biology, one that can be read by nonspecialists and one that in-
corporates new evolutionary research programs, contemporary Darwinian and non-
Darwinian theory, changing concepts of the organism, and shifting concepts of
the gene, all of which advance research today. A central question motivating the
book is: Why did the history of biology and evolutionary thought unfold the way
it did? In the book, I search for answers in the use of specific techniques, models,
and analogies; financial support; institutional conditions; and sometimes larger
social and intellectual movements.

Though a book such as this cannot contain all of the outstanding scholarship
pertaining to the history of biology, I have selected the major historic transitions
and key figures representative of them. Part I describes the emergence of evolu-
tionary theory in France led by Lamarck and analyzes the subsequent genesis of
Darwin’s theory of natural selection, its philosophical and social significance, and
objections to it in the nineteenth century. Part II describes parallel research on the
cell in development and heredity and highlights nineteenth-century attempts to
discern the processes by which animals develop from eggs. Part III follows epi-
sodes in genetics and evolutionary theory, from the rediscovery of Mendel’s laws
to the neo-Darwinian synthesis and the development of microbial genetics. Part
IV examines the rise of molecular biology, the genetic code, its central doctrines,
and their critics. It also explores research on hereditary mechanisms in addition
to chromosomal genes, whose investigations were developed in the latter decades
of the twentieth century.

When sketching historical changes, I have tried to underscore important themes
in the history, philosophy, and social studies of biology while avoiding arcane
language. I have drawn from various studies to illustrate the two-way traffic be-
tween social theory and evolutionary explanation. I explore the development of
evolutionary thought from Lamarck to Darwin in the context of social change in
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the nineteenth century (chapters 1–4). I examine the ways evolutionists extended
their views about nature to society and, inversely, how they extended their views
about society to nature (chapters 4, 5, and 20). I observe the concept of the divi-
sion of labor in Darwin’s theory (chapter 4) and in cell theory and the concept of
the organism (chapter 8). I also probe the metaphor of heredity itself (chapter 12),
as well as the contentious use of human categories in concepts of parasitism,
mutualism, and symbiosis (chapters 5, 19, and 20). With the rise of molecular
biology, social concepts of the organism were supplemented with technological
ones from communication technology (chapters 16 and 17).

I also observe the rhetorical paradigms of nineteenth-century evolutionists who
emphasized the survival of the fittest and materialist philosophy against teleol-
ogy and theology in debates over “man’s place in nature” (chapters 1, 3, and 4).
Studies of mutualism, associated with anarchism and natural theology, became a
casualty of that polarity between mechanistic materialism and theology (chapter
5). When the evolution of cooperation came to the fore of neo-Darwinian con-
cerns in the latter part of the twentieth century, it was characterized by heated
debates over individualism, so-called selfish genes, and how far adaptation and
evolutionary explanation could be applied to human social relations (chapter 20).

Chapters are driven by historiographic themes, the birth of specialties, and the
conceptual oppositions, techniques, and controversies that have shaped the de-
velopment of the life sciences. As many teachers of science have noted, scientific
problems are usually much better understood from studying their history rather
than their logic alone. Biologists from many specialties have investigated heredity
and evolution, emphasizing different problems and techniques while often devel-
oping different perspectives and alternative theories. I explore how these specialties
emerged and their relationships with each other. The history of biology is regarded
as a contest over what questions are important, what answers are acceptable, what
phenomena are interesting, and what techniques are most useful.

Although one model of nature is sometimes overthrown, a new one seldom, if
ever, entirely wipes out the old. We shall see, for example, that comparative
morphology was overshadowed by experimental embryology in the late nineteenth
century (chapters 9 and 10), and it in turn by genetics in the twentieth century
(chapter 12). Embryologists have long protested against geneticists’ views about
the centrality of chromosomal genes in heredity and development and have em-
phasized the organization of the egg. They did not participate in the development
of the neo-Darwinian synthesis (chapters 13 and 15) but in recent decades, attempts
to complete the modern synthesis with evolutionary developmental biology have
been on the upswing. Protests over the centrality of DNA continue to the present
day, as the definition of the gene itself has become ever more complex and ab-
stract (chapter 17). Critics of gene theory continue to emphasize that only a cell
can make a cell, and that plant and animals emerge from eggs, not genes. Thus, I
also include research on non-DNA-based inheritance. In so doing, I examine cur-
rent concepts of the gene and molecular biology and compare them to the central
doctrines of classical molecular biology of the 1960s (chapters 16 and 17).

x 



Traditionally, books on the history of evolutionary thought have aimed at ex-
plaining away the opposition to Darwin’s theory, clearing up the confusion, and
reconciling differences to reveal the “evolutionary synthesis” of the 1930s and
1940s and its subsequent articulations. Evolution is understood in terms of gene
pools and population genetics. Such accounts ignore studies of non-Mendelian
heredity and of other mechanisms of evolutionary change that lie outside Dar-
winian research traditions. As a result, for the general public and for many scien-
tists, the expression “non-Darwinian evolution” is an oxymoron, and “Darwinian
evolution” redundant.

Classical evolutionary biology has been concerned with the last 560 million
years of evolution; it is essentially about animals and plants. Accordingly, its his-
torians do not consider 85 percent of the earth’s evolutionary time—the evolu-
tion of bacteria, now held by some estimates to be the largest biomass on earth,
with the greatest biochemical diversity on earth—nor do they consider how pro-
tists, fungi, plants, and animals emerged from them. Indeed, whole books on the
history of evolutionary biology have been written from which the word “bacteria”
is virtually absent.

Techniques as much as new theories have been drivers of scientific change,
and whole new approaches to evolution have arisen with the field of “molecular
evolution” (chapter 18). Bringing bacteria into the evolutionary framework of
biology has entailed vital changes to evolutionary theory. Theories about sym-
biosis in evolution, for example, that were developed at the end of the nineteenth
century were recast at the end of the twentieth. Microbial evolutionists insist that
symbiosis, mergers, and transfer of genes between different kinds of microbes are
cardinal mechanisms of evolutionary change. We consider the concept of the
“symbiome” in chapter 19, as biologists today recognize many other genomes
within cells and organisms besides that of the nucleus: mitochondria, chloroplasts,
viral genomes, and other symbionts inside and outside the cell. Their recognition
entails dramatic alterations to neo-Darwinian theory and to our concept of the
individual.

The distinguished population geneticist Theodosius Dobzhansky aptly asserted
in 1973 that “Nothing in biology makes sense except in the light of evolution.”1

He did so to emphasize the importance of evolutionary thinking to nonevolutionists
and to those biological researchers who simply do not consider it as much as they
ought to. Here I emphasize the bidirectionality of that adage. Some readers may
feel that I am going to the opposite extreme of conventional histories by devoting
too little space to the articulations of neo-Darwinism and population genetics. I
would argue that embracing alternative mechanisms of heredity and evolution is
vital because they encompass so much of organismic biology.

I have also highlighted the significance of scientists’ own storytelling and their
themes about individual triumph, neglect, and rediscovery as an integral rhetori-
cal aspect of the process of discovery. I examine myths about Lamarck (chap-
ter 1) and reasons the foundation of the cell theory was attributed to Schleiden
and Schwann, who actually opposed its central principle (chapter 7). I also inves-
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tigate conflicting stories about what Mendel really discovered, why he was neglected,
and how these stories functioned in debates over evolution (chapter 12). I probe
an analogous story about Sir Archibald Garrod in the origins of biochemical genet-
ics and how it was used in debates over how genes work (chapter 14).

Patronage has been crucial in shaping biology. I examine scientists’ rhetoric
about the relationships between pure and applied science in the early develop-
ment of genetics (chapter 12), during the Cold War when Western geneticists
emphasized the importance of academic freedom (chapter 15), and after the Cold
War when critics decried that Western biology had become too commercialized
and tied to medical interests—at the expense of fundamental problems in hered-
ity, development, and evolution (chapters 17, 18, and 19).
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3

1
Evolution and Revolution

As compared to the periods which we look upon as great in our ordi-
nary calculations, an enormous time and wide variation in successive
conditions must doubtless have been required to enable nature to bring
the organization of animals to that degree of complexity and develop-
ment in which we see it at its perfection.

—Jean-Baptiste Lamarck, 1809

    in biology and few universal theories. But
among them, evolution is the most important. Evolutionary theory holds that the
natural world is steadily changing, that organisms have diverged from common
ancestors, and that they have been transformed in geological time. Every biologi-
cal specialty, from genetics to ornithology, is enriched and informed by an evolu-
tionary viewpoint. Today, biologists regard evolution as a confirmed fact, one of
the greatest facts of science, as much a fact as that the earth revolves around the
sun. And the influence of evolutionary thinking has extended well beyond biol-
ogy. Virtually every aspect of human thought has been touched by it.

Charles Darwin convinced the scientific world of evolution in the nineteenth
century. Evolutionary thinking was part of a whole new approach to investigat-
ing and understanding natural history that gradually developed in the latter part
of the eighteenth century. It emerged out of a naturalistic, or mechanistic, way of
understanding nature. The forces underlying the diversity of life and the relation-
ships between species and their interactions with the physical environment would
be understood in the same way as one understood a machine, a factory, or a city.
There would be no unknowable mystical or magical forces. The underlying dy-
namics of nature could be investigated through observation and experimentation.
This monumental change in worldview is made plain when Darwinian theory is
compared with traditional supernatural Judeo-Christian beliefs.1



4   

Two Worldviews

The biblical six days of creation were thought to have taken place only a few thou-
sand years ago. In the seventeenth century, Archbishop James Ussher had calcu-
lated the origin of creation to the year 4004 B.C. The famed naturalist Georges
Louis Leclerc, Comte de Buffon (1707–1788), estimated that the earth was about
75,000 years old, and that plants and animals arose about 37,000 years ago. Today,
scientists maintain that the universe is about 10–20 billion years old, the earth is
about 4.5 billion years old, and life arose about 3.5 billion years ago; hominids
resembling our species appeared 4 million years ago, and our species, Homo
sapiens, appeared about 130,000 years ago. Of course, there are believers in cre-
ation by “intelligent design” today who may assume that the earth is only several
thousand years old, but even by Darwin’s time, geologists and naturalists recog-
nized that the earth was millions of years old. Geologists showed that the earth it-
self has experienced immense changes, and the fossil record has produced an archive
of evidence of long-extinct forms. There was no evidence of the existence of humans
until what amounts to a geological moment ago.

Traditional natural theology held the world to be static: God had formed all
species just as they appear today; no genealogical relationship between them
existed. Certainly, there had been great cataclysms such as the biblical flood, but
Noah had saved all the species living today. The great philosophers of ancient
Greece shared this view. In the Aristotelian and the Platonic order of things, life-
forms were ordered in single file—from the most simple inanimate objects, to
plants, to lower and higher animals—as a fixed plan of creation. The increasing
perfection in this scala naturae or “great chain of being” was understood in terms
of different kinds of “soul”: more reason and a greater advance toward God.2 In
contrast to the great chain of being, evolutionary theory holds that all of life is
related and that genealogical relations between species resemble not a ladder, but
a complex branching tree (see, however, chapters 18 and 19).

Advocates of special creation have always insisted that the complexity and
harmony of a plant or an animal and its place in nature have been designed by its
creator. Natural processes could not have led to the production and reproduction
of such complex structures as the eye or the brain, nor of coadaptations as of in-
sects and flowers. All such complex organs, as well as the harmonious mutualis-
tic relations between species, are evidence of the wisdom and benevolence of a
Creator. This natural theology emerged in the seventeenth century and was main-
tained by natural theologists of the eighteenth and nineteenth centuries. That or-
ganisms and their natural relations can be explained only by purpose, by design,
is known as “teleology.”

According to Darwinian evolutionary theory, there is no design in the natural
world, no preconceived plan. Organisms evolve in a makeshift or contingent man-
ner in relation to changing ecological conditions. New organs do not suddenly ap-
pear that seem to have been specially created for some purpose. The appearance of
a species results from numerous forces that combine at a certain epoch in a certain
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place. Had the conditions been different, the natural world would be different today:
nothing is necessary, nothing is purposeful, and nothing therefore is beyond inves-
tigation. Evolutionary theory and rationalist explanation do not necessarily preclude
the concept of God: some evolutionists may be agnostic or they may invoke God to
explain the origins of the natural laws through which life evolves.

Judeo-Christian theology places humans outside and above nature. Accordingly,
we were formed in the image of God and given dominion over nature. Darwinian
evolutionary theory places humans within nature, as members of the animal “king-
dom.” Of course, humans have created culture, and it in turn has its own history.
Yet, ever since Darwin, there have been biologists who advocate that culture is
also, at least in part, biologically determined. The extent to which human social
relations are determined by natural evolutionary processes remains a subject of
heated debate (see chapter 20).

Scholars have probed various aspects of the genesis of evolutionary theory,
especially the development of Darwin’s theory of natural selection, its reception
by the scientific community, and its impact on society. No one before Darwin had
thought out and marshaled evidence for evolution in a manner that compares to that
in The Origin of Species, published in 1859. But the seeds for his evolutionary theory
had been planted earlier in the century, and there were evolutionists before him,
including his grandfather Erasmus Darwin and Robert Chambers, editor of
Chamber’s Encyclopedia (see chapter 2). But the most prominent evolutionist before
Darwin was Jean-Baptiste Lamarck (1744–1829), who, in 1802, coincidentally with
Gottfried Reinhold Treviranus (1776–1837), coined the term “biology” for the study
of the manifestations of life and the conditions and laws under which it occurs.3 Yet,
Lamarck’s place in the history of biology is both controversial and ironic. Although
he is the only other evolutionist of the nineteenth century who has followers today
who carry on his name, he is also one of that century’s most misunderstood, mis-
represented and, in some ways, enigmatic figures.4

Revolution to Evolution

Lamarck was born into a poor noble family from Northern France. He studied
under the Jesuits, but at seventeen, he joined the troops to fight in the Seven Years’
War (1756–63). After the war, when he was nineteen, he went to Paris to study
medicine, supporting himself by working in a banker’s office. He became inter-
ested in meteorology, chemistry, and especially botany, writing prolifically in all
three. Lamarck’s recognition in the scientific community began in 1779 with the
publication of his four-volume treatise Flore française. A significant contribu-
tion to the botanical naming of species, it was warmly embraced by Buffon, who
that year engineered Lamarck’s election to the Académie des Sciences. A few years
later, Lamarck wrote the first two and a half of the eight volumes of the Dictionnaire
de Botanique. In 1788, he was appointed botanist at the Jardin du Roi, which had
become an important scientific center, headed by Buffon.
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The great change in Lamarck’s thinking about evolution had occurred during
the French Revolution. Before the Revolution, French society was essentially a
feudal system, a static hierarchical order, from serfs to landowners and king: every-
one born in his or her own station in life, and upward mobility was scarcely pos-
sible. That order of things was recast in 1789 with the uprising of the peasants,
artisans, and middle classes of France against the privileges of nobility and misman-
agement of the country by kings. In 1799, Napoleon Bonaparte seized control and
by 1804 had become emperor of France. Although the Revolution had come to an
end, the ideas it inspired and the belief that everyone should be free and equal spread
to many other countries. This change in social structure and thought certainly did
not lead Lamarck to think in terms of a parallel sort of evolutionary change in the
natural world. However, as we shall see, republicanism and liberal thinking
influenced the reception of his ideas, and of evolution more generally.

The effect of the Revolution on Lamarck’s thinking was indirect, mediated by
a shift in career from botanist to zoologist. In 1793, the year in which Louis XVI
and Marie Antoinette were beheaded and critics of the new government were
imprisoned or executed in the Reign of Terror, the Jardin du Roi was reorganized
into the Muséum National d’Histoire Naturelle, which became the European cen-
ter for zoological research. Lamarck was given a new position as professor of the
insects, worms, and microscopic animals. His new duties consisted of giving
courses and classifying the large collection of these “animals without vertebrae,”
which he named invertebrates. He excelled at classifying them, and their study
led him to explore fundamental questions about the causes of life processes and
about evolution—from the most simple forms to the most complex.

Three convergent interests led Lamarck to evolution: his thinking on what
constituted the essence of life in the simplest organisms (caloric heat and electric-
ity), his view of the “natural” way to arrange taxa, and his geological thinking
(i.e., of gradual change over long periods of time). Unlike his contemporaries, he
believed the earth to be very old, almost incalculably so, involving thousands or
even millions of centuries. He developed his evolutionary thinking in several
books, beginning when he was in his mid-fifties: System of Invertebrate Animals
(1801); Studies on the Organization of Living Bodies (1802); Zoological Philoso-
phy (1809), a classic, translated into many languages; and Natural History of the
Invertebrate Animals (1815).

Lamarckian Myths

Two other general myths about Lamarck still circulate. One is that of a romantic
genius, isolated and ignored by his contemporaries, persecuted by state power
(Napoleon) and the scientific establishment of his time, but rediscovered in the
late nineteenth century. The other is of someone who tried, unsuccessfully, to tackle
the problems of adaptation and the origin of species before Darwin. Although these
views continue to be perpetuated in textbooks and popular writings, historians have
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presented a dramatically different image of Lamarck and his times.5 They empha-
size that Lamarck was not a precursor of Darwin. His questions (and answers)
differed dramatically.

Lamarck is remembered by biologists today for having supposedly originated
a mechanism of evolutionary change that contradicted Darwin’s. It was based on
the inheritance of acquired characteristics: that the characteristics you (or any
organism) acquire in your lifetime may be passed on to subsequent generations—
not unlike property and wealth. Some acquired characteristics may be a direct
response to some external change in the environment—say, darkening of the skin
with exposure to the sun. Others come from use or disuse of a part, or from the
activity of the individual generally, such as music appreciation or athletics. The
inheritance of such characteristics meant that they tended to be enhanced in the
newborn child before it was ever exposed to sunlight or music. Today, biologists
generally contend that the inheritance of acquired characteristics in this sense does
not occur. But, as we shall see, their attribution of this belief system to Lamarck
is fallacious.

Ascribing the belief in evolution by the inheritance of acquired characteristics
to Lamarck and contrasting it to Darwin is misleading on three counts. First, the
idea did not originate with Lamarck; it can be traced back to Hippocratic writers
and was common in folklore and in the writings of philosophers and naturalists of
many countries.6 Before Lamarck, Darwin’s grandfather Erasmus Darwin had used
it as the basis of his own theory of evolution.7 Second, although Lamarck is often
the source of ridicule and error, present-day neo-Darwinians too often forget that
Charles Darwin also maintained a belief in the inheritance of acquired character-
istics—as did other evolutionists of his day. Third, the inheritance of acquired
characteristics was only one aspect of Lamarck’s theory of evolution.

Lamarck thought the environment might bring about heritable changes in sev-
eral ways. For example, he argued that if seeds of a plant that had grown in a
meadow for generations were blown onto a neighboring dry, barren, and stony
hill, some plants might be able to survive. Malnourished by the drier soil of the
hill, the offspring of these seeds would constitute a new race: “The individuals of
this new race will have small and meagre parts; some of their organs will have
developed more than others, and will then be of unusual proportions.”8 Animals,
on the other hand, might develop new types of behavior due to environmental
change, and the resulting effects of use and disuse of parts would be inherited.
The giraffe, seeking to forage higher and higher on the leaves of the trees on which
it feeds, stretches its neck. “From this habit long maintained in all its races,”
Lamarck wrote, “it has resulted that the animal’s fore-legs have become longer
than its hind legs, and that its neck is lengthened to such a degree that the giraffe,
without standing up on its hind legs, attains a height of six metres.”9 He suspected
that the horns of ruminants emerged as a result of their butting their heads together
during combats. Flat-bodied fishes emerged from the habit of turning on one side
in shallow water: the eye on the lower side moved toward the upper side as a re-
sult of its need to pay attention to anything above.
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Lamarck’s descriptions of how such behavioral changes could bring about new
structures sometimes left him open to crude caricatures by his critics for advocat-
ing the ludicrous notion of evolution by desire on the part of animals. Part of the
problem, historians argue, was in the less than lucid way he expressed himself.
His depiction of how the wading bird got its long legs was often quoted by his
detractors:

one may perceive that the bird of the shore, which does not at all like to swim, and
which however needs to draw near to the water to find its prey, will be continually
exposed to sinking in the mud. Wishing to avoid immersing its body in the liquid,
[it] acquires the habit of stretching and elongating its legs. The result of this for the
generations of these birds that continue to live in this manner is that the individuals
will find themselves elevated as on stilts, on long naked legs.10

It is easy to misinterpret this statement to imply evolution by volition. But what
counted for Lamarck was not an animal’s desires, but its habits, and the way it
responded to its environment. Nonetheless, his ideas would be belittled and cor-
rupted by both opponents of evolution and by some of its champions. Darwin went
to lengths to distance his theory from that of Lamarck. As he wrote to his botanist
friend Joseph Hooker in 1844, “Heaven forfend me from Lamarck’s nonsense of
a ‘tendency to progression,’ adaptations from the slow willing of animals etc.!”11

Simple to Complex

The inheritance of acquired characteristics was only one facet of Lamarck’s theory
of evolution, and not even the most important. To understand the whole we must
first consider the way in which he arranged life-forms. He ordered the great classes
of life in a linear, graded series toward “perfection,” from simple to complex, like
the great chain of being.

But he also recognized that there were genera and species that branched off
and formed dead ends.12 He offered two matching mechanisms. The branching or
deviations from the progressive linear order would be due to the influence of par-
ticular environmental circumstances: the inheritance of acquired characteristics
would account for the characters of organisms that distinguished genera and spe-
cies, as well as their instincts and habits. But the general trend in evolution of ever-
increasing complexity, of classes and families, from Infusoria to humans, was due
to something else, an unknown inner force in nature which he referred to as “the
power of life”:

It is quite clear that both animal and vegetable organisation have, as a result of the
power of life, worked out their own advancing complexity, beginning from that which
was the simplest and going on to that which presents the highest complexity, the great-
est number of organs, and the most numerous faculties; it is also quite clear that every
special organ and the faculty based on it, once obtained, must continue to exist in all
living bodies which come after those which possess it in the natural order.13
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Lamarck thus turned the great chain of being into an escalator. Organisms
lower on the ladder of life were transformed from those higher up. All the great
classes and families of animals could be arranged in a single series (plants in
another). He adamantly opposed notions about the extinction of species, argu-
ing that organisms resembling strange fossils may still be found somewhere on
Earth.

To the modern reader, the “power of life” may have the ring of an unknowable
supernatural vital force. However, Lamarck was not a vitalist. Life, he argued,
was a phenomenon of organized beings—not an attribute of matter per se, but the
way it was organized. Was there a preestablished plan directing change from simple
to complex? Although some historians are uncertain about his beliefs, Lamarck
himself seems to have been less equivocal. As he commented in his Philosophie
zoologique, “everything is thus preserved in the established order . . . everywhere
and always the will of the Sublime Author of nature and of everything that exists
is invariably carried out.”14

The inheritance of acquired characteristics by use and disuse of parts due to
changing environmental circumstances would account for the “numerous anoma-
lies or deviations” from a linear increase in complexity of classes. Those natural-
ists who believed in the fixity of species maintained that the structure of an animal
is always in perfect adaptation to their functions, and that the structure of a part
determined its function. But Lamarck reversed that causality: it was new func-
tions and new habits brought about by needs that led to changed structures and
the irregularities in the straight-line gradation from simple to complex.15 In effect,
these deviations from the great chain of being offered him evidence of evolution
by the inheritance of acquired characteristics:

It will in fact become clear that the state in which we find any animal, is, on the one
hand, the result of the increasing complexity of organisation tending to form a regular
gradation; and on the other hand, of the influence of a multitude of very various
conditions ever tending to destroy the regularity in the gradation of the increasing
complexity of organisation.16

Certainly, the idea of evolution was not novel in Lamarck’s time. It had been
well known in France since the Enlightenment and had been considered by lead-
ing zoologists, including George Louis Buffon. Buffon, who became director of
the Jardin du Roi in 1739, was largely responsible for the great interest in France
in natural history, and no other naturalist before him had done more for its study.
The other great naturalist of the eighteenth century, Carl Linnaeus (1707–1778),
in Sweden created the binomial system for naming organisms used today (for
example, the willow oak, Quercus phellos, and the red oak, Quercus rubra). He
classified enormous numbers of species sent to him from the four corners of the
earth. Buffon, on the other hand, was noted for his study of living organisms
and their characteristics in life. His forty-four-volume Histoire naturelle (1749–
1804) dealt with many of the problems subsequently raised by evolutionists.17

In fact, later in life Buffon adopted a theory of evolution according to which
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some few original types of animals developed, through hybridization and the
direct effects of the environment, into all the species seen today. Linnaeus had
held similar views.18

The works of Lamarck’s predecessors were vital, but he himself was the only
one at the time who presented a broad theory of organic change.19 In the conclu-
sion of his Philosophie zoologique he commented on an oft-repeated theme in
regard to scientific discovery:

Men who strive in their works to push back the limits of human knowledge know
well that it is not enough to discover and prove a useful truth that was previously
unknown, but that it is necessary also to propagate it and get it recognized; now
both individual and public reason, when they find themselves exposed to any alter-
ation, usually set up so great an obstacle to it, that it is often harder to secure the
recognition of a truth than it is to discover it. I shall not dwell on this subject, be-
cause I know that my readers will see its implications sufficiently, if they have any
experience in observation of the causes which determine the actions of mankind.20

To understand why Lamarck had largely failed to convince his contemporaries,
one has to do more than measure the weight of religious opinion or state authority.
Historians point to a number of issues, including his scientific style and his social
standing among his peers as well as the evidence he had available to him.

By the time he announced his theory of evolution, Lamarck had acquired a
reputation as someone who liked to speculate on the merest of facts. He was a
synthesizer and a builder of grand speculative theoretical systems. He fancied
himself as the universalists’ naturalist-philosopher, one who set basic principles
for all fields. His evolutionism was one aspect of a broad ambitious program of
what he called terrestrial physics, which encompassed the study of the atmosphere,
the changes in the surface of the earth, and the organization of living beings. He
had written several books on physical and chemical problems, meteorological
phenomena, and causes of atmospheric change, and in 1800, he advanced a theory
on the origin of life.21

Alas, his peers were far from impressed by his ideas, nor by his “retrogres-
sive,” speculative approach to what was becoming ever more professionalized
science in France, based on a more cultivated quality of careful observation.22 In
the late eighteenth century, new institutional developments provided a consider-
able number of positions for practicing and teaching science full time. Science
was moving in the direction of a more specialized and disciplinary approach,
narrowing the scope of problems an individual could competently address.
Lamarck was clearly out of step.

Crucial evidence for evolution was lacking in the fossil record.23 Lamarck could
point out similarities between some living forms and some fossils, but the fossil
record indicated that whole groups of species appeared suddenly. There was sim-
ply no evidence of a succession of transitional forms. All he could do was to point
to his classification of the animals and claim that it represented the true order of
the formation of living things. But Lamarck’s order of things was vehemently
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attacked by his adversaries, who debunked the whole concept of a straight pro-
gression of life from the simple to the complex as depicted in the great chain of
being. A linear order of the major taxa from lower to higher simply did not con-
form to evidence from an effectively new science of comparative anatomy.

Disconnecting the Unity of Life

Disconnecting the great chain of being was the task of Lamarck’s greatest and
formidable antagonist at the Muséum National d’ Histoire Naturelle, Georges
Cuvier (1769–1832).24 Professor of natural history at the Collège de France and
appointed to a new professorship of comparative anatomy at the Muséum in 1802,
Cuvier built up a rival biological system based on a whole new approach to com-
parative anatomy. Comparative anatomy had been an adjunct of medicine; Cuvier
made it a science, with close ties to natural history. While Lamarck was respon-
sible for the “lower” invertebrates, Cuvier was in charge of “higher” organisms,
though he too was an expert on the invertebrates and had made his reputation on
studies of their comparative anatomy.

Their worldviews could not have been more different. Lamarck was an evolu-
tionist; Cuvier, a fixist. Lamarck denied species extinction; Cuvier claimed there
had been several mass extinctions. While Lamarck gained a reputation as one who
speculated using scanty data, Cuvier established a reputation as a patient observer
who stuck to the facts.25 Unlike Lamarck, Cuvier stood especially high in Napoleon’s
favor. Indeed, they had similar characters. Cuvier was a fierce personality who
shared the emperor’s despotic disposition.26 He was also politically astute. He
became inspecteur général in the department of education at the time when the
education system of France was thoroughly reformed and new universities founded.
Even after Napoleon fell and the throne of France was restored, Cuvier managed
to maintain his authority in science and education.

Cuvier’s disdain for Lamarck’s theories was matched only by his repulsion to
the speculative way they were formulated.27 The history of nature, for Cuvier, was
not gradual and continuous from beginning to the present. There were no traces of
a single line of descent in the animal kingdom, and no series of changes by which
each species might have been gradually transformed from another, as Lamarck had
supposed. In 1812, Cuvier declared that there were four distinct and completely
unrelated divisions (embranchements) of animals, and moreover there was abso-
lutely no evolutionary connection between them: vertebrates (fish, reptiles, birds,
and mammals), mollusks (snails, squids, and octopuses), articulates (annelids and
arthropods), and radiates (starfish, jellyfish, anemones, corals, and hydras).28 The
key to this reorganization of nature was in the techniques he used. He characterized
these four basic types of the animal kingdom not on the external appearance or on
readily visible morphology, but on the basis of an animal’s internal anatomy, its
inner structural organization, its anatomical plan, which he believed had been de-
signed by the Creator to suit the animal’s particular functional needs.
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Cuvier established a great new tradition in comparative zoology and taxonomy.
Taxonomists had a tendency to treat every characteristic as if it were independent
of every other characteristic. However, Cuvier and his followers emphasized that
an organism was not a jumble of characteristics: there was a correlation of parts.
The various parts of an organism were so interdependent that if given the tooth of
an extinct animal such as a dinosaur, the anatomist could make numerous deduc-
tions about the probable structure of other parts of the anatomy of that animal.

For Cuvier, the fossilized creatures buried deep in the earth were milestones of
geological time, and the grouping of different fossils in specific layers into dis-
tinct regions of the earth’s crust indicated that revolutions had suddenly over come
the earth on several occasions. But he saw no connection between these extinct
creatures and those alive today. Instead, he argued that the history of life on Earth
was profoundly punctuated by major catastrophes and mass extinctions. The last
cataclysm was the biblical flood. Thus, there were breaks in geological time, and
complete breaks in life on Earth; the organisms that lived in earliest times had
nothing in common with those alive today.

When catastrophes killed off animals in an area, Cuvier proposed, that area
would later be invaded by new animals from another place, and some of these
would become fossilized following a subsequent mass extinction. In other words,
new animals and plants would not evolve; instead, preexisting species from
neighboring unaffected areas would migrate to the area of the extinction. This
would account for the changes in the fossil record in different regions and in
different strata.

This interpretation had an obvious flaw: had there been a long succession of
catastrophes, the number of species would have declined rather increased, as they
apparently had. Therefore, some of Cuvier’s followers adopted an alternative solu-
tion. To account for an actual increase in new species, they simply suggested that
there was not one divine creation, but many—after each geological catastrophe.

Some historians have interpreted Cuvier’s views about the fixity of species as
the expression of a retrograde, conservative, and theological attitude that retarded
the advent of evolutionary thinking.29 Though well informed, industrious, clear,
and methodical in his thinking, he was no intellectual revolutionary.30 Yet others,
including the historian and philosopher Michel Foucault and the Nobel Prize–
winning biologist François Jacob have argued that, by undoing the great chain of
being, Cuvier’s system provided some of the crucial conceptual conditions for
Darwinian evolutionary theory.31 The contingent or makeshift nature of evolu-
tionary change characteristic of Darwin’s model, they observed, could not be
entertained as long as species were set in a rigid framework, progressing single-
file toward perfection. They suggested that because Lamarck’s theory was based
on a linear order of life from simple to complex, it really belongs to the previous
natural order of things, whereas Cuvier’s system of classification based on the
internal organization of animals looked to the future.

Other scholars have noted, however, that by 1815 Lamarck had recognized that
the single series of increasing complexity from “infusoria [microbes] to man” on
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which he had first constructed his evolutionary theory did not reflect nature. In
fact, his final presentation of animal relationships did not differ in principle from
the phylogenetic tree one would find in the literature at the end of the nineteenth
century.32 Lamarck’s health began to fail in 1809, when he developed eye prob-
lems, and in 1818 he became completely blind. Indeed, his life was marked by
tragedy and poverty. When he died in 1829, his family did not have enough money
for his funeral and had to appeal to the Académie des Sciences for funds; his books,
and scientific collections were sold at public auction. By that time, his evolution-
ary writings had been taken up by others in France and Britain.

The Cuvier-Geoffroy Debate

Scientists and scholars like to use the word “revolution” to describe great changes
in science, but Lamarck’s evolutionism was revolutionary in the original socio-
political sense of the word as well. Evolutionary thinking was positioned in direct
opposition to the privileges of nobility and the church and against the conserva-
tive and new professional social control of science in France. Toby Appel unearthed
this aspect of Lamarckism when she reexamined one of the great debates of the
early nineteenth century over comparative anatomy between Cuvier and another
champion of evolutionary theory at the Muséum d’Histoire Naturelle: Etienne
Geoffroy Saint-Hilaire (1772–1844), professor of zoology.33 The antagonism
between Geoffroy and Cuvier persisted through out the 1820s and finally ruptured
into a famous public confrontation over a period of two months in 1830 at meet-
ings of the Académie des Sciences, the supreme arbiter of science in France. These
were weekly events attended by all the leading scientists of Paris.

At the heart of the Cuvier-Geoffroy debate were two opposing approaches to
comparative anatomy. Cuvier adopted a functionalist approach: he viewed every
part of an animal as having been designed by the Creator to contribute to the
animal’s functional integrity. Thus, for him, function—the animal’s needs—
sufficed to determine its structures.

Geoffroy and his followers challenged this functionalist understanding of or-
ganismic organization with one based on the primacy of structure over function.
His new set of doctrines, called transcendental anatomy or philosophical anatomy,
centered on the concept that all animals had a fundamental structural plan that
preceded all other particular modifications to suit functional requirements. Tran-
scendental anatomists insisted that animals had a constancy in the number and
arrangement of parts that was independent of the form of the parts and the uses to
which they were put, a unity of plan that transcended function. The way to find
the plan was to ignore differences and search for resemblances in the relative
positions of the parts

Cuvier and his followers had broken the unit of life with the four embranchements
(the vertebrate, articulate, mollusk, and radiate plans); the transcendental anato-
mists, led by Geoffroy in the 1820s, sought to reestablish the unity of life. They
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argued that all animals, vertebrates and invertebrates alike, were built on the same
basic plan. The structure of the invertebrates could be seen in stages in the embry-
onic development of vertebrates. Therefore, animal life could be strung into a more
continuous, related series, rather than broken into discrete “divisions,” as Cuvier
had claimed. This series implied that the history of each organism, rising in com-
plexity from starfish to humans, could be interpreted in an evolutionary manner.

Geoffroy was a follower of Lamarck and referred to his friend as a “genius.”
At the same time, however, he gave his own interpretations to Lamarck’s evolu-
tionary writings. As Geoffroy saw it, the effects of the environment and use and
disuse altered some structures, but the basic plan of animals was always con-
served. All extant vertebrates and all fossils of vertebrates exhibited a unity of
plan and composition: “All of them, being composed of similar organs, are
merely modifications of the same being, which we call the ‘vertebrate animal.’”34

Geoffroy’s structuralism, in fact, became the basis, in the nineteenth century,
for determining homological relationships (a bird’s wing, a seal’s flipper, and a
monkey’s arm, for example).

Historians judge both Cuvier and Geoffroy to have fared well in the debates.
Succeeding generations hammered out reconciliations between their extreme
views. In keeping with the structuralists’ approach, comparative anatomists came
to see that there was a unity of plan within each embranchement.35 For example,
the fundamental characteristic of radiata was radial versus bilateral symmetry. A
jellyfish could be cut in half along many different lines: it was radially symmetri-
cal. But humans and all other bilateral forms could be cut along just one line to
yield halves that are roughly mirror images. Echoes of the Cuvier-Geoffroy dis-
pute continue today in debates over structuralism and adaptationism. And the
history of Geoffroy’s structuralist approach has been reconsidered by both phi-
losophers and developmental evolutionists.36 Geoffroy’s structuralism and the
search for the unity of life was also instrumental in the development of Darwin’s
own theory of evolution.37

Like most great controversies, the Geoffroy-Cuvier was multifaceted, involv-
ing issues far removed from the anatomical approaches per se.38 Geoffroy enlarged
the debate beyond the purely anatomical basis to include the broader issue of evo-
lution. Evolutionary thinking was tied to politics, and Geoffroy found support from
various groups outside the scientific community: literary figures and scientific
popularizers who saw science in France as increasingly professionalized, central-
ized, and confined to government institutions, staffed by scientists who no longer
seemed to pose the interesting questions. They saw Geoffroy as a philosopher
dedicated to unraveling the mysteries of nature for the common man, a scientist
for the people. And they saw Cuvier as a political elitist, a fact collector, an up-
holder of biblical orthodoxy, a manipulator of patronage and suppresser of the
great ideas of Lamarck and Geoffroy.

Appel has argued that the whole controversy of the late 1820s was entwined in
political and religious tensions of the period.39 After the removal of Napoleon by
the allied forces, the Bourbon family was restored to the throne of France, much



Evolution and Revolution 15

against the will of the French people. At first the royal family made some slight
concessions to the spirit of democracy the French Revolution had aroused, but
gradually, as the people continued to advance their claims for liberty, the royal
family and court became more and more reactionary and opposed to democratic
reform and freedom of the press. The result was the Paris Revolution of July 1830,
after which the old aristocracy was reduced to a more minor role in national poli-
tics, though its members retained major influence in the church, military, and for-
eign service.40 Geoffroy’s view of nature, his evolutionism and transcendental
anatomy, was associated with the liberal ideology of the times, and he carried a
bloc of republican sympathizers with him, as well as a younger generation of
comparative anatomists.

Adrian Desmond has described a similar pattern in England during the 1830s.
There were very few evolutionists at Cambridge or Oxford, but one can find them
among the working class, and the radical artisans, and the cosmopolitan medical
schools.41 Evolution imported from France had disturbing social and political
associations for the privileged classes inside and outside the universities in En-
gland.42 At the time of the Paris Revolution, the Anglican elite in Britain were
staving off concerted attacks by radicals trying to secularize and democratize their
society. The Parisian radicals included Lamarck in their rhetorical armory, and
the British gentry remained suspicious of the republican masses across the chan-
nel, portraying them as the “national enemy.” “And if France’s periodic convul-
sions were fueled by poisonous, naturalistic, evolutionary philosophies,” Desmond
remarks, “then the conservatives were determined to keep them off English soil.”43

The “scientific gentry” undertook a massive campaign to discredit evolution-
ary theory, but evolutionists could be found in the secular anatomy schools and
radical nonconformist colleges. British advocates of Geoffroy’s transcendental
anatomy included a number of Edinburgh-educated anatomists who with politi-
cal radicals opposed the Oxbridge aristocratic domination of the medical profes-
sion. Inside the medical schools, discussions and disagreements broke out over
the relationship between anatomy and evolution. The mingling of reform and
evolution was intimate, as Lamarck’s ideas were mixed with demands by radical
artisans for democracy and attacks on aristocracy and the clergy. Desmond sug-
gests that one of the earliest uses of the term “evolved” (in 1826) to signify the
transmutation of one species into another may have been by the Scottish com-
parative anatomist Robert Grant, a Lamarckian, who attacked corruption in medi-
cine and society.44

It was during these times that Charles Darwin secretly wrote his theory of evo-
lution by natural selection, which he did not publish until twenty years later, when
mass unrest was past. Even then, he had to be pushed into it.45
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2
The Origin

Thus from the war of nature, from famine and death, the most exalted
objects which we are capable of conceiving, namely, the production
of higher animals, directly follows. There is grandeur in this view of
life, with its several powers, having been originally breathed into a
few forms or into one; and that, whilst this planet has gone cycling on
according to the fixed law of gravity, from so simple a beginning end-
less forms most beautiful and most wonderful have been, and are being
evolved.

—Charles Darwin, 1859

    the idea of evolution into so consistent and well docu-
mented a theory as did Darwin in The Origin of Species. He did it by postulating
that evolutionary change occurred by a struggle for existence, giving rise to a
natural selection of the most fit. His theory was a triumph of synthesis. In contrast
to today’s science, in which one small aspect of nature is investigated by many
individuals, Darwin investigated many aspects of nature. He wrote about coral
reefs and coral islands in the South Pacific and theorized about how atolls are
formed on the top of extinct volcanoes.1 He wrote a four-volume treatise on bar-
nacles that marked the beginning of the science of cirripedology.2 He developed
a theory of inheritance based on small genelike particles he called gemmules, and
he carried out cross-breeding experiments.3 He wrote about the pollination of
orchids by insects,4 the evolution of humans,5 and the expression of the emotions.6

No other individual in the history of biology has been given more attention by
scholars: how he became an evolutionist, how he came to write The Origin, and
the central tenets of his theory.

Paleontological and geological studies were crucial. But the new concepts
Darwin developed relied on two other approaches: study of the geographical dis-
tribution of species; and study of the ecological processes involved in the forma-
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tion of species. To do this, a different kind of naturalist was required. Unlike
Lamarck and Cuvier, who worked in museums and zoological gardens, Darwin
was a traveler, and so too was Alfred Russel Wallace (1823–1913), who devel-
oped the theory of natural selection independently of Darwin.7 Naturalists such
as Darwin and Wallace went from island to island and from continent to conti-
nent to study living organisms in their natural settings, and compare their habitats,
form, and behavior. They collected an enormous number of data on relationships
between species, their geographical distribution, and how they varied slightly from
one geographical region to another.

Certainly, the theory of evolution was well known and widespread in England
before Darwin’s The Origin. Lamarck and Geoffroy‘s ideas were known, as were
the Lamarckian views of Robert Grant (1793–1874).8 A few other intellectuals
had also spoken out in favor of transmutation of species. Darwin’s grandfather
Erasmus Darwin, a physician and naturalist, was one of the earliest and best known
of the transmutationists. He had devoted a chapter of his famous his two-volume
work Zoonomia, (1794–1796) to the idea.9 Although his grandfather died before
Charles was born, the book was a much-discussed part of family lore. But perhaps
the most important pre-Darwinian evolutionary book in England was Vestiges of
the Natural History of Creation, a best-seller first published in 1844 that went through
ten editions in as many years. It was published anonymously to protect its author
from scandal.10 In 1884 the author was revealed to be Robert Chambers, the well-
known Edinburgh publisher and editor of Chambers’ Encyclopaedia.11

For Chambers, evolution, or development, as he called it, was a matter in which
new species and the ascent of life were planned linear developments, controlled
by natural law as preordained by God. His book was an immediate success among
lay middle-class readers, but his arguments for evolution were so at a variance
with conservative religious and social views that all the Oxbridge professional
elite spoke out against it, including Charles Lyell, William Whewell, Adam
Sedgwick, and other outraged critics. Chambers helped accustom readers to think
about evolution. As Darwin later wrote to a colleague, “The publication of Ves-
tiges has done excellent service in calling in this country attention to the subject
and removing prejudices.”12 Another reason Vestiges would be of great value to
Darwin was that the book’s critics supplied him with a list of objections, which
he took care to address in The Origin.

When Making Other Plans

Darwin (1809–1882) was born in the small medieval town of Shrewsbury, son of
a very wealthy physician, Robert. His mother, Susannah, a daughter of Josiah
Wedgwood, the well-known potter in Staffordshire, died in 1817 when Charles
was only eight years old; he was raised by his elder sisters, Susan and Caroline.13

He studied at Shrewsbury School, and when he was sixteen his father sent him to
Edinburgh to study medicine. Medicine appalled him. Disgusted by the sight of
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operations performed without anaesthetic, he left Edinburgh before completing
his medical degree.

In 1828, his father sent him to Christ’s College, Cambridge, to take the com-
mon arts degree, with the idea that he should become a clergyman. Even in his
youth Charles had expressed great interest in natural history, and at Edinburgh he
learned of Lamarck’s theory of evolution under the tutelage of Grant, who directed
him in a study of marine invertebrates and who, as Darwin later recalled, “burst
forth in high admiration of Lamarck and his views on evolution.”14 At Cambridge
Darwin associated with several university faculty, including John Stephens
Henslow, professor of botany; Adam Segwick, professor of geology; and Wil-
liam Whewell, professor of mineralogy. Darwin took his degree in 1831, tenth in
the list of those who did not seek honors. He did not pursue a religious vocation.
Instead, his career took an unforeseen turn.

That year, at Henslow’s recommendation, Darwin obtained a position aboard
the H.M.S. Beagle, which was about to set off on a five-year voyage surveying
South American waters and circumnavigating the globe. The voyage of the Beagle
was the real preparation for his life’s work.15 At first his job was simply to be a
companion of Captain Robert Fitzroy with whom he debated questions of theol-
ogy and politics. But after a few months both his zeal and his means for collecting
enormous numbers of specimens were evident. Having come on board with a
servant and a personal fortune, he was able to disembark at every port of call, hire
a few willing natives, and go hunting for specimens. He soon took over the posi-
tion of the ship’s official naturalist. In regard to geological knowledge and the
relationships between extant and extinct species, nothing was more important for
him than Charles Lyell’s Principles of Geology (1830–1831). Darwin dedicated
his journal from the Beagle voyage to Lyell (1795–1875).16

Darwin’s Bible

Lyell’s contribution to Darwin’s thinking was significant in two ways. First was
his radical view that geological changes occurred gradually over a vast amount of
time.17 The subtitle to his Principles of Geology said it all: Being an Attempt to
explain the Former Changes of the Earth’s Surface by Reference to Causes Now
in Operation. He saw no need for mysterious cataclysms such as Biblical floods.
Opposing the catastrophism of Cuvier and others before him, he maintained that
all the ancient changes produced in the earth’s surface were brought about by
factors similar in nature and intensity to those that operate today (uniformitarian-
ism).18 Certainly, violent events had shaped the earth’s surface; whole mountain
ranges had surged forth and then been submerged; valleys had opened up, been
filled in, then opened up again; the seas had invaded the land, then withdrawn.
But these changes were not the result of the supernatural catastrophes of the Bible’s
Book of Genesis.
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Following the famed geologist James Hutton (1726–1897), Lyell postulated that
the earth was billions of years old and that it had been sculptured by the action of
the sea, rain, volcanoes, and earthquakes. Lyell’s uniformitarian geological theory
was vital to Darwin’s evolutionism: it allowed enough time for evolution to occur,
and it allowed evolution’s mechanisms to be known by investigation. For if, by
extrapolation, the living world was formed by causes still at work today, it should
be possible to study those evolutionary processes in action. Uniformitarianism did
not necessarily imply evolutionism, however. Lyell’s own viewpoint is better under-
stood in the context of other ways of interpreting the fossil record.19

During the first three decades of the nineteenth century, it became apparent
that fossils followed a certain progressive order, from the simplest to the most
complex forms. Some naturalists saw in this record actual confirmation of the
biblical creation sequence from plants and lower animals to higher animals and
finally to man. This linear order was modified a bit with the further observations
that plants, invertebrates, and vertebrates all start very close together in some of
the oldest known fossil deposits. Although invertebrates did precede vertebrates,
progressive development was a matter not so much of a single-file temporal order
of creation, a great chain of being, but of concurrent trends, with major subdivi-
sions of organic life existing simultaneously. One then spoke of fossil progress
separately for plants and for each of Cuvier’s four groups: vertebrates, mollusks,
articulates, and radiates.  Nonetheless, the realization that, among vertebrates,
mammals appeared late, and that human fossils were absent, strengthened the idea
of a general progressive development.

The sequence of the fossils from the simple to complex could be interpreted in
radically different ways. For some it indicated a real succession of increased
morphological complexity produced by a transmutation of species, as Lamarck,
Geoffroy, and Grant advocated. For others it suggested not a temporal or historic
sequence but an ideal succession—progressive perfection driven by a spirit im-
posing its will and purpose on the overall structural plan or unity of nature.20 This
concept was the basis of Naturphilosophie, developed in Germany by Friedrich
Schelling, Lorenz Oken, and others heavily influenced by the idealist philosophy
of Plato, Immanuel Kant, and Friedrich Hegel.21

Other naturalists associated the progressive development they saw in the fos-
sil record with geothermal theory. Accordingly, the earth had originated as an in-
candescent blob, and its subsequent history had involved a process of gradual
cooling accompanied by other physical changes of climate, atmospheric condi-
tions, and the distribution of the land and seas. The flora and fauna of each suc-
cessive geological period had been designed by God to fit the physical conditions
of the time. This view was developed by Cuvier’s school in France and readily
accepted by the geologists Adam Sedgwick and William Whewell at Cambridge
in the 1830s and 1840s, and by Louis Agassiz at Harvard.

Lyell denied the reality of progressive development and explained away evi-
dence in support of it as an artifact of sampling and the result of incomplete data.
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He also opposed species transmutation, and in his Principles of Geology he se-
verely criticized Lamarck’s theory. Only later, when Darwin convinced him, did
he accept evolution (with the provision that it did not apply to man). Nonetheless,
his Principles of Geology played an important part in setting the framework for
Darwin’s theory not only by accustoming readers to the vast changes brought about
by natural processes over unthinkable periods of time, but also by focusing atten-
tion on the question of the transformation of species. Lyell did not believe in spe-
cies transmutation, but he did believe in their extinction. He adopted a steady-state
theory to offset the loss of species, according to which the Creator replaced ex-
tinct species with new ones at a constant rate.

Thus, Lyell supposed that new species were introduced to replace the extinct,
but he failed to provide any natural mechanism by which this might occur. Therein
lay the problem that Darwin aimed to resolve. The question of transmutation was
redirected away from progression and complexity to the origin and extinction of
species.22 Principles of Geology was Darwin’s  bible. It posed the right questions,
but Darwin offered different solutions. As one reader of The Origin wrote to Dar-
win a month after its publication: “How could Sir C. Lyell, for instance, for thirty
years, read, write, and think, on the subject of species and their succession, and
yet constantly look down the wrong road!”23 When Darwin first read Lyell’s book,
he still believed in special creation; he was on the Beagle, circumnavigating the
globe, collecting data of his own about geology and the distribution of species
extant and fossilized.

The Beagle Voyage

Darwin was naturalist for the H.M.S. Beagle from December 1831 to October 1836.
After visiting the Cape de Verde and other Atlantic islands, the expedition surveyed
on the South American coasts and adjacent islands, including the Galapágos, after-
ward visiting Tahiti, New Zealand, Australia, Tasmania, Keeling Island, Maldives,
Mauritius, St. Helena, Ascension, and Brazil again. The ship went to de Verdes and
Azores on the way home. Darwin’s shift from believing in the fixity of species to
evolutionary thinking occurred eight months after returning from The Beagle expe-
dition. It was stimulated by three major observations from his voyage. Each of them,
he argued, could be explained in no other way than by species transmutation.

One observation concerned the relationships between living animals and fos-
sils of recently extinct animals in the same general location. Darwin postulated
that the fossils from South America were related to the living organisms of South
America, not to fossils of some past epoch and from another continent, as Cuvier
and Lyell had understood them. For example, in rich fossil deposits in southern
South America, he saw fossils of extinct armadillos that had characteristics in
common with armadillos still living in the same area and yet different from those
elsewhere. Why would there be living and fossil species in the same place, unless
one had given rise to the other?
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Darwin’s second observation was that species manifested subtle differences as
they migrated from one place to another. He had been much impressed by the
manner in which closely associated animals replaced each other in proceeding
southward in South America. He reasoned that animals of different climatic zones
in South America were related to each other, rather than to animals of the same
climatic zone on different continents.

His third observation was that the animals and plants of the Galapágos Islands
resembled those of the nearby coast of South America. The species of birds in the
Galapágos Islands existed nowhere else on Earth, yet there was a remarkable simi-
larity between them and birds on the nearest continent. The differences of those
Galapágos birds stood out against a background of similarities, as if these various
species of birds were derived from a common ancestor and their species-specific
characteristics were simply the result of their isolation in their geographical terri-
tories. As Darwin wrote:

Here almost every product of the land and water bears the unmistakable stamps of
the American continent. There are twenty-six land birds, and twenty-five of those
are ranked by Mr. Gould as distinct species, supposed to have been created here;
yet the close affinity of most of these birds to American species in every character,
in their habits, gestures and tones of voice, was manifest So it is with other ani-
mals, and with nearly all the plants, as shown by Dr. Hooker in his admirable mem-
oir on the Flora of this archipelago. . . . It is obvious that the Galapagos Islands
would be likely to receive colonists, whether by occasional means of transport or
by formerly continuous land, from America; and the Cape de Verde Islands from
Africa; and that such colonists would be liable to modification; the principle of
inheritance still betraying their original birthplace.24

When comparing the birds from separate islands of the Galapágos archipelago
with one another and with those on the mainland, Darwin also noticed that spe-
cies simply lacked the uniformity and clear-cut differences insisted on by those
who believed in the fixity of species. All this shed a new light by the summer of
1837, as he recalled in his autobiography:

During the voyage of the Beagle I had been deeply impressed by discovering in
the Pampean formation great fossil animals covered with armour like that on the
existing armadillos; secondly, by the manner in which closely allied animals re-
place one another in proceeding southward over the continent; and thirdly, by the
South American character of most of the production of the Galapagos archipelago,
and more especially by the manner in which they differ slightly on each island of
the group; none of these islands appearing to be very ancient in a geological sense.
It was evident that such facts as these, as well as many others, could be explained
on the supposition that species gradually become modified; and the subject has
haunted me.25

One entry in his journal is legendary:

In July [1837] opened first note-book on Transmutation of Species. Had been greatly
struck from about month of previous March on the character of South American
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fossils—and species on the Galapagos Archipelago. These facts (especially latter)
origin of all my views.26

Natural Selection and Natural Theology

Darwin was reluctant to publish his arguments about evolution. He waited to do
so for more than two decades, during which time he developed key principles to
explain it.27 From 1838 to 1841, he was secretary of the Geological Society, and
he saw a great deal of Lyell. In January 1839, he married his first cousin, Emma
Wedgwood (1808–1896). They lived in London until 1842, when they bought a
country home in Down, about sixteen miles south of London, where Darwin re-
sided for forty years. From 1846 to 1854, he was mainly engaged in four manu-
scripts on the recent and fossil barnacles. But from the time he opened his notebook
on the transmutation of species in July 1837 he was compiling data and arguments
from plant and animal breeders, who created new forms of the species they do-
mesticated. Darwin read enormous amounts of literature and combed through
abstracts of many natural history journals. He was also aided by his own observa-
tions at Down, where conservatories, fowl, pigeons, and gardens, the things of a
country gentleman’s life, all added grist to his evolutionist mill.

After collecting facts on the formation of breeds of domestic animals and plants,
he saw “that selection was the keystone of man’s success in making useful races
of animals and plants. But how selection could be applied to organisms living in
a state of nature remained for sometime a mystery to me.”28 He understood that
breeders could select for desired traits and transform their stocks, but at first he
failed to see how such a mechanism might operate in nature. Recognizing that
more individuals would always be produced than could possibly survive, he found
the conditions under which selection could operate naturally: “the struggle for
existence.” In other words, under conditions in which there is a struggle for exis-
tence, favorable variations would tend to be preserved and unfavorable ones de-
stroyed. The result of this would be the formation of new species. This, in brief,
was his theory of natural selection.

Darwin was certainly not the first to recognize “the struggle for existence” in
nature. Lyell, whose Principles of Geology he had read so closely, had written
about “the struggle for existence” and had noted, for example, that “the most fer-
tile variety, would always in the end, prevail over the most sterile.”29 Lyell also
recognized that there was a great deal of variation in the world and that these
changes were transmitted to successive generations. But he did not believe that
such deviations from the species type were endless. Species were fixed; they had
limits of plasticity that they could not exceed.

In the 1830s, the British naturalist Edward Blyth also emphasized that the
struggle for existence operated in nature and that it weeded out unadapted indi-
viduals.30 However, the way in which Blyth understood the effects of the struggle
for existence also differed dramatically from the way Darwin understood them.
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For Blyth, all species were perfectly adapted by God to suit certain environments;
each had a preestablished place in the economy of nature. The struggle for exis-
tence would weed out the sickly and the ill adapted; it was a conservative prin-
ciple that actually maintained, not changed, the fixity of species. The slightest
deviation in the coat color of an adapted cryptic species would lead to its discov-
ery and destruction by predators. Blyth’s arguments fit squarely within the natu-
ral theology of those who believed that the wonderful adaptations they saw in nature
were testimony of God’s divine providence.31

Natural theology had been expressed in the works of Linnaeus and his school,
which were motivated by the search for an overriding purpose and agency in na-
ture. “By the economy of nature,” Linnaeus wrote in 1749, “we understand the
all-wise disposition of the Creator in relation to natural things, by which they are
fitted to produce general ends, and reciprocal uses.”32 Other leading works of
natural theology included John Ray’s The Wisdom of God Manifested in the Works
of Creation (1691), William Derham’s Physico-Theology (1713), and William
Paley’s Natural Theology (1802). In addition, there were the famous eight texts that
comprised the Bridgewater Treatises (1833–36). These originated through the pa-
tronage of Reverend Francis Henry Egerton, eighth and last Earl of Bridgewater,
who, upon his death in 1829, provided funds for selected individuals to write, print,
and publish one thousand copies of a work titled “On the Power, Wisdom and
Goodness of God . . . as manifested in the variety and formation of God’s crea-
tures, in the animal, vegetable and mineral kingdoms.”33

Science and religion were very common subjects for many Victorian natural-
ists. Darwin himself was as well versed in the Bible as he was in natural theology,
and there is no question that his own theory of natural selection had evolved, at
least in part, from such arguments. In fact, the religious works of natural theology
about adaptations were precisely the ones that he would address.34 He problema-
tized the adaptations of natural theologians, treating them not as states of nature,
perfect products of divine wisdom, but as processes to be explained naturally.35

All those who wrote about the struggle for existence before Darwin did so in
the conceptual world view of natural theology.36 In Blyth’s model, each species
was bound to a certain geographical area; each had been assigned a place in the
economy of nature by the Creator and kept there as the struggle for existence
weeded out deviants from the norm. Because each species was exquisitely adapted
to a particular mode of existence, when circumstances in a locality changed,
Blyth thought, a species must perish with it. Darwin turned the effect of the
struggle for existence on its head: natural selection would be a creative force in
the production of new species, in effect selecting for variations favorable to an
individual’s reproduction in new environments. Crucial to this break away from
Providence and special creation was his experience in new lands—his biogeo-
graphical observations. Species boundaries were less rigid and sharp than pre-
viously thought.37

Scholars have combed through Darwin’s detailed notebooks to understand the
thought processes that led to him to the theory of natural selection.38 All agree
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that the catalyst was his reading, in September 1838, of Thomas Malthus’s Essay
on the Principle of Population.39 Malthus argued that there would always be
poverty, hunger, and war in the world because there was an inescapable imbal-
ance between nature’s supply of food and the human need for food and sex. More
will be said about this book and its historical context in chapter 4. It is enough
to know here that Malthus posited that, if there were no constraints on growth,
human populations would increase geometrically or exponentially (i.e., 2, 4, 8,
16, 32, 64) while food supply could only increase at most arithmetically (i.e., 1,
2, 3, 4, 5, 6, 7). The idea of a struggle for existence in nature was common, but
Malthus’s essay indicated to Darwin the intensity of the struggle—that there
would be a constant selection pressure on organisms engendered by an inces-
sant war.40

Wallace’s Manuscript

In June 1842, Darwin wrote out a sketch, which, in 1844, he expanded to an essay
of 231 pages. As he wrote to his wife, Emma, in July 1844, “I have just finished
my sketch of my species theory. If, as I believe, my theory in time be accepted
even by one competent judge, it will be a considerable step in science. I therefore
write this in case of my sudden death.”41 He had the manuscript copied and sent
to his close friends, including Lyell and the botanist Joseph Hooker. On Septem-
ber 5, 1857, he explained his theories to the American botanist Asa Gray in a now
famous letter. He had completed about half of another expanded treatise of ten
chapters when, in June 1858, he received a manuscript from Alfred Russel Wallace,
who was in the Moluccas Islands (part of Malay Archipelago, north of Timor).
The manuscript was titled, “On the tendency of Varieties to Depart Indefinitely
from the Original Type.” Wallace requested that Darwin, if he found the argu-
ments to be novel and interesting, to forward the manuscript to Lyell. In it, Wallace
outlined the mechanisms thorough which transmutation of species might occur.
He argued that the variations within species in the wild occurred by the same laws
that produced domestic varieties. “The life of wild animals is a struggle for exist-
ence,” he wrote.

The full exertion of all their faculties and all their energies is required to preserve
their own existence and provide for that of their infant offspring. The possibility of
procuring food during the least favorable seasons, and of escaping the attacks of
their most dangerous enemies, are the primary conditions which determine the exis-
tence of both of individuals and of entire species. These conditions will also deter-
mine the population of a species.42

Here, then, was the very same theory for the transmutation of species that Darwin
had developed over the previous two decades.

Wallace knew of Darwin through his book The Voyage of the Beagle, and they
had corresponded about some curious varieties that had interested them both. In
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1855, Wallace published a paper stating that species came into existence coinci-
dent in time and space with preexisting closely allied species, but he had no idea
Darwin was working on a theory of evolution based on similar assumptions.43

When, three years later, Darwin received a manuscript with an argument that
looked like his own, he sent it to Lyell with a letter:

Your words have come true with a vengeance—that I should be forestalled. You
said this, when I explained to you here very briefly my views of “Natural Selec-
tion” depending on the struggle for existence. I never saw a more striking coinci-
dence; if Wallace had my MS. sketch written in 1842, he could not have made a
better short abstract! Even his terms now stand as heads of my chapters . . . so all
my originality, whatever it may amount to, will be smashed. 44

Lyell and Hooker decided to stake a priority claim on Darwin’s behalf. They
sent Wallace’s essay to the Linnaean society, together with an abstract of Darwin’s
essay of 1844, and the letter he had written to Asa Gray so as to confirm his pri-
ority. The joint essay, “On the tendency of Species to Form Varieties; and on the
Perpetuation of Varieties and Species by Means of Natural Selection,” was ac-
companied by an explanatory letter to the secretary.45

Unlike Darwin, who was a man of independent means, Wallace came from a
poor family.46 He was a professional collector who supported himself by selling
specimens he had gathered in remote parts of the world. On his first expedition,
from 1848 to 1852, he set out to explore the Amazon and Rio Negro Rivers, and
he observed the same things that Darwin did about geographical distribution of
species and ecology. Like Darwin, Wallace had taken Lyell’s Principles of Geol-
ogy with him and soon found himself questioning Lyell’s assumptions about the
fixity of species. On his way home, though, disaster struck on the high seas. His
ship caught fire and had to be abandoned. Luckily the crew and passengers were
rescued by a passing vessel, but Wallace lost his entire collection and most of his
notes. After writing an account of his time in Brazil—his travels on the Amazon
and Rio Negro—Wallace set sail in 1854 on a natural history collecting expedi-
tion in the far east, and traveled to the islands of the Malay archipelago (modern
Indonesia). There he conceived of the idea of natural selection, as he recollected
decades later; he was lying in bed “in the hot fit of intermittent fever, when the
idea suddenly came to me. I thought it almost all out before the fit was over, and
the moment I got up began to write it down, and I believe finished the first draft
the next day.”47

Wallace returned to England in 1862 an established natural scientist, geogra-
pher, and  collector of more than 125,000 animal specimens. He married Annie
Mitten (1848–1914), with whom he raised three children. Although he applied
for several jobs, he was never to hold a permanent position. He lost the profits
from his collections through bad investments and other financial misfortunes, and
his income was limited to earnings from his writings, from grading school exams
(which he did for some twenty-five years), and from a small inheritance from a
relative. In 1881, thanks largely to the efforts of Darwin and Thomas Henry Huxley,
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he was added to the government Civil List and was granted an annual pension of
100 pounds for his services to science.

Wallace was a prolific writer. He published twenty-one books and more than seven
hundred articles, essays, and letters in periodicals. His two-volume Geographical
Distribution of Animals (1876) and Island Life (1880) became standard authorities
in zoogeography and island biogeography. In them, he synthesized knowledge about
the distribution and dispersal of living and extinct animals in an evolutionary con-
ceptual framework. He received many honors and awards, including the Royal
Society of London’s Royal Medal (1868) and the Darwin Medal (1890) for his in-
dependent origination of the origin of species by natural selection.48

To regard Wallace as the unsung hero in the history of evolutionary biology,
overshadowed by Darwin, would be simplistic. Darwin had developed the idea of
natural selection many years before Wallace and had collected an enormous amount
of data that converted many antievolutionists to evolution. There was nothing in
Wallace’s sketch that was not written out much fuller in Darwin’s manuscript of
1844. Discovery entails more than just a good idea. As Darwin wrote to Lyell after
commenting that all his “originality will be smashed”: “though my book, if it will
ever have any value, will not be deteriorated; as all the labour consists in the ap-
plication of the theory.”49 Wallace expressed a similar opinion when he later re-
marked, “I can truly say now, as I said many years ago, that I am glad it was so;
for I have not the love of work, experiment and detail that was so preeminent in
Darwin, and without which anything I could have written would never have con-
vinced the world.”50

Concepts of The Origin

At the advice of Lyell and Hooker, on November 24, 1859, Darwin published
On the Origin of Species by means of Natural Selection, or the Preservation of
Favoured Races in the Struggle for Life. It was meant to be an abstract of a longer
treatise that he had been working on for two decades. The book was literally an
overnight sensation: all 1250 copies sold out to booksellers the next day. It went
through six editions in Darwin’s lifetime and has been analyzed and scrutinized
by admirers and detractors ever since. A rich vein to mine indeed: one long argu-
ment with multiple complementary theories and concepts, some of which remain
issues of debate among evolutionists to the present day.

Common Descent

Naturalists ever since Linnaeus, who had arranged species, genera and families,
believed their “natural system revealed “the plan of the Creator”; but Darwin ar-
gued that “all true classification is genealogical;  . . . community of descent is the
hidden bond which naturalists have been unconsciously seeking, and not some
unknown plan of creation, or the enunciation of general propositions, and the mere
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putting together and separating objects more or less alike.”51 All the innumerable
species, genera, and families of organic beings descended, each within its own
class or group, from common parents, and have all been modified in the course of
descent. He inferred further from analogy that “all plants and animals have de-
scended from one common prototype” and that “probably all organic beings which
have ever lived on this earth have descended from some one primordial form, into
which life was first breathed.”52

Divergence

Darwin argued that the emergence of a new variety in a species enables it to bet-
ter exploit the resources of its environment, owing to specialization, or a kind of
“division of labor.” More will be said about this concept in chapter 8. It was an
ecological concept: a locality can support more life if it is occupied by diverse
organisms partitioning the resources than if it is occupied by similar organisms.
Divergence into specialized niches would be of adaptive advantage because or-
ganisms avoid competition that way. Ever-increasing specialization of niche within
larger niche would create the hierarchical order of taxa within taxa.53 Thus, in the
course of evolutionary time, a small number of similar organisms could produce
a large number of descendants which have diverged from the original type. In
Darwin’s words:

This tendency in the large groups to go on increasing in size and diverging in char-
acter, together with the almost inevitable contingency of much extinction, explains
the arrangement of all the forms of life, in groups subordinate to groups, all within
a few great classes, which we now see everywhere around us, and which has pre-
vailed throughout all time. This grand fact of the grouping of all organic beings
seems to me utterly inexplicable on the theory of creation.54

Divergence specialization into new niches would thus generate a branching
genealogy, not a linear, escalating order of living things. All organisms could be
arranged on the branches of the same genealogical tree: species, genus, family,
order, class, phylum, and kingdom:

As buds give rise by growth to fresh buds, and these, if vigorous, branch out and
overtop on all sides many a feebler branch, so by generation I believe it has been with
the great Tree of Life, which fills with its dead and broken branches the crust of the
earth, and covers the surface with its ever branching and beautiful ramifications.55

Gradualism

For Darwin, evolution was a matter of continuous gradual growth. The clear-cut
divisions that naturalists observed among living taxa were merely illusions result-
ing from the extinction of intermediate forms. Birds were profoundly separated
from other vertebrates only because a large number of species connecting their
ancestors to those of other vertebrates were extinct. One could see species linking
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fish to amphibians because far fewer of those in-between species have disappeared,
and the division is therefore less abrupt.

Natural selection acted “by the preservation and accumulation of infinitesimally
small inherited modifications.”56 It was no more difficult to believe that the gradual
accumulation of individual differences was the force shaping the diversity of life
on Earth, Darwin argued, than it was to believe that the gradual wind and waves
were responsible for shaping the earth’s surface. There was no need to invoke the
creation of new species by any great and sudden modification of their structure,
any more than it was to suppose that a great valley was formed by a single diluvial
wave.57 There was no need to invoke causes of species formation in the past that
are strikingly different today. All changes occurred gradually, without major jolts;
varieties differentiated by divergence and separation. The sudden appearance of
species in the fossil record was the argument used by those, including Agassiz,
Sedgwick, and Lyell, who had opposed the transmutation of species. Darwin in-
sisted that “as natural selection acts solely by accumulating slight, successive,
favorable variations, it can produce no great or sudden modification; it can act
only by very short and slow steps.” This, he noted, both confirmed and made in-
telligible the old cannon of natural history natura non facit saltum.58

Natural Selection

Perhaps the most radical transformation in biological thought that Darwin intro-
duced was his focus on species as dynamic populations, not as types. Individual
differences in offspring arose from common parents. These slight differences be-
tween individuals were the sources of evolutionary change and would accumu-
late by natural selection to give rise to differences between species, genera, and
all the great classes of organisms.59 In this set of assumptions, Darwin rejected
the notion that there were fundamental or important traits that never change within
a species and that define that species.60

For Darwin, individual differences were real, and species and other types were
not—they were abstractions. In taking this position, Ernst Mayr has argued, Dar-
win broke with one of the central concepts shared by philosophers since the an-
cient Greeks. The eidos (idea, type, or essence) had been part of philosophy since
Plato. As applied to nature, it meant that species were real; they were natural types
around which individual variations occurred. But Darwin was a nominalist: spe-
cies were populations. Certainly, one species could be distinguished from another
at any moment in time—fir tree and spruce, for example. But there was a great
amount of variation within species as well. This was the premise behind the idea
that gradual evolution occurred by natural selection. As Mayr put it,

The assumptions of population thinking are diametrically opposed to those of the
typologist. The populationist stresses the uniqueness of everything in the organic
world. What is true for the human species—that no two individuals are alike—is
equally true for all other species of animals and plants. . . . All organisms and or-
ganic phenomena are composed of unique features and can be described collectively
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only in statistical terms. Individuals, or any kind of organic entities, form popula-
tions of which we can determine the arithmetic mean and the statistics of variation.
Averages are merely statistical abstractions, only the individuals of which the popu-
lations are composed have reality. The ultimate conclusions of the population thinker
and of the typologist are precisely the opposite. For the typologist, the type (eidos)
is real and the variation is an illusion, while for the populationist, the type (average)
is an abstraction and only the variation is real. No two ways of looking at nature
could be more different.61

Evolution, for Darwin, was a two-step process resulting from chance and ne-
cessity, from the production of variation, and subsequently from natural selec-
tion: the preservation of favorable variations and the rejection of injurious ones.
Lamarck had assumed that the heritable variations that arose among individuals
were directed by use and disuse, and by the environment. Darwin also considered
that this might be true of some cases. But many variations in nature, he argued,
appeared randomly—that is, some would be useful and some would not. He looked
to artificial selection by breeders of domesticated plants and animals for a model.
Breeders were able to select those varieties of particular interest to them; they did
not act directly to produce the variability itself. Heritable modifications appeared
occasionally; they appeared “randomly” and were selected purposefully.

The Struggle for Existence

Darwin linked evolution and diversity to the two most obvious characteristics
of organisms and their environment: excessive reproduction on the one hand,
and ecological checks on population growth on the other. While variations pro-
vided the fuel for evolution, overreproduction would create a struggle or com-
petition, the motor for selection. Each organism, or each pair of organisms, had
the ability to produce offspring in ever-increasing numbers from generation to
generation. If only one species existed on Earth, without limits to its expansion,
and nothing to prey on it, it would multiply in geometric progression. In the
eighteenth century, Linnaeus had calculated that if an annual plant and each of
its descendants produced only two seeds a year—and there is no plant so un-
productive as this—then, in twenty years, there would be more than a million
plants. Darwin made the same calculation for the slow-breeding elephant: as-
suming that it procreates beginning only when it is thirty years old, that it lives
a hundred years, and that it brings forth six offspring in this interval, then the
descendants of a single pair of elephants would total about 15 million in five
hundred years. As for slow-breeding man, who doubles in number in twenty-
five years, Darwin commented, “in a few thousand years, there would literally
not be standing room for his progeny.”62

But all this was far from earthly reality. There were checks on population
growth. Individuals and groups always competed with each other for territory,
food, and light in a struggle for existence. The effect of the environment would be
to favor the multiplication of some species at the expense of others. Some are
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doomed to die out, others to expand. As soon as new varieties appear, they take
part in the competition. They win or lose depending on whether or not the differ-
ences between them and their ancestors favor their multiplication. Darwin believed
competition would be most severe between closely related individuals, who would
share a common way of life and compete for the same food and space. Hence,
selection driven by competition would favor divergence: the emergence of new
specialized varieties and new species.
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Darwin’s Champions

As for your doctrines I am prepared to go to the stake if requisite. . . .
I trust you will not allow yourself to be in any way disgusted or an-
noyed by the considerable abuse and misrepresentation which, unless
I greatly mistake, is in store for you. Depend upon it you have earned
the lasting gratitude of all thoughtful men. And as to the curs which
will bark and yelp, you must recollect that some of your friends, at
any rate, are endowed with an amount of combativeness which (though
you have often and justly rebuked it) may stand you in good stead.

I am sharpening up my claws and beak in readiness.
—Thomas Henry Huxley to Charles Darwin,

November 23, 1859

    appealed particularly to nonscientists, and although
the professional scientists who were best informed about biology believed in the
fixity of species, Darwin was able to convert some of them. The Origin had pro-
found implications. What came to be called Darwinism represented a new natu-
ralistic methodology or scientific approach to life, our place in nature, our ethics,
and our societies. These issues shaped the rhetoric over evolutionary theory in
the nineteenth century as they do today. In the decades following the release of
The Origin, those who saw themselves as Darwinists positioned their arguments
against supernatural beliefs and Judeo-Christian theology. And Darwin had out-
standing champions, none more prominent than Thomas Henry Huxley in England
and Ernst Haeckel in Germany.

Man’s Place in Nature

T. H. Huxley (1825–1895) was one of three people (along with Joseph Hooker
and Charles Lyell) to whom Darwin sent parts of the manuscript of The Origin



32   

before its publication.1 In mid-November 1859, after a jubilant Huxley had read
the book in its entirety, he wrote to Darwin. “I think you have demonstrated a true
cause for the production of species, and have thrown the onus probandi, that spe-
cies did not arise in the way you suppose, on your adversaries.”2 Huxley knew
that there would be an uproar of indignation and attacks by the antievolutionist
philistines. Darwin had a reserved style; he deplored confrontations. Huxley, on
the other hand, was a polemicist, an activist who aimed to change science educa-
tion in England.

Huxley was born above a butcher shop in Ealing, a small village about twelve
miles west of London, the seventh of eight children. “Not for him Darwin’s silver
spoon; he had no fortune to inherit, tradition to uphold.”3 At the time he was born,
his father was a mathematics teacher at Ealing School, but the decline of the school
in hard times left him penniless. Thomas had only two years of formal childhood
education. Nonetheless, he read voraciously in science, history, and philosophy,
and he taught himself German. When he was fifteen years old, he began a medi-
cal apprenticeship, and soon was awarded a scholarship to study at Charing Cross
Hospital.

His turn to natural history occurred when at age twenty-one, he signed on as
assistant surgeon on the H.M.S. Rattlesnake, a Royal Navy frigate assigned to chart
the seas around Australia and New Guinea. On that voyage, he collected and studied
marine invertebrates, in particular cnidarians (hydra and jellyfish) and tunicates
(i.e., sea squirts, or ascidians, sedentary filter feeders with cylindrical bodies, usu-
ally found attached to rocks) as well as cephalopod (“head-foot”) mollusks (octo-
pus, squid, and nautilus). His studies of fossils and his contributions to comparative
anatomy and embryology earned him acceptance into the highest ranks of the
English community of naturalists. Professional positions as “scientists,” as the
Cambridge don William Whewell had named them in 1840, were rare. Most natu-
ralists were affluent amateurs, but Huxley managed to support himself on a sti-
pend from the navy and by writing popular science articles. After leaving the navy
in 1854, he secured a lectureship as professor of natural history at the Royal School
of Mines in London. His public lectures earned him great fame.

Thomas Henry Huxley was the beginning of a remarkable line of Huxley sci-
entists and thinkers, a tradition of his own making.4 His son Leonard was a noted
biographer and man of letters. Leonard’s sons were all distinguished intellectu-
als: Aldous, a novelist, screenwriter and essayist, was the famed author of the
dystopian book Brave New World. Julian was one of the architects of the “evolu-
tionary synthesis” of the 1940s, which brought Darwinism together with genet-
ics, natural history, ecology, and population studies (see chapter 15). Andrew
shared the 1963 Nobel Prize in Physiology or Medicine for his work on nerve
impulse and muscle contraction.

Huxley made sure that Darwin’s Origin got off to a fine start in the media, him-
self writing laudatory reviews in the Times and elsewhere. But he was critical of
the idea that natural selection acting gradually on slight variations was the sole
mechanism of evolution. He thought that evolution might proceed more quickly
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at times—by rapid jumps, or saltations. As he wrote to Darwin just before publi-
cation of The Origin, “you have loaded yourself with an unnecessary difficulty in
adopting Natura non facit saltum so unreservedly.”5

Huxley’s most famous work was his Man’s Place in Nature (1863).6 This was
the first comprehensive overview of what was known at the time about primate
and human palaeontology and ethnology. It was also the first attempt to apply
evolution explicitly to humans. Darwin avoided much mention of human evolu-
tion in The Origin, stating only in the conclusion that in research fields that would
open up in the future, “Light will be thrown on the origin of man and his history.”7

He discussed human evolution in detail twelve years later in The Descent of Man
(1871).8 But Huxley had immediately begun to collect the evidence for human
evolution, the links between Homo sapiens and his apelike ancestors. And he di-
rectly confronted theological beliefs that man arose through divine creation. “The
question of questions for mankind—the problem which underlies all others, and
is more deeply interesting than any other,” he wrote,

is the ascertainment of the place which man occupies in nature and of his relations
to the universe of things. Whence our race has come; what are the limits of our power
over nature and of nature’s power over us; to what goal we are tending; [these] are
the problems which present themselves anew and with undiminished interest to every
man born into the world. Most of us, shrinking from the difficulties and dangers
which beset the seeker after original answers to these riddles, are contented to ig-
nore them altogether, or to smother the investigating spirit under the featherbed of
respected and respectable tradition.9

These questions about human origins led him into direct confrontation with the
most famous religious authorities of his day.

Natural Theology and Agnosticism

Remembered today as “Darwin’s bulldog,” Huxley wrote about theology and phi-
losophy from the point of view of an “agnostic,” a term he coined. Much of his
polemics were directed at the anti-intellectualism of church dogma. He introduced
the term “agnostic” as “suggestively antithetic to the Gnostic” of church history,
who professed to know so very much. Agnosticism, for Huxley was not a creed, but
an injunction about the way to approach knowledge: to follow reason as far it could
go without consideration for where it might lead, and not to pretend to know things
with certainty that had not been demonstrated or were not demonstrable.10

By introducing contingency in nature, the theory of natural selection replaced
design and purposefulness as an explanation for adaptations. It displaced God but
did not necessarily replace a First Cause. Darwin himself recognized that there
might well be a “First Cause having an intelligent mind in some degree analo-
gous to that of man.” However, he considered such matters to be beyond the in-
tellectual reach of man. As he wrote in 1876,



34   

But then arises the doubt—can the mind of man, which has, as I fully believe, been
developed from a mind as low as that possessed by the lowest animals, be trusted
when it draws such grand conclusions?

I cannot pretend to throw the least light on such abstruse problems. The mys-
tery of the beginning of all things is insoluble by us, and I for one must be content
to remain an Agnostic.11

Darwin did not make his views on such matters public.
Huxley is remembered for his part in one of the most famous confrontations

between religion and evolution: the debate on June 30, 1860, at the British Asso-
ciation for the Advancement of Science meeting at Oxford, with Archbishop
Samuel Wilberforce. Wilberforce was a well-known public figure at the height of
his fame; he had the ability to speak on platform and pulpit and in parliament and
was the model of the English churchman. His nickname, “Soapy Sam,” he earned
from his slippery argumentative style. The British Association met for a week in
a different town each year, and the public flocked in huge crowds. Huxley knew
that Wilberforce was a “first-rate controversialist,” and he had no intention of
attending the meeting. However, he met up with the evolutionist Robert Cham-
bers, the anonymous author of Vestiges of Creation. As Huxley recalled,

On Friday I met Chambers on the Street, and in reply to some remark of his about
the meeting, I said that I did not mean to attend it; did not see the good of giving up
peace and quietness to be episcopally pounded. Chambers broke into vehement
remonstrances and talked about my deserting the cause. So I said, “Oh! If you take
it that way, I’ll come and have my share of what is going on.”12

Around a thousand people gathered at Oxford on that famed Saturday morn-
ing late in June with the expectation that the Darwin issue was going to be aired.
They were not disappointed. One moment in the confrontation is legendary: when
Wilberforce attacked Darwin and ridiculed evolution, he asked Huxley whether
it was from his grandmother’s side or his grandfather’s that he descended from an
ape. This snide remark was a strategic rhetorical mistake, and Huxley seized on
Wilberforce’s error. Accounts vary on the exact words, but according to Huxley’s
own version, he muttered to his colleague next to him, “The Lord hath delivered
him into mine hands!” He then rose to give a brilliant defense, concluding with
the rejoinder that he would rather have an ape for a grandfather than “a man highly
endowed by nature and possessed of great means and influence, and yet who
employs these faculties and that influence for the mere purpose of introducing
ridicule into a grave scientific discussion.”13

The legend of this confrontation has been often told as a victory of reason and
intellectual progress over ignorance and conservative authority. But this is far too
simplistic—first, because the confrontation continued, and evolution is still not
taught in many schools;14 and second, because Wilberforce was not as ignorant
of science as has been supposed. He had studied with one of the greatest scien-
tists of the nineteenth century, Richard Owen (1804–1892), president of the Royal
Society. Owen had already crossed swords with Huxley over Huxley’s statement
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that the brains of humans and apes were very similar. Owen was a prominent
opponent of the Darwinians and one of the most distinguished anatomists and
paleontologists of the nineteenth century, and his place in Victorian natural his-
tory has been the subject of intensive historical study.15

Archetype and Idealism

Owen named and described a vast number of living and fossil vertebrates. His
experience with the anatomy of exotic animals began when he worked for the
London Zoo as a prosector, dissecting and preserving animals that died in captiv-
ity. He rose to fame as “the British Cuvier” in 1839, when, presented with a bone
fragment from New Zealand, he noted that it resembled an ostrich bone and sug-
gested that giant flightless birds had once lived there (as was later confirmed). Owen
named the giant bird Dinornis—the extinct moa. But his most famous taxonomic
act resulted from his examination of reptile-like fossil bones of Iguanodon,
Megalosaurus, and Hylaeosaurus found in southern England. In 1842, he named
this taxon the Dinosauria, from the Greek deinos (“terrible”) and sauros (“lizard”).
He also described the anatomy of a newly discovered species of ape reported in
1847—the gorilla—and in 1863 he described the first specimen of an unusual
Jurassic fossil from Germany, the famous bird Archaeopteryx lithographica.

Owen served on a series of government committees, took part in the London
Crystal Palace Exhibition of 1851, and served as an advisor and expert witness to
the government on all sorts of scientific matters. He taught natural history to Queen
Victoria’s children (astonishing the court with the news that tadpoles turned into
frogs). Unfortunately, Owen was not easy to get along with. His vain, arrogant,
envious, and vindictive personality seems to have inspired distaste in most of his
colleagues.

Owen may have been called the British Cuvier, but by the mid-1800s, his
and Cuvier’s approaches were in fact poles apart. Recall from chapter 1 the
debates between comparative anatomists over the teleological functionalism of
Cuvier, who saw all organic structures as designed by God to suit particular
functional needs, and the search for a structural unity of life by Geoffroy and
the transcendental anatomists, whose approach was imported into England by
anatomists who challenged the traditionalist Oxbridge dons. Some transcendental
anatomists were evolutionists, some were not. Owen developed his own brand
of transcendentalism.

Owen was heavily influenced by idealist thought of the early nineteenth cen-
tury, and he was certainly driven to find the unity of nature and rationality of
nature’s plan. In his book Archetype and Homologies of the Vertebrate Skeleton
(1848), he imagined a principle of transcendental unity existing at a deeper level
of reality than the physical. This Platonist approach led him to formulate the con-
cepts of homology and analogy still used today. Homology refers to the same organ
in different animals under every variety of form and function. Structures as differ-
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ent as a bat’s wing, a cat’s paw, and a human hand nonetheless display a common
plan of structure, with identical or very similar arrangements of bones and muscles.
There is a structural relationship. Homologies are basic structures that various
creatures use for different purposes. Analogies refer to cases in which parts that
have no structural resemblance serve a similar purpose in different animals: the
flippers of dolphins and penguins are analogous structures, but the underlying
structures are different. Analogies would have no significance for classification.
Owen reasoned that there must exist a common structural plan, a bauplan or
“archetype” or for all vertebrates, the essence of the vertebrate form.16

Although historians and philosophers have traditionally placed Owen on the
side of natural theology, conservativism, and staunch antievolutionism, this cari-
cature has been recently challenged.17 Owen had been on the side of the Oxbridge
conservatives in the 1830s, when he was a follower of the functionalist teleologi-
cal tradition of Cuvier, but by 1848 his aim was to form a reconciliation between
Cuvierian functionalism and Geoffroyian structuralism. In the years following the
publication of Darwin’s Origin of Species, Owen portrayed himself as a misrep-
resented evolutionist who had been unfairly and erroneously cast by Darwin as
an antievolutionist.18 In reality, he sought a middle ground between natural theol-
ogy and materialistic evolution. He maintained that while each species had its origin
in natural causes, the course of evolution was directed in accordance with prede-
termined law (such as First Cause or the Creator).

Owen’s idealism and his opposition to Darwinian transmutation had led him into
battle with Huxley and to assert that gorillas and other apes lack a structure of the
brain known as the hippocampus minor.19 The structural similarity between humans
and apes was a fearful problem for nonevolutionists. Owen searched for an ana-
tomical difference in the brain that might explain man’s uniqueness as a conscious
decision maker. He insisted that one lobe, the hippocampus minor, was peculiar to
the human brain, and that the cerebral hemispheres completely covered the cerebel-
lum, whereas in apes, he alleged, the hippocampus was absent and the cerebellum
was always exposed from above. Owen refused to retract even when Huxley and
his disciples showed conclusively that Owen was mistaken. Apes do have a hip-
pocampus, and Huxley successfully exploited it as a great triumph for Darwinian
naturalism. The idealism that had informed Owen’s research had been especially
prominent in Germany early in the nineteenth century, where Naturphilosophen
searched for the unity of nature according to divine plan.

Ontogeny and Phylogeny

If Huxley was Darwin’s English bulldog, then Ernst Haeckel (1834–1919) was
surely his German shepherd. Haeckel is celebrated as one of the outstanding theo-
reticians of nineteenth century biology. He coined the terms “ecology,” “phylum,”
“ontology,” and “phylogeny.” He is well known today for his microscopic work
during the 1860s on the Radiolaria (jellyfishes), Porifera (sponges), Annelids (seg-



Darwin’s Champions 37

mented worms), and Protista. He is also remembered by evolutionists today for
the first to attempt to construct a universal genealogical tree, stemming from the
simplest one-celled organisms, which he called Monera. Some historians have sug-
gested that Haeckel was even more influential than Darwin in convincing the world
of evolution.20 He especially drew out what he saw as evolution’s implications
for philosophy, religion and human social progress. His most popular book, The
Riddle of the Universe (1899), was among the most spectacular successes in the
history of printing. It sold 100,000 copies in its first year, had gone through ten
editions by 1919, was translated into 25 languages, and had sold almost half a
million copies in Germany alone by 1933.

Born in Potsdam, Prussia (now Germany), Haeckel studied medicine at Würzburg
and at the University of Berlin, and he was Professor of Zoology at Jena from
1865 until his retirement in 1909. He was a Christian before he read The Origin,
translated into German in 1860. He then became the champion of materialism and
anti-idealistic thinking. While materialists were shaking traditional beliefs in En-
gland, German thinking had been strongly influenced by the idealist philosophy
of Friedrich Hegel, Immanuel Kant, Friedrich von Schelling, and others who had
turned away from the materialism of the enlightenment. German Naturphilosophen
maintained that an unknowable spirit or creative organizing force in nature gave
it purpose and accounted for progressive perfection of God’s creatures. Haeckel
aimed his polemics directly at their idealism and supernaturalism. Nothing caused
nonevolutionists more trouble than organs and muscles that serve no purpose.
Consider, for example, the muscles for human ear movement. Although most of
us are incapable of moving our ears as we wish, individuals who deliberately
exercise these muscles may succeed in moving their ears. Haeckel thought these
muscles were on the road to complete disappearance. But he focused especially
on the embryological evidence for evolution.

Darwin himself felt that embryology provided some of the strongest evidence
for the transmutation of species. If each species had been created independently
by divine inspiration, he argued, then one would expect that the route from egg to
infant would be direct. But embryologists had found exactly the opposite: there
were extraordinary detours.21 Embryos of land-living vertebrates go through a stage
of having gill slits. Embryonic baleen whales develop teeth, and higher vertebrates
have a notochord, a flexible rod that develops along the back of the embryo, a
characteristic of chordates such as tunicates and the very primitive filter-feeding
fish known as lancets.

Comparative embryology provided the criteria for homology and so was the
means for uncovering the relationships and ancestry.22 One of the aims of this
discipline was to see how far one could go in revealing ancestral forms common
to all animals. Many who entered this field were inspired by the view, champi-
oned so forcefully by Haeckel, that the course of development, from embryo to
infant, documented the path of evolution. In other words, that during the devel-
opment of the embryo, key steps in evolution are repeated, or, in short, ontogeny
recapitulates phylogeny.
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The idea that there is some sort of parallel between the stages in the course of
individual development and the natural order of life-forms from lowest to highest
can be traced to the ancient Greeks.23 Aristotle classified beings into those with a
nutritive soul (plants), those with a nutritive and sensitive soul (animals), and those
that also had a rational soul (human beings). He imagined that during the course
of development these three kinds of souls came into operation in succession. Some
transcendental anatomists of the early nineteenth century believed that the devel-
opment of a higher animal actually passed through adult stages that lay below it.
So, for example, birds and mammals pass through a fish stage, evidenced by gill
slits in the embryo. This idea of a parallelism between the stages of ontogeny and
the stages in a great chain of being became known as the Meckel-Serrés law. For
the Naturphilosophen, it was evidence of the unity of nature and of God’s divine
plan.24 Lorenz Oken, for example, argued that all the animal kingdom was actu-
ally a complete individual from protozoan to man, as illustrated in the mammal
fetus, which passed through all stages, from polyp, snail, fish, and amphibian, to
its own class.25

This view of a transcendental recapitulation of adult types in the course of
development was modified by Karl Ernst von Baer (1792 –1876) into a recapitu-
lation of embryonic types. In 1828 he advanced his biogenetic law, according to
which development progressed from the general or primitive to the specific or
advanced.26 Von Baer noticed that during development, individual embryos suc-
cessively added organs characteristic of their phylogenetic place in the natural
order. The first features to appear were those of the phylum, and these were fol-
lowed by those of the class, order, family, genus, and species. The human embryo
was first a single cell, then a colony like a sponge, and when a liver was added it
reached the level of organization of a mollusk. For von Baer, this was only a com-
parative argument, not an evolutionary one: developmental progression of the
embryo simply paralleled the taxonomic order of life from simple to complex.

But in 1866, Haeckel transformed von Baer’s law into a materialist evolutionary
law of recapitulation. “The history of individual development, or Ontogeny is a short
and quick recapitulation of palaeontological development, or Phylogeny,”27 he ar-
gued, because phylogeny is the actual cause of the ontogenetic stages. Thus, all
organisms are historical records because each preserves the forms of ancestors at
key stages in the growth of the embryo. While von Baer emphasized the embryonic
similarities, Haeckel’s recapitulation theory proposed that descendants recapitulate
the adult stages of their ancestors. His idea was that new adult modifications were
piled onto the relatively unchanging embryo in the course of successive generations.

The embryological search for common ancestral forms was central to the de-
velopment of evolutionary theory. But this approach greatly declined at the end
of the nineteenth century as embryologists came to recognize that Haeckel’s model
did not hold: embryos pass through stages that often resemble ancestral embryonic
types, not adult types. Haeckel has taken recapitulation to extremes with his no-
tions of progressive evolution, with all of its social connotations (see chapter 4).
Today, developmental evolutionists blame him for effectively driving a wedge
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between development and evolution with his “second-rate generalities,”28 a wedge
that “is only now beginning to be dislodged as the stigma of recapitulation is slowly
removed from evolutionary developmental biology.”29

Not surprisingly, given his status as the author of The Origin, the extent to which
Darwin himself may have been committed to recapitulationism and to “progress”
in evolution has become a subject of debate today. Scholars such as Ernst Mayr
and Stephen Jay Gould have insisted that Darwin did not view evolution as pro-
gressive and that he rejected the idea that developing embryos of descendants are
duplicates of their adult ancestors. They argue that Haeckel’s erroneous views
about recapitulation resulted from the fact that in reality he was a neo-Lamarckian
who maintained a false belief in the inheritance of acquired characteristics.30

However, Robert Richards has argued that Darwin was both a progressionist and
a recapitulationist like Haeckel, and that Mayr and Gould are guilty of distorting
history to protect Darwin from any taint.31

The link between embryology and transformationism begins with the word
“evolution” (unfolding) itself. In the eighteenth century, the word was used by
advocates of “preformationism” to describe the unfolding of the organism from
the egg during development. Their views opposed those of “epigenists,” who
argued that an organ developed gradually from an amorphous homogeneous con-
dition to an articulated heterogenous state. With the development of a transcen-
dental form of recapitulation theory during the first decades of the nineteenth
century, the term “evolution” came to refer to the sequence of events during de-
velopment. As recapitulation came to imply phylogeny, Richards argues, the word
“evolution” took on both meanings and came to signify embryological progres-
sion as well as species transmutation. Both Charles Lyell and Herbert Spencer gave
currency to the word “evolution” to describe progressive change toward ever-
increasing complexity.32 But what about Darwin?

In The Origin, Darwin considered the evidence from comparative embryology
for a common plan within groups. He recognized that there were fundamental
embryological characters that were typical of the large classes of animals, and he
thought that a common plan for all vertebrates might eventually be found in the
fossil record.33 He considered such embryological characteristics to be evolutionary
relicts. They were conserved because evolution operated on inherited variations
that occurred later in development. “This process, whilst it leaves the embryo
almost unaltered, continually adds, in the course of successive generations, more
and more differences to the adult.” Thus, he reasoned, “the embryo comes to be
left as a sort of picture, preserved by nature, of the ancient and less modified con-
dition of each animal.”34

In effect, for Darwin, at least in this statement, ontogeny recapitulates phylog-
eny. That Darwin believed in the progressive evolution from lower to higher forms
is also doubtless (see chapter 4). Between those scholars who have divorced
Darwin’s thinking from recapitulationism and Richards, who sees it as central,
are still others who argue that although Darwin certainly had a general theory of
developmental change in evolution, he was not was not deeply committed to
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recapitulationism as such and changed his views in accordance with the fluctuat-
ing evidence for it.35

Recapitulationism declined in the late nineteenth and early twentieth centu-
ries as it became clear to evolutionary embryologists that there was no simple
linear progression from invertebrates to vertebrates and to humans.36 Francis
M. Balfour (1851–1882) at Cambridge and Walter Garstang (1868–1949) at
Oxford argued that while embryos do pass through a series of stages that corre-
spond to those of their ancestors, not all embryological features reflect ances-
tral patterns. The reason we and all mammals have gill slits in a “fish stage” of
our ontogeny is still not fully understood. But the important point is that devel-
opment also evolves. During the late nineteenth century, comparative embryol-
ogy was overshadowed by experimental embryologists, who recognized that
Haeckel had the cause and effect reversed (see chapters 9 and 10). Rather than
phylogeny being the cause of ontogeny, changes in the course of ontogeny led
to major evolutionary change.37 As Garstang phrased it, “ontogeny does not
recapitulate phylogeny, it creates it.”38

Materialism for Mysticism

Haeckel reveled in the philosophical and religious implications of Darwinism. It
provided the basis for a nonmiraculous, nonmystical history of creation and showed
that man is an animal. “The dimming mirage of mythological fiction,” he wrote,
“can no longer exist in the clear sunlight of scientific knowledge.”39 Of course,
this was not the first time science and the church had entered into conflict. The
most notorious case had begun centuries earlier in 1513, when the Polish astrono-
mer Nicolas Copernicus (1473–1543) proposed that the sun (not the earth) was at
the center of the universe. Copernican theory gained support in the seventeenth
century from Galileo Galilei (c. 1564–1642). Prima facie, Copernicanism contra-
dicted the church, which supported the Ptolemic view of an earth-centered uni-
verse. In 1616, Galileo was secretly warned by the Inquisition not to defend
Copernicanism. When in 1632 he published his Dialogue on the Two Principal
Systems of the World, again supporting Copernican theory, he was summoned to
Rome by the Inquisition and ordered, under the threat of torture, to deny his be-
liefs. He did so and was eventually condemned to house arrest, for life, at his villa
at Arcetri (near Florence) and forbidden to publish anything else.

Copernicanism displaced the earth from the center of the universe, and Darwin’s
theory took the next step in displacing man from the center of the earth. Haeckel
compared its importance to Isaac Newton’s (1642–1727) theory of gravity/ New-
ton explained the motion of planets in term of the same mathematical laws of weight
or attraction that applied to falling bodies on earth. Darwinism complemented and
extended the mechanistic-materialistic outlook of Newtonian physics by bring-
ing the living world into union with knowable physical laws.40 One would seek a
mechanico-causal explanation of the origin and structure of an organ in the same
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way as one would seek a mechanical explanation for any physical process—for
example, earthquakes, the directions of the wind, or ocean currents.41 Haeckel
called this unity of explanation his “monistic” conception of nature, and he held
it up against the church’s belief in the miracles of a supernatural history of cre-
ation and belief in a Creator with human attributes.42

In Haeckel’s view, nothing could be further apart socially and intellectually
than scientific materialism and what he called the ethical materialism of the high
priests and the privileged aristocracy of Europe. Scientific materialism affirms that
everything in the world goes on naturally—that every effect has its cause, and every
cause its effect. There are no supernatural processes.43 Ethical materialism is based
on the premise that only purely material enjoyment can give satisfaction; it pro-
poses no other human aim than the most refined possible gratification of one’s
senses. Haeckel claimed that it was absent among naturalists and philosophers,
“whose greatest happiness is the intellectual enjoyment of nature, and whose high-
est aim is the knowledge of her laws.” But, he remarked,

We find it in the palaces of ecclesiastical princes, and in those hypocrites who, under
the outward mask of a pious worship of God, solely aim at hierarchical tyranny over,
and material spoliation of, their fellow men. . . . They stigmatize all natural science,
and the culture arising from it, as sinful “materialism,” while really it is this which
they themselves exhibit in a most shocking form. Satisfactory proofs of this are fur-
nished, not only by the whole history of the Catholic Popes, with their long series of
crimes, but also by the history of the morals of orthodoxy in every form of religion.44

The materialism of Darwinism, based largely on a view of the natural word as
a place of persistent struggle, conflict, and war, confronted the optimistic view of
natural theology of a harmonious natural world of give and take, of mutual co-
habitation and a balance of nature in which each of God’s creatures was created
to play its part for the benefit of all (see chapter 5). The methodological natural-
ism of Darwinism lent weight to the belief that the immanent caring God of mono-
theism might not be anything more than a myth devised by our species to place
itself above the rest of nature. As one commentator has put it, “Darwin made it
possible to be an intellectually fulfilled atheist.”45 Of course, this did not mean
that Darwinism required disbelief in God. Rather, by showing how natural order
might arise without a designer, Darwinism robbed natural theologians’ argument
of its logical strength.

Confrontations between evolutionism and the Christian church continued into
the twentieth century, one of its most famous events being the Scopes trial. When
the Tennessee legislature passed the Butler Act in 1925 forbidding the teaching
of evolution in the public schools of that state, John Scopes, a science teacher,
consented to be the defendant in a court test of the law. He was arrested, stood
trial, and was defended by the American Civil Liberties Union. Representing
him was the famed trial lawyer Clarence Darrow. The case broadened to a de-
bate over whether evolution and religion (especially fundamentalism) could
coexist. In the latter decades of the twentieth century, the retrenchment called
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creationism and even a so-called scientific creationism gained strength in the
United States among conservative groups concerned that the social order itself
might dissolve without a belief in a God-given morality.46 If nature lacked moral
character, what did this mean about us, and how could we best construct a moral
and prosperous society? These issues were paramount in larger discussions of
evolution in the nineteenth century as well, as evolutionists extended their views
about nature to human societies. As we shall see in the following chapter, they
reached different conclusions.
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4
Darwinism and Sociopolitical Thought

He had the luck to please everyone who had an axe to grind.
—George Bernard Shaw, 1921

     a wide audience of scientists and nonscientists.
The Origin of Species resounded with people for whom the Industrial Revolu-
tion epitomized the struggle for life. In effect, it dramatized what many people
felt to be true about the way their world worked, and they used Darwinian natu-
ral law to explain their world. Many evolutionists treated organic evolution and
human social relations as one subject, just as science and religion had been for
natural theology. The use of natural law as the basis for a given view of society
became commonplace in social, political, and economic theory of the nineteenth
century.1

Darwin was, so to speak, all things to all people, as the Nobel Prize–winning
Irish playwright George Bernard Shaw (1856–1950) noted. Darwinian theory
was summoned to support all types of political and ideological positions, from
the most reactionary to the most progressive, including racism, militarism,
laissez-faire economics, unfettered capitalism, Marxism, and anarchism. What-
ever their political inclinations, writers often drew on evolutionary theory and
“the laws of nature” to bolster their views of progress. But did evolution imply
progress? Today evolutionists would argue that words such as “progress” and
“improvement” are inappropriate because their criteria remain ill defined. If one
criterion of progress means adaptation to survive, then a bacterium appears just
as well adapted as humans. But, for most biologists of the nineteenth century,
evolution did imply progress in nature and society, and for most, this meant that
“the struggle for existence,” understood as conflict and competition, should be
encouraged.
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Laissez-faire

Laissez-faire economic theory was developed by the Scottish philosopher Adam
Smith (1723–1790) in his celebrated book The Wealth of Nations (1776). Essen-
tially, it was an argument against mercantilism, with its assumption that the wealth
of nations is derived from government-regulated exports, gold and silver, and
colonial expansion. Smith and his followers maintained that the wealth of nations
was produced by labor within the nations of the Industrial Revolution with such
improved technologies for producing goods as the cotton gin and, later, the steam
engine. Government intervention in trade and industry was harmful. What was
needed was unbridled competition among businesses, the desire for profits, and
individual freedom to make decisions. Acting to pursue one’s own economic in-
terest would naturally be in the collective good of the community. Individual
workers sold their labor to whoever paid the highest wages. Capitalists would
compete among themselves for consumers and decide what to produce and how
much according to consumer demand. Thus “natural laws” regulated economic
processes; one obstructed these laws at one’s peril.

The writings of Herbert Spencer (1820–1903) exemplify social Darwinism
in this liberal tradition. Enormously popular as the prophet of progress, he used
evolutionary theory to champion governmental nonintervention in “the natural
laws” of the free market. He was the son of a schoolmaster in Derby, and as a
young man he worked as an engineer in the construction of the London to Bir-
mingham and Birmingham to Gloucester railways. He later gave up engineer-
ing and devoted himself to journalism and to writing books: The Principles of
Psychology (1855); Education: Intellectual, Moral, and Physical (1861); First
Principles (1862); The Principles of Biology, 2 vols. (1864–67); The Study of
Sociology (1873); The Principles of Sociology, 3 vols. in 8 parts (1876–97); The
Principles of Ethics, 2 vols. in 6 parts (1879–93); and The Man versus the State
(1884).

Spencer’s “synthetic philosophy” aimed to unite all knowledge under one ex-
planatory concept: evolution. All of evolutionary progress in nature and in soci-
ety, he argued, proceeds from the homogeneous to the heterogeneous, from the
incoherent to the coherent. Progress through open competition the law of organic
creation would push humanity onward to perfection. As long as competition and
“that natural relation between merit and benefit” were maintained, all members
of society would be increasingly integrated into a differentiated, mutually depen-
dent, and efficient higher social organism in which violent competition (such as
war) would be replaced by the peaceful competition of the free market.2 This
superorganismic view predicted that the evolutionary process in society would
eventually lead it to an end state of equilibrium.

Spencer had developed his theory of evolution independently of Darwin, at
least initially. He drew on ideas from his lower-middle-class background in En-
gland; from Thomas Malthus, Lamarck, and Lyell; from laissez-faire economics;
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and from certain principles of physics.3 In an essay of 1852, in which he coined
the expression “the survival of the fittest,” he came very close to offering a state-
ment of the principle of natural selection. He argued that population pressures on
resources lead to a struggle for existence and the survival of the fittest, with the
more intelligent surviving. Population pressure was the motor of progress; it forced
people to become more efficient, to become better adapted, and to be less fertile:
“From the beginning, pressure of population has been the proximate cause of
progress. . . . It forced men into the social state; made social organization inevi-
table; and has developed the social sentiments. . . . It is daily pressing us into closer
contact and more mutually dependent relationships.”4

Spencer’s socioevolutionary views continue to provoke debate among histori-
ans. Many have emphasized that his writings stood in the way of important social
reforms. Laissez-faire capitalism had led to great advances in trade and industry,
and some people made huge fortunes. But when trade and manufacturing slumped
in the nineteenth century, many workers suffered poverty and unemployment. In
industrial England, with its sweatshops, child labor, homelessness, and poverty,
many writers called for social reform and the need for state charity. Spencer, how-
ever, decried state intervention, whether it be education for the poor or privileges
for the church. While some historians portray him as a brutal social Darwinist who
“expounded the idea of struggle for survival into a doctrine of ruthless competi-
tion and class conflict,”5 others have argued that this view is somewhat mislead-
ing.6 For although the struggle for existence provided a plausible explanation for
all the selfish behavior of which man is capable, Spencer also maintained that
cooperation and altruism were widespread in nature, though they were secondary
to and dependent upon egoism.7

Spencer opposed state charity and “state meddlings with the natural play of
actions and reactions,” but he insisted that “it does not follow that the struggle for
life and the survival of the fittest must be left to work out their effects without
mitigation.”8 He maintained that aid for the “inferior” should be supplied by the
“superior” on a voluntary basis and thereby kept within moderate limits to “the
benefit of both—relief to the one, moral culture to the other. And aid willingly
given (little to the least worthy and more to the most worthy) will usually be so
given as not to further the increase of the unworthy.”9

Some biologists today feel justified in ignoring Spencer totally in a history of
biological ideas because, they assert, his positive contributions were nil.10 Yet
biologists of the nineteenth century often referred to Spencer’s biological writ-
ings, especially when defining the organism (see chapter 8).11 He also had an
important influence on anthropology, psychology, and the social sciences. Dar-
win adopted his expression “survival of the fittest” and used it in the new heading
of chapter 4 (previously titled “Natural Selection”) of the fifth edition of The Origin.
Spencer’s battles with religious authority and idealism earned him the friendship
of T. H. Huxley. However, as much as Huxley applauded Spencer’s attacks on
church privileges, he cringed at his denunciation of state education.12
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Social Darwinism Exported

Spencer was especially popular in the United States, where social Darwinism of
the laissez-faire school received great support. To understand why, historians point
to the American Constitution’s concept of the inalienable right of the individual
to personal freedom, and in particular to freedom from interference from govern-
ment. Indeed, government’s major function was thought to be the maintenance of
individual freedoms. In academic circles, the leading social Darwinist was Wil-
liam Graham Sumner (1840–1910), professor of political economy and social
science at Yale, who declared:

Millionaires are a product of natural selection, acting on the whole body of men to
pick out those who can meet the requirement of certain work to be done. . . . They
get high wages and live in luxury, but the bargain is a good one for society. There
is the intensest competition for their place and occupation. This assures us that all
who are competent for this function will be employed in it, so that the cost of it will
be reduced to the lowest terms.13

Sumner glorified the achievements of unfettered capitalism as reflecting the
laws of nature, and he argued that the schemes of socialists (“social meddlers”)
were the greatest danger to society:

We can take the rewards from those who have done better and give them to those
who have done worse. We shall thus lessen the inequalities. We shall [thereby] favor
the survival of the unfittest, and we shall accomplish this by destroying liberty. Let
it be understood that we cannot go outside this alternative: liberty, inequality, sur-
vival of the fittest; not liberty, equality, survival of the unfittest. The former carries
society forward and favors all its best members; the latter carries society downwards
and favors all its worst members.14

Sumner believed that the only way to social progress lay through sobriety, indus-
triousness, prudence, and wisdom. If people would cultivate these qualities, then
perhaps poverty might be eliminated. However, unlike Spencer, he did not pre-
dict a future state of peace and equilibrium. Instead, he was worried that there
would be a great conflict between the working class and the capitalist middle class.

Sumner’s views typify social Darwinism in the American universities; those
of Andrew Carnegie (1835–1919) characterize its expression in the business world.
Carnegie’s is a rags-to-riches story of a man who went from bobbin boy to founder
of the United States Steel Corporation, a man who founded trusts that benefit people
all over the world to this day. He emigrated from Scotland to the United States in
1848, when he worked in a cotton mill and a bobbin factory. Soon afterward he
became a telegraph messenger and later a telegraph operator for the Pennsylvania
Railroad. He bought shares in the company and then bought oil-rich land in the
west of Pennsylvania. After the Civil War, he formed Carnegie Steel, the largest
steel company in the world. He retired in 1901 with a fortune said to be $500
million. In his later life, Carnegie developed the “business of giving,” asserting
that “the man who dies . . . rich dies disgraced.” He founded many libraries, art
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museums, natural history museums, and science centers. And in 1911, he started
a foundation to award grants to promote “the advancement and diffusion of knowl-
edge and understanding.”

Carnegie is also remembered today as the author of The Gospel of Wealth. In
it, he argued that individuals, private property, the “law” of accumulation of wealth,
and the “law” of competition were the “highest result of human experience, the
soil in which society, so far, has produced the best fruit”:

The price which society pays for the law of competition, like the price it pays for
cheap comforts and luxuries, is also great; but the advantages of this law are also
greater still than its cost—for it is to this law that we owe our wonderful material
development, which brings improved conditions in its train. But, whether the law
be benign or not, we must say of it, as we say of the change in the conditions of
men to which we have referred: it is here; we cannot evade it; no substitutes for it
have been found; and while the law may be sometimes hard for the individual, it is
best for the race, because it ensures the survival of the fittest in every department.15

The best way to benefit society, Carnegie argued, was not tax schemes, but a sys-
tem that allowed the accumulation of large quantities of money in private hands, which
might be returned to the community in the form of generous philanthropies for pur-
poses chosen by the donors. Of course, most businessmen did not see themselves as
social Darwinists, and they attributed their success to their industry and virtue, rather
than to any achievement in trampling on their less successful competitors.

War and Racism

Conservatives were generally reluctant to accept evolutionary theory, but there
was one field in which Darwinism was vigorously applied by conservative politi-
cians and ideologues: international relations. Taking the nation as a unit of struggle,
British social Darwinists of the nineteenth century, for example, validated their
empire building by claiming that uncivilized races were being taken over by a
“superior” social order. Darwinism was used to justify war and struggles for so-
cial and/or racial supremacy. When the First World War began, British writers
turned again and again to Darwinian analogies to stir up enthusiasm for it.

Evolutionary militarism reached its pinnacle with German racial theories and
policies, some of which are traceable to the ideas of Haeckel and the Monist
League he founded (see chapter 3). Haeckel’s monist philosophy had an appeal
across the political spectrum. His blasts against religion and established privi-
lege interested the political Left. His prophecies that mechanistic evolutionary
theory would bring humanity out of the dark ages of superstition endeared him
to liberals. Although the Monist League included a wing of pacifists and left-
ists, it made an easy conversion to actively supporting Hitler. Unfortunately,
Haeckel’s greatest influence was on National Socialism.16 An outspoken social
Darwinist, he maintained that the overpowering laws of evolution ruled society
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and nature alike, and that natural law conferred on favored races the right to
dominate others.

Perhaps the best-known nineteenth-century writer who proclaimed that the evo-
lutionary progress of humanity could be furthered by interracial or international
struggles was German historian Heinrich von Treitschke (1834–1896), who wrote
in his two-volume work Politics: “Brave peoples alone have an existence, an evo-
lution or a future; the weak and cowardly perish, and perish justly. The grandeur of
history lies in the perpetual conflict of nations, and it is simply foolish to desire the
suppression of their rivalry.”17 Von Treitschke spoke about “the moral majesty of
war” and “the sublimity and grandeur of war,” and he upheld the doctrine that might
is right: “between civilized nations . . . war is the form of litigation by which States
make their claims valid.” Certainly these arguments are not derived solely from
Darwinism. They show strong evidence of the influence of the theories of Hegel,
and of the Prussian or Teutonic militaristic traditions. But von Treitschke drew on
Darwinism to provide his ideas with a natural or scientific justification.

His diatribes were echoed in the writings of Adolf Hitler (1889–1945). For
example, von Treitschke objected that instead of belonging to a single geographi-
cally defined Volk, Jews held allegiance both to the nation in which they lived
and to Jewry as a whole. Hitler, in his infamous Mein Kampf (1925–26), drew
analogies to the Jews from the world of animals. Each animal, he said, mates only
with animals of its own species. He employed a long erroneous theory of blend-
ing inheritance, together with the survival of the fittest, to argue for the need for
racial purity, the philosophical foundation of the Nazi movement.18

Darwinism on the Left

Darwinian theory was also embraced by the political left. Karl Marx (1816–1883)
drew his ideas from several sources, but particularly from Adam Smith, from the
dialectics of Hegel, and from his knowledge of economic conditions in the capi-
talist countries of Europe. He saw that the application of laissez-faire economics
had given rise to a large class of wage laborers (the proletariats), who were work-
ing diligently in factories or fields, producing wealth that was not accruing to
them. They were paid subsistence wages, and the surplus value of their labor
was skimmed off by the capitalists or bourgeois class, who were gaining all the
material and social benefit from the great wealth generated by the Industrial Revo-
lution. The majority of wage laborers lacked the capital to break out of their mis-
erable situations. There seemed to be no escape from their drudgery, poverty, ill
health, and death within the industrial system that liberalism had produced. Such
problems led to the formation of trade unions to seek improvements in workers’
conditions, and to the growth of socialist ideas. The solution, according to Marx,
was for the workers to rise in revolution against the ruling bourgeoisie and estab-
lish a new social system in which the state would at least temporarily take over all
the means of production.
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Marx argued that this class struggle and revolt was part of natural law. Both he
and his colleague Friedrich Engels (1820–1895) were greatly interested in Darwin’s
work. While liberals applied it to competition between individuals, Marx and Engels
applied it to conflict between groups, or class struggle. Marx wrote to a colleague
on January 16, 1861, “Darwin’s book is very important and it suits me well that it
supports the class struggle in history from the point of view of natural science. One
has, of course, to put up with the crude English method of discourse.”19

Darwinism appealed to the political Left also because it offered a materialistic
explanation in biology in place of vitalism and teleology. Marx also believed that
Darwin provided a means of achieving a unified science encompassing both man
and nature.20 Engels placed Darwin and Marx on equal thrones in a speech deliv-
ered at Marx’s grave side in Highgate in 1883: “Just as Darwin discovered the
law of development of organic nature, so Marx discovered the law of develop-
ment of human history.”21 A similar comparison was also made in Engels’s pref-
ace to the English edition of the Manifesto of the Communist Party (1888).

Of course, those seeking causal laws of history also had to recognize the role
of chance or accident in history. Marx addressed the issue only once, in a letter
in which he asserted that it was not very important; it could accelerate or retard,
but not radically alter the course of events.22 Leon Trotsky used Darwinian theory
to better account for the role of accidents: “The entire historical process is a
refraction of historical law through the accidental. In the language of biology,
we might say that the historical law is realized through the natural selection of
accidents.”23

Was Darwin a Social Darwinist?

What about Darwin himself? Was he a social Darwinist or in any way part of or
responsible for social Darwinism? These questions have been debated for de-
cades,24 and many scholars and biologists desperately wanted his thoughts to be
pure and untainted by such worldly social implications. Darwin was well aware
of the debates around him. He also wrote in an anthropomorphic manner, making
it easy for his arguments to resonate into the sociopolitical context of English life.
However, consensus about his political views has been difficult to reach. Some
writers insist that the young Darwin hardly fits the image of the individualistic
social Darwinism,25 and that there was nothing ideological in his view of nature.26

Others, following the distinguished historian John C. Greene, emphasize that
Darwin saw in natural selection a powerful means of interpreting human social
evolution.27 They point to several sources of evidence.

In his private correspondence, for example, Darwin expressed his belief that
“man in the distant future will be a far more perfect creature than he now is,” and
that natural selection, driven by the struggle for existence between races, would
continue to play a major role in human evolution.28 In 1881, Darwin interpreted
the Crusades of the Middle Ages in terms of such a struggle for existence:
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Lastly, I could show fight on natural selection having done and doing more for the
progress of civilisation than you seem inclined to admit. Remember what risks
nations of Europe ran, not so many centuries ago, of being overwhelmed by the
Turks, and how ridiculous such an idea now is! The more civilized so-called Cau-
casian races have beaten the Turkish hollow in the struggle for existence. Looking
to the world at no very distant date, what an endless number of the lower races will
have been eliminated by the higher civilized races throughout the world.29

The best source for understanding Darwin’s socioevolutionary views is The
Descent of Man (1871). He had collected data for thirty years, and he embellished
his work with writings of many social evolutionists of the 1860s.30 Indeed, “so-
cial Darwinism” may itself be a misnomer because it presupposes that there was
a Darwinism that was not. The term reinforces the notion that true science is ob-
jective and free from ideology. But one cannot draw a neat boundary between
objective science on the one hand and ideology on the other, and thus distinguish
Darwinism from its sociopolitical abuses. As James Moore put it, “The routine
distinction made today between ‘Darwinism’ and ‘Social Darwinism’ would have
been lost on the author of The Descent of Man and probably on most of his de-
fenders until the 1890s.”31

Social Theory in Evolution

Darwin was not a political pamphleteer. What is important is that Darwinian theory
and social theory shared a common context. Indeed, one should not be left with
the impression that the relationship between Darwin’s theory and social theory
was only a matter of applying naturalist theories to human history in order to jus-
tify certain forms of social order. The relationship was much more entangled. When
formulating his theory, Darwin drew on socioeconomic concepts of the times.

Although sociopolitical thought is usually omitted when the theory of natural
selection is taught, cut and dried, to biology students, it was crucial to the theory’s
formulation. In fact, some scholars have gone so far as to assert that “Darwinism
was an extension of laissez-faire economic theory from social science to biology.”32

Two fundamental social concepts are at the heart of Darwin’s theory: the concept
of division of labor, which he used in his theory of divergence, and Malthusian
population theory, which he used as the driving force behind natural selection.

The Division of Labor

Adam Smith used the expression “the division of labor” to refer to the separation
of work into a number of tasks, each performed by a separate person or group of
persons. For Smith, this specialization was key to economic progress because, he
argued, it provided a cheap and efficient means of producing economic goods.
Darwin used the concept in his theory for the origin of species through divergence.
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His argument began with the ecological premise that a locality can support more
life if it is occupied by diverse organisms partitioning the resources. Divergence
and specialization would be adaptive advantages because organisms avoid com-
petition and elimination in the struggle for existence if they separate into special-
ized niches in the economy of nature. The origin of varieties—“incipient species”
for Darwin—would occur by vigorous selection for such specialization, and over
evolutionary time, this process would generate a branching genealogy compris-
ing all taxa from species to phylum.33

Darwin did not draw the concept of the division of labor directly from Smith,
however. He adapted it from the concepts of the French zoologist Henri Milne
Edwards. Whereas Darwin used the idea as a way of understanding the relations
between varieties and between species, “an ecological division of labor,” Milne
Edwards had used it to describe a “physiological division of labor” when explaining
the increased complexity of organization in animals who have diverse organs with
specialized functions.34 Darwin saw the cause of both to be one and the same: “The
advantage of diversification of structure in the inhabitants of the same region is,
in fact, the same as that of the physiological division of labour in the organs of the
same body.”35

Milne Edwards understood the difference between simple and “higher organ-
isms” on the basis of political economists’ views about the benefits of the divi-
sion of labor in manufacturing. He taught in an institution that was particularly
opportune for developing conceptual associations between natural history and
political economy: the Ecole Centrale des Arts et Manufactures. Milne Edwards
wrote in 1827:

The bodies of these [simple] animals may be compared to a workshop where all the
workers are employed at similar tasks and where, therefore, their number effects
the amount, but not the nature of the result. In higher organisms, where life mani-
fests more complex phenomena, organs become specialized. There is a location of
functions and the life of the individual is more than the sum of the workings of ele-
ments of the same nature: it becomes the result of a set of essentially different ac-
tions produced by distinct organs. The diverse parts of the animal economy cooperate
towards the same objective, but each one in its own manner; and the more numer-
ous and developed the faculties of a given being, the more elaborate are the diver-
sity of structure and the division of labor. . . . In a word, it is always according to
the principle of the division of labor that nature perfects the results it wants.36

For Milne Edwards, the division of labor reflected the divine order of life
from the simple to the complex. Darwin explained it in ecological and evolu-
tionary terms. He argued that the more diversified organisms become through
variation, the easier it would be for them to occupy specialized niches in the
economy of nature and to escape elimination through competition to survive
and reproduce. In other words, a physiological division of labor reflected an
ecological division of labor.37 I will return to the principle of the division of
labor in later chapters when I examine cell theory, concepts of symbiosis, and
the growth of biology itself.
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Darwin and Malthus

Some of the most widely discussed evidence for a direct link between Darwin’s
theory of natural selection and sociopolitical issues of the period comes directly from
his own notes. Eight months after returning from the Beagle voyage, in the spring
of 1837, Darwin abandoned his belief in the fixity of species. But it took some time
before he developed the concept of natural selection. He understood that breeders
could select for desired traits and transform their stocks, but at first he failed to see
how selection might operate in nature. Scholars agree that September 1838 was
decisive. It was then that the twenty-nine-year-old naturalist read Thomas Malthus’s
Essay on the Principle of Population. Realizing that more individuals would always
be produced than could possibly survive, Darwin found the conditions under which
selection would operate in nature: the struggle for existence.

Thomas Malthus (1766–1834) was educated at Jesus College, Cambridge; he took
holy orders, although he was not particularly interested in ecclesiastical matters. In
1805, he became professor of history and political economy at Haileybury College,
an institution established by the East India Company for the training of men going
into its service. He was elected Fellow of the Royal Society in 1819 and was a
founding member of the Political Economy Club. Although a prolific writer, he is
remembered today exclusively for the Essay on the Principle of Population, which
was first published anonymously in 1798. The second, modified edition appeared
in 1803 with the author’s name.

The book addressed two issues. In the first place, it confronted the optimistic
ideals of the Enlightenment and the utopian views of such writers as the math-
ematician and philosopher Jean Marie Condorcet (1743–1794), who saw in the
French Revolution great hope for a progressive reconstruction of society, and Wil-
liam Godwin (1756–1836), one of the founders of philosophical anarchism. Both
men contemplated indefinite progress in the perfectibility of humanity toward the
complete absence of struggle among men—no illness, no sexual urges, no cares.
Malthus insisted that it would never be possible to realize such ideals, for they took
no account of an absolutely fundamental issue: an inescapable imbalance between
nature’s supply of food and the human need for food and sex. He postulated that
populations, if left unchecked, would increase geometrically (exponentially) (2, 4,
8, 16, 32, 64), while the means of existence—that is, the food supply—could only
increase at most arithmetically (1, 2, 3, 4, 5, 6, 7). Therefore, he reasoned, human-
kind must always be subject to famine, poverty, disease, and war.

Malthus’s Essay was also aimed against restructuring the Poor Laws in En-
gland.38 Since the seventeenth century, every parish had been required to levy rates
for the relief of the poor. Relief was provided by the parishes in terms of doles,
family allowances, and “aid-in-wages.” The money was to be spent to train chil-
dren whose parents could not provide for them, to provide work for the able-bodied
unemployed, and to assist those who could not work owing to sickness, old age,
or other some infirmity. Prime Minister William Pitt put forward a controversial
bill for extending poor relief to larger families. About 8 million pounds were al-
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ready collected annually for the poor, and as Malthus saw it, it did not and could
not do much good.39 On the contrary, he argued, such state charity would only
encourage them to breed more and would inhibit individual industry: if there were
more charity, the demand would rise to exhaust it, and everyone would be dragged
down together. Thus, he wrote:

Mr Pitt’s Poor Bill has the appearance of being framed with benevolent intentions,
and the clamour raised against it was in many respects ill directed, and unreason-
able. But it must be confessed that it possesses in a high degree the great and radi-
cal defect of all systems of the kind, that of tending to increase population without
increasing the means for its support, and thus to depress the condition of those that
are not supported by parishes, and, consequently, to create more poor.40

In overcrowded industrialized Britain, Malthus’s views about state charity
earned him the hatred of all social reformers. But it held considerable sway. Pitt
dropped his bill. In 1834, the year of Malthus’s death, the New Poor Law was
introduced, in which the Victorian workhouse was instituted. Conditions in the
workhouses were deliberately made harsh to dissuade people from coming into
them, and once in them men and women were segregated in order to discourage
the production of children.

One might think that Malthus’s notion that mankind would always increase
beyond the greatest possible increase in food might be inconsistent with his own
theological belief in the harmony of the divinely created world. But this paradox
is only apparent. He insisted that his population principle did not impeach “the
goodness of the Deity,” and was not “inconsistent with the letter and spirit of the
Scriptures.” He argued that a way to improve conditions was to exercise “moral
restraint,” by delaying the average age of matrimony and by sexual abstinence or
restraint within marriage. He emphasized that most cultures had some means for
limiting population growth artificially—by having a large priestly class of celi-
bates, for example, or by late marriage. The letter and spirit of Revelation im-
plied difficulties to be overcome and temptations to be resisted. Therefore, “the
proper government of the passions” was not only consistent with Revelation, “but
afforded strong additional proofs of its truth.”41

Malthusian population concerns continue to the present day as the human popu-
lation of the earth exceeds 6 billion. Certainly, the size and rate of growth of the
population today are major problems for the improvement of living conditions
for more than half the world’s population. However, critics argue, Malthus did
not foresee, nor would he have approved of, the contraceptive practices by which
Europe reduced its birth rates drastically during the nineteenth and twentieth cen-
turies. They also emphasize that he was wrong in his assumption that only suffer-
ing could be relied upon to induce restraint among the masses. In reality, poverty
induces more of the same, and not prudence. It was actually the secure upper and
middle classes of Europe’s society, not the poor, that started the trend toward re-
duced reproduction. In other words, improved living conditions and rising aspi-
rations, not poverty and disease, have motivated the trend toward birth regulation.
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As one commentator, concerned with population control in the twentieth century,
put it: “Malthus is important today as the father of the most regressive social doc-
trine of our time, and as an expositor of some fundamental principles of popula-
tion. His truth lives but under the cloud of his errors.”42

The influence of Malthus on Darwin is a pivotal issue in the historiography of
Darwinism.43 Malthus impressed upon him the intensity of the “struggle for exis-
tence” between individuals.44 As Darwin recalled in his autobiography, the key
insight came to him in a flash after reading Malthus. Everything seemed to fall
into place. Overreproduction would lead to a struggle for existence, which in turn
would provide the conditions for natural selection:

In October 1838 [actually September 28], that is, 15 months after I had begun my
systematic enquiry, I happened to read for amusement “Malthus on Population” and
being well-prepared to appreciate the struggle for existence which everywhere goes
on from long-continued observation of habits of animals and plants, it at once struck
me that under these circumstances favourable variations would tend to be preserved
and unfavourable ones to be destroyed. The result would be the formation of a new
species. Here then, I had at last got a theory by which to work.45

Alfred Russel Wallace also acknowledged that “perhaps the most important book
I read was Malthus’s Principle of Population.”46 As he reflected in 1887, “The
most interesting coincidence in the matter, I think, is, that I as well as Darwin,
was led to the theory itself through Malthus.”47

In The Origin, Darwin wrote that the struggle for existence “is the doctrine of
Malthus applied with manifold force to the whole of the animal and vegetable
kingdoms; for in this case there can be no artificial increase of food, and no pru-
dential restraint from marriage. Although some species may be now increasing,
more or less rapidly, in numbers, all cannot do so, for the world would not hold
them.”48 The struggle for existence in this strict sense also applied to relations
between species and groups as well as between individuals. “But, the struggle
almost invariably will be most severe between individuals of the same species,
for they frequent the same districts, require the same food, and are exposed to the
same dangers.”49 Competition led to suffering, death, and extinction, because there
were always too many mouths for the world to feed. But this suffering, by pro-
ducing “fitter” individuals through natural selection, would ultimately produce
better organisms and lead to evolutionary progress. Competition was both inevi-
table and desirable. Sociopolitical thought was embedded within Darwinian theory.

The “struggle for existence” became the revolutionary slogan of enlightened
materialists who raged against supernaturalism and mysticism, and against any
moral character in nature. No one said it better than Darwin himself. He concluded
in The Origin: “Thus, from the war of nature, from famine and death, the most
exalted object which we are capable of conceiving, namely, the production of the
higher animals, directly follows.”50 But even among evolutionists there were those
who cautioned against overemphasizing Malthusian population pressure, and
conflict and competition, as motors of “progressive” evolutionary change.
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5
Mutualism

Don’t compete!—competition is always injurious to the species, and
you have plenty of resources to avoid it! That is the tendency of nature,
not always realised in full, but always present. That is the watchword
which comes to us from the bush, the forest, the river, the ocean. There-
fore combine—practice mutual aid! That is the surest means of giving
to each and to all the greatest safety, the best guarantee of existence
and progress, bodily, intellectual, and moral.

—Peter Kropotkin, 1923

    , when “natural law” was used as the
basis for a particular given view of society and when Darwin’s champions em-
phasized conflict and competition, others pointed to the importance of coopera-
tion or mutual aid in evolutionary progress. The best-known works on mutualism
emerged from two sometimes overlapping philosophies. One was anarchism, the
other natural theology.

Anarchism

Anarchism grew from a profound concern with the ills of society and from an
optimistic view of nature and of human society. In his book Enquiry Concerning
Political Justice (1793), William Godwin argued that humankind could transcend
its physical nature, that reason was supreme, that society could approach perfect
harmony, and this could occur without central government, which was more of
an oppressor than a protector. People were, by nature, good and imbued with
natural sympathies toward one another. War, anarchists argued, is created by
nations, not by the masses, and if there were no national governments there would
be no such thing as international war.
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Anarchists positioned their arguments in direct opposition to those expounded
by the seventeenth-century philosopher Thomas Hobbes (1588–1679). In his fa-
mous book Leviathan (1651), Hobbes argued that humans were, by nature, selfish,
brutal, and warlike, and if there were no state, there would be “a war of everyman
against every man.” He reasoned that people live together in civil society because,
despite all the objectionable aspects of such a rule-bound civil structure, it was
better than life in a society lacking central government. Even a wholly despotic
regime was better, provided the ruler was powerful enough to keep the peace.
Without a powerful government—an almighty Leviathan—to restrain them,
humans would live as animals without virtue and morality, without agriculture,
arts, and letters. In brief, life would be “nasty, brutish, and short.”

Hobbesian views were echoed in the writings of Darwin’s champions, who
portrayed nature as ceaseless conflict and competition in opposition to the image
of a cooperative, peaceful natural world designed by a benevolent creator, as
portrayed by natural theology and Naturphilosophie. Ernst Haeckel expressed these
Hobbesian views succinctly:

If we contemplate the common life and the mutual relations between plants and
animals (man included), we shall find everywhere, and at all times, the very oppo-
site of that kindly and peaceful social life which the goodness of the Creator ought
to have prepared for his creatures—we shall rather find everywhere a pitiless, most
embittered Struggle of all against all. Nowhere in nature, no matter where we turn
our eyes, does that idyllic peace, celebrated by the poets, exist; we find everywhere
a struggle and a striving to annihilate neighbours and competitors. Passion and
selfishness—conscious or unconscious—is everywhere the motive force of life.1

Such statements were not left unchallenged.
Peter Kropotkin (1842–1921) was one of the best-known anarchists who ar-

gued against those he called “the champions of egoism.” His book Mutual Aid: A
Factor of Evolution, first published in 1902, was an attempt to put the case for
cooperation on a scientific basis and to embed anarchism in evolutionary theory.
Born a prince of the old nobility of Moscow, Kropotkin grew up in the midst of
the revolutionary movement against the Russian czars during the years of intense
struggle for the abolition of serfdom and for a constitutional government. He stud-
ied mathematics and geography at the University of St. Petersburg for five years.
While there, was drawn to the cause of peasants and adopted an anarchist politi-
cal philosophy.

The discovery that Kropotkin was engaged in revolutionary activities caused
a sensation. He was arrested and held in prison without trial. After a year’s
confinement he escaped and found refuge in England. He remained in exile for
forty-two years, engaged in scientific research and anarchist propaganda.2 In
England, he was recognized for his work in geography. He was elected to the
British Royal Geographical Society, an honor he rejected because of his hostil-
ity to any association with a “royal” affiliation. He was offered the chair of
geography at Cambridge but declined since it was plain that the university would
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expect him to cease his anarchist activities while in its service. Instead, he earned
a living through his writings.3

Between Individuals

Mutual Aid was based on a series of magazine articles he wrote, beginning in 1890,
in response to views expressed by T. H. Huxley. In 1888, Huxley published
“Struggle for Existence and Its Bearing upon Man,” in which he argued, like
Hobbes, that human morality has no basis in nature. From the point of view of the
moralist, Huxley wrote, “the animal world is on about the same level as the
gladiator’s show. The creatures are fairly well treated, and set to fight—whereby
the strongest, the swiftest, and the cunningest live to fight another day. The spec-
tator has no need to turn his thumbs down, as no quarter is given.” Huxley contin-
ued that as among animals, so among men: “the weakest and stupidest went to the
wall, while the toughest and shrewdest, those who were best fitted to cope with
their circumstances, survived. Life was a free fight, and beyond the limited and
temporary relations of the family, the Hobbesian war of each against all was the
normal state of existence.”4

In a lecture titled “Evolution and Ethics,” Huxley insisted there was no trace
of moral purpose in nature; no ethics were required, merely survival, and the fit-
test to survive in the struggle for existence may be, and often are, the ethically
worst.5 For humans to progress socially, then, required a checking of the natural
process.

Kropotkin insisted that humans were naturally cooperative and that coopera-
tive behavior and altruistic feelings were perhaps the most important progressive
elements in organic evolution. He supported his claims with observations he had
made during natural history expeditions to eastern Siberia and northern Manchu-
ria. There, he failed to find that bitter struggle for the means of existence among
animals of the same species that was considered by Darwinists to be the dominant
characteristic of the struggle for life and the main factor in evolution. Instead, he
saw “mutual aid and mutual support” carried on to an extent that made him “sus-
pect in it a feature of the greatest importance for the maintenance of life, the pres-
ervation of each species, and its further evolution.”6

Kropotkin’s views on mutual aid were not exclusively those of an anarchist.7

They were representative of many evolutionists in Russia who argued against the
all-exclusive Malthusian principles underlying Darwinian evolution and who saw
the overemphasis on struggle between individuals as merely a reflection of the
dog-eat-dog character of British industrial competition.8 Indeed, it was not just
anarchists who emphasized mutualisms. For example, the famed Russian bota-
nist Constantin Merezhkowsky, who advocated the fundamental importance of
“symbiogenesis,” was just the opposite: a czarist reactionary (see chapter 19).9

In Mutual Aid, Kropotkin asserted that, much to the regret of Darwin himself,
both the meaning and extent of the struggle for existence in evolution had been
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exaggerated, while the importance of sociability and social instincts in animals
for the well-being of the species and community had been underrated. In The
Origin, Darwin premised that he used the expression “‘struggle for existence’ in
a large and metaphorical sense, including dependence of one being on another,
and including (which is more important) not only the life of the individual, but
success in leaving progeny.”10 He discussed the mutual benefits of flowers and
the insects that pollinate them when collecting nectar, and he mentioned the dis-
persal of mistletoe seeds by birds.11 Nonetheless, the fundamental ecological and
evolutionary thinking of Darwin and those who followed him was that adaptation
and speciation could be explained by conflict and competition, especially between
individuals who shared the same niche. But the concept of struggle had become
narrower still, Kroptokin remarked, when followers of Darwin “raised the ‘piti-
less’ struggle for personal advantage to the height of a biological principle which
man must submit to as well.”12

Whereas Darwin had argued that conflict and competition would be most in-
tense between individuals of a species, Kropotkin saw the inverse: a tendency
toward cooperation between individuals of species and toward conflict between
species. In fact, he juxtaposed cooperation among individuals of a species against
“the immense amount of warfare and extermination going on amidst various spe-
cies.”13 He emphasized the herding instincts of deer against a common foe and
the colonies built by termites and ants. He argued that those animals which prac-
ticed mutual aid were much more “fit,” intelligent, and highly developed than those
that were constantly at war with each other: “The ants and the termites have re-
nounced the ‘Hobbesian war’ and they are the better for it.”14

Kropotkin’s discussions of mutualism, like those of many other biologists in
Russia, were concerned primarily with cooperation within animal species. He made
only the briefest mention of microbial cooperation—that is, among “the lowest
animals”—when he commented that “we must be prepared to learn someday, from
the students of microscopic pond life, facts of unconscious mutual support.”15 I
will explore symbiosis involving microorganisms later when I examine the role
of symbiosis in evolution (see chapter 19). Studies of mutualism between species
also grew in Western Europe in opposition to the notion of all-exclusive conflict
and competition.

Between Species

The term “mutualism” was introduced into biology in 1872 by the Belgian zoolo-
gist Pierre-Joseph van Beneden (1809–1888) at the Catholic University of Louvain.16

He used the term in a communication to the Royal Academy of Belgium which
he elaborated into a very popular book, Les commensaux et les parasites, trans-
lated into English as Animal Parasites and Messmates (1876).17 In it, he argued
that the kinds of social relations in animal societies were as varied as those found
in human societies, and he classified them in terms of parasitism, commensalism,
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and mutualism. The word “parasite” had been used since the mid-sixteenth cen-
tury to derogatorily describe someone who ate at the table or expense of another.
As van Beneden wrote, “The parasite is he whose profession it is to live at the
expense of his neighbour, and whose only employment consists in taking advan-
tage of him, but prudently, so as not to endanger his life.”18 The commensal or
“messmate” “is he who is received at the table of his neighbour to partake with
him of the produce of his day’s fishing. . . . The messmate does not live at the
expense of his host; all that he desires is a home or his friend’s superfluities.”19

Van Beneden pointed to various species of fish that swim alongside larger in-
dividuals (such as pilot fish swimming alongside sharks) from which he believed
they receive aid and protection. He found many examples among crustaceans: tiny
crabs (Pinnotheres) lived inside shells and seemed to exchange food for lodging.
Still other “messmates” become completely dependent on their host and “lose their
former appearance: not only do they throw aside their oars and their pincers, but
they cease sometimes to keep up any communication with the outer world, and
even give up the most precious organs of animal life, not even excepting those of
the senses; they are installed for life, and their fate is bound up with the host which
gives them shelter.”20 He referred to barnacles that lodge on the back of a whale
or the fin of a shark and subsequently become transformed in such a way that they
no longer “have a mouth by which to feed, and are reduced to a mere case which
shelters their progeny.”21 In his view, there existed “almost insensible gradations
of differences between parasite, messmate and free animals.”22 The mutualists, he
wrote,

are animals which live on each other, without being either parasites or messmates;
many of them are towed along by others; some render each other mutual services,
others again take advantage of some assistance which their companions can give
them; some afford each other an asylum, and some are found which have sympa-
thetic bonds which always draw them together.23

Van Beneden pointed to insects that shelter in the fur of mammals or the down of
birds and thereby care for the toilet of their host by feeding on epidermal debris,
excretions, infusoria (protists, such as those living in the rectum of frogs), and the
like. Other mutualists rendered services he compared to medical attendance. The
Egyptian plover “keeps the teeth of the crocodile clean,” and, he noted, there was a
certain worm that lives in a lobster, and eats only the dead eggs and the embryos,
the decomposition of which might be fatal to the host lobster and its progeny.24

Van Beneden’s text also had a political context in anarchism (though it was
much less explicit than that of Kroptokin), as well as a religious component in
natural theology. While competition and progress through individual life struggle
were dominant themes of both natural and social science in the nineteenth cen-
tury, political and intellectual opposition developed in concert. In Britain, vari-
ous associations such as trade unions and the “Friendly Societies” flourished in
the nineteenth century to help members from falling into debt because of illness,
old age, or a death in the family. The analogous organizations in France were the
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mutual aid associations. Beginning in the period of the French Revolution, the
different mutualité societies were a hotbed of socialist ideas.

French mutuellisme’s most celebrated advocate was Pierre-Joseph Proudhon
(1809–1865), recognized today as one of the founders of socialist and anarchist
movements. He, along with Karl Marx and many others, repudiated Malthus for
trying to lay at the door of the poor the responsibility for their own plight—
which, they contended, was really the result of the selfishness of the rich.25

Proudhon’s mutualism was an antiauthoritarian ideology based on the abolition
of governments and the reconstruction of society as an overarching federation
of worker’s cooperatives. He denounced political revolution as unnecessary and
even dangerous to liberty. He believed that the path to socialism could instead
be blazed through the development of a system of mutual credit in which work-
ers could borrow the funds to amass capital and create cooperatives, which would
eventually replace capitalism. He articulated a program of mutual financial co-
operation among workers that he believed would transfer to them control of
economic relations.

Proudhon was imprisoned from 1849 to 1852 for publishing articles criticiz-
ing Louis Napoleon Bonaparte. From 1858 to 1862, he lived in exile in Belgium.
Pardoned by the emperor in 1862, he returned to Paris and continued to gain influ-
ence among the Paris workers with his mutualist ideas. In 1871, the Paris Com-
mune took control of the city, and in the brief period available to it for reorganizing
the economy before being bloodily repressed, it manifested a clear Proudhonian
viewpoint. The Metal-Workers and Mechanics Unions of Paris expressed their
aims as “the abolition of the exploitation of man by man, last vestiges of slavery;
the organization of labor in mutual associations with collective and inalienable
capital.”26 The Association of Women, led by the revolutionary socialist Eliza-
beth Dimitrieff, proposed organizations that would help provide work for women
and would “instil into them a strong consciousness of mutualism.”27

This was the sociopolitical setting in which van Beneden first introduced the
term “mutualism” in his address in Belgium in 1872. He drew analogies from
industry, human social relations, and morality to describe the social relations
he saw in nature. He compared industrialists leading the life of noblemen to
parasites:

In the ancient as well as the new world, more than one animal resembles somewhat
the sharper leading the life of a great nobleman; and it is not rare to find, by the side
of the humble pickpocket, the audacious brigand of the high road, who lives solely
on blood and carnage. A great proportion of these creatures always escape, either
by cunning, by audacity, or by superior villainy, from social retribution.28

The word “sharper” is used as the English translation for the French term cheva-
lier d’industrie. The implication in both is that the industrialist is a thief, and the
ironic comparison of parasites and “knights of industry” is remarkably close to
the anarchist perspective. Moreover, the term “mutualists” itself would surely have
evoked thoughts of Proudhon and the mutualists of the Paris Commune.29
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Roots in Natural Theology

Mutualisms were frequently used by ancient writers as examples of nature’s bal-
ance: those tendencies that prevented any species from becoming either too abun-
dant or extinct were due to divine providence. Herodotus told the story about a
mutually beneficial relationship between Nile crocodiles and a species of plover.
The plover ate leeches from the crocodiles’ mouth, and the crocodile never hurts
the bird.30 Aristotle liked that story and mentioned it in three different books. He
also reported that a mutual relationship existed between certain mussels (Pinna)
and little crabs (Pinnotheres).31 Similar descriptions were given by Cicero and
Aelian, who drew the moral that humans should learn friendship from nature.32

Pliny also remarked that “friendships occur between peacocks and pigeons, turtle-
doves and parrots, blackbirds and turtle-doves, the crow and the little heron in a
joint enmity against the fox kind, and the goshawk and kite against the buzzard.”33

Mutual interactions were favorite examples used to illustrate divine providence
in the natural theology of the seventeenth and eighteenth centuries, which found
its ultimate expression in the works of Linneaus. In his “economy of nature,” all
natural things are fitted together by the divine wisdom of the Creator to produce
reciprocal uses; all living beings were so connected, so chained together, that they
all aimed at the same goal. The search for “general ends,” for an overriding pur-
pose and agency in nature, was the crucial impetus to the Linnean school of natu-
ral history. Besides Linneaus’s pivotal essay of 1749, “The Oeconomy of Nature,”
the leading works in this field included John Ray’s The Wisdom of God Mani-
fested in the Works of Creation (1691), William Derham’s Physico-Theology
(1713), William Paley’s Natural Theology (1802), and the famous eight books
that comprised the Bridgewater Treatises (1833–36). All were united by their
common repudiation of doctrinal schisms and of claims of private mystical reve-
lations, and instead looked to reason and the testimony of nature to establish their
faith on a firm, universally acceptable ground.34

Followers of natural theology implicitly accepted the assumptions underlying
the Hobbesian view, but they argued that nature did in fact have laws that pre-
vented such disorder and disharmony.35 The Creator, they maintained, had estab-
lished a vast system of subordination to assure peace in the natural world. Each
species had been assigned a fixed place in a social hierarchy or scale of being,
which was also a system of economic interdependence and mutual assistance. Even
the most exalted creatures depended upon those lower on the scale for their very
existence; man and worm alike lived to preserve each other’s life.

All of these views are explicit in van Beneden’s Animal Parasites and Messmates.
“The assistance rendered by animals to each other,” he argued, “is as varied as
that which is found among men. Some receive merely an abode, others nourish-
ment, others again food and shelter; we find a perfect system of board and lodg-
ing combined with philozoic institutions arranged in the most perfect manner.”36

Within this system of mutual aid, some organisms performed medical attendance,
others carried out the role of menagerie keepers, some cleansed the animals them-
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selves, and others kept their cages clean and removed the dung and filth. Paupers
helped other paupers as well as the “higher classes.” Some members of the higher
classes helped the lower, as the little crabs helped the mussels in which they took
shelter by dropping crumbs of food from their pincers. They were not all like the
“rich man who installs himself in the dwelling of the poor, and causes him to
participate in all the advantages of his position.” They were good lodgers. But the
point was equally true that they actually required assistance from the lower classes.
As van Beneden wrote, the “noble crab” relied on lodging from the lower “blind
and legless mussel.”37

Van Beneden was a Catholic with deep religious convictions. He believed that
evolution was designed by the will of God, and that mutualisms were examples
of perfect adaptations created by the divine wisdom:

All these mutual adaptations are pre-arranged, and as far as we are concerned, we
cannot divest ourselves of the idea that the earth has been prepared successively for
plants, animals, and man. When God first elaborated matter, He had evidently that
being in view who was intended at some future day to raise his thoughts to Him,
and do Him homage.38

Van Beneden remained a lifelong opponent of the view that evolution resulted
from a “struggle for life” and natural selection. If this were true, he wondered,
how is it that those beings that were powerfully armed for struggle, the giants of
the animal world of diverse classes, were precisely those that had succumbed in
the struggle for existence?39

Although zoologists and botanists adopted van Beneden’s terminology, the
meaning they placed on it generally differed. For most, mutualistic and parasitic
associations involved no finality. They were not prearranged or laid down by di-
vine providence. Nonetheless, from the nineteenth century onward, mutualisms
were often discussed in opposition to a Hobbesian war of each against all and a
belief in evolutionary and social progress resulting from a pitiless struggle for
individual advantage.40

Understanding how mutualisms could have evolve by natural selection was only
one problem left to the future (see chapter 20). Evolutionists of Darwin’s day
pointed to many other difficulties with the theory of natural selection, and as we
shall review in the following chapter, they proposed additional mechanisms that
they considered more important.
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Dissent from Darwin

Very different judgements have been passed on Darwin. Even on his
first appearance he was either extolled as one of the greatest geniuses in
the world or abused as an ignorant and unreliable dilettante. . . . Nor have
subsequent generations been any more unanimous; especially since the
theory of selection has been condemned—at least in its original form.

—Eric Nordenskiöld, 1927

   , and the Darwinian revolution was no ex-
ception. Darwin convinced many biologists of evolution, but he did not convince
them that natural selection accounted for the origin of species. Between 1860 and
1930, his theory was eclipsed as evolutionists raised numerous problems and
concerns and theorized about alternative mechanisms to account for various fac-
ets of life’s diversity.1 Historians have studied the reception of Darwinian theory
in many countries, examining various religious, philosophical, social and politi-
cal contexts2 and discovering several global issues.

Above all was the sweeping concern that natural selection acting on chance
variations was not enough to account for direction in evolution—for “evolution-
ary progress” or increased complexity. Evolution according to selection was a
tinkering process: life, in all of its manifestations, is because it can be, with no
design or purpose. Darwin’s metaphor of natural selection was no more than that,
and, as critics noted, it was somewhat misleading, for there is no known agent in
nature that deliberately selects. Natural selection is not an active force or promoter
of evolution, but rather a passive pruning device to weed out the unfit; it acts as a
sifting mechanism, permitting some species to thrive while others perish. Evolu-
tion would be a matter of chance and necessity. Chance would provide the raw
materials for evolution, but natural selection (necessity) or the “survival of the
fittest” alone would direct evolution. And many evolutionists refused to leave the
history of life to such a haphazard, apparently undirected process.
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There were numerous other specific biological issues. Were all traits really
adaptive, as the theory of natural selection presupposed? Why did the fossil record
not show evidence of gradual transitions between species? Did species occur sud-
denly? Did speciation require geographic isolation? How could one account for
the evolution of cooperative relationships among social animals, such as birds and
deer? How could altruistic behaviors be explained in terms of individual compe-
tition for life? How could one account for the evolution of complex organs by
natural selection acting on minute adaptive changes?

Criticisms of selection theory did not emanate from one particular biological
specialty, nor from any specific country, although individuals naturally emphasized
problems in their own specialties, and certain groups favored some theories over
others. In order to appreciate the strengths and weaknesses of alternative theories,
we must first understand some customary assumptions about the nature of the earth
and about heredity and species that were not congruent with Darwin’s model.

Is the Earth Old Enough?

Following Lyell’s uniformitarian geology, Darwin had assumed that the earth was
several billion years old, which he thought would allow ample time for evolution
to occur by a slow, gradual process by natural selection, in which variations accu-
mulated within populations. However, in 1868, the physicist William Thomson
(later Lord Kelvin) challenged this notion of a very old earth.3 Based on estimates
of the internal temperature and the rate of cooling from its beginnings as a mass
of molten rock, he calculated that the earth was no more than about 100 million
years old, most likely about 24 million.

Kelvin’s calculations mustered considerable authority for decades. But he was
unaware of a long-lasting source of energy whose presence would have slowed
cooling considerably: radioactivity. In 1903, Pierre Currie reported that the radio-
active decay of such elements as radium liberated a slow, steady supply of energy
as heat. In 1906, Lord Rayleigh calculated that the heat produced by radioactivity
deep in the earth would balance the cooling effect postulated by Kelvin. Allowing
for radiation, physicists calculated the earth to be about 4.5 billion years old, just
about what Darwin had suspected.

Blending Inheritance

Darwin proposed that the differences between individuals that we see all around
us provide the fuel for evolution. But the concepts of heredity of his day made it
difficult to see how these differences could ever lead to new species. The problem
was that most variations seemed to be blends of characteristics inherited from
parents, and it was assumed that the actual germinal material from each parent
was mixed together like two cans of paint. Certainly, there were cases in which
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characters were inherited on an all-or-nothing basis, but these seemed to be rare.
If traits were blended, then any new characteristic that arose spontaneously would
be passed on in ever-diminishing force to succeeding generations. Therefore, all
new single heritable changes would soon be washed out of a population. Natural
selection, as the engineer Fleeming Jenkin pointed out in 1867, would then have
little that was stable enough to work on.4 This difficulty would not be solved until
after 1900 with the rise of Mendelian genetics (see chapters 11, 12, and 13).

What Is a Species?

In the eighteenth and early nineteenth centuries, the word “species” by definition
implied its immutability. Georges Buffon offered the traditional definition, accord-
ing to which “we should regard two animals as belonging to the same species if, by
means of copulation, they can perpetuate themselves and preserve the likeness of
the species.”5 A common view even in the nineteenth century was that diversity
within a species was constrained, and the accumulation of individual variations could
not step outside the species type. The individual differences on which Darwin be-
lieved natural selection acted seemed to be relatively trivial, not the fundamental
characteristics that distinguished species and higher taxonomic groups. Yet, for
Darwin there were no species-specific characteristics as such. All species arose from
accumulations of small individual differences. Ernst Mayr has characterized these
conflicting views of species as belonging to “typologists” and “nominalists.” While
typologists held that each species had its own essential type, nominalists maintained
that species were not real entities, but rather arbitrary units of classification: indi-
viduals and the differences between them were the only things that were real.6

It seemed illogical to argue that species are not real while at the same time claim-
ing that new ones gradually evolve from within them, as Darwin did. If there was
no such thing as species, critics objected, how could they evolve? The American
naturalist Louis Agassiz commented in 1860,

It seems to me that there is much confusion of ideas in the general statement of the
variability of species so often repeated of late. If species do not exist at all, as the
supporters of the transmutation theory maintain, how can they vary? And if indi-
viduals alone may exist, how can the differences which may be observed between
them prove the variability of species.7

Darwin was not impressed with such criticisms. In his response, he emphasized
that species did have a reality in time, that is, a temporary constancy. As he wrote
to Asa Gray, “I am surprised that Agassiz did not succeed in writing something
better. How absurd that logical quibble—‘if species do not exist, how can they
vary?’ As if anyone doubted their temporary existence.”8

Scholars today find Darwin’s views somewhat confusing—as did his own con-
temporaries, who insisted that a new definition was required.9 Debates over the
definition of species continue to the present day.10
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Speciation and Isolation

In The Origin, Darwin argued that speciation was a process of divergence. The
struggle for existence would be most intense between individuals occupying the
same niche. Therefore, selection would favor those traits that would enable an
individual to avoid competition. In short, the struggle for existence was sufficient
to account for divergences of type and the branches of the evolutionary tree. Others
insisted that geographical isolation was crucial. According to this view, some
geographical barrier such as a river, a mountain range, or an island formation would
isolate populations, which would then evolve separately, adapt to new circum-
stances, and eventually accumulate differences that would make them different
species. The German naturalist Moritz Wagner was the first to challenge Darwin’s
account of divergence, in 1868, and there was a range of opinions about the im-
portance of geographic isolation for speciation.11

Is Everything Adapted?

If natural selection was the sole mechanism of evolution, then every evolved char-
acter must, at some time or other, be useful or advantageous in the struggle for
existence. They would all be adaptations. Indeed, Darwin offered a completely
utilitarian view of life: if a characteristic was not useful, it would be lost in a popu-
lation. Of course there were exceptions.12 In The Origin he added the concept of
sexual selection to account for such features as eye color, the bright plumage of a
male bird, or the antlers of a deer. Such traits, though perhaps not useful in the
struggle for existence, would be useful in attracting mates.13 But naturalists pointed
to various other aspects of organisms that they believed would not have contrib-
uted to the reproductive success of the individuals that possessed them. During
the 1860s, Alfred Russel Wallace, who had been a strong selectionist, turned to
spiritualism to explain some psychological traits. He pointed to a number of men-
tal qualities that he suspected would have been useless for early man.14 What, for
instance, was the usefulness or purpose of the musical sense, or the ability to per-
form abstract mathematical calculations?

Similar problems were raised with animal evolution generally. What would be
the selective value of rudimentary stages of complex organs? If all characteristics
were useful, how could such complex organs as an eye or the wing of a bird or
insect have evolved by selection? How can natural selection favor an eye, or a
wing, before it is fully formed and functionally operational? This objection was
emphasized by one of Darwin’s most persistent critics in Britain, St. George Jack-
son Mivart, in his well-known book Genesis of Species (1871).15 Mivart, a Catholic
deeply concerned over the implications of human evolution, was prepared to ac-
cept the idea of evolution if it were supernaturally guided in certain directions.
However, the objection that complex organs would have had earlier stages of no
real value was certainly not exclusive to those who believed in supernatural forces.16
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Many evolutionists pointed to the difficulty of explaining the emergence of
mimicry by natural selection.17 Stick insects use stealth so as not to be eaten by
birds; leaf insects look like leaves. Many edible species of butterfly are protected
by their resemblance to noxious or poisonous species. Would there not have been
stages in the evolution of such complex characteristics that would have had no
selective value? Debates over the limits of adaptationism continue today (see
chapters 18 and 20).

Holes in the Record

The fossil record was the only real evidence of the course of the history of life on
Earth. Yet, the gaps between species in that record was, then and now, something
of an issue in regard to continuous and gradual evolutionary change as postulated
by Darwin. New types or classes seemed to appear fully formed, with no signs of
an evolutionary trend by which they could have emerged slowly from an ances-
tor. Darwin considered this lack of intermediate forms the greatest stumbling block
to his theory, and he devoted a chapter of The Origin to explaining this absence.
He insisted that the fossils brought to light by paleontologists represented only a
tiny fraction of the species that actually lived. Many species, and many episodes
in evolution, would leave no trace at all because they occurred in areas where
conditions were not suitable for fossilization. Thus, the sudden leaps in the his-
tory of life are illusions, an artifact of an imperfect fossil record. As Darwin re-
marked, “He who rejects these views on the nature of the geological record will
rightly reject my whole theory.”18

Subsequent discoveries in paleontology filled in some larger missing links. The
bridge between reptiles and birds attracted attention when T. H. Huxley suggested
that the legs and feet of certain dinosaurs were almost indistinguishable from those
of birds.19 He claimed this to be the first sign of a “missing link” between two
major classes. Later, Archaeopteryx was discovered: a creature with feathers like
a bird, but a body with many reptilian characteristics, and a mouth with teeth
rather than a beak. In 1880, the famed Yale paleontologist Othniel C. Marsh
(1831–1899) discovered more toothed birds in the United States and named them
the Odontornithes.20 And other mammal-like reptiles showed some possible links
between other classes.21 All of these discoveries contradicted nonevolutionists’
beliefs that different classes of organisms had completely separate origins.

A number of other illustrations of continuous evolutionary changes were con-
structed, but none attracted more attention than that of the horse, with its broad hoof
derived from a single toe. Evolutionists argued that it must have evolved from an
ancestor that had five toes like any other mammal. Accordingly, in the 1880s, Marsh
arranged a whole series of fossils so as to trace the horse back to a small four-toed
ancestor, which he named Eohippus, the dawn horse from the Eocene (54–38 mil-
lion years ago).22 Marsh’s construction of horse genealogy was not only used as
hard evidence of evolution; it also supported the view that the gaps in the fossil record
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may be a result of its imperfection. The fossils of the earliest known hominid spe-
cies were first described by the Australian-born paleontologist Raymond Dart (1893–
1988) in South Africa in 1925 as belonging to the genus Australopithecus (southern
apes), which lived between 4 and 2 million years ago.23

Evidence of evolution was abundant, but Darwin’s natural selection acting on
random changes as the driving force of evolution faced three commonly accepted
alternatives: neo-Lamarckism (the inheritance of acquired characteristics), ortho-
genesis (directed evolution of a characteristic along a certain path or straight line),
and saltationism (evolution by sudden leaps).

Neo-Lamarckism

The inheritance of acquired characteristics offered a mechanism that could theo-
retically account for adaptations as readily as natural selection acting on random
changes. Many biologists believed that adaptive variations due to environmen-
tal effects or to changes of behavior leading to the use and disuse of organs
in an individual’s lifetime could affect later generations. Darwin himself, espe-
cially in later editions of The Origin, also emphasized hereditary adaptative
changes possibly arising through the effect of use and disuse, or direct action of
the environment.

Neo-Darwinism emerged in the early 1880s, shortly after Darwin’s death. The
movement was led by the Freiburg zoologist August Weismann, who denied that
the inheritance of acquired characteristics ever occurred. Fierce debates emerged
between strict selectionists and those who maintained that the inheritance of ac-
quired characteristics played the crucial role in progressive evolution. In the United
States, the paleontologists Edward Drinker Cope (1840–1897) and Alpheus Hyatt
(1838–1902) led a neo-Lamarckian school.24 In France, a major tradition of neo-
Lamarckism emerged in the 1880s and persisted throughout most of the twenti-
eth century (see chapter 17).25 Neo-Lamarckism was also strong in Germany,
during the late nineteenth and early twentieth centuries; Ernst Haeckel himself
was one of its chief defenders. Debates over the inheritance of acquired charac-
teristics shaped the growth of evolutionary biology and led to proposals in the
1890s to set up institutions devoted to the study of evolutionary mechanisms.26

The inheritance of acquired characteristics would allow nature to be more pro-
gressive and directed than would natural selection alone. It offered a softer view
of life, a more hopeful vision of nature, without the relentless individual life
struggle that natural selection based on Malthusian tenets demanded. Neo-Lama-
rckism often carried teleological and spiritual overtones, especially among French
biologists steeped in Catholicism. It also left room for consciousness as a direct-
ing force in nature: instead of being designed by a creator, species designed them-
selves as consciousness evolved.27 Animals would control their own evolution
because they consciously chose how to respond to their environment. Thus, neo-
Lamarckism generated a sense that life controls its own destiny.28



Dissent from Darwin 69

Importantly, the inheritance of acquired characteristics also could account for
the progressive evolution of morality.29 Herbert Spencer, for example, argued that
if the inheritance of acquired characteristics did not occur, then one could not hope
for permanent improvement through the conscious exertions of individuals, groups,
and nations. As he wrote about Weismann’s views and his own in 1887: “I will
add only that, considering the width and depth of the effects which acceptance of
one or other of these hypotheses must have on our views of Life, Mind, Morals,
and Politics, the question—Which of them is true? demands, beyond all other
questions whatever, the attention of scientific men.”30

Darwin also suspected that natural selection alone could not account for mo-
rality and altruism and included the inheritance of habit to explain them. Where
did the benevolence of parents and human bravery come from, and how could
they be perpetuated? How could natural selection operate on traits that would
be for the good of the group but that would have an adverse effect on their bearer?
Darwin thought that these traits would have been acquired and maintained in
humans through a combination of the inheritance of acquired characteristics
(over many generations, habits of mutual aid in early humans would have be-
come hereditary) and the struggle for existence between groups.31 The evolu-
tion of altruistic traits remains a subject of controversy among evolutionists (see
chapter 20).

For neo-Lamarckians and other non-Darwinians, natural selection was about
the survival of the fittest, not the arrival of the fittest. They admitted that natural
selection might be able to explain the long neck of the giraffe if one assumed that
the necks of the giraffe’s ancestors were of different lengths, and the selection of
the longest produced the long necks we see today. But what about the horns of
ruminants? No one had ever seen the appearance of rudimentary horns on any
other mammal as an occasional variation. It was not hard to imagine that butting
their foreheads would produce them.32 Neo-Lamarckians argued that the struggle
for existence played the role of the gardener pruning the tree of life: it took away
the twigs and branches to produce an arrangement with clearly distinguishable
parts, and it made the phylogenetic differences stand out. But it no more made the
twigs than did the gardener. Some nineteenth-century evolutionists espoused sev-
eral mechanisms, and some included an unknown force through which evolution-
ary changes would be directed along a straight line.

Orthogenesis

Orthogenesis was often closely associated with neo-Lamarckism. The word was
popularized by the German zoologist Theodor Eimer (1843–1898) in his book
Organic Evolution as the Result of the Inheritance of Acquired Characteristics
According to the Laws of Organic Growth (translated into English in 1890). He
used the term to describe the regular trends mentioned by American paleontolo-
gists such as Hyatt and Cope, who argued, for example, that the evolution of the
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modern horse had proceeded in a regular single direction that was difficult to ex-
plain by random variation.

Such trends were often nonadaptive, and in some cases orthogenesis could lead
the species to extinction. The most famous case was that of the Irish elk, whose
relatively recent extinction was thought to be due to its antlers becoming too large.
The giant deer had evolved from smaller deer with smaller antlers. While the antlers
may have been useful at first, supporters of orthogenesis argued, the trend toward
large antlers acquired a momentum of its own and went too far. Stooped by the
weight of their ninety-pound antlers, or with the antlers entangled in trees or mired
in ponds, the Irish elk were eventually wiped out. This theory of extinction came
to be entertained widely by non-Darwinian paleontologists during the early twen-
tieth century.33

Henry Fairfield Osborn (1857–1935), a former student of Cope, became one
of the chief exponents of orthogenesis.34 Osborn, a dinosaur expert, became the
first curator of the American Museum of Natural History in 1891. He recognized
that evolution of a class from a common ancestor represented a branching tree
(he coined the expression “adaptive radiation” to describe the diversification of a
class into many orders). But once an order emerged, its own evolution would be
a linear process without the postulated small branchings of Darwin’s bushier phy-
logenetic tree. What caused this direction in evolution was unknown.35

Some maintained that these straight evolutionary lines were due to some kind
of mysterious force internal to the organism. The German physiologist Carl Ernst
von Nägeli in 1884 proposed that some unknown “internal causes” of a “mechani-
cal nature” effect transformations “towards greater perfection.”36 “Once the mo-
tion of evolution is started,” he asserted, “ it cannot cease, but must persist in its
original direction.”37 By “greater perfection,” he meant more complex structure
and greater division of labor. Thus, neither the struggle for existence nor the in-
heritance of acquired characteristics had any effect on the formation of species.

Eimer, on the other hand, found Nägeli’s interpretations of orthogenesis to be
absurd. If evolution constantly worked in a specific direction toward increased
complexity, “lower organisms,” which existed millions of years ago, would have
changed into “higher,” and there should be no lower organisms around today.38

Nägeli himself accounted for this by assuming that abiogenesis (spontaneous
generation), the origin of very primitive life-forms, still takes place to the present
day to refuel the orthogenetic process. In other words, the “lower” or “simplest”
creatures we see would not be very old at all; on the contrary, they would be the
most recently evolved. As Eimer saw it, Nägeli’s argument about evolution by
“internal causes” amounted to nothing more than vitalism and mysticism dressed
in materialist clothes.39 Nägeli had also gone too far in removing adaptation, “the
Darwinian principle of utility,” from evolution.40 Eimer sought an explanation for
orthogenesis in terms of both physiological and external causes, and he argued
that not all evolution changes were directional.

Eimer developed an eclectic view of evolution based on five different causes:
the direct influence of external conditions; the functional activity of organisms in
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relation to the external world (use and disuse); the struggle for existence; “sexual
mixing, which may, without any influence of adaptation, lead to the formation of
quite new material combinations, that is, to the production of new forms”; and
“the sudden appearance of new formations through correlation (evolution per
saltum).”41 This last concept was very popular between 1860 and 1920.

Saltationism

The sudden appearance of species without the aid of selection could in principle
resolve several outstanding issues. It could explain the absence of intermediate
forms in the fossil record. It explained evolution in the face of blending inherit-
ance because individual differences would not be the ones that fuel evolution. It
opened the possibility for more rapid evolution and thus provided an answer to
Lord Kelvin’s critique of the insufficient amount of time necessary for gradual
evolution. And it resolved difficulties about how complex organs such as the eye
could have evolved, because one need not postulate small gradual steps of sup-
posedly adaptive value for selection.

Evolution by large leaps could also account for correlative characteristics of
the organisms.42 For example, naturalists noted that hair, horns, and hooves were
connected correlatively with one another, and simultaneous variations in these three
organ systems lead to fundamental changes in the appearance of an animal.43

Theodor Eimer drew an analogy with the kaleidoscope when imagining how such
large changes in the correlative parts of the organism as a whole would occur:

As soon as something or other in the original state, in the original arrangement of
the parts of the organism, is changed, other parts also are set in motion, all arranges
itself into a new whole, becomes—or forms—a new species,—just as in a kaleido-
scope, as soon as on turning it one particle falls, the others also are disturbed, and
arrange themselves in a new figure—as it were recrystallise.44

St. George Jackson Mivart combined saltationism with teleological principles
to account for progressive evolution.45 Similarly, Richard Owen speculated that
there might be two kinds of variations with two different causes. Those changes
within a species might be the result of accidental causes, and those discontinuous
variations would be directed along a predetermined path.46 Thomas Henry Huxley
himself appealed to saltationism, without a directed plan, against Darwin’s own
insistence that natura non facit saltum.47

This enthusiasm for saltationism provided the setting for one of the great mo-
ments in the history of science: the rediscovery of Mendel’s laws at the turn of
the twentieth century (see chapter 11). The idea that new species were formed by
sudden leaps without selection was advanced by William Bateson in England, who
coined the term “genetics”; by Wilhelm Johannsen in Denmark, who issued the
terms “genotype,” “phenotype,” and the “gene”; by Hugo de Vries in Holland,
one of the codiscoverers of Mendel’s laws; and by Thomas Hunt Morgan in the
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United States, founder of the Drosophila school that developed the Mendelian
chromosome theory.48

On the basis of a merger between Mendelian theory and microscopic studies
of cells, geneticists were able to link the inheritance of variations to actual mecha-
nisms operating within the germ cells of individuals. Studies of fertilization, the
internal organization of cells, and the manner in which they reproduce developed
in parallel to evolutionary theory. And by the late nineteenth century, it had be-
come amply clear to a new generation of experimental biologists that the general
problems of heredity and evolution could be fully understood only in the light of
studies of the cell.



II
THE CELL IN DEVELOPMENT

AND HEREDITY
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7
The Myth of the Cell Theory

It is one of the amazing facts of scientific history that in many biologi-
cal textbooks Schleiden is called the founder of the cell theory, as if he
had first discovered that all tissues of plants are composed of cells, or
that the cell is the universal unit of organic function as well as of structure.

—E. G. Conklin, 1940

     of the nineteenth century who investigated
the cell often proclaimed that it held the key to all biological problems. All dis-
tinctive vital processes—metabolism, growth and reproduction, sexual phenom-
ena and heredity—could be reduced ultimately to activities taking place in cells.
The cell theory was comprised of three tenets: that all plants and animals are
made of cells, that all cells arise from division of preexisting cells, and that cells
possess all the attributes of life (assimilation, growth, and reproduction). With
the exception of the theory of evolution itself, it was argued, no other biologi-
cal generalization brought so many diverse phenomena under one point of view
or did more for the unification of biological knowledge. For medical research,
the cell theory ushered in a new era in physiology and pathology based on the
premise that all the various functions of the body in health and disease were but
outward expressions of cell activities. For evolutionary biology, studies of the
cell underscored the unity of life. A fundamental common plan of organization
underlay the diversity of life—because every organism is, or at some time had
been, a cell.

An Historical Paradox

Stories about the origins of the cell theory are puzzling. Generations of students
have been taught that Matthias Jacob Schleiden (1804–1881) and Theodor Schwann
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(1810–1882) were its founders. As the American cytologist Edmund Beecher
Wilson wrote in 1925, “Among the milestones of modern scientific progress, the
cell theory of Schleiden and Schwann, enunciated in 1838–1839, stands forth as
one of the commanding landmarks of the nineteenth century.”1 Historians have
also credited them as the founders of the cell theory.2 Yet, as biologists decades
ago emphasized, much of what has been attributed to them had actually been dis-
covered by others, and what they themselves thought they discovered directly
contradicted fundamental principles of the cell theory.3 Herein, then, lies an his-
torical paradox.

Schleiden and Schwann did maintain the first tenet—that all organisms are made
up of cells—but this idea certainly did not originate with them. One can point to
several predecessors.4 In 1808 and 1809, Brisseau de Mirbel (1776–1854), pro-
fessor of botany at the Musée d’Histoire Naturelle in Paris recognized the univer-
sal presence of cells in plants.5 Jean-Baptiste Lamarck might also deserve to rank
among the founders of the cell theory: he devoted an entire chapter of the second
volume of Philosophie Zoologique to cellular tissues.6 Although he recognized
that organisms were composed of cells, neither he nor Mirbel made the leap to
the second tenet: that the cell is an independent unit of life.

It has often been supposed that Schleiden was the first to propose the second
principle: that the cell possesses the complete characteristics of life, and that plants
and animals are the sums of these units. At the beginning of his famous paper of
1838, “Contributions to Phytogenesis,” Schleiden wrote:

Each cell leads a double life: an independent one pertaining to its own develop-
ment alone, and an other incidental in so far as it has become an integral part of a
plant. It is, however, apparent that the vital process of the individual cell must form
the very first, absolutely indispensable basis of vegetable physiology and compara-
tive physiology.7

This was indeed a revolutionary idea, but it also predated Schleiden’s announce-
ment. Henri Dutrochet wrote in 1824 that “this astounding organ [the cell] is truly
the fundamental element of organization; everything, indeed, in the organic tis-
sues of plants, is evidently derived from the cell, and observation has just proved
to us that it is the same with animals.”8 In 1826, J. P .F. Turpin (1775–1840) pub-
lished a mémoir in which he emphasized that not only are plant tissues composed
of cells, but these cells are distinct individualities that form the composite indi-
viduality of plants.9

If Schleiden and Schwann were not the first to announce that all tissues of plants
are composed of cells or that the cell is the universal unit of organic function and
structure, perhaps they established the third tenet: that cells arise only by division
of preexisting cells. But here we are met only with a more striking historical irony,
for they actually opposed that very principle. In fact, Schleiden believed he had
discovered that cells arose not by cell division, but by reproduction of new cells
inside mother cells by a slimy substance that first made the nucleus, then the cell.
In 1833, the Scottish botanist Robert Brown (1773–1858) emphasized that this
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round body, which he named the areola or nucleus, was a general feature of a
number of plant cells.10 Schleidin renamed it the cytoblast and argued that it was
formed from the accumulation of granulated mucus, and that after it creates the
cell, it is dispensable.11 Schwann adopted this model and applied it to animal cells;
he named the cell-generating slime cytoblastem. In his famous article of 1839, he
asserted that “the process of crystallization in inorganic nature . . . is the nearest
analogue to the formation of cells.”12

Cells from Cells

That cells arose from undifferentiated chemical substances called cytoblastem was
known as “free cell formation.” It emerged in direct conflict with the theory that
new cells always arise by division of existing cells.13 Cell division had been had
been reported in 1832 by Barthélemy Charles Dumortier (1797–1878), whose
paper had been presented to the Académie des Sciences in Paris by Georges Cuvier.
In Germany, the botanist Hugo Mohl (1805–1872) reported cell division in a cele-
brated paper of 1837.14 Mohl debunked Schleiden’s theory,15 as did the Austrian
Franz Unger, who confronted the theory in a series of papers in 1844.16 Others, such
as Carl von Nägeli, adopted an intermediate view that some cells arose solely by
division and others arose in the manner described by Schleiden.17 The theory of free
cell formation was especially criticized by those who studied with Schwann’s own
mentor, Johannes Müller (1801–1858), at the University of Berlin.

Müller was well known for his diverse studies in physiology and comparative
anatomy. He studied the passage of nerve impulses going to and from the brain
and spinal cord, thus elucidating the concept of reflex action. He traced the devel-
opment of the genitalia, discovering what is now known as the “Müllerian duct,”
which forms the female internal sexual organs. He also contributed to knowledge
of the composition of the blood, the process of coagulation, the formation of im-
ages on the retina of the eye, and the propagation of sound in the middle ear. Muller
also concentrated on the cellular structure of tumors. His work of 1838, On the
Nature and Structural Characteristics of Cancer, and of Those Morbid Growths
Which May Be Confounded with It, helped to establish pathological histology.
Müller’s students became leaders of cell research, and two of them, Robert Remak
(1815–1865) and Rudof Virchow (1812–1902), helped to establish the theory that
cells arise only from cells.

Remak considered the theory of free cell formation to be as unlikely as the
spontaneous generation of organisms. To disconfirm one was to disconfirm the
other. By 1852 he had been studying problems of cell generation for a decade,
first as an unpaid assistant in Müller’s laboratory, supporting himself by his medical
practice. As a Jew, Remak was barred from university teaching by Prussian law.
In 1843, he petitioned directly to Friedrich Wilhelm IV for a teaching position
but was refused.18 Not permitted to obtain a salaried university position, he fo-
cused on his clinical practice, where he specialized in neurology and introduced
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the use of electric therapy for nervous disorders. In 1847, after he obtained con-
siderable fame, he was given a lectureship (Privatdozent) at the University of
Berlin, the first Jew to teach there. He was promoted to assistant professor in 1859,
but he never held a post as full professor (Ordinarius).19

No one did more to contest the view of free cell formation than Virchow. After
completing his studies with Müller, he worked for a time at the Charité Hospital,
where he acquired a reputation from his writings on pathology and from his jour-
nal Archive für Pathologische Anatomie und Physiologie (which he founded in
1847 and edited until his death). Although he was recognized as one of the main
architects of cell pathology, Virchow was also known for his political activities
as a liberal during the revolutionary year of 1848. Republican revolts against
European monarchies began in Sicily and spread to France, Germany, Italy, and
the Austrian Empire. They all ended in failure and repression and were followed
by widespread disillusionment among liberals. But Virchow continued to support
the cause of liberalism as a member of the German Parliament and founder of the
liberal Progressive Party. He was also effective in reforming the sanitary system
in Berlin and in organizing the medical corps during the war of 1870.20

Virchow is best remembered in the annals of biology for his now-famous dic-
tum omnis cellula e cellula (every cell from a preexisting cell), an aphorism that
first appeared in his paper “Cellular Pathology” in 1855.21 He subsequently de-
veloped a series of lectures under this title and was appointed to the chair of patho-
logical anatomy at the University of Berlin.22 His lectures were published in his
book Cellularpathologie in 1858, in which he expounded on the role of cells, cell
division, and the origin of tumors and other growths. Although his views about
cell division echoed those of Remak, Virchow failed to even mention him—to
the dismay of Remak himself. Cellularpathologie was an immediate success: it
was translated into several languages and went through three editions between
1858 and 1862.

By that time, both Schleiden and Schwann had left the field. Schleiden refused
to give up his own model of free cell formation and modified it until it became
virtually incoherent.23 But in 1850, after twelve years as professor of botany at
Jena, he resigned. Withdrawing from botany, he turned to anthropology for a brief
period and then wrote popular articles on the three kingdoms of nature (minerals,
plants, and animals) and on materialism in German philosophy. Schwann had
moved to the Catholic University of Louvain in 1839 and then to Liège in 1852,
where he spoke little about cell theory and free cell formation. In fact, of his more
than fifty years of research, he was concerned with cell generation only during
his five years in Muller’s laboratory in Berlin.

More than Meets the Eye

Let us return to the historical riddle with which we began. If much of what is cred-
ited to Schleiden and Schwann had been stated by others before them, and if their
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assertions about the generation of cells was simply wrong, why are they credited
as the founders of cell theory? In pondering this, we have to consider the person-
alities of the men themselves and their ability to champion the field of micro-
anatomy. Scientific discovery is more than what meets the eye. Schleiden is one
of the most colorful figures in the history of botany. He first studied jurisprudence
at Heidelberg and became a doctor of law. He had so little success as a lawyer
that in a fit of despondency, he shot himself in the head. It did not have the de-
sired effect, and when he recovered, he resolved to study natural science. He earned
a doctorate of philosophy and medicine at Göttingen.24

If Schleiden’s contributions were measured only in terms of his observations
and conclusions about cell genesis, he would perhaps rate less than the average
scientist. But Schleiden was a great promoter for a cellular outlook on life when
an advocate was needed.25 Not only did he induce many scientists into the field,
but he also encouraged the young Carl Zeiss to start his successful and impor-
tant business, which improved optical instruments, particularly microscopes.26

Schwann’s book of 1839, Microscopical Researches into the Accordance in the
Structure and Growth of Animals and Plants, also had an enormous impact. By
examining embryonic tissues and following their subsequent development, he
succeeded in demonstrating a cellular origin even for tissues such as bone, which,
when full grown, show no trace of cellular origin.

Although Schleiden and Schwann’s announcements about the importance of
cells marked a turning point in the advance of biology, we can also appreciate the
views of those who emphasized long ago that it was absurd to speak of them as
the founders of the cell theory.27 Promoting a field and popularizing concepts is
an important aspect of science, but this story illustrates another lesson. In a world
of heightened individualism, we often search for heroic achievements made single-
handedly, and scientists often attribute major discoveries to individuals. Yet sci-
ence is in reality a collective activity.

We also need to appreciate the technological basis of scientific discovery.
Research on cells in the nineteenth century received a great boost from technical
improvements in microscope construction with the rise of the precision optical
industry and the availability and use in cytology of aniline dyes.28 Since the seven-
teenth century, microscopy had been plagued by two main problems. At first, early
lenses had the defect of surrounding objects in the field of view with distracting
fringes of color, known as chromatic aberration, that made high magnification
difficult. This problem was overcome by Dutch designers in the late eighteenth
century who combined a convex lens made of crown glass with a concave lens
made of flint glass. They also increased stability and focus precision by substitut-
ing all-brass construction for the wood and cardboard that had been used earlier.
But the curvature in the lens glass introduced a second defect, spherical aberra-
tion, which often completely negated the benefits of the achromatic lens. This
problem was resolved in the 1830s when Joseph Jackson Lister found that if two
separate achromatic lenses were combined as a single lens, the outcome was com-
plete freedom from both chromatic aberration and spherical aberration. This
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opened the way to the construction of high-power microscopes, which vastly fa-
cilitated research on the nature of cells.

The development of microscopy was also stimulated by concern on the part of
the state for the health of its citizens and its military, and by medical research, not
just on the cells of animals, but also on the world of microbes, or germs, as the
cause of infectious disease. This research was led by Louis Pasteur (1822–1895)
in France and by Robert Koch (1843–1910) in Germany. In 1887 the Pasteur In-
stitute was founded in Paris; it later expanded, with institutes throughout France
and internationally. In 1891, Robert Koch’s Institute for Infectious Diseases opened
in Berlin. In 1903, it added a special division for protozoology. A few years later,
the Imperial Ministry of Health established two new specialized institutes: the
Institute for Protozoology in Berlin and the Hamburg Institute for Naval and Tropi-
cal Diseases. In 1906 the Georg Speyr House for chemotherapeutic research in
Frankfurt opened. Headed by Paul Ehrlich, it specialized in biochemical studies
on the agent of syphilis and other protistan diseases.29

Vitalism, Materialism, and Spontaneous Generation

A driving philosophical debate also underlay cell genesis and the origins of germs:
the ongoing contest between materialism and vitalism. That microbes did not arise
spontaneously from bad air or from putrefied matter was an issue of profound
importance for medical practice and epidemiology. Attempts to prove or disprove
it led to innovative experimental designs and important sterilization techniques
in the nineteenth century that became the basis of modern microbiology and the
germ theory of disease.

The belief in spontaneous generation rose to the center of a heated debate in
France in 1858, when Félix Pouchet, director of Rouen’s Natural History Museum,
reported that microbes were spontaneously generated after sterile air was passed
through mercury and introduced into a flask containing hay infusions.30 Pasteur
entered the fray. He made long-necked swan-shaped flasks containing infusions
of various organic substances. Unboiled flasks became infected with microbes,
but flasks he boiled for a few minutes remained sterile even when air was free to
pass through it. Germ-carrying dust particles passing down the long necks, he
argued, would adhere to the sides before reaching the water.

Like all genesis problems, spontaneous generation debates intermingled with
philosophical and religious issues. Spontaneous generation was debated in Vic-
torian England by T. H. Huxley, the physicist John Tyndall, and others in the
context of materialism versus belief in a divine primordial creation.31 In his fa-
mous paper of 1869, “The Physical Basis of Life,” Huxley lent support to the notion
that microbes could arise from organic precursors (“heterogenesis”). By the mid-
1870s, he had abandoned heterogenesis and restricted the question of the origin
of life to what he called abiogenesis, predicated on the idea that microbes had
originated from inorganic molecules at the dawn of life on Earth. Pasteur saw both
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issues in the same manner. Spontaneous generation now or in the remote past was
an argument for materialism and atheism. Thus, he allied his arguments against
spontaneous generation with conservative religious views to attack materialism
and the heresy of evolutionists. As he exclaimed in 1864:

What a victory for materialism if it could be affirmed that it rests on the established
fact that matter organizes itself, takes on life itself; matter which has in it already
all known forces! . . . Ah! If we could add to it this other force which is called life
. . . what would be more natural than to deify such matter? Of what good would it
then be to have recourse to the idea of a primordial creation, before which mystery
it is necessary to bow? . . . Thus admit the doctrine of spontaneous generation and
the history of creation and the origin of the organic world is no more than this. Take
a drop of sea water containing some nitrogenous material . . . and in the midst of it
the first beings of creation take birth spontaneously. Little by little they transform
themselves . . . for example, to insects after 10,000 years and to monkeys and man
after 1000 years. Do you now understand the link which exist between the question
of spontaneous generation and those great problems I listed at the outset?32

The same issues about materialism and vitalism underlay the debates over cell
generation in Germany. Schleiden and Schwann had placed their theory about cell
formation from disorganized organic materials in direct opposition to the vital-
ism, idealism, and teleology of Naturphilosophie.33 The “apparent gap between
inorganic and organic form is not unbridgeable,” declared Schwann: “an orga-
nized body is not produced by a fundamental power which is guided in its opera-
tion by a definite idea, but is developed, according to blind laws of necessity, by
powers which, like those of inorganic nature, are established by the very exis-
tence of matter.”34 Cell research was a part of a materialist trend toward a way of
knowing life through experimentation and closing the gap between the forces
underlying life and nonlife. As discussed in the next chapter, the cell theory also
led to a profound change in the concept of the individual.
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8
The Body Politic

On the same grounds that the sociologist affirms that a society is an
organism, the biologist declares that an organism is a society. . . . A
society is an organized whole, the unity of which consists in, and is mea-
sured by, the mutual dependence of its members. The living body is an
organization of individual cells with the same bond of unity. The prin-
ciple of organization in both cases is the division of labor or function.

—C. O. Whitman, 1891

    of the individual. A plant or an
animal was no longer conceived of as a singular entity constructed out of cellular
tissue. What was important was not that cells were found in all tissues, nor that all
organisms consisted of cells; it was that the cell was alive—it possessed all the
attributes of life. Cells were “elementary organisms,” as Ernst von Brücke (1819–
1892) called them in 1861.1 That all cells arise by division of preexisting cells,
that the egg is a single cell, and that in sexual reproduction each parent contrib-
utes one cell from its own body to the formation of an offspring all magnified the
importance of the cell as a universal unit of structure and function. As Virchow
phrased it, “Every animal appears as a sum of vital units, each of which bears in
itself the complete characteristics of life.”2 This revolutionary slogan took hold
of biology and framed the way in which many biologists conceived of organisms.

The Cell State

The cells of the bodies of plants and animals were understood to be mutually inter-
dependent and, with the exception of the mature germ cells, could not easily main-
tain their existence apart from their fellows. In other words, the only natural
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environment suitable for their continued existence was the complex body or “cell
commonwealth” of which they formed an integrated part. This was no mere anal-
ogy. The only real difference between the cell of an animal and the single protist,
whether amoeba or ciliate, was that in the latter case the whole body of the living
individual could, for whatever reason, reach no higher degree of complexity than
the single cell.

The common ancestor of all the cells of a plant or animal was traceable back to
the fertilized egg. The first step in development consists in the division of the egg
into two parts. The two divide to form four, eight, sixteen, and so on, until step by
step the egg has split up into the multitude of cells that build the body of the em-
bryo, and finally of the adult. The different cells of a plant or animal are of differ-
ent types and perform different functions in different tissues. Each type carries out
a particular mission for the whole community. In other words, there is a distribu-
tion of tasks, a division of labor.

Many biologists, though not all (see chapter 9), understood the development
of a complex cellular organism in terms of Haeckel’s biogenetic law: that the
process of ontogeny recapitulates the process of evolution. One could imagine
that sometime in the remote past, primitive protist colonies evolved into complex
integrated plants and animals. As a first step, a simple colony of identical cells
would have evolved into a commonwealth of differentiated and mutually depen-
dent cells. The struggle for existence between individuals would lead to a divi-
sion of labor, which in turn would lead to increased interdependence. The individual
protists of the colony would then become more and more intimately associated.
Thus, a multitude of independent individuals, adopting mutual service as the best
economy, would find themselves in the end so firmly bound together in interde-
pendence that they constituted a complex individual. The struggle for existence
was supposed to extend to cells from the dividing egg to adult.

“Each cell leads a double life,” wrote Schleiden, “one for its own development
and the other as an integrated part of the plant.” A plant or an animal represented
a colony of these smaller individuals; it was a “‘cellular state,” a collective in which,
Schwann said, “each cell is a citizen.” All higher organization was supposed to
evolve through the principle of physiological division of labor and to reach its
fullest expression in the mutuality of the constituents. This was held to be as true
for the development of complex organisms as it was for human societies. Early
leaders in ecology—Arthur Tansley in England and Frederick Clements in the
United States—following Herbert Spencer, extended the model to ecology as well,
asserting that competition among plants resulted in a highly developed division
of labor in some communities, thereby producing a stable superorganism.3 The
usual conception of this division of labor was, as Spencer stated it in 1893, “an
exchange of services—an arrangement under which, while one part devotes itself
to one kind of action and yields benefits to all the rest, all the rest, jointly and
severally performing their special actions, yield benefits to it in exchange. Other-
wise described, it is a system of mutual dependence.”4 Thus, biologists conceived
of organisms as cooperative assemblages with parts integrated into organs that
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live for and by one another. The evolution of simple to complex organisms could
be compared to that of underdeveloped and developed societies.5

The cell theory of the organism was indeed a social theory, as expressed in the
“cell state” or “cell republic” and expounded by Schlieden, Schwann, Virchow,
his former student Haeckel, and Haeckel’s former student Oscar Hertwig (1849–
1922), professor of anatomy at Berlin, who argued that because biology dealt with
the organization of life, it was more akin to the social sciences than to physics and
chemistry.6 The cell theory held sociopolitical messages. Like the theory of evo-
lution, it was sometimes portrayed as a description or prescription for our social
world for how to best define the individual and organize the state.7

Liberals such as Theodor Schwann argued against what he called the “autoc-
racy of the organism” when he asserted that “the cause of nutrition and growth
resides not in the organism as a whole, but in the separate elementary parts—the
cells.”8 In 1859, Virchow defined the organism as “a society of living cells, a tiny
well-ordered state” consisting of living members of a common origin. Haeckel
took a more hierarchical view when he compared cells to law-abiding citizens in
an orderly state. In plants, cells formed republics, but in animals there was a cel-
lular monarchy. The organs formed from tissues were like state departments, and
rule by a central government was comparable to the power of the brain.9

Biologists of the nineteenth century applied the concept of the division of labor
to understanding the state of biology as well. Intellectual progress relied on a divi-
sion of labor no less than did social and economic progress.10 Biology had become
ever increasingly partitioned into diverse specialties: paleontology, anatomy, physi-
ology, zoology, botany, embryology, cytology, bacteriology, and protistology. The
days were over in which an individual could pretend to be an expert on all aspects
of the life sciences. The idea that specialization was inevitable, progressive, and
natural was promoted by many leaders in cell and developmental biology, includ-
ing Charles Otis Whitman (1842–1910), founding director in 1888 of the Marine
Biological Laboratory in Woods Hole, Massachusetts.11 In 1891, he insisted that
the metaphor of the living body as “a commonwealth of cells” was not based upon
“superficial or fanciful resemblances,” but upon “analogies that lie at the very foun-
dation of organic and social existence.” The division of labor, Whitman argued, had
“taken possession of the biological sciences, and presides over their onward march,
just as it determines and directs social and industrial progress.”12

Although Whitman and many others later rejected the conception that animals
“were only the sum of vital units” (cells) (see chapter 9), the concept of the cell
state remained the central explanatory framework for cytology, embryology, and
physiology.13 As Edmund B. Wilson (1856–1939) at Columbia University com-
mented in his famed book The Cell in Development and Heredity,

The more complex life of the higher plant or animal arises through the specializa-
tion of the cells, this way or that, for the better performance of particular functions;
hence that “physiological division of labor” which, as in organized human society,
leads to higher functional efficiency. On such considerations was based the famous
comparison of the multicellular body to a “cell-state,” due especially to Virchow
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though foreshadowed by Schwann and other early writers, and later elaborated by
Milne Edwards, Haeckel and many others. This conception of the multicellular
organism brought about a revolution in the prevailing views of vital action, and
gave an impetus to physiology and pathology as to morphology. . . . The convic-
tion of its essential truth has survived all criticism, and as measured by its contin-
ued fruitfulness, it still stands among the most important generalizations of modern
biology.14

The conception of the organism as a colony of mutually interdependent indi-
viduals was indeed progressive in terms of the biological problems it addressed.
It also gained great support from comparative studies of free-living “unicellular”
organisms.

The Dawn of Protistology

In the late nineteenth century, microbes were studied primarily from a medical
perspective because some of them cause diseases.15 But from an evolutionary
perspective, they were defined as “unicellular organisms”16 The first generation
of microbial genealogists investigated them with the hope of gleaning some un-
derstanding of early life on Earth. They soon found that the age-old dichotomy
of plants and animals did not hold true for the simplest organisms. Some possessed
locomotion like animals, yet they had modes of living that were more like plants
than animals. In some species, an individual could nourish itself at one time as a
plant and at another time as an animal by eating, according to its circumstances.
So it was supposed that here in the realm of the very small and relatively simple,
one might be observing creatures that were the not-quite-animal and not-quite-
plant ancestors of all living things. Several researchers proposed a new king-
dom. In 1859, Richard Owen called it the Protozoa; in 1860, John Hogg called
it the “Primigenum”; and in 1866, Haeckel designated it as the Protista, the plu-
ral superlative form of the Greek word protos (“first”). Protists were the first
living creatures.17

In his great work of 1866, Generelle Morphologie der Organismen, Haeckel
constructed the first phylogenetic tree ever published. The kingdom Protista in-
cluded the Monera (bacteria), Protoplasta (amoebae), Flagellata (unicellular algae
such as Euglena and Volvox, and some dinoflagellates), Diatomeae, Myxomycetes
(slime molds), Myxocystoda, Rhizopoda (including Radiolaria), and the Spongiae.
Twelve years later, Haeckel included the ciliates in Protista, and he placed sponges
among the Animalia.18 He further divided the Protista into several subgroups: he
used the term Protozoa to refer to those microbes that were ancestral to animals,
and the term Protophyta to refer to the ancestors of the plants. Those that were not
ancestral to either group he called Protista Neutralia. But biologists argued that it
was often difficult to place forms in the groups proposed by Haeckel, and there-
fore it was best to distribute microbes between the plant and animal kingdoms as
best one could (see chapter 18).
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Microbial phylogeny was difficult and speculative. Microscopists emphasized
instead the intracellular organization of protists, whose structure, they argued, could
be readily compared to the cells of multicellular organisms. This was the mes-
sage of Richard Hertwig (1850–1937) at the University of Munich in 1902, in the
lead article of the first issue of Archiv für Protistenkunde: protists were “single-
celled” organisms, in every way comparable to the cells of an animal.19 There was
a deep unity of the living world. As the British protistologist Edward Minchin
proclaimed in 1915, “We find in the Protista every possible condition of struc-
tural differentiation and elaboration, from cells as highly organized as those of
Metazoa or even, in some cases, much more so, back to types of structure to which
the term cell can only be applied by stretching its meaning to the breaking-point.”20

Abundant experimental evidence also supported the theory of the cell state.
Not only could tissue cells removed from an animal live and multiply in artificial
culture media, but some cells of all animals permanently retained their complete
independence of movement and action. This was especially apparent in sponges,
jellyfish, and hydroids. In the course of ontogeny, entire groups of cells could alter
their relative positions in the body as the result of migrations performed by indi-
vidual cells. Furthermore, if the adult sponge or hydroid was broken up completely
into its constituent cells, those cells could build up and regenerate the body of the
organism. In 1882, the Russian biologist Elie Metchnikoff observed mobile cells
of starfish larvae surround and engulf invading germs. He called this process phago-
cytosis and subsequently argued that protective white blood cells in animals were
the basis of immunity, and that vaccination somehow strengthened them against
invading germs.21 These were only some of reasons many biologists regarded the
body cells of animals as individuals complete in themselves, primitively as inde-
pendent as the individual protozoan, and in every way comparable to it.

A Cell Is Not a Cell

The term “cell” is a misnomer. By the last decades of the nineteenth century, all
biologists had come to recognize that whatever the cell was, it was not a hollow
chamber surrounded by solid walls. The word was derived from Robert Hooke’s
(1635–1703) microscopic observations of cork. Hooke was one of the greatest
experimentalists and inventors of the seventeenth century. As one of the found-
ing members of the Royal Society, chartered in 1662, his duties were to conduct
two or three experiments for the society’s weekly meetings, which he did for forty
years, and he himself made many of the instruments for experimentation. Among
other accomplishments, he investigated celestial mechanics, invented the vacuum
pump used by Robert Boyle, and devised the forerunner of the balance spring of
the modern watch.

In 1665, Hooke published Micrographia or Some Physiological Descriptions
of Minute Bodies made by Magnifying Glasses. It was a large collection of essays
on such diverse observations as the structure of cloth, the intimate morphology of
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the gnat, and Hooke’s own studies of thin sections of cork. His aim was to under-
stand “the lightness and yielding quality of the Cork.” He suspected it might be
porous. With the compound microscope he made for himself, he was able to see
that “the substance of Cork is altogether fill’d with Air, and that that Air is per-
fectly enclosed in little Boxes or Cells distinct from one another. It seems very
plain . . . why the pieces of Cork become so good floats for Nets and stopples for
Viols, or other close Vessels.”22 Thus, he used the word “cells” (Latin cella, “small
room”) to describe the chambers of the dead cells of cork, and he calculated that
there were more than a million of them per square inch. But the word was not
often used in the seventeenth and eighteenth centuries.

Of the others who naturally turned to the microscope during the seventeenth
and eighteenth centuries, none was more prominent than Anthony Leeuwenhoek
(1632–1723), who studied numerous microbes as well as the microanatomy of
plants and animals. He discovered spermatozoa, and with his simple lens he thought
he saw in the human spermatozoon the homunculus, or little man, long postu-
lated by preformationists. During the eighteenth century, other words, includ-
ing “utricles,” “vesicles,” and “globules,” were used for the constituent parts of
plants and animals.

The term “cells” came into general use in biology at the beginning of the nine-
teenth century, when they were understood to be structural elements only, and
literally conceived of as a chamber as the name correctly implied. The cell wall
seemed to be the important part; the cell content was thought to be an unorga-
nized fluid, or a homogeneous glutinous material without a trace of organization,
fibers, or membranes. This conception changed dramatically with advancements
in microscope lenses by mid-century that resolved problems of chromatic and
circular aberrations and thus allowed for higher magnification (see chapter 7). In
fact, microanatomists concluded that a cell membrane or wall was not even a
necessary part of a cell. After all, animal cells had no such wall. Focus shifted to
the cell contents: the organization and behavior of protoplasm.

What’s in a Word

In 1840, the Czech Johannes Evangelista Purkinje (1787–1869) used the word
“protoplasm” to designate the true living substance in the interior of the cell.
Theological writers had long used the word “protoplast” for Adam, “the first
formed.”23 The word “protoplasm” came into prominence after it was used by the
champion of agnosticism, T. H. Huxley, in his lecture of 1868, titled “The Physi-
cal Basis of Life.” Though it was still a vague concept, he presented it as a victory
for mechanistic materialism over vitalistic conceptions of life. “All vital action,”
he commented, “may be said to be the result of the molecular forces of the proto-
plasm which display it.”24

Microscopists soon recognized that far from being bags or boxes of formative
material, all cells had a basic structural organization that was essentially the same
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in all plants and animals and protozoa. The most conspicuous parts were the spheri-
cal body that Robert Brown dubbed the “nucleus” in 1831 and its surrounding
material, named cytoplasm by Rudolf Kölliker (1817–1905) in 1862. With the
possible exception of some of the “lowest forms” of life, such as bacteria (or the
fission fungi, as they were often called), all cells contained a nucleus. Thus, by
the 1880s, the cell had come to be defined morphologically as a mass of proto-
plasm containing a nucleus.

When it became clear that the cell was not an isolated chamber, there were
repeated attempts to rid biology of the misleading metaphor. Lionel Beale (1870)
proposed the term “bioblast,” Johannes von Hannstein (1880) proposed the name
“protoplast,” and Julius Sachs (1892) suggested the term “energid.”25 Although
some cytologists welcomed a name change, the old misleading word was difficult
to dislodge.26 Some argued that scientific names should not change every time
some new or contradictory qualities are found in the object. Making name changes
to suit new conceptions or information would only cause confusion.27 The United
State’s premier cell biologist, E. B. Wilson, lamented in 1896, “Nothing could be
less appropriate than to call such a body a ‘cell’; yet the word has become so firmly
established that every effort to replace it by a better has failed, and it probably
must be accepted as part of the established nomenclature of science.”28

The unprecedented work of microscopists of the late nineteenth century revealed
a complicated organization of both nucleus and cytoplasm that would have greatly
astonished the previous generation. The nucleus and cytoplasm held significant
chemical and structural differences. The nucleus had an abundance of a substance
rich in phosphorus, which, in 1871, the Swiss physiologist and chemist Friedrich
Meischer (1844–1895) called nuclein. In 1889, his student Richard Altmann
(1852–1901) showed that nuclein was made up of a protein base, rich in nitrogen,
and a complex organic acid containing phosphorus to which he gave the name
nucleic acid.29 Microscopists observed a number of structures (ribbons, bands, and
threads) that appeared in the nucleus during cell division. Since these structures
could be stained, the Austrian Walther Flemming (1843–1905) called them chro-
matin (chroma, “colored”; tin, “thread”). Chromatin was shown to contain a high
percentage of nucleic acid. The cytoplasm (sometimes referred to as the “cell
body”) was believed to contain no true nuclein or chromatin, but it was rich in
protein.

The main focus of fin-de-siècle cytology was not on cell chemistry, but on the
mechanism for cell reproduction. In a series of stunning papers published between
1878 and 1884, Flemming followed various stages of nuclear division in the epi-
thelial cells of the salamander. Many of the terms introduced by him are in use
today, including “mitosis” to describe the indirect division of the nucleus. In 1884,
he, along with Edouard Strasburger (1844–1912) and Karl Rabl (1853–1917) in
Germany, and Edouard van Beneden (1846–1910) in Belgium, reported how
mitosis occurred. At first, the chromatin appears long and slender and coiled to-
gether, but then they grow shorter, thicker, and straighter to form “chromosomes”
(“colored bodies”), so dubbed by Wilhelm Waldeyer (1837–1921) in 1888 be-
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cause they were easily seen when stained by appropriate dyes. At a subsequent
stage, the nuclear membrane disappears, the chromosomes move to the center of
the cell, and each splits lengthwise into two “daughter” chromosomes that move
apart toward the two poles of the cell, where they in turn form two daughter nuclei.
The cell body then divides by constriction to form two daughter cells. Mitosis,
then, conserves the number of chromosomes per nucleus. Each species had a fixed
number of chromosomes—from two to two hundred, but typically between ten
and thirty.

By the 1880s and 1890s, in view of such an elaborate mechanism for transfer-
ring chromosomes from one cell generation to the next, the nucleus was often
regarded as a primary factor in growth, development, and the transmission of
hereditary qualities from cell to cell, and so from one generation to another.30

Mitosis was indeed an extraordinarily accurate mechanism for transmitting chro-
mosomes from one cell generation to the next. But there was a problem. If chro-
mosomes were transferred by egg and sperm during sexual reproduction, why did
the number of chromosomes not double in every generation? Some had surmised
that the number of chromosomes must be reduced somehow during the formation
of germ cells to prevent this doubling, and in 1883, van Beneden showed that this
was in fact the case.31 The germ cells (eggs and sperm) of the parasitic worm
Ascaris contained half the number of chromosomes characteristic of body cells.
This halving of the chromosome number when forming germ cells was subse-
quently confirmed for many organisms.

The process of chromosome reduction was later (in 1905) called meiosis (Greek
for “lessening”). However, a consensus about how meiosis occurred was difficult
to achieve, for two main reasons. The process seemed to be different in different
species, and a crucial idea was lacking: cytologists had not yet generally agreed
on chromosomal individuality—the notion that different chromosomes had differ-
ent properties.32 In 1883 Wilhelm Roux (1850–1924) at the University of Breslau
postulated that each chromosome carried different hereditary determinants.33 But
the experimental evidence for chromosomal individuality was not reported until
1902, when Theodor Boveri (1862–1915) at the University of Würzburg an-
nounced that each of the thirty-six chromosomes of the sea urchin were neces-
sary for normal development. That year Walter Sutton (1877–1916) at Columbia
University reported his studies showing that each of the eleven pairs of chromo-
somes in the grasshoppers he studied was different, as was the smaller accessory
chromosome.34

Reduction of the number of chromosomes—meiosis—occurred when eggs
and sperm were formed. Chromosomes derived from each of the animal’s par-
ents unite into pairs: big ones with big ones, little ones with little ones, and those
of a peculiar shape with others of a similar shape. Subsequently, the pairs of
chromosomes separate along the line of the junction, one member of each pair
going to one pole of the cell, and the other to the other pole. The sperm or egg
cell divides, and each of the daughter cells has only half the number of chromo-
somes of the body cells, one of each kind. It rarely happens that all the mother’s
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chromosomes go to one pole and all the father’s to the other. So meiosis produces
a scrambling of chromosomes, and though each egg and sperm cell has a com-
plete set of chromosomes, some of them come from the mother and some from
the father. When the egg and sperm unite in sexual reproduction, the original
number is restored.

Both Boveri and Sutton suspected that the pairing of maternal and paternal
chromosomes and their subsequent separation during meiosis would be the physical
basis of the newly rediscovered Mendelian laws of heredity (see chapters 11 and
12). The history of nineteenth-century cytological work usually ends here, and
historians turn to the development of the Mendelian chromosome theory of in-
heritance developed during the second decade of the twentieth century. But there
was more to nineteenth-century studies of the cell than this. There were also fun-
damental studies of intracellular bodies in the cell cytoplasm.

Organisms within Organisms

With the introduction of the oil immersion lens in 1870, the development of the
microtome technique for making thin sections of tissues, and the use of new fix-
ing methods and dyes, microscopists soon recognized that the cell cytoplasm was
not a homogenous fluid any more than was the nucleus. It contained an abundance
of various rods, threads, membranes, vacuoles, pigment bodies, and other gran-
ules. Among these, three bodies captured the limelight: mitochondria, chloroplasts,
and centrosomes.35

Richard Altmann at Leipzig is usually credited for discovering mitochondria
by means of a special staining technique. In his treatise The Elementary Organ-
isms and Their Relationship to the Cell, he suggested that visible intracellular
bodies he called bioblasts arose by division from preexisting bodies, just as did
the chromosomes and indeed the cell itself. They were “elementary organisms,”
which, he argued, secreted various cell substances, including fat, glycogen, and
pigments; he also argued that they could be transformed into or produce various
rods and fibers.36 In 1898, Carl Benda (1857–1933) developed another technique
to fix and stain the granules with greater certainty and brilliancy. He renamed them
mitochondria, from the Greek mitos” (“thread”) and chondros (“granule”), since
they seemed to exist as both threads and granules. During the first decades of the
twentieth century, these bodies were intensely investigated, especially in Germany
and France, under various aliases, including chondriosomes, ergastidions (little
workers), eclectosomes, vacuolides, and plastidules.37

By the mid-1880s, many cytologists argued that the chlorophyll bodies in plants,
which the famed botanist Andreas Schimper (1856–1901) named chloroplasts in
1883, arose only by division of preexisting bodies of the same kind. He compared
them to independent organisms, like symbionts, living within a host (see chapter
19).38 In the 1890s, no cell structure aroused wider interest than the central body,
called the centrosome: dark-staining corpuscles just outside the nucleus that
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seemed to play a directive role in mitosis. Boveri and van Beneden are credited
with independently discovering centrosomes in 1887. Later, in 1895, Boveri noted
a minute granule inside the centrosomes of Ascaris that he called the centriole,
but sometimes he could not clearly distinguish it from the centrosome. In subse-
quent years, the terms centrioles and centrosomes were often confused and used
indistinguishably.39

In animal cells, centrosomes appeared to play an extraordinary role in separat-
ing daughter chromosomes during cell division.40 At the onset of cell division,
the centrosome seemed to divide in two; the pair then separated, and each one
moved to opposite sides of the nucleus. When the nuclear membrane dissolved,
starlike structures (“asters”) formed around each centrosome, and rays of threads
ran through the nuclear area so as to constitute a “spindle.” One could observe
chromosomes split into two and watch each daughter chromosome attach to a
spindle and move to opposite poles where the centrosomes lay. Two daughter
nuclei were then formed. Thus, it seemed clear that at least in animals, centrosomes,
asters, and spindle constituted an apparatus for the accurately separating the daugh-
ter chromosomes and for the division of the cell body. There was still more. In
1898, Félix Henneguy in Paris and Mihaly Lenhossék in Budapest reported that
centrioles could move from the cell center to the cell membrane, where they were
converted to “kinetosomes” (often referred to as “basal bodies”), which lay at the
base of cilia. They multiplied and functioned as organs of motility.41

Thus by the turn of the century, it was clear to cytologists that cell reproduction
and organization were complex processes. Indeed, it was naive to believe that a cell
could be generated de novo from disorganized material, as nineteenth-century pub-
licists of materialism had hoped. As E. B. Wilson observed in the second edition of
The Cell, in 1900, cytology had seemed “to widen rather than narrow the enormous
gap that separates even the lowest forms of life from the inorganic world. I am well
aware that to many such a conclusion may appear reactionary or even to involve a
renunciation of what has been regarded as the ultimate aim of biology.”42

The evidence that various organelles seemed to grow and divide led to the
suggestion that cells themselves might have first arisen from a symbiosis of sev-
eral dissimilar beings that came together in the remote past. Such speculations
remained on the margins of biology until the late twentieth century, when new
techniques became available for investigating cell origins (see chapter 19).

Weismannism

The evolution of the cell and the genesis of intracellular bodies during cell divi-
sion or in the remote past were not at the center of cell studies of the late nine-
teenth century (see chapter 17). Theorists who aimed to unite cell theory and
evolutionary theory focused on problems of herditary variation and embryonic
development. They wrote of hypothetical “bearers of heredity” that might come
together during sexual reproduction. They would be responsible for the develop-
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ment of an adult from an egg and also be the basis of the inherited differences
between individuals that might fuel evolution. In regard to these problems, many
leading cytologists focused on the cell nucleus and its chromosomes. It was often
assumed that the nucleus was the governing organ of the cell, the basis of inher-
itance, and that all other cell structures and activities resulted from its activity.43

This nucleocentric view formed the basis of an elaborate theory formulated by
the Freiburg zoologist August Weismann (1834–1914).

Of the many speculations about heredity in the nineteenth century, none was
as well developed and as influential as Weismann’s.44 No other cell theorist ad-
vanced more conceptual distinctions and drove scientists into the laboratory to
test them than he did. His theorizing on the role of the nucleus in heredity and
development stemmed from one of the most hotly debated questions in evolution-
ary biology: the inheritance of acquired characteristics (see chapter 6).45 Although
many evolutionists had taken it for granted that the characteristics one acquired
in the course of one’s life might be passed on to subsequent generations, very few
had made an attempt to show how it was theoretically possible. Darwin was an
exception. In his book Variations of Plants and Animals under Domestication
(1868), in a chapter titled “Provisional Hypothesis of Pangenesis,” he speculated
about invisible hereditary particles he called gemmules.46 These gemmules were
supposed to multiply by fission and circulate throughout all parts of the body; they
would then be collected in egg and sperm cells and subsequently be passed on to
the next generation.

Weismann denied that such a transfer of hereditary units from body cells to
the germ cells ever occurred. His theorizing about heredity culminated with his
celebrated book The Germ-Plasm: A Theory of Heredity (1893). Its ambitious aim
was to develop the outlines of a single model that would account not only for the
inheritance of the variations that fuel evolution, but also for the underlying mecha-
nism by which an adult organism arises from a fertilized egg.47 His germ-plasm
theory was based on three fundamental premises.

The first premise was that the primary constituents of the individual were as
yet unknown ultramicroscopic vital units, each of which would grow and multi-
ply by fission.48 The idea that the body was somehow built up by a large number
of submicroscopic elementary vital units or intracellular “elementary organisms”
that grow and divide was pervasive since the 1860s. While Darwin had called them
gemmules, Herbert Spencer called them physiological units, and in 1884 Carl von
Nägeli coined the word “idioplasm” to refer to a vast number of fundamental
hereditary determinants in the protoplasm.49 Life (processes of assimilation,
growth, and reproduction) was not something to be explained within this para-
digm. While making a theory of life was impossible at the time, Weismann argued
that it was possible to explain heredity if one simply took for granted the essential
phenomena of life.50 Thus, he bestowed the properties of life on the hereditary
substance.

The second premise concerned the relationship of the germ cells to the body
of an organism. Germ cells, he argued, descended from germ cells, not from the
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body, and inheritance did not take place from the body of the parent to the child.
This was his theory of the continuity of the germ plasm. There could be no inher-
itance of acquired characteristics unless those characteristics were acquired di-
rectly by the germ cells. The germ cells were potentially immortal, whereas the
body cells, or somatic cells, were transient. In effect, the body was merely the carrier
of the germ cells, which are “held in trust” for coming generations.51 Thus,
Weismann proposed a fundamental duality of immortal germ cells giving rise to
transitory bodies. As Samuel Butler (1835–1902) phrased it, “A chicken was just
an egg’s way of making another egg.”

The third premise concerned the location of the hereditary substance within
germ cells. Weismann situated it exclusively within the chromosomes in the
nucleus. Wilhelm Roux had speculated in 1883 that hereditary units were arranged
along chromosomes and that the nucleus would undergo differentiation as devel-
opment proceeds.52 In his book Intracelluläre Pangenesis (1889), Hugo de Vries
postulated that “pangenes” migrated from the nucleus into the cytoplasm step by
step during ontogeny, thus determining cell structure and the successive stages of
development.53 Weismann adopted both ideas.

The two main reasons Weismann gave for the nucleus as the sole bearer of
hereditary qualities were echoed by leading geneticists throughout the twentieth
century. The egg is many times larger than the sperm cell, which is little more
than a motile nucleus. If the cytoplasm also contributed to heredity, the female
would contribute more to heredity than the male. Yet, Weismann asserted that
“we know that the father’s capacity for transmission is as great as the mother’s.”54

The nucleus provided a place for equal contributions of hereditary substance
from both parents. Then there was that dazzling dance of the chromosomes at
mitosis, the existence of a complex apparatus for assuring the exact distribution
of the chromosomes.55

Weismann also appealed to the “economy of Nature” to argue for the exclu-
sive chromosomal basis of hereditary material: “this substance can hardly be stored
up in two different places, seeing that a very complicated apparatus is required
for its distribution: a double apparatus would certainly not have been formed by
nature if a single one suffices for the purpose.”56 Thus, he postulated that vital
units must pass through the nuclear membrane into the body of the cell and there
form its parts and structures.57 He did not specify exactly when the first vital units
constructed the cell, nor was he concerned with the actual processes involved. Only
one issue was certain: “the nature of the cell is really decided by elements of the
nucleus.”58

Weismann’s vital entities would have to do more than assimilate, reproduce,
and migrate to the cytoplasm. In the course of development, cells become bio-
chemically and morphologically different in an orderly way. To account for this,
he supposed that the germ plasm was arranged in terms of a series of units, each
with special properties. Myriad entities he called biophores would be grouped
together to form a higher unit, the determinant, which would specify a certain type
of cell or group of cells. Determinants were grouped into a still larger unit, the id;
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each id contained all the kinds of determinants and so stood for the sum of all the
characteristics of the individual organism. The ids were arranged in a linear series
along chromosomes, or idants.

Weismann thus explained development as a mechanical marching parade of
many kinds of determinants, which would be assigned to the different parts of
the developing body through a progressive disintegration of the id as develop-
ment proceeded. As he wrote, “the changes in the id of the germ-plasm during
ontogeny consists merely in the gradual disintegration of the determinants into
smaller and smaller groups, until finally only one kind of determinant is con-
tained in the cell viz. that which has to determine it.”59 Weismann compared it
to military organization:

The development of the nucleo-plasm during ontogeny may be to some extent com-
pared to an army composed of corps, which are made up of divisions, and these of
brigades, and so on. The whole army may be taken to represent the nucleoplasm
of the germ-cell: the earliest cell-division . . . may be represented by the separation
of the two corps, similarly formed but with different duties; and the following cell-
divisions by the successive detachment of divisions, brigades, regiments, battal-
ions, companies, etc.; and as the groups become simpler so does their sphere of action
become limited.60

Generations of researchers have asserted that Weismann had gotten much right,
and much wrong. He had speculated that the hereditary units were arranged in a
serial order on chromosomes, much like the beads-on-a-string model of classical
geneticists. He had predicted that during the formation of all germ cells, there would
be a reduction in the number of chromosomes to avoid an excessive build-up of
germ plasm. Such a reduction (meiosis) did occur, but not precisely in the man-
ner Weismann envisaged. His theory of the continuity of the germ plasm contin-
ues to be taught as a core concept of the organism. Nonetheless, many biologists
then and now have argued that the distinction between the germ cells and somatic
cells is less sharp than he had proposed (see chapters 15 and 19).

Sorting among Weismann’s ideas, one can pick out concepts showing how close
nineteenth-century biologists had come to mid-twentieth-century canonic genetic
views about heredity. All this theorizing and cytological work on chromosomes
of the late nineteenth century might be ordered in a progressive series leading nicely
to a grand synthesis, especially with the Mendelian theory of inheritance on the
horizon of the twentieth century. There was one enormous problem. Weismann
could not have been more wrong about development as the unfolding or sorting
out of a hierarchy of vital units in chromosomes. As we shall see in the subse-
quent chapters, the observations of a new generation of experimental embryolo-
gists seemed to be irreconcilable with Weismannian theory and with a concept of
organic individuality in terms of a hierarchy of vital entities.
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9
Evolving Embryology

To many, the cell is always an independent living being, which some-
times exists for itself alone, and sometimes becomes joined with oth-
ers—millions of its like in order to form a cell-colony, or, as Haeckel
has named it for the plant particularly, a cell republic. To others again,
to whom the author of this book also belongs, cell-formation is a phe-
nomenon very general, it is true, in organic life, but still only of sec-
ondary significance.

—Julius Sachs, 1887

   in the 1880s. Its aims were to discover the
actual physicochemical processes by which the adult developed from the egg. Re-
ferred to by its founders as “developmental mechanics,” it originated from the
premise that organisms could be understood in the same way as machines. Its find-
ings however, caused biologists to stand back somewhat as their studies revealed
a complexity of development that confronted the general aim of understanding
the organism in terms of its parts. Many leaders of the new generation of experi-
mental embryologists opposed the conception of the organisms as a cell state.

Since the middle of the nineteenth century, biology had been teeming with
theories of the organism that postulated smaller corpuscular determinants or “ele-
mentary organisms.” In effect, the internal organization of an organism was re-
garded as a series of Russian dolls. An animal or plant was regarded as a colony
of cells; the cell was regarded as a colony of simpler units—nucleus, centrosome,
mitochondria, and chloroplasts; the nucleus was regarded as a colony of chromo-
somes; the chromosomes, according to Weismann’s theory, were colonies of ids;
the id was a colony of determinants; the determinant was a colony of biophores;
and the biophore was a colony of molecules.

The first generation of experimental embryologists rejected such conceptions
of elementary organisms in a cell state; they adopted “the organism as a whole”
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as a counterrevolutionary slogan while they redefined biological aims and expla-
nations. They had three main objections to the previous concepts and approaches.
First, models of the individual in terms of hypothetical “elementary organisms”
took as their starting point the very thing that many young biologists wanted to
explain: life. The previous generation of theoreticians had simply bestowed the
properties of life on a multitude of hypothetical entities, capable of assimilation,
growth, and reproduction. Second, the concept of elementary organisms, whether
cells or intracellular determinants, suffered from reductionism, the fallacy of
reducing the properties of the whole to the parts of which it is composed. Instead
of emphasizing “determinants,” experimental embryologists focused on forces,
flows, structures, and interactions. Third, the postulated elementary organisms
of Weismann, Darwin, or Spencer were purely speculative. The new generation
of experimental embryologists aimed to discover the actual causes of develop-
ment: they conducted experiments on the relationships among cells of the divid-
ing egg, they traced cell lineages back to the fertilized egg and examined its internal
organization, and they experimented on the roles of the nucleus and the cytoplasm
in heredity and development.

Technical Virtuosity

New technologies as much as new theories have opened up new worlds for scien-
tific exploration.1 Studies of the cell in development and heredity relied on tech-
nical skill in the fixing and staining of cells, improvements in methods for cutting
through tissues with the microtome, and adequate theories whose predictions could
be tested. The emergence of experimental embryology also relied on domesticat-
ing appropriate organisms—model organisms—for the design, development, and
execution of experiments.

Some organisms lent themselves particularly well to observations on the
nucleus; others, on the cytoplasm, germ cells, or embryonic development. For
examining the process by which the nucleus is duplicated during cell division,
the ideal organism was Ascaris, a parasitic worm of the horse. Its qualities were
emphasized by Edouard van Beneden, and Theodor Boveri extolled its virtues:

Ascaris forms an unsurpassable material. The eggs can be stored for some months,
dry, in the cold, without alteration. When one has time for work on them, this can
be done at room temperature, where they continue to develop slowly. If one wishes
to accelerate development temporarily, one brings the egg into an incubator. If one
must interrupt work, one puts them back in the cold, and on returning, one finds
them in the same condition in which they are left.2

A useful “material” indeed. It had other attributes. The nucleus of Ascaris is
particularly simple: the number of chromosomes is small, generally four, and
even two in a certain type, and it was easy to study their shape and behavior.
During cell division one could watch chromosomes split into two and arrange
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themselves along a spindle that attracted them to two opposite poles where the
centrosomes lay.

But if one wished to study fertilization and development, then the organism of
choice was the frog or the sea urchin. Some sea urchin eggs are transparent and
easy to observe; and sea urchin spermatozoa are small, each with a dense readily
visible nucleus. If an egg and some sperm are placed in a dish of seawater, one
can watch the spermatozoa adhere to the egg and watch the first one to touch the
egg enter it. It was even possible to follow the path of the male nucleus as it fused
with the female nucleus, and to watch the successive divisions that occurred in
the egg in strict temporal and spatial order. Sea urchin eggs were also noted for
the ease with which they could be kept under experimental control. And one could
even fertilize the egg of one species with the spermatozoa of a foreign species or
genus.

Experimental embryology was born in Germany. Wilhelm Roux had called it
Entwicklungsmechanik; others called it physiological embryology, and during the
1880s and 1890s it grew up in marine biological laboratories on the Swedish coast
and in the British Isles, France, Italy, Japan, and the United States.3 Little wonder
experimental embryology emerged by the sea, given the importance of aquatic
animals. At the Marine Biological Laboratory at Woods Hole, Massachusetts, Ethel
Brown Harvey (1885–1965) praised the many attributes of sea urchins:

The Arbacia egg is an ideal cell. It is spherical. Thus, rendering changes in size
easy to determine. It is fairly simple in comparison with most cells. It is quite hardy
and can be subjected, without damage, to moderate changes in the sea water, pro-
duced by the addition of water, or salts, or anaesthetics, or other chemicals, and to
changes in temperature, pressure, light, and other physical factors. Harmful effects
and recovery can be readily detected by fertilizing the egg and watching its devel-
opment. The granules in the egg can be moved by centrifugal force, and the egg
can be broken into halves and quarters containing different kinds of materials in
definite amounts. The experimental work on sea urchin eggs has included every line
of approach, cytology, embryology, physiology, and biochemistry, and has been
concerned with the solution of many fundamental problems.4

The technical virtuosity of embryologists was extraordinary. They were able
to change the behavior of the germ cells and of the developing egg. By treating
eggs with certain chemical compounds, Boveri succeeded in fertilizing each of
them with several spermatozoa. And when he shook these eggs, he observed ab-
normal distribution of chromosomes in the dividing cells. By increasing the salt
concentration in seawater or exposing eggs to various chemical or physical treat-
ments, Jacques Loeb (1859–1924) induced development without the need for
sperm, a process called artificial parthenogenesis.4 Wilhelm Roux damaged one
of the first segmenting cells (blastomeres) of a frog’s egg to see what its neighbor
would do. Would a whole organism develop or only a half? One of embryolo-
gists’ main tasks was to experimentally demonstrate the roles played by its two
chief components, nucleus and cytoplasm. They could remove the nucleus of an
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egg and replace it with another. The effects were measured by the stage the em-
bryo reached in its development and by the kind of monsters created. Thus, the
actual formation of the embryo was opened up to experimental analysis.

The Organism as a Whole

The methods used by embryologists consisted in amputating or incompletely sepa-
rating parts of the embryo, or rearranging the parts by compressing them, trans-
planting them, or centrifuging them. These methods, of course, said nothing about
the actual chemical changes underlying development, but from the large mass of
work done with these techniques, one important generalization emerged: in prac-
tically all cases, a part the embryo had the power to give rise to more than it would
if left in its normal surroundings; and in many cases, a part of the early embryo
could give rise to a complete adult. Development was not due solely to the inher-
ent properties of different cells themselves.

The fact that each of the cells of a dividing egg was capable of developing into
a complex organism, and yet did not do so when left in its natural state, indicated
to embryologists that the organism as a whole controls the formative processes
going on in each part. The organism had supracellular properties. Cells, they ar-
gued, were the instruments, not the agents, of morphogenesis. Development was
not the result of a colony or republic of cell individuals bound together by the
division of labor and mutual dependence. Organisms made cells, not the inverse.
Cells were the result, not the cause, of development.

That plants and animals were only collections of cells had been a simmering
issue in Europe since the mid-nineteenth century. As early as 1853, T. H. Huxley
argued against the “erroneous conception of the organism as a beehive”: “They
(the cells) are no more the producers of the vital phenomena than the shells scat-
tered along the sea-beach are the instruments by which the gravitative force of
the moon acts upon the ocean. Like these, the cells mark only where the vital tides
have been, and how they have acted.”6 The German botanist Anton de Bary (1831–
1888) wrote in 1862, “The plant builds cells, the cell does not build plants.”7 The
plant physiologist Julius Sachs (1832–1897) made similar remarks in 1887. At
Cambridge in 1895, Adam Sedgwick declared that the cell theory “blinds men’s
eyes to the true relations of cell organization and ontogeny.”8 Criticisms of the
cell theory of development continued throughout the twentieth century.9 Clifford
Dobell (1886–1949), one of Sedgwick’s former students, argued that it was sim-
ply anthropocentric to conceive of plants and animals as cell communities and to
conceive of protista as primitive unicellular animals, as “proto-zoa.” “The great
importance of the Protista,” he argued, in 1911 “lies in the fact that they are a
group of living beings which are organized upon quite a different principle from
that of other organisms.”10 They were noncellular organisms.

There were no unicellular “protozoan” precursors of animals, in Dobell’s view.
The protozoa-to-man hypothesis rested on the biogenetic law that ontogeny was
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the recapitulation of phylogeny. As applied to the cell theory, recapitulation theory
assumed that when the egg undergoes segmentation in ontogeny, it repeats the
process that occurred in phylogeny when animals arose from “unicellular” ances-
tors.11 But Dobell denied any real analogy between an egg dividing into two blas-
tomeres and a protist dividing into two protists. He maintained that multicellular
organisms had evolved not by an aggregation of many individuals in the form of
primitive protist colonies, but rather by the growth, differentiation, and division
of one individual: the egg.12

Debates over the cellular or acellular nature of protists continued throughout
the twentieth century.13 Calling protists “unicells” or “protozoa” was indeed
zoocentric. Certainly, when protists were studied without reference to animals,
few biologists would disagree that they may be termed noncellular in the sense
that they are not composed of cells. But, when their organization was compared
with the cells of multicellular organisms, Dobell’s antagonists insisted that the
term “unicellular” was perfectly applicable.14 Whether plants or animals were to
be understood as colonies of cells or protists was a different matter.

Certainly, the evolution of the embryo could have arisen from a division of
labor among protistan colonies in the remote past. After all, intermediate forms
between a single cell and embryo-forming animals were known. Many protists
do not separate their progeny, so the adult develops a colonial or multicellular
form. There are a large number of such colonial protists, and many of them show
differentiation and division of labor amongst the colony.15 But there was also
empirical evidence of the alternative view—that plants and animals could have
originated by means of internal subdivision of a single protozoan cell. Protists
were known that met those requirements.16 For example, some ciliated protists
possess many nuclei; to account for the genesis of animals, one could suppose
that some of these protists developed membranes separating the nuclei. In this
case, the primary unit is the animal, which later becomes multicellular. How
multicellular plants and animals arose by selection remains largely unsettled (see
chapter 20).17 Those who protested against the cell state in the nineteenth cen-
tury argued that whether or not animals had first evolved hundreds of millions
of years ago by a struggle for existence and division of labor among cells, it
was enough to know that embryonic development today had properties that were
not reducible to parts.

The revolt against the cell state was especially strong in the United States. At
the University of Chicago, C. O. Whitman rejected the notion that the develop-
ment of animals could be explained in terms of reciprocal interaction of parts due
to the struggle for existence and mutual interdependence. In 1893, he dismissed
such conceptions as anthropomorphic. The cell-state model defined organisms in
functional terms; Whitman sought principles of structural unity. “It is not divi-
sion of labor and mutual dependence that control the union of the blastomeres. It
is neither functional economy nor social instincts that bind the two halves of an
egg together, but the constitutional bond of individual organization. It is not simple
adhesion of independent cells, but integral structural cohesion.”18
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Cell division did not lead to organization, he argued; organization led to cell
division. There was a structural foundation, a “grade of organization as the result
of heredity,” that was the starting point for every organism. It preceded the for-
mation of cells and regulated it. That the organism dominates cell formation was
indicated by comparative studies. One could find an organism using for the same
purpose one, several, or many cells, massing its material, directing its movements,
and shaping its organs, “as if cells did not exist, or as if they existed only in com-
plete subordination to its will.”19 In protists, complex organizations were worked
out within the limits of a single cell. The cell theory did not apply at all to “unicel-
lular” organisms in which it was obvious that cell division was the result rather
than the cause of organization or structural duplication. Therefore, Whitman ar-
gued, cells were not the primary unit of organic structure.

Whitman’s objections were followed by protests against the cell state, made
by a whole new generation of experimental embryologists that included Edwin
Conklin (1863–1952) at Princeton, T. H. Morgan (1866–1945) at Columbia, Ross
Harrison (1870–1959) at Yale, and Frank R. Lillie (1870–1947) at Chicago.20 Lillie
phrased the issue succinctly in 1906: “The organism is primary, not secondary, it
is an individual, not by virtue of the cooperation of countless lesser individuali-
ties but an individual that produces these lesser individualities on which its full
expression depends.”21 At Columbia University, E. B. Wilson, who had been so
enthusiastic about the concept of the cell state, still insisted in 1925 that “the
multicellular organism in general is comparable to an assemblage of Protista which
has undergone a high degree of integration and differentiation so as to constitute
essentially a cell-state.”22

Epigenesis and Preformation

The principle of the organism as a whole was also upheld in opposition to the
Weismannian model of development. The evidence and reasoning was similar.
Weismann had proposed that cell differentiation occurred through the disinte-
gration of the germ plasm of the nucleus. The first and most widely publicized
experiment that contradicted that proposition was reported by Hans Driesch
(1867–1941) in Leipzig in 1891.23 He managed to separate the first two segmen-
tation cells (blastomeres) of a sea urchin egg and grow them separately. If, during
cell division, changes in the hereditary content of the cell had occurred, one would
expect the separated cells to develop abnormally. But they did not. Instead two
complete, though half-sized, larvae developed.

Weismann was able to point to a contradictory report by Roux three years ear-
lier.24 Roux’s experiments were based on a different technique and on a different
organism. He killed one of the two cells of a dividing frog’s egg by pricking it with
a hot needle; the other cell went on to produce what Roux considered to be a half an
embryo. Weismann played the conflicting results off one another to argue that his
own careful reasoning was more reliable than the results of experiments: “Other
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than experimental methods may lead us to fundamental views, and an experiment
may not always be the safest guide, although it may at first appear conclusive.”25

In the end, Weismann’s rhetoric was no match for empirical data. Driesch’s
results with sea urchins were reproduced, making it clear that if cleavage cells are
separated from one another in the two-cell stage, each of them may give rise to an
entire animal. This was also true for the eggs of starfish, salamanders, and several
other animals, including frogs. Roux’s hot-needle experiments were deemed to
have been faulty: the damaged cleavage cell remained and must have caused de-
fects in the surviving embryo.

Roux was one of the great champions of a mechanistic approach to embryol-
ogy. But what machine can be cut in half in which both halves continue to func-
tion as if nothing had happened? How can a cell that is to form a part of an embryo
suddenly form additional parts? How can a part have a sense of the whole? The
whole problem of development seemed to be brought into focus in Driesch’s well-
known axiom: “The relative position of a blastomere in the whole determines in
general what develops from it; if its position be changed, it gives rise to some-
thing different. In other words, its prospective value is a function of its position.”26

How a cell behaved and what it formed was determined by some powerful,
mysterious field of forces pervading the organism. The fate of a cell was a func-
tion of its position in the whole. The principle of “the organism as a whole”
became a central tenet of embryology; its capital problem was to find a physi-
cochemical basis for it. Embryologists did not have the answers, but they did
develop a common general conception: epigenesis. In epigenesis theory, the
organism was conceived of in terms of the behavior of a particular protoplasm
in a particular environment. The cells of an organism, for example, were not pre-
determined as different parts but could be primarily all alike in constitution. The
morphological and biochemical differences that arose in the course of develop-
ment were influenced by the action of the environment on whole groups of cells
and on each member of them.

Epigenesis theory had considerable explanatory power. Many experiments
showed that the development of a part is dependent upon the presence of another
part. For example, if embryonic limb tissue is transplanted from its normal posi-
tion to the middle of the back or belly, it will develop, and nerves and blood ves-
sels may grow into it, that would have had very different positions if the limb had
not been there. Hans Spemann (1869–1941) at the University of Freiburg was noted
for his ingenious experiments demonstrating the regulative qualities of salamander
embryos.27 In 1924, his student Hilde Mangold reported that when she transplanted
a part of an early embryo of one species of salamander onto a different part of an
embryo of a different species, it modified the surrounding host tissue, and a new
second embryo grew.28 Spemann was awarded the Nobel Prize in 1935 (he did
not share it with Mangold because she had died) for his detailed studies of the
organizer effect.29

There were many illustrations of the regulative qualities of embryonic cells.
But not all cells carried the ability to make a whole organism. All cells were not



102      

“totipotent.” Driesch had assumed that any part is capable of any fate, and its actual
fate is determined by its relation to other parts. By the end of the nineteenth cen-
tury, embryologists knew this to be only a part of the truth. The fate of a cell was
both a function of its internal organization and a function of its position. Cellular
differentiation did occur at some stage of development. For example, if a right
limb is transplanted to the left side of the body after it has begun to differentiate,
it remains a right limb and is not modified by its new relationship to the rest of the
body. Experiments on tissue cultures showed that some of the differences among
somatic cells persisted when the cells were taken out of the body. Biochemical
and morphological changes in a cell that occurred during development were in-
herited from one cell to the next. The fate of a cell or tissue was determined both
by its internal organization and by its neighbors.

Embryologists were soon reminded of another way in which biology is not
reducible to physics and chemistry. They obtained different results from different
organisms. In some organisms, some differentiations occurred further back in
development—in the fertilized egg itself before it divided. For example, the first
cleavage cells of the eggs of some phyla such as mollusks (snails, squid, and octo-
pus), annelid worms, and ascidians (sea squirts), give rise only to parts of an ani-
mal. One might get a right or a left half of an animal from right or left cleavage
cells; or an anterior half or posterior half from anterior or posterior cleavage cells;
or any one of the cells of the four-cell stage may produce the corresponding quar-
ter of an entire animal. Such cases were referred to as “mosaic embryos.” The
difference between mosaic embryos and the regulative embryos of sea urchins and
salamanders reflected the relative importance of cell-cell interactions in determin-
ing the fate of the cell. In mosaic embryos such cell interactions appeared to be
quite limited, but all embryos were regulated to some extent by interactions be-
tween cells.

Embryologists thus used two concepts, epigenesis and preformation, to under-
stand the emergence of the embryo from the egg.30 Although the effects of the
environment mediated through metabolic reactions in the cell could account for
modifications in cells in the course of development, it was clear that some sort of
organizational plan, a spatial principle, was required to bring parts into place in
the proper way and at the proper time during development. As discussed in the
following chapter, many embryologists investigated the organization of the egg
as the primary basis of development.
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The Egg

We are vertebrates because our mothers were vertebrates and produced
eggs of the vertebrate pattern; but the colour of our skin and hair and
eyes, our sex, stature and mental peculiarities were determined by the
sperm as well as by the egg from which we came. There is evidence
that the chromosomes of the egg and sperm are the seat of the differ-
ential factors or determiners for Mendelian characters while the gen-
eral polarity, symmetry and pattern of the embryo are determined by
the cytoplasm of the egg.

—Edwin G. Conklin, 1915

Without a structure in the egg to begin with, no formation of a com-
plicated organism is imaginable.

—Jacques Loeb, 1916

’    and evolution was far removed from
that of neo-Darwinian biologists, and from that of geneticists who studied chro-
mosomal genes in the early twentieth century. The two main reasons for this
stemmed from research begun in the nineteenth century. First, experimental em-
bryologists were not concerned with adaptive changes to adult organisms. They
were not concerned with the differences between individual varieties and species,
but rather with the larger similarities and differences in the structural plans under-
lying different organismic types. They were interested in the form of the embryo
and in the orderly changes during development—in how the parts of the organ-
isms come together in space and time.

Second, while geneticists and neo-Darwinian evolutionists maintained that
changes in the nuclear chromosomal genes of eggs and sperm were the basis of
evolution, many embryologists insisted that the cytoplasm of the egg played the
primary role in heredity and development. Although often overlooked by histori-
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ans of evolutionary biology, embryologists argued that the large, “fundamental”
organismic characteristics that placed the organism in its proper phylum, class,
order, and family were determined by the egg cytoplasm, while the smaller differ-
ences—between, say, genera, species, varieties, and individuals—were due to
changes in the chromosomes of egg and sperm.1

Embryologists’ and geneticists’ paths began to diverge when embyologists
refuted Weismann’s nuclear theory of development. When Hans Driesch sepa-
rated the first two cells of a sea urchin egg, each cell formed a complete sea urchin
larva (see chapter 9). This and other experiments showed that the fate of cells was
determined in part by their relationship to other cells, indicating that development
was not due to qualitative changes in the chromosomes, as Weismann had imag-
ined. It was also clear from cytological investigations that the chromosomes were
precisely divided at each mitotic division and evenly distributed to daughter cells.
There seemed to be no qualitative nuclear differentiations except for the reduc-
tion division (meiosis) during the formation of sex cells. Each body cell, it seemed,
inherited the sum total of hereditary qualities of the nucleus. Yet, biochemical and
morphological differentiations in body cells did occur, and they were inherited by
one cell generation from the previous. These problems led many embryologists
to search for the basis of development in the egg cytoplasm.

The Body Plan in the Egg

Embryologists of the late nineteenth and early twentieth centuries showed that
the cytoplasm of egg cells was highly organized, and unlike the nucleus, it did
change during development. There was a characteristic organization of cytoplas-
mic materials in the eggs of many marine organisms. The cytoplasm in different
egg regions often exhibited differences in pigmentation, viscosity, and other prop-
erties, which could be followed visually in the early stages of development. When
the egg divided, each daughter cell obtained different amounts of the different types
of cytoplasmic materials. In fact, by following cell lineages, embryologists were
actually able to visually trace the early development of organs and tissues back to
specific regions of the cytoplasm of the egg before it began to divide.2

The characteristics they traced to the egg were the fundamental organizational
features of the developing organism. The fundamental nature of these charac-
teristics is better appreciated when we consider what embryologists regard as
pivotal episodes or stages in ontogeny. During the first stage of development,
immediately following fertilization, the egg undergoes a series of divisions to
produce a large number of cells that occupy the original volume of the egg, form-
ing what is called a blastula. There is no growth of tissue or increase in cell mass
during this period. The process by which cells are ordered spatially and tempo-
rally begins with the laying down of the body plan: the defining of the main axes
of the embryo such that the anterior and posterior ends of animals are established.
This is done through gastrulation, during which the early embryo undergoes an
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origami-like change, an indentation appears, and the mass of cells buckles to form
a cup in frogs and sea urchins, for example.

As a result of gastrulation, the embryo is sorted into three distinct cell layers,
or germ layers (endoderm, ectoderm, and mesoderm), which give rise to the basic
body plan and differentiate into the many tissues and organs of the adult body.
The endoderm (inner skin) gives rise to the lining of the digestive and respiratory
tracts, and the lungs and liver in vertebrates. The ectoderm (outer skin) gives rise
to the epidermis of the skin, the nervous system, the lens of the eye, and the inner
ear. The mesoderm (middle skin) between the endoderm and ectoderm gives rise
to muscles, skeleton, and other internal organs such as the kidney and heart.

Each of these cell layers, and therefore the organs and tissues to which they
gave rise, were treaceable back to visible substances in specific locations in the
cytoplasm of the fertilized egg. The arrangement of the cytoplasmic materials in
eggs was so definite and so constant that characteristic organization patterns could
be recognized for different phyla. In some sea urchins and certain species of sea
squirts, for example, eggs had yellow and red pigment granules distributed only
in a thin layer of cytoplasm near the cell surface, the cortex. In amphibian eggs,
the pigment was brown and black and was located both in the cortical layer of the
cytoplasm and in the interior of the egg. The distribution of these substances to
different cleavage cells could be easily followed. Within a few minutes after the
fertilization of the sea squirt egg, the anterior and posterior, dorsal and ventral,
and right and left poles were clearly distinguishable in the egg, and the regions
that would give rise to ectoderm, endoderm, and mesoderm were plainly visible
in the characteristic positions.

The precise arrangement of such substances in the egg indicated the existence
of some sort of submicroscopic structure in the egg cytoplasm. The egg cell was
spatially organized in terms of two opposite poles: the substance in the vicinity
of the “animal pole” usually gave rise to the ectoderm; the substance surrounding
the “vegetal pole” usually became the endoderm. The axis connecting these poles,
the chief axis of the egg, became the chief axis of the adult animal. Thus, the
polarity of the developed animal was directly connected with the polarity of the
egg from which it came. The bilateral symmetry of animals was also foreshadowed
in the egg cytoplasm, and in many animals, such as cephalopods and insects, eggs
were found to be bilaterally symmetrical while still in the ovaries. In most ani-
mals, bilateral symmetry is not perfect. In the bodies of all vertebrates, for ex-
ample, the heart and most of the liver are on one side of the midline. But sometimes
this asymmetry was found to be reversed: the heart was on the right side instead
of the left.3

Thus embryologists had discovered that the early stages of development—the
basic body plan and pattern of a jellyfish, starfish, worm, mollusk, insect, or ver-
tebrate—resulted from a characteristic polarity, symmetry, and localized pattern
or stratification in the egg cytoplasm.4 They were also able to show that the sperm
that fertilized the egg played no role in setting up those morphogenetic character-
istics: when eggs developed without fertilization, either naturally or with devel-



106      

opment induced by a pinprick (artificial parthenogenesis), the characteristic po-
larity, symmetry, and pattern of the adult were still obtained just as if the egg had
been fertilized. Therefore, the earliest and most fundamental differentiations that
distinguished various phyla were not dependent upon the entering sperm. Offspring
inherit these fundamental developmental features exclusively from their mother.

Maternal Inheritance

Embryologists also devised hybridization experiments to test the relative roles
of the nucleus and cytoplasm, or sperm and egg, in heredity. They physically
removed the nucleus from the egg of one species and inseminated that enucle-
ated egg with the sperm of a different species. Because sperm cells are made up
of little more than a nucleus, the resulting fertilized egg would possess a cyto-
plasm from the egg species and chromosomes from the sperm species. If the hy-
brid embryo showed only characteristics of the paternal species brought in by the
sperm, the nucleus would be the “bearer of inheritance.” But if characteristics of
the maternal species appeared, then one could conclude that a cytoplasmic influence
was operative. Eggs of echinoderms, mollusks, amphibians, and fishes that are
inseminated in water outside the body were the best material. The eggs of sea
urchins were especially useful because they readily united with spermatozoa of
foreign species or genera.

These kinds of experiments were initiated in 1889 by Theodor Boveri, who in
fact conducted them with the intention of proving that the nucleus was the sole
bearer of inheritance. His results contradicted that presumption. They seemed to
indicate that the general features of early development were due to cytoplasmic
influences, whereas the influence of the sperm (nucleus) appeared later, in the sea
urchin larva. In 1903, Boveri proposed a compromise between the roles of the
nucleus and the cytoplasm in heredity. He distinguished between preformed and
“epigenetic” developmental characteristics. The former—the general character-
istics of the embryo—were blocked out or prearranged in the organization of the
egg cytoplasm independently of the sperm. The epigenetic characteristics were
due to reciprocal interactions between the nucleus and the cytoplasm in the course
of development. Boveri thus proposed that the nucleus of egg and sperm would
be responsible for “all the essential characteristics which distinguished individu-
als and species,” and, by implication at least, he suggested that cytoplasmic qualities
would distinguish higher groups.5 One issue was perfectly clear: at the time of
fertilization: the hereditary potencies of the two germ cells were not equal.6 The
sperm had no influence on early development.

Today, our ideas of heredity are based on observing differences between indi-
viduals of a species. The characteristics that embryologists traced to the egg cyto-
plasm involved the organizational features that make those individuals the same:
all the early stages of development, including the polarity, symmetry, type of cleav-
age, and pattern, or relative positions and proportions of future organs. As the
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Princeton embryologist E. G. Conklin remarked in 1920, “These characters are
of such a general sort that they may not be recognized as phenomena of inherit-
ance at all, and yet they from the background and framework for all the other
characters.”7 When geneticists developed gene theory and the Mendelian chro-
mosome theory during the first decades of the twentieth century, embryologists
offered a compromise between views of the roles played by the nucleus and the
cytoplasm. They suggested that while the cytoplasm determined the fundamental
organismic features, the genes in the chromosomes of egg and sperm accounted
for differences between individuals, species, or perhaps even genera. At the Uni-
versity of Cincinnati, Michael Guyer wrote in 1911: “we must restrict our asser-
tion of equal inheritance to the sexual and specific differences which top off, as it
were the more fundamental organismal features.”8 Similarly, the Oxford embry-
ologist J. W. Jenkinson wrote:

The characters, the determinants of which reside in the cytoplasm, are the large
characters which put the animal in its proper phylum, class and order, which make
it an Echinoderm and not a Mollusc, a Sea-urchin and not a Starfish; and these large
characters are transmitted through the cytoplasm and therefore through the female
alone. The smaller characters—generic, specific, varietal, individual—are equally
transmitted by both germ-cells and the determinants of these are in the chromo-
somes of their nuclei.9

The Belgian embryologist Albert Brachet distinguished between what he called l’
héredité générale, which had its seat mainly in the cytoplasm, and l’hérédité spéciale,
that of the individual due to chromosomes.10 Edwin Conklin at Princeton launched
a rhetorically effective statement in 1915 when he argued that “we are vertebrates
because our mothers were vertebrates and produced eggs of the vertebrate pattern
but the colour of our skin and hair and eyes, our sex, stature and mental peculiari-
ties were determined by the sperm as well as by the egg from which we came.”11

The next year Jacques Loeb also made the compromise plain:

The facts of experimental embryology strongly indicate the possibility that the
cytoplasm of the egg is the future embryo (in the rough) and that the Mendelian
factors only impress the individual (and variety) characters upon this rough block.
. . . In any case we can state today that the cytoplasm contains the rough preforma-
tion of the future embryo.12

This marked the beginning of a long and deep rift between embryologists and
geneticists in the United States, who were most reluctant to concede that the cyto-
plasm played any role in heredity and evolution. Geneticists immediately raised
the question of whether this cytoplasmic organization in the egg could be actu-
ally traced to the activity of chromosomal genes during the formation of the egg
(oogenesis). In other words, were the characteristics of the egg perpetuated from
one generation to the next independently of the nucleus or did they arise anew
under the direction of the nucleus when the egg was formed? Would not the genes
of the father and mother of the egg-bearing female have had some effect on her
egg? Such characteristics may not be influenced by the nucleus of the sperm that
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fertilizes the egg, but if the biparental nucleus had been involved during egg for-
mation, one would expect to see the effect of that biparental nucleus in subsequent
generations. The embryonic character inherited maternally in the first generation
might therefore show biparental inheritance in subsequent generations.13

Geneticists insisted that in order to disprove their claim that the nucleus is the
sole basis of heredity and show that such cytoplasmic features were not due to the
action of nuclear genes, one would have to follow egg characteristics through at
least two generations. However, such experiments were not easy to do because
normally the hybrid embryos from crosses between species did not develop fully
into adults. But by the early 1920s, some evidence indicated that some egg char-
acteristics, such as inverse coiling in snails, were influenced by nuclear genes.14

These preliminary results encouraged geneticists to believe that the whole cell was
a product of gene action. They insisted that the “maternal inheritance” observed
by embryologists was not true cytoplasmic inheritance because all egg character-
istics were ultimately traceable to the effects of genes. The Harvard geneticist
L. C. Dunn wrote in 1917: “The whole case of the supporters of any theory which
views the cytoplasm as determinative rests on either their refusal to go back and
inquire the source of this cytoplasm, or on their refusal to give due emphasis to
the source, even though they recognize it.”15

These were harsh words. Certainly some embryologists conceded that it was
highly misleading to say that “the embryo in the rough” was determined solely by
the cytoplasm. Some egg characteristics may be developed under the influence of
the nucleus.16 Nonetheless, they continued to exclude genes from playing any
significant role in early development and morphogenesis. They also insisted that
there is a real difference in modus operandi between nucleus and cytoplasm: the
characteristics in the egg cytoplasm make their appearance unaffected by the sperm
that subsequently enters the egg. Parental egg and sperm do not contribute equally
to the heredity of the offspring. As Boveri wrote in 1918:

If one designates as heredity the totality of internal conditions which achieve the
unfolding of characteristics of the new individual, this gives to the cytoplasm a much
more specialized significance than one often has been inclined to assume; and more
than ever one realizes the absurdity of the idea that it would be possible to bring a
sperm to develop by means of an artificial culture medium.17

As late as 1945, the Cambridge zoologist V. B. Wigglesworth maintained that
the nuclear genes were concerned with the details but not the form of the organ-
ism that had its basis in the egg cytoplasm:

The essential organism is something apart from the cells which support it. It exists
before the cells dispose themselves and define its form. The cells and their nuclei,
as the vehicles of genes, play a great part in controlling the details of the form the
organism will tak; but the framework which marks the main outlines of that form,
which says that the organism shall be a vertebrate, an amphibian, a frog, or an insect,
a dipteron, a Drosophila, which defines the head and the tail, the main regions of
the body and the limbs—this framework exists even before the cells.18
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Cellular Differentiation

There was still another problem confronting Mendelian genetics: cellular differ-
entiation. The Mendelian chromosome theory was no more helpful than Weismann’s
nuclear theory. By growing different kinds of body cells in a test tube or petri dish,
embryologists showed that at least some of the differences among cells persisted
when they were taken out of the body—that is, they were hereditary (this is called
cell heredity). Yet, the nucleus showed no signs of differentiation from one cell
generation to the next. The most celebrated experiments indicating a lack of nuclear
differentiation were carried out by Hans Spemann, who in 1928 managed to transfer
a nucleus of a salamander embryo at the sixteen-cell stage to a cell without a
nucleus. If that nucleus had undergone any irreversible differentiation, one would
expect abnormal development. Instead, in a number of cases, a completely nor-
mal twin developed.19

Spemann had created clones; and when in 1938 he published his results in his
book Embryonic Development and Induction, he called for the “fantastic experi-
ment” of cloning from adult cells.20 In the meantime, his experiments remained
influential throughout most of the century. They indicated that the hypothesis of
unequal division of the hereditary substance of the nucleus or genes was incor-
rect. At least up to the sixteen-cell embryo, nuclear differentiation did not occur:
every nucleus had a complete set of hereditary factors. Mendelian geneticists also
insisted that each cell inherited the whole germ plasm of the nucleus.21

The inheritance of cell differences with equivalent nuclei reinforced the
argument that cytoplasm was the seat of somatic cell heredity. Conklin spoke
for many embryologists when he argued in 1920 that if nuclear genes were the
only agents of development, “these genes would of necessity have to undergo
differential division and distribution to the cleavage cells; since this is not true,
it must be that some of the differential factors of development lie outside the
nucleus, and if they are inherited as most of these early orientations are, they
must lie in the cytoplasm.”22

Of course, as Spemann and others recognized, it was still possible that nuclear
genes changed in some other way besides being sorted out in the course of devel-
opment.23 Nonetheless, in the absence of such evidence, the idea that the sorting
out of cytoplasmic materials was the basis of cell heredity during development
was perpetuated throughout most of the twentieth century (see chapters 12, 15,
and 16).

The paradox of cellular differentiation in the face of nuclear equivalence was
only one of the difficulties embryologists saw in the classical gene theory. It was
also logically necessary to maintain some preformed spatial property in the cell—
a problem that persists to the present day (see chapter 17). How could parts come
together in an orderly fashion to make a cell or complex organism? This was a
stumbling block for a materialistic outlook on life. Biologists of the late nineteenth
century would never think of treating the processes of digestion and metabolism
in any other way than in purely chemical or physicochemical terms. But when it



110      

came to the problem of how a harmonious organism developed “purposefully”
from an egg, such leading biologists as Claude Bernard (1813–1878) and Hans
Driesch turned to vitalism and invoked an unknowable “directive force” or Aris-
totelian “entelechy.”24

Many nongeneticists found it difficult to believe that the cell and its parts were
the by-products of genes. It seemed unlikely that mitochondria and chloroplasts
were products of the nuclear genes. Cytological observations suggested that they
arose by division of preexisting structures such as the nuclear chromosomes, and
this seemed to be the case for centrioles as well. Was it also true for cell structure
itself, as Rudolf Virchow had expressed it in his famous axiom omnicellula e
cellula?

Physiologists viewed the cell as a chemical factory where enzymes carried
out chemical reactions, but the orderliness of their activity was attributed to the
structure of the factory. The cell was not a bag of enzymes; life was not gov-
erned by molecules or determinants. A. P. Mathews at the University of Chi-
cago summarized this view concisely in 1915: “The orderliness of chemical
reactions is due to the cell structure; and for the phenomenon of life to persist in
their entirety that structure must be conserved.”25 “One cannot help assuming,”
wrote the physiologist L. Jost in 1907, “that the mode of arrangement of the
ultimate parts of the organism is of greater importance than the chemical nature
of these parts.”26

Jacques Loeb, one of the great champions of mechanistic materialism, aptly
compared the making of cell structure from genes to spontaneous generation. It
was difficult enough to imagine the circumstances in the remote past that had led
to the formation of the chemicals of living matter such as proteins. But to imagine
how cell structure first evolved was beyond comprehension:

It is at least not inconceivable that in an earlier period of earth’s history radioactiv-
ity, electrical discharges, and possibly also the action of volcanoes might have fur-
nished the combination of circumstances under which living matter might have
formed. The staggering difficulties in imagining such a possibility are not merely
on the chemical side—e.g., the production of proteins from CO2 and N—but also
on the physical side if the necessity of a definite cell structure is considered.27

Extrapolating the problem to eggs and animals, Loeb argued in 1916 that with-
out a cell structure in the egg to begin with, no complex organism could form.
Therefore, he reasoned, the cytoplasm must contain a primordial structure (which
it in fact did), as indicated by polarity and symmetry and the visible stratification
of the cytoplasm, which determined the first steps in morphogenesis.28

What was important was not just the pigment granules, but the underlying
spatial organization they revealed.29 What was the basis of this polar organiza-
tion of the egg? How was it maintained? What would happen if the visible sub-
stances were artificially displaced? Would they return to normal? Here, too,
experimental embryologists of the early twentieth century were resourceful. They
placed fertilized eggs in a centrifuge, whirled them rapidly for a few minutes at
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moderate speeds, and subjected them to pressure several thousands of times that
of gravity. Under such conditions, the heavier particles were thrown to one side
of the egg, and the entire substance of the egg became stratified into layers or
zones. In sea urchins, annelids, and gastropods, the nucleus, centrosome, and
pigment granules could be displaced without modifying normal polarity, sym-
metry, and development.30

This experiment indicated that the fundamental organization of the egg resided
in a comparatively immovable cytoplasmic structure, in a cortical ectoplasmic layer
of the cell just inside the plasma membrane: the cortex: Thus, it was argued, the
more rigid cortex played the role of a spatial principle.31 It foreshadowed in some
way the pattern of the future of the embryo and provided the basis of the orderly
pattern of morphogenesis.32

To account for the regulative properties of the developing animal, embryolo-
gists of the early twentieth century adopted the notion of a “morphogenetic field.”
The term “field” had been used since the mid-eighteenth century to define the space
to which observations of a telescope were limited. Beginning in the mid-nineteenth
century, physicists used the word to refer to an area or space under a common
influence. Similarly, embryologists adopted it to refer generally to a region of the
developing organism within which developmental options are subjected to a com-
mon set of coordinating influences.33 Hans Spemann likened it to a magnetic field
and in 1938 argued, on the analogy of physical fields, that it was bound to a
source.34 He located it in the egg cytoplasm as manifested in cell polarity (animal
pole and vegetal pole) and the stratification of egg materials. The inheritance of
this spatial property or morphogenetic field associated with the cell cortex was
not systematically investigated until the 1960s (see chapter 17).35

Throughout the twentieth century, embryologists protested against attributing
the properties of life to one kind of molecule or one part of the cell. The terms
“holistic,” “holism,” and “holon” (from the Greek holos, “whole”) were coined
by South African general Jan Christian Smuts (1870–1950) in his book Holism
and Evolution (1926) for the tendency for nature to produce wholes (e.g., organ-
isms) from the ordered groupings of unit structures. Holism was (and is) usually
opposed to “reductionism,” a term borrowed from chemists who used it to de-
scribe the reduction of a compound to a simpler substance by removing oxygen—
for example, the removal of oxygen from metal ores, which “reduced” the metal
ore to pure metal (e.g., 2 Fe2O3 + 3 C → 3 CO2 + 4 FE). Reductionism designated
the practice of describing a phenomenon in terms of an apparent, more “basic” or
primitive phenomenon, to which the first is held to be equivalent. Embryologists
added to holism the principle of “emergence.” Physicists and chemists had shown
how new properties could arise through the combination of smaller units into larger
ones. New atoms with new properties are formed by new combinations of pro-
tons and electrons, new molecules by new combinations of atoms. Similarly,
embryologists argued, the distinctive properties of life and the formation of new
materials and qualities in the course of development arise or emerge from the
interactions of parts that by themselves do not show these properties.36
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Cytoplasmic Evolution

Experimental embryologists as a group did not develop a coherent theory for
evolutionary change. Some adopted pluralist models that combined both mecha-
nistic and metaphysical conceptions. When Boveri, for example, asked what caused
large changes in organization, he turned to psychic explanations. Similarly,
Spemann’s holistic outlook led him to combine both Lamarckism and psychic
forces.37 He drew ideas from vitalists and from the idealist morphology of Goethe
and the Naturphilosophen, still widely read in Germany.38

In the United States, C. O. Whitman opted for a blend of orthogenesis and
micromutations when he argued that developmental patterns would constrain
evolutionary directions. Natural selection was too chaotic a mechanism to account
for complex organs. To believe that the eye developed by mutations and selections,
he wrote, “either gradually or per saltum, would be hardly more satisfactory than
appealing to a miraculous succession of miracles. . . . Without the assistance of some
factor having more continuous directive efficiency,” he argues, “selection would
fail to bring out of the chaos of chance variation, or kaleidoscopic mutation, such
progressive evolution as the organic world reveals.”39

Others saw a basis for macromutations in the organization of the egg cytoplasm.
When Conklin declared in 1938 that “the characteristics of the phylum are present
in the cytoplasm of the egg cell,” he did so to emphasize how macroevolutionary
change might occur.40 One of the main difficulties in explaining the origin of differ-
ent phyla was the dissimilar localizations of corresponding organs or parts. How
could vertebrates be derived from annelids or from any other invertebrate type?
If the overall pattern of development was determined by the egg, Conklin rea-
soned, then only a slight modification in the localization of the formative substances
of the egg would produce profound modifications of the adult in which the rela-
tive positions of the parts were changed.41 Whether such changes actually occurred
was not known.

But by the 1920s, even some leading geneticists had defected from gene theory.
By that time, the genetics school headed by Thomas Hunt Morgan at Columbia
University, using the fruit fly, Drosophila melanogaster, had forged a great syn-
thesis of genetics and cytology by locating genes on chromosomes and had mapped
their spatial relationships, like beads on a string. However, geneticists failed to
produce new species. Many of the mutations in Drosophila were small changes
that made a part a little longer or a little smaller, for example. When the mutations
were larger, they seemed only to produce organisms less capable of surviving
outside the laboratory. Geneticists studied primarily defects. The purebred strains
in Morgan’s laboratory included Drosophila that were eyeless, had abnormal
abdomens, or displayed some other abnormality. To biologists who had originally
turned to Mendelian genetics and championed it in the hope that it would be the
basis for evolution by macromutations, it seemed clear that gene changes were
not the stuff of evolution after all. The Danish geneticist Wilhelm Johannsen spoke
for several lapsed Mendelians in 1923 when he commented:



The Egg 113

Is the whole of Mendelism perhaps nothing but an establishment of very many
chromosomal irregularities, disturbances or diseases of enormous practical and theo-
retical importance but without deeper value for an understanding of the “normal”
constitution of natural biotypes? The Problem of Species, Evolution, does not seem
to be approached seriously through Mendelism nor though the related modern ex-
periments in mutations. . . . Chromosomes are doubtless vehicles for “Mendelian
inheritance” but Cytoplasm has its importance too.42

Mendelian genetics, as Johansen saw it, was “mostly operating with ‘charac-
ters’ which are rather superficial, in comparison with the fundamental Specific or
Generic nature of the organism.”43 Drosophila geneticists seemed to be dealing
with trivial differences between individuals. As Johannsen put it: “the Pomace-
flies in Morgan’s splendid experiments continue to be pomace-flies even if they
lose all ‘good’ genes necessary for a normal fly-life, or if they be possessed with
all the ‘bad’ genes, detrimental to the welfare of this little friend of the geneti-
cists.”44 He speculated about the existence of “a great central ‘something’ as yet
not divisible into separate factors” located in the cytoplasm.45 In England, Wil-
liam Bateson discussed the limits of the chromosome theory in 1926 when em-
phasizing its failure to account for cellular differentiation: “pending that analysis,
the chromosome theory, though providing much that is certainly true and of im-
mense value, has fallen short of the essential discovery.46

At the same time, neo-Lamarckian naturalists repeatedly emphasized that they
could see no connection between the gene mutations reported by geneticists and
the evolutionary processes leading to species and higher taxa.47 As Maurice
Caullery at the Sorbonne wrote in 1935, “The properties of the characters to which
Mendelism applies are limited, in an almost absolute way, to variations which do
not extend beyond the framework of the species.”48 Many neo-Lamarckians pinned
their hopes for the inheritance of acquired characteristics on the cytoplasm. In
Germany, during the 1920s, several botanists, including Carl Correns, one of the
early champions of Mendelism, turned to investigate the role of the cytoplasm in
heredity (see chapter 15).

Morgan and other American geneticists remained steadfast in their advance-
ment of the chromosome theory. They modified their views on evolution to match
their experimental observations. By 1920, Morgan maintained that the small gene
mutations he observed in the laboratory together with selection theory would ac-
count for evolution (see chapter 13). He denied any distinction between heredi-
tary traits corresponding to “fundamental” and “trivial” differences and argued
that there was little genetic evidence for cytoplasmic heredity:

Mendelian workers can find no distinction in heredity between characteristics that
might be ordinal or specific, or fundamental, and those called “individual.” This
failure can scarcely be attributed to a desire to magnify the importance of Men-
delian heredity, but rather to experience with hereditary characters. That there may
be substances in the cytoplasm that propagate themselves there and that are out-
side the influence of the nucleus, must, of course, be at once conceded as pos-
sible despite the fact that, aside from certain plastids, all Mendelian evidence fails
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to show that here are such characters. In a word, the distinction set up between
generic versus specific characters or even “specificity” seems at present to lack
any support in fact.49

Supported by a lack of genetic evidence of non-Mendelian heredity, Morgan
declared in 1926, “Except for the rare cases of plastids (chloroplasts) inheritance
all known characters can be sufficiently accounted for by the presence of genes in
the chromosomes. In a word the cytoplasm may be ignored genetically.”50

Mendelian genetics could not address problems of development. Nonetheless,
it quickly overshadowed embryology, comparative morphology, and natural his-
tory to become one of the most enterprising disciplines in the history of science
(see chapter 12). There is more literature about the history of genetics than about
any other aspect of twentieth-century biology. I turn next to that historiography,
beginning with the discovery of Mendel’s laws.
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Mendel Palimpsest

Each generation perhaps found in Mendel’s paper only what it expected
to find; in the first period a repetition of the hybridization results com-
monly reported, in the second a discovery in inheritance supposedly
difficult to reconcile with continuous evolution. Each generation, there-
fore, ignored what did not confirm its own expectations.

—R. A. Fisher, 1936

   of the major difficulties confronting the theory of natural
selection. According to Darwinian theory, inherited variations between individuals
were the source of all evolutionary innovations. Variations that improve chances of
survival and reproduction are favored in each generation; those that reduce chances
of reproduction become less common. Thus, a population changes over time—it
evolves (see chapter 13). One of the main criticisms of this view was that it did not
fit with prevailing conceptions of inheritance (see chapter 6). It was commonly as-
sumed that a father’s traits “blended” with a mother’s traits at fertilization. And if
such variations blended with each other in each generation, it was argued, this fuel
for evolution would soon be washed out and would disappear altogether.

Geneticists’ experiments indicated that there were hereditary factors that sepa-
rate cleanly in the germ cells, even when the inherited visible trait in an offspring
was intermediate in a character. Although visible traits (phenotypes) often blended,
say a pink offspring from red and white flowers, the germinal material, the “genes”
(the genotype), did not blend. The genes representing red and white traits would
be inherited intact, as distinct particulate entities, and transmitted from one gen-
eration to the next, and both could later reappear in offspring from a pink flower.
Natural selection could in principle act on any heritable trait.

This discovery is generally attributed to the Austrian monk Johan Gregor
Mendel (1822–1884), one of the greatest legends in the history of science. Three
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moments in this legend are extraordinary. The first is that in the 1860s he discov-
ered the laws governing the inheritance of individual characters; second, that the
scientific world failed to recognize the monumental importance of these finding
in his lifetime; and third, the remarkable rediscovery in 1900 of what came to be
called Mendel’s laws.

Mendel’s Laws

Mendel changed his name to Gregor in 1843 when he entered the Augustinian
monastery at Brünn (now Brno), an Austrian village now part of the Czech Re-
public. He was ordained a priest in 1847, and in 1851 he went to the University of
Vienna to be educated as a teacher of mathematics and natural sciences. After
repeatedly failing the exams to become a teacher, he spent most of his life in the
monastery of St. Thomas in Brünn, where, shortly after he graduated in 1856, he
began experiments with the garden pea plant, Pisum sativum, which he continued
for eight years.

Textbooks of genetics relate that Mendel had the idea that in each generation
a plant inherits two factors for a trait, one from each parent. To test his notion, he
tracked several single traits through two generations. For instance, in one series
of experiments, he crossed plants with true-breeding purple flowers with plants
with true-breeding white flowers. All plants grown from the seeds that resulted
from this cross had purple flowers. When he let these purple-flowered plants self-
fertilize and grew the seeds, some plants had white flowers again. He called these
traits that did not show up in the first generation of offspring recessive traits, be-
cause they appeared to recede or disappear in the hybrid. If his hypothesis was
correct—if each plant had inherited two factors for flower color—then the purple
trait would be dominant, because it had masked the white trait in first generation
of offspring (F1).

Mendel crossed hundreds of such hybrid F1 plants, tracked thousands of off-
spring, and counted the relative number of plants showing dominance and re-
cessiveness for a trait. He reported that in the second generation (F2), on average
three of every four plants had the dominant trait and one had the recessive trait.
This 3:1 ratio suggested that the possible outcomes of crosses were a matter of
chance combinations of two different factors. Mendel had an understanding of
probability: the chance of each outcome occurring is proportional to the number
of ways it can be reached. Of course, his reported ratios were not exactly 3:1. The
result of F1 crosses, for example, resulted in 705 purple flowers and 224 white
flowers (3.15:1).

Mendel reported his findings at a meeting of the Brünn Natural History Soci-
ety in 1865, and they were published in the society’s journal the following year.1

However, he gave up his experiments when he was was made abbot in 1868. Al-
though respected by his fellow monks, he did not gain recognition as a great sci-
entist in his lifetime. Three botanists, Hugo de Vries (1848–1935) Carl Correns
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(1864–1935), and Erich Tschermak (1871–1962), were credited with indepen-
dently rediscovering his laws in 1900.2 Subsequently, geneticists summarized
Mendelian theory as comprising two laws. Mendel’s first law, or the law of seg-
regation, states that only one form of a gene (allele) specifying an alternative trait
can be carried in a particular germ cell (egg or sperm or pollen), and that germ
cells combine randomly in forming offspring. His second law, called the law of
independent assortment, states that each trait is inherited independently of any
other. The purple flower factor, for example, may be inherited with another fac-
tor, say, for seed shape. This principle was later modified when geneticists dis-
covered linkage, the inheritance of two or more genes situated close to each other
on the same chromosome.

Neglect and Rediscovery

Thus, after being eclipsed for thirty-five years, Mendel’s experiments came to be
universally hailed as providing the foundation for a chain of scientific research
that has led to the Darwinian evolutionary synthesis of the 1930s and 1940s and
to the spectacular accomplishments of contemporary molecular biology. Loren
Eisley summarized the Mendel legend beautifully:

Mendel is a curious wraith in history. His associates, his followers, are all in the
next century. That is when his influence began. Yet if we are to understand him and
the way he rescued Darwinism itself from oblivion we must go the long way back
to Brünn in Moravia and stand among the green peas in a quiet garden. Gregor
Mendel had a strange fate: he was destined to live one life painfully in the flesh at
Brünn and another, the intellectual life of which he dreamed, in the following cen-
tury. His words, his calculations were to take a sudden belated flight out of the dark
tomblike volumes and be written on hundreds of university blackboards, and go
spinning through innumerable heads.3

If Mendel’s experiments were neglected for thirty-five years, today they show
no signs of dwindling in curiosity or significance. More historical attention has
been given to analyzing them and commenting on them than any other experi-
ments in biology. But here we meet with an apparent paradox. Although every-
one agrees that Mendel’s experiments are central to modern biology, there has
been little agreement about what their exact significance is. His motives, his ex-
perimental protocols, and his own beliefs about heredity and evolution have been
the subject of controversy for a century. In fact, just about every possible sce-
nario has been offered to account for them:4

1. Mendel was a non-Darwinian. Although Mendel was an evolutionist, he did
not entirely agree with Darwin’s views and set out to disprove them.5

2. Mendel was a good Darwinian. His experimental protocols and reported
results can be explained on the assumption that he had no objections to Dar-
winian selection theory.6
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3. Mendel was not directly concerned with evolution at all. He placed it on
the back burner while he investigated the laws of inheritance for agricul-
tural purposes.7

4. Mendel believed in the fixity of species.8

5. Mendel laid out the laws of inheritance that justifiably carry his name (this
is the standard view).9

6. Mendel was no Mendelian. He was not trying to discover the laws of inher-
itance, and some Mendelian principles are lacking in his papers.10

7. Some of Mendel’s data were falsified.11

8. None of Mendel’s data were falsified.12

9. Mendel’s reported experiments set out in his paper of 1866 are wholly
fictitious.13

Most interpretations of Mendel’s objectives and thought processes aim to ex-
plain why his experiments were neglected for so long. Simply put, the problem is
this: if his experiments provide a foundation for genetics and evolutionary theory,
why was this not recognized in his day? Why was there not a meeting of the minds,
so to speak, between Darwin and Mendel? The question was raised by geneticists,
who offered a variety of reasons for the long neglect of his work. Some writers
have pointed to social issues and suggested that Mendel was professionally an
outsider, an amateur, and a monk, (anticlerical attitudes may have interfered with
the proper evaluation of his work), and that the journal in which he published his
results was obscure.14 Most commentators emphasize other reasons maintaining
that conflicting theories and competing research interests may have been partly re-
sponsible, and that his work on inheritance was overshadowed by larger questions
of evolution when Darwin published his Origin of Species.15 Still others have ar-
gued that Mendel’s methodology was unorthodox—that his statistical manner of
analysis was ahead of its time, and as a result, his contemporaries were simply un-
prepared to appreciate his results.16 Yet, each of these suggestions has been contra-
dicted, and there is still no consensus over why his work went unrecognized.17

Over the past few decades some scholars have painted a radically different
picture. They suggest that Mendel was not so far “ahead of his time.”18 They sug-
gest that he did not develop the concept of paired hereditary factors equivalent to
the alleles of classical genetics; he did not clearly announce a “law of segrega-
tion” that he thought might be applicable to all plant hybrids. And the way he
understood his work may have been quite different from that of twentieth-century
geneticists. Contrary to accepted opinion, Mendel was not trying to discover laws
of inheritance of variations between individuals that might be the source of evolu-
tionary change. Instead, he belonged to Linnaean tradition of hybridists who were
examining the possibility that species hybridization might be a source of evolution-
ary change. Linnaeus had supposed, in his Fundamenta Fructificationis of 1762,
“that the Creator at the actual time of creation made only one single species for each
natural order of plants[,] . . . [that] all genera were primeval and consisted of a single
species,” and that from these species all others arose by hybridization.19
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The central question for Mendel and his fellow hybridists was whether or not
hybrid offspring bred true and therefore actually could initiate new species.20 The
laws of inheritance were of concern to Mendel only inasmuch as they related to
the role of hybrids in the genesis of species. He approached this problem with the
conception of constant and independently transmitted characters. This problem-
atic differs from that of geneticists at the turn of the century, who were not inter-
ested in hybridization as a means of speciation, but used cross-breeding analysis
as a means to determine the nature of hereditary variability that in turn provided
the fuel for evolution.

If we accept this historical reinterpretation, Mendel was not the mythical lonely
pioneer running ahead of his contemporaries. He was not someone who made an
intellectual leap so great that it could not be understood by them, but rather some-
one whose work was firmly situated in the context of mid-nineteenth-century
hybridization research. As one commentator put it, “If anything, Mendel’s repu-
tation was modest not because he was so radically out of line with his times but
because his identity with his contemporaries was so complete!”21 Later, at the turn
of the century, his work was reinterpreted by geneticists to produce the legend of
the long neglect.

Making a Discoverer

How, then, has this Austrian monk, with his experiments on garden peas, come to
move so many people? The answer to this question perhaps lies more in what is
written about Mendel than in what is written by Mendel. How was the story about
his discovery, neglect, and rediscovery invented? Where did it originate? In 1977,
the geneticist Alexander Weinstein argued that the belief that Mendel’s work
was virtually unknown before 1900 dates back to statements made at the turn of
the century by two of the rediscoverers of Mendel’s laws, de Vries and Correns.
(It is now generally understood that the third “rediscoverer,” Tschermak, did
not actually understand the significance of Mendel’s work when he first referred
to it.) De Vries and Correns both insisted that they had read Mendel only after
they had conducted their own experiments and reached their own interpretations.
Thus each was “anxious to protect [his] priority, and have his work regarded as
independent of the work of Mendel and of other rediscoverers.”22 In fact, there
was a widespread belief among commentators that de Vries at first intended to
suppress any reference to Mendel, and that his plans were interrupted when he
found that Correns was going to refer to the monk.23 This inference is based on
de Vries’s failure to mention Mendel when he first announced his discovery in
a short abstract before Correns’s paper. De Vries mentioned Mendel’s work only
later in two longer papers, in which he remarked that it was trop beau pour son
temps.24

In 1979, the sociologist August Brannigan took this suggestion further to argue
that Correns, realizing that he had lost priority to de Vries, referred to Mendel’s
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work as a strategy to minimize his loss and effectively undermine the priority of
de Vries’s claim to the discovery. Thus, Brannigan concluded that “Mendel’s
revival in 1900 took place in the context of a priority dispute between Correns
and de Vries, and that this dispute led scientists to overlook the original intent of
the earlier research.” The labeling of the discovery as “Mendel’s laws” was a strat-
egy to neutralize the dispute. This, Brannigan asserts, “is perhaps the single most
important fact in the reification of Mendel as the founder of genetics.”25

Why Multiple Meanings?

But did this dispute really lead scientists to overlook the original intent of Mendel’s
work? One might think this plausible, for scientists are often concerned only with
those who precede them insofar as they see in past work elements of what they
take to be the truth. Looking at the past, they often impose their own framework
of understanding on the work, irrespective of the author’s intention. From this
perspective, all would agree that Mendel’s work was superior to that of his con-
temporaries. But Brannigan’s suggestion that there was no real interest in Mendel’s
intentions is belied by the fact that Mendel’s intentions were addressed by Bateson
in 1902 and by many geneticists through to the present day. Moreover, it implies
that Mendel’s intentions would be obvious had anyone bothered to discern them.
Yet, despite the many attempts to reconstruct Mendel’s thought processes, there
have been and continue to be different opinions on what Mendel thought he had
discovered.26

Mendel’s private papers were burned, and he wrote little about himself.27 He
published only two papers. The main source for reconstructing his thought pro-
cesses is his paper of 1866, “Experiments in Plant Hybrids,” a concise transcript
of two reports given at the Brünn Natural History Society in 1865. The whole story
of the development of the new theory is usually claimed to be given in these forty-
four printed pages. But scientific papers are not diaries. Moreover, they are usu-
ally designed to give a veneer of objectivity and “matter of factness” to published
claims. Their rhetorical style often obscures the intentions and biases of the au-
thor and the process by which results are produced. Mendel’s remarks concern-
ing his experiments and the nonevolutionary views of the hybridist C. F. Gaertner
illustrate the point. Conflicting interpretations of the following passage (in both
English and original German) have been offered:

Gaertner, by the results of these transformation experiments, was led to oppose the
opinion of those naturalists who dispute the stability of plant species and believe in
a continuous evolution of vegetation. He perceives in the complete transformation
of one species into another an indubitable proof that species are fixed within limits
beyond which they cannot change. Although this opinion cannot be uncondition-
ally accepted, we find on the other hand in Gaertner’s experiments a noteworthy
confirmation of that supposition regarding variability of cultivated plants which has
already been expressed.28
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Does this statement mean that Mendel was an evolutionist or a nonevolutionist?
The Darwinian evolutionist R. A. Fisher stated in 1936, “It will be seen that Mendel
expressly dissociates himself from Gaertner’s opposition to evolution, pointing
out on the one hand that Gaertner’s own results are easily explained by the Men-
delian theory of factors.”29 Similarly, Gavin de Beer commented, “This passage
comes as near to the acceptance of the mutability of species as anyone could
wish.”30 Yet, Callender offers the exact opposite interpretation: “If this statement
is to be taken literally, as Mendel most assuredly intended it to be taken, then it
says quite simply that he gave conditional acceptance to the view, expressed by
Gaertner, ‘that species are fixed within limits beyond which they cannot change.’
Nothing could be clearer.”31 Surely many things have been clearer. We do not
have to decide here which interpretation is the correct one. The point is that
Mendel’s literary style, his attempts to sound objective in his evaluation of
Gaertner’s views, and his use of double negatives obscure his own intentions. It
is not surprising that there is no consensus about the meaning he gave to his own
experimental work.

I am not suggesting that the priority dispute between Correns and de Vries was
not important to the initial recognition accorded Mendel. But Mendel’s place in
the history of genetics is not simply the result of a priority dispute that suppos-
edly led scientists away from examining his intentions. Much more than this un-
derlies the Mendel legend. Mendel and the meaning of his experiments have come
to be clothed in various social and intellectual guises. Any understanding of the
significance of Mendel’s experiments would have to recognize the cultural im-
portance of “founding father” mythologies in science. Historians have suggested
that stories about the heroic insights of great geniuses who were ahead of their
time and other myths of origins play important roles in defining and strengthen-
ing scientific disciplines.32 The “long neglect” theme portraying Mendel as a cre-
ative genius clothed in monastic virtues, pursuing the truth undauntedly on the
lonely frontiers of knowledge, unappreciated by his contemporaries, has been
important in keeping Mendel’s experiments alive. It is a tragedy that appeals to
our sense of moral indignation, comparable to the suppression of Galileo by the
church.33

The cultural importance of founding fathers in scientific disciplines may help
us to understand why accounts of Mendel’s discovery and neglect are repeated
over and over again. But geneticists’ stories about Mendel do not simply reap-
pear over and over again. They have also changed in such a way that Mendel’s
thoughts and motivations are altered; he has been undressed and redressed in
new colors of allegiance. To understand why, we need to appreciate that scien-
tists’ accounts of history play important roles in the knowledge-making process;
they surround experimental evidence and constitute part of the art of persua-
sion in science. Geneticists’ stories about Mendel’s discovery and neglect vary,
and we need to know their specific rhetorical functions. (There is a similar story
of discovery, neglect, and rediscovery in the origins of biochemical genetics;
see chapter 14.)
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What is often at stake in geneticists’ reconstructions of Mendel’s thoughts and
motivations is a definition of the concepts and movements that should be associ-
ated with the genetics tradition. Throughout the twentieth century, the significance
of Mendelian genetics has changed. For example, the first generation of geneti-
cists viewed Mendelism as being in direct conflict with Darwinian theory. By
the 1930s, Mendelism was held to be compatible with Darwinism. Of course,
the meaning of many experiments can be, and is, continually renewed as science
proceeds. However, it is not just the meaning scientists place on Mendel’s ex-
periments that have changed with the development of Mendelian genetics; the
inferences as to the meaning Mendel himself gave to his experiments and the
reasons his work was neglected have also changed.

The history of genetics is marked by various conflicts between competing
groups over evolutionary theory and approaches to biological research. And we
can find these issues reflected in geneticists’ early accounts of Mendel’s discov-
ery and the reasons for its neglect. To examine these stories, therefore, is at the
same time to explore early controversies with geneticists over evolutionary theory.

Geneticists versus Statisticians

The first interpretation of Mendel’s views about evolution occurred in the con-
text of a now-famous conflict between Mendelian geneticists and statisticians or
biometricians.34 The dispute revolved around the question of whether new spe-
cies emerged gradually by natural selection, or suddenly through large mutations.
Biometricians in England, led by Karl Pearson (1857–1936) and W. F. L. Weldon,
were Darwinians; they supported continuous evolution. Mendelian geneticists, led
by William Bateson (1861–1926), were non-Darwinians; they supported discon-
tinuous evolution.

Bateson was the champion of Mendelism in Britain; he wrote the first Mende-
lian textbooks. In 1905, he coined the word “genetics” in a letter to Adam Sedgwick
regarding his candidacy for a new professorship at Cambridge, which he hoped
would be in his specialty. He commented that there was no word in common usage
that carried the combined meaning of heredity and the correlated phenomenon of
variation: “Such a word is badly wanted, and if it were desirable to coin one,
‘GENETICS’ might do.”35 He did not get that professorship; but he was appointed
professor of Biology at Cambridge in 1908.36 Two years later, he became the first
director of the new John Innes Horticultural Institute at Merton Park in southwest
London.

Bateson also championed the saltationist view that evolution occurred by leaps,
and Mendel’s own experiments on such marked traits as height and dwarfism in
peas seemed to confirm that this was indeed the case. As Bateson wrote in the first
textbook of genetics in 1909, “The concept of evolution as proceeding through
the gradual transformation of masses of individuals by the accumulation of im-
palpable changes is one that the study of genetics shows immediately to be false.”37
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The clash between Bateson and the Darwinian biometricians fumed in private
correspondence and in published journals throughout the first decade of the cen-
tury. Bateson found it impossible to believe that the biometricians had “made an
honest attempt to face the facts” about the nature of hereditary variations. He
doubted that they were “acting in good faith as genuine seekers of the truth.”38

Weldon, for his part, doubted that one could reproduce Mendel’s results with
further pea experiments. As he wrote to Pearson in 1901, “If only one could know
whether the whole thing is not a damned lie!”39

There was still more to this. Mendelians and biometricians based their studies
of heredity on different methods. The biometricians’ approach was developed by
Darwin’s cousin Francis Galton (1822–1911), who championed quantitative stud-
ies in biology. Galton believed that just about everything could be measured: he
attempted to develop a quantitative scale for beauty and even studied the effec-
tiveness of prayer by examining the mortality rates of royalty whose subjects
prayed for their health, and by comparing shipwrecks for vessels that carried
missionaries to those that did not. In his book Natural Inheritance (1889), Galton
formulated what came to be known as his “law of ancestral inheritance.”40 The
idea behind the law was that an individual contains contributions from all its an-
cestors, the amount of the contribution being larger as the ancestor is nearer. As it
concerns such a trait as height, for example, an individual inherits ¼ of his char-
acteristics from each parent, 1/16 from each grandparent, 1/64 from each great-
grandparent, and so on. When the trait did not blend—as in the case of, say, whether
an individual would have blue or brown eyes—ancestral inheritance would have
an effect on the ratio of traits in a population. Thus, on average each parent would
determine the eye color of ¼ of their offspring, each grandparent 1/16, and so on.
Galton’s approach opened the door to statistical studies of the frequency of traits
in populations—what is now called population genetics (see chapter 13). But
during the first decades of the twentieth century, Bateson, as well as Pearson and
Weldon, insisted that the parent-offspring correlations of biometricians were quan-
titatively in flat contradiction to Mendelism.41

Bateson cast Mendel himself as a non-Darwinian ally, as he told stories about
why Mendel’s work was neglected. In 1902, he suggested that Darwin’s principle
of natural selection “had almost completely distracted the minds of naturalists from
the practical study of evolution. The labors of hybridists were believed to have
led to confusion and inconsistency, and no one heeded them anymore.”42 Later,
in his book Mendel’s Principles of Heredity (1909) he claimed that, like himself,
Mendel had carried out his work in virtual conflict with Darwinians, and that this
was partly responsible for its neglect: “While the experimental study of the spe-
cies problem was in full activity the Darwinian writings appeared. . . . The Origin
was published in 1859. During the following decade, while the new views were
on trial, the experimental breeders continued their work, but before 1870 the field
was practically abandoned.”43

Bateson not only suggested that Mendel’s work was in virtual conflict with Dar-
winian thinking; he also imposed a non-Darwinian motive on Mendel’s experiments,
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asserting that “with the views of Darwin which were at that time coming into promi-
nence Mendel did not find himself in full agreement, and he embarked on his ex-
periments with peas, which as we know he continued for eight years.”44 If Mendel’s
work had come into the hands of Darwin, he declared, “the history of the develop-
ment of evolutionary philosophy would have been very different.”45

Mendel Made Darwinian

By the 1930s, Darwinian gradual evolution and the statistical study of variations
in populations had merged with Mendelian genetics, and Bateson and the first
generation of geneticists were considered to have seriously erred in allying Men-
delism with discontinuous evolution (see chapter 13). Ronald Fisher (1890–1962),
a celebrated population geneticist and one of the architects of the new synthesis,
aimed to pound the last nail in the coffin of the controversy between Darwinian
statisticians and non-Darwinian geneticists. In his now-famous paper of 1936, “Has
Mendel’s Work Been Rediscovered?,” he offered a detailed examination of
Mendel’s experiments, a new interpretation of Mendel’s views on evolution, and
the reason for his neglect. He recast Mendel as a good Darwinian and charged
that Bateson had deliberately misrepresented Mendel and deceived scientists into
believing that Mendel was a non-Darwinian evolutionist like himself. In effect,
he argued, Bateson had distorted history to suit his own interest:

It cannot be denied that Bateson’s interest in the rediscovery was that of a zealous
partisan. We must ascribe him two elements in the legend which seem to have no
other foundation: (1) The belief that Darwin’s influence was responsible for the
neglect of Mendel’s work, and of all experimentation with similar aims; and (2) the
belief that Mendel was hostile to Darwin’s theories, and fancied that his work con-
troverted them.46

Fisher asserted that Mendel worked squarely within a Darwinian framework,
but that his intent had been misrepresented because his paper was not examined
with sufficient care, that biologists had imposed their own meanings on Mendel’s
work, and that their interpretations were influenced by the theory of their times.47

In his view, the biases of others were obstacles to the recognition of Mendel’s
true intentions, or, as he put it, “Each generation perhaps found in Mendel’s paper
only what it expected to find.”48 It is striking, however, that he excluded his own
interpretation from any biases—especially because Mendel scholars today agree
that Mendel was a non-Darwinian in the tradition of hybridists.

Is the Scientific Paper Fiction?

Mendel’s intentions and evolutionary beliefs aside, Fisher addressed still another
aspect of the Mendel legend in 1936: the question of whether his published results
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were too good to be true, that is, whether his reported ratios of recessive and domi-
nant traits were too close to theoretical expectation. In short, did Mendel fake his
data? When examining Mendel’s data using statistical tests, Fisher calculated that
only once in 30,000 times would there be so close a fit with prediction. But, in
raising this issue, he did not intend to discredit Mendel; his aim was to reveal
Mendel’s power of abstract reasoning: to show that his experimental protocols
made sense only if he had his theory in mind before doing his experiments, and
only if he was a Darwinian.49 Fisher considered the possibility that Mendel un-
consciously biased his data by misclassifying some of the results—say, scoring a
“round” as a “wrinkled” so as to favor expected ratios. However, he suspected
that it was actually a case of conscious fiddling—but not by Mendel: “Mendel
was deceived by an assistant who knew too well what was expected.” Since the
centenary of Mendel’s paper in 1965, many geneticists have jumped to Mendel’s
defense to reconsider unconscious bias.50 His honor continues to be well defended.

Still another question emerged from Fisher’s and Bateson’s discussions of
Mendel’s experiments: should scientific papers be taken literally? Although it is
generally overlooked by commentators, Bateson had suggested that perhaps all
of the experiments Mendel reported were fictitious. After summarizing his seven
experiments, Mendel wrote, “In the experiments described above plants were used
which differed only in one essential character.” Bateson found it difficult to be-
lieve that Mendel actually possessed plants that differed in only one of the seven
contrasting pairs of traits he examined.51 One would expect that some or all the
crosses would have involved more than one contrasting pair of traits. Fisher agreed.
He also recognized that Mendel did not provide all the relevant data, and that this
behavior would be easily intelligible if the “experiments” reported in the paper
were fictitious. Such oversimplification is often used when teachers illustrate prin-
ciples to students in a lecture. Nonetheless, he believed that Mendel’s paper should
be taken literally. The issue hinged on what Mendel would have counted as an
experiment. Fisher suggested that Mendel might have assembled the data for each
of the seven traits from the different crosses in which it was involved, but then
reported the results for each trait as if it were a single experiment.52

In recent years, many scholars have examined the structure and rhetoric of
scientific papers.53 The Nobel Prize–winning biologist Peter Medawar was one of
the first to do so when, in 1963, he posed the question, “Is the Scientific Paper a
Fraud?” He did not mean to suggest that the scientific paper misrepresents “facts”
or that the interpretations found in a scientific paper are wrong or deliberately
mistaken. What he meant was that “the scientific paper may be a fraud because it
misrepresents the thought process that accompanied or gave rise to the work that
is described in the paper.”54 The typical scientific paper embodied “a totally mis-
taken conception, even a travesty, of the nature of scientific thought”:

First, there’s a section called the “introduction” in which you merely describe the
general field in which your scientific talents are going to be exercised, followed by
a section called “previous work” in which you concede, more or less graciously,
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that others have dimly groped towards the fundamental truths that you are now about
to expound. Then a section on “methods”—that’s O.K. Then comes the section called
“results.” The section called “results” consists of a stream of factual information in
which it’s considered extremely bad form to discuss the significance of the results
you’re getting. You have to pretend that your mind is, so to speak, a virgin recep-
tacle, an empty vessel, for information which floods into it from the external world
for no reason which you yourself have revealed. You reserve all appraisal of the
scientific evidence until the “discussion” section, and in the discussion you adopt the
ludicrous pretense of asking yourself if the information you’ve collected actually means
anything; of asking yourself if any general truths are going to emerge from the con-
templation of all the evidence you brandished in the section called “results.”

Admittedly, this description is somewhat of an exaggeration, for certainly many
scientific papers do not follow this structure. But we can agree with Medawar that
there is “more than a mere element of truth in it.” The conception underlying this
style of scientific writing is that scientific discovery is an inductive process.55 The
scientific paper gives the illusion that discovery begins with simple, unbiased,
unprejudiced, naïve, and innocent observation. Out of this unbridled evidence and
tabulation of facts, orderly generalizations emerge. Yet, scientists know full well
that discoveries do not occur in this way. They know what meaning to place on
their results before they conduct their experiments.

Medawar traced the inductive structure of scientific papers to the nineteenth-
century philosopher John Stuart Mill. However, it would be naive to believe that
scientists are the dupes of philosophers. The narrative of the scientific paper, which
presents discoveries as an inductive process, plays an important persuasive role
in science, giving a veneer of objectivity to scientific interpretations.56 But there
are other problems. Often, the “methods” section of scientific papers is not O. K.
Seemingly trivial yet vital information concerning procedures is often left out.
Much of modern science involves special technical skills, what Michael Polanyi
called tacit knowledge, an adeptness that is difficult to articulate—like riding a
bicycle.57 The result, as Mendel’s case illustrates, is that interpretations of a
scientist’s conduct and procedures sometimes involve considerable speculation
and conjecture.

Commenting on Mendel’s paper, one writer remarked: “All geneticists admit-
ted that it was written so perfectly that we could not—not even at present—put it
down more properly.”58 Yet, it is this very “perfection” that has made Mendel’s
conduct so difficult to ascertain. Mendel’s experiments thus become a flexible
resource, and as a founding father whose intentions are vitally important, he is
adaptable indeed. In a sense, he also “had the luck to please everyone who had an
axe to grind.” The tale of Mendel’s discovery, lost and found, is a parable so sat-
isfying that few biologists can bear to let it go. Even if a little wrong and a little
oversimplified, some will say, they should stick with the traditional textbook story
anyway because a more complex one would only confound students.

Examining the rhetoric of scientific papers and the nature of experiments is
crucial to understanding the development of science. As the issues raised in bi-
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ologists’ discussions of the neglect of Mendel’s experiments imply, ideas and data
do not win out solely on their own strength, no matter how powerful they may
later appear to be. The social context, specialization, divergent interests, and in-
stitutional strategies—so central in accounts of Mendel’s neglect and rediscov-
ery—are equally crucial for understanding the development and success of genetics
as a discipline during the early twentieth century.
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12
Emerging Genetics

If we are to progress fast there must be no separation made between
pure and applied science. The practical man with his wide knowledge
of specific natural facts, and the scientific student ever seeking to find
the hard general truths which the diversity of nature hides—truths out
of which any lasting structure of progress must be built—have every-
thing to gain from free interchange of experience and ideas.

—William Bateson, 1911

    has two aspects: its foundations in theory and method,
and its effect on our world. Consideration of both is vital to understanding its re-
markable growth. During the first half of the twentieth century, genes were abstract
entities. No one was certain of their physical nature, how they were reproduced from
one generation to the next, how they affected traits said to be under their control, or
what role they played in development. Despite these limitations, genetics, especially
in the United States, was extraordinarily successful and rose to an authoritative
position in the field of heredity by the 1930s. To understand the relationship be-
tween genetics and other disciplines, I first outline the state of the field of hered-
ity in the first decades of the last century. In so doing we see that several distinct
conceptions of heredity were produced from within several specialties. Sub-
sequently, we shall examine the rhetoric between specialties and trace the course
that led genetics in the United States to a central position in biology.

The Field of Heredity

During the first decade of the century, heredity was a pivotal issue for biologists.
The problems that depended upon it were many. What is the nature of the varia-
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tions that fuel evolution? Do variations come in big jumps or small steps? Do new
traits first appear in an individual as adaptations to the environment, as neo-
Lamarckians expected, or do they occur randomly as “mistakes,” some (very few)
of which are beneficial? How does an organism grow and develop from an egg?
How does cellular differentiation occur? Why are certain cells of the embryo ca-
pable of producing the whole (a property called totipotency). What is the physi-
cal basis of heredity? What kinds of differences between individuals are inherited,
that is, which are due to nature and which are due to nurture?

These problems were the concern of several specialties, including cytology,
embryology, physiology, agricultural breeding, eugenics, comparative anatomy,
paleontology, and biometry. Indeed, how an individual understood the term “he-
redity” resulted largely from the problems, techniques, and theories of his or her
speciality. To begin with, Mendelian genetics, based on cross-breeding analysis,
involved statistical examination of the reappearance of visible differences between
individuals. Initially championed by William Bateson and Wilhelm Johannsen,
and later by Thomas Hunt Morgan, it supported the notion of discontinuous evo-
lution. Biometry, on the other hand, led by W. F. R. Weldon and Karl Pearson,
who supported continuous evolution, was based on the Galtonian theory of ances-
tral heredity and on statistical examinations of visible characters within populations.
Naturalists (paleontologists, comparative morphologists, etc.) compiled data illus-
trating genealogical relationships between species and between living and extinct
forms, brought to light by field trips and expeditions sent out from museums and
universities. For many neo-Lamarckian naturalists, the habits and environments of
organisms played a direct role in shaping heredity and evolution.

Cytologists investigated the physical basis of heredity—the link between gen-
erations—by microscopic examination of the cell. By the first decade of the cen-
tury, they were emphasizing the importance of chromosomes in cell division, the
physical continuity of the cell, the nucleus, and other cytoplasmic organelles, in-
cluding mitochondria, chloroplasts, and perhaps centrioles. “Heredity” for cytolo-
gists remained somewhat uncertain, as E. B. Wilson remarked in 1914: “Our
conceptions of cell organization, like those of development and heredity, are still
in the making. The time has not yet come when we can safely attempt to give them
very definite outlines.”1

Experimental embryologists investigated the causes of development, which they
held to be the same as heredity. The fact that the egg of a rat gave rise to a rat, and
that of a frog to a frog, represented the first aspect of the phenomena of heredity.
For them, heredity was a process of production and reproduction and included
concepts of integration, organization, regulation, and differentiation. While ge-
neticists focused on the chromosomes, embryologists focused on the egg cyto-
plasm as the basis of heredity and development (see chapter 10). E. G. Conklin
described heredity from the embryological point of view in 1908:

Indeed, heredity is not a peculiar or unique principle for it is only similarity of growth
and differentiation in successive generations. The fertilized egg cell undergoes a
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certain form of cleavage and gives rise to cells of a particular size and structure, and
step by step these are converted into a certain type of blastula, gastrula, larva and adult.
In fact, the whole process of development is one of growth and differentiation, and
similarity of these in parents and offspring constitutes hereditary likeness. The cause
of heredity are thus reduced to the causes of successive differentiations of develop-
ment, and the mechanism of heredity is merely the mechanism of differentiation.2

Another group that was concerned with heredity was breeders situated outside
the universities. During the early years of Mendelism, breeders came to view
heredity as an important “economic force.” Breeders could use cross-breeding
analysis to detect whether a certain variety was a purebred or hybrid and thereby
improve the quality and/or quantity of their stocks. Major breeding work aimed
at improving pedigreed plants and animals was carried out in public and private
institutions in Europe and the United States. Breeders emphasized that the heredi-
tary values of specially bred strains of plants and animals were as real as the seem-
ingly more concrete values of land or goods. Some considered the value of the
“unseen carriers of heredity” to be “far above that of gold.” An article in the first
issue of the American Breeder’s Magazine in 1910 stated that “heredity is a force
more subtle and more marvelous than electricity. Once generated it needs no ad-
ditional force to sustain it. Once new breeding values are created they continue as
permanent economic forces.”3

Finally, there were those concerned with improving the stock of humanity
through selective breeding. Francis Galton coined the word “eugenics” (from the
Greek for “well born”) in 1883.4 He founded the English Eugenics Society in 1907,
and he provided funds for a chair of eugenics at University College, London
University.5 Eugenics societies mushroomed in many countries.6 Ostensibly, eu-
genics was aimed at improving the “fitness” of human populations by decreasing
the reproduction of those deemed unfit and increasing that of those deemed fit.
Historians have argued that it often functioned as a middle-class ideology that,
like much of social Darwinism, was aimed at legitimating existing social order as
“natural.” Eugenicists often argued that social status reflected differences in fun-
damental abilities due to innate, biological inherited differences, and therefore that
a just society is necessarily unequal, and necessarily hierarchical.

Eugenics was popular in the United States as elsewhere, especially after the First
World War. Eugenicists laid great stress on sterilizing defective persons: the insane,
the mentally retarded, and epileptics. As a result of their efforts, by the mid-1930s
sterilization laws had been passed in many states and in many European countries.
The United States had instituted restrictions on immigration from nations with “in-
ferior” stock, such as Italy, Greece, and the countries of eastern Europe. In Ger-
many, the race hygiene movement began around the turn of the century.

The greatest horror occurred when eugenics was used as a rationale for produc-
ing a “master race.” The mass murder and torture of millions of innocent people—
Jews, gypsies, mentally ill persons, and homosexuals, among others—by the Nazis
doused enthusiasm for the “eugenics movement.”7 But eugenics was far from an
historical aberration of Nazism or extreme right-wing politics. Historians have shown
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that the eugenicists in many countries were not inherently racist or classist.8 Critics
today argue that eugenicists failed to recognize the sizable role of the environment
or culture and education in establishing human characteristics. Moreover, geneti-
cists later showed that all races are populations with mixtures of many different
groups, and that the genetic diversity between individuals is far greater than it is
between races. The differences between races are literally skin deep.9

At first glance one might think that the growth of these various groups inter-
ested in various aspects of heredity, from cytologists to eugenicists, was simple a
matter of specialties dividing up the work, posing different questions, and using
different approaches. This then would be the intellectual division of labor and mu-
tualistic interchange working for the benefit of the whole that philosophers and bi-
ologists had predicted (see chapter 8). At the surface this might seem to be the case,
but underneath was conflict and competition. To the extent to which members of
each specialty defined and explored heredity with their own methods and theories,
each claimed the value of his or her approach to be greater than that of others.”10

The biometricians Pearson and Weldon maintained that “the problem of ani-
mal evolution is essentially a statistical problem” and that a statistical knowledge
of the changes going on in a number of species was the “the only legitimate basis”
for understanding evolution.11 In 1898, Pearson stated his views about Galton’s
laws in no uncertain terms: “If Darwin’s evolution be natural selection combined
with heredity, then the single statement which embraces the whole field of hered-
ity must prove almost as epoch-making to the biologists as the law of gravitation
to the astronomer.”12

In opposition to the views of biometricians, Conklin asserted in 1908 that
embryology offered the most effective way to study heredity:

Heredity is today the central problem of biology. This problem may be approached
from many sides—that of the breeder, the experimenter, the statistician, the physi-
ologist, the embryologist, the cytologist—but the mechanism of heredity can be
studied best by investigation of the germ cells and their development.13

Yet, leading Mendelian geneticists considered all approaches to heredity other
their own to be either wrong or trivial. Bateson proclaimed the importance of
genetics above all other approaches. He discarded his old specialty of embryol-
ogy as moribund. “Formerly,” he wrote, “it was hoped that by simple inspection
of embryological processes, the modes of heredity might be ascertained, the ac-
tual mechanism by which the offspring is formed from the body of the parent.”14

But these expectations were not realized. “With the existing methods of embryol-
ogy,” he asserted, “nothing could be analyzed further than the physiological events
themselves.” Alternatively, he rationalized, “we at least can watch the system by
which the differences between the various kinds of fowls or the various kinds of
sweet peas are distributed among their offspring. By thus breaking the main prob-
lem up into its parts we give ourselves fresh chances.”15

Bateson dismissed biometricians’ views about gradual Darwinian evolution (see
chapter 11), and he also ridiculed paleontologists and comparative anatomists,
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advising biologists to turn away from the study of evolution until the genetic facts
were in: “Naturalists may still be found expounding teleological systems which
would have delighted Dr. Pangloss himself, but at the present time few are mis-
led. The student of genetics knows that the time for the development of theory is
not yet. He would rather stick to the seed pan and the incubator.”16

Genotype and Phenotype

In addition to the term “genetics” that he had coined for the new discipline, Bateson
offered genetics much of its lexicon: “zygote” (from the Greek zugotos, “yoked”)
to describe the fertilized egg, homozygote (from the Greek homo, “the same”),
and heterozygote (heteros, “different”) to describe pure breeds and hybrids; and
allelomorph (all1l1n, “another,” plus morphe, “form”) to describe two different
versions of the same trait, such as height and dwarfism. These were important steps
in the development of the new science of genetics. But no conceptual distinction
did more to disqualify nonexperimentalists from the study of heredity than that
between the genotype and the phenotype, introduced by Wilhelm Johannsen in 1909
and 1911.17 He began his discussion with the metaphor of “inheritance” itself.

Biologists had borrowed the terms “heredity” and “inheritance” from jurispru-
dence, in which the meaning of these words is the transmission of money or things,
rights or duties from one person to another: the heirs or inheritors. Darwin spoke
of characters that may be attributed to inheritance from a common progenitor.18

But the metaphor was imperfect and misleading, because biologists had to distin-
guish between the characteristic, say, the purple color of a flower, which was not
inherited, from something else that stood for the characteristic that was inherited.
Not surprisingly, embryologists were quick to see the problem. As E. G. Conklin
commented in 1908, “The comparison of heredity to the transmission of property
from parent to children has produced confusion in the scientific as well as the
popular mind.”19 Similarly, T. H. Morgan wrote in 1910: “When we speak of the
transmission of characters from parent to offspring, we are speaking metaphori-
cally; for we now realize that it is not characters that are transmitted to the child
from the body of the parent, but that the parent carries over the material common
to both parent and offspring.”20

Johannsen’s genotype conception of heredity articulated the distinction between
the social and biological meanings. The genotype, which he defined as “the sum
total of all the ‘genes,’” lay hidden in the germ cells.21 The phenotype, on the other
hand, could be seen readily in variations all around us. “All ‘types’ of organisms,”
Johannsen wrote, “distinguished by direct inspection or only by finer methods of
measuring or description, may be characterized as ‘phenotypes.’”22

Genetics was in a transition period, and Johannsen drew on the history of chem-
istry to argue that the traditional phenotype conception of heredity was the re-
verse of the real facts, just as the famous “phlogiston” theory was an expression
diametrically opposite to chemical reality.23 Naturalists and biometricians, whose
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views of heredity were based on direct inspection of an organism, were seriously
mistaken, because they assumed that an adult individual was a good representa-
tion of its genotype. Mendelian geneticists showed that an individual might have
hidden recessive traits, and therefore adult traits were not at all fair representa-
tions of its genotype. By observing phenotypes, one also could not distinguish
between what was inherited and what was due to the environment. Moreover,
whereas phenotypes blended, genotypes did not.

As Johannsen saw it, the noninheritance of acquired characteristics was “an
expression of the fact that the external conditions may easily mold phenotypes in
a more or less adaptive manner, but can hardly or rarely induce changes in the
genotype.”24 He emphasized that the genotype conception was an ahistorical con-
ception of heredity, and he dismissed the biometricians’ “laws of ancestral influ-
ence” (which state that an individual contains contributions from all its ancestors,
the amount of the contribution being larger as the ancestor is nearer) as supersti-
tion. “Ancestral influence! As to heredity, it is a mystical expression for a fiction.
The ancestral influences are the ‘ghosts’ in genetics, but generally the belief in
ghosts is still powerful.” Genetics, he asserted, should be pursued “with mathemat-
ics not as mathematics. . . . Certainly, medical and biological statisticians have in
modern times been able to make elaborate statements of great interest for insur-
ance purposes, for the ‘eugenics-movement’ and so on. But no profound insight
into the biological problem of heredity can be gained on this basis.”25

He also decried breeders on grounds of their lack of professional training:

The practical breeders are somewhat difficult people to discuss with. Their meth-
ods of selection combined with a special training and “nurture” in the widest sense
of the word are most unable to throw any light upon questions of genetics, and yet,
they only too frequently make hypotheses as to the nature of heredity and variabil-
ity. Darwin has somewhat exaggerated the scientific value of breeders’ testimonies,
as if a breeder eo ipso must be an expert in heredity.26

Johannsen further dissociated Mendelian factors from all such discredited self-
reproducing vital entities or determinants, such as those proposed by Weismann
(see chapter 8). “Of all the Weismannian army of notions and categories,” he wrote,
Mendelism, “may use nothing.”27 He introduced the term “gene” as a neutral term
to replace other theory-laden, deterministic terms. Johannsen’s “gene” did not have
the power to reproduce itself, to grow, and to assimilate; it did not possess an in-
dependent life of its own. As he later put it, “The Mendelian units as such, taken
per se are powerless.”28

Disciplinary Design

Implicitly, the distinction between genotype and phenotype entailed recognition
of developmental processes and the role of the environment in the formation of
characteristics. “Between the characters that furnish the data for the theory, and
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the postulated genes to which the characters are referred,” Morgan wrote in 1926,
“lies the whole field of embryonic development.”29 The distinction effectively
offered geneticists the conceptual route by which to bypass the organization of
the cell, regulation by the internal and external environment of the organism, and
the temporal and orderly sequences during development. However, there was a
problem. In practice geneticists often ignored the influence of those developmen-
tal conditions. As a result, they often referred to characteristics as being the direct
result of genes, as they spoke of “a gene for this” and “a gene for that.” The notion
that the gene determines the characteristic (that genotype determines phenotype)
was pure tautology in the typical breeding experiments because the presence of
genes was inferred by experimental manipulation of phenotypes. The problem of
identifying genes with characteristics was raised by the embryologist Frank Lillie
in a letter to Julian Huxley in 1928, “If you will excuse a paradox,” Lillie wrote,
“gene theory is essentially a theory of phenotypes, i.e., something always static
for as soon as it changes it is already another phenotype.”30

The first generation of geneticists turned inward to make and solve their own
problems. Bateson summarized the institutional strategy for genetics in 1911, soon
after he was appointed director of the John Innes Horticultural Institution, in
Merton. He argued that no separation should be made between pure and applied
science, and that geneticists should develop close relationships with practical breed-
ers.31 His statements about fostering relationships with breeders were heeded, but
Bateson was reluctant to take the next step in the Mendelian program—of situat-
ing the genes in chromosomes.

During the First World War, leadership in genetics changed hands from Brit-
ain to the United States. T. H. Morgan (1866–1945) and his talented Drosophila
group of Calvin B. Bridges, Alfred H. Sturtevant, and Hermann J. (Joe) Muller at
Columbia University combined Mendelian analysis with cytological studies to
establish the Mendelian chromosome theory.32 Morgan synthesized the results of
genetics in several books, including The Mechanism of Mendelian Heredity (1915),
The Physical Basis of Heredity (1919), and Embryology and Genetics (1934). He
became the most famous geneticist of his generation and in 1933 was awarded
the Nobel Prize in Medicine, the first time the prize had ever gone to a nonmedi-
cal scientist.33

When Morgan began his work on Drosophila genetics in 1910, a landmark
series of cytological studies on sex determination had already convinced many
skeptics of the importance of the chromosomes in heredity. During the first de-
cade of the century, it was established that the sex of almost all plants and ani-
mals was determined at the moment of fertilization by the combination of X and
Y chromosomes. The crucial step in this discovery was taken in 1905 by Nettie
Stevens (1861–1912) and E. B. Wilson.34

Geneticists lined genes up along chromosomes like beads on a string. Genes
were inherited in groups, but they could also be rearranged when sex cells are
formed. This phenomenon made it possible to determine the relative location of
individual genes in the chromosomes. Morgan’s school ingeniously learned to
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construct maps of genes based on recombination frequency: the farther two genes
were from each other on chromosomes, the more inclined they would be to re-
combine with other genes. Cytological studies later showed that when the inter-
change of genes takes place, large blocks of the chromosomes were actually
exchanged: crossing over occurred between homologous chromosomes at the first
stages of meiosis during the formation of egg and sperm cells. Morgan wrote about
the immediate aims of genetics in 1919: “Our study of the germ-plasm is largely
confined . . . for the present to the study of the transmission of the genes, to the
kinds of effects they produce on the organism, and to the special relations of the
genes in the chromosomes where they are located.”35

American geneticists formed their own discipline, with its own techniques, theo-
ries, journals, and societies, and they infiltrated departments of biology, zoology,
and botany. Genetics grew rapidly for a number of reasons. One cannot overstate
the importance of model organisms. Mice, rats, and especially the fruit fly (Droso-
phila) were the effective tools for genetics, analogous to the marine organisms of
embryology. The simplicity of Mendelian analysis and its use on rapidly repro-
ducing Drosophila for producing data was important for recruiting young scien-
tists into a specialty where their chances of immediate success were good. Genetics
had a highly competitive capacity to produce results and students. Mendelism was
devised by botanists, and various plants, especially corn, were also crucial to its
development. In addition to the “fly room” at Columbia was the famous corn
genetics group at the Department of Plant Breeding at Cornell, led by R. A.
Emerson and the cytologist Leslie W. Sharp.36 Emerson developed one of the larg-
est schools of genetics in the United States and had made corn second only to
Drosophila as an object of genetic investigation. Many of Emerson’s students
would become distinguished geneticists, including George Beadle, Barbara
McClintock, Marcus Rhoades, and Milislav Demerec (see chapter 14). There were
also schools led by E. M. East and W. E. Castle at Harvard’s Bussey Institution.
The groups at Columbia, Cornell, and Harvard had no difficulty graduating one
Ph.D. a year between 1910 and 1930.37

The early association of genetics with practical breeding was vital.38 Major
breeding work was carried out by the United States Department of Agriculture, in
state experimental stations, and under other public and private auspices. Clubs
devoted to the study of heredity and eugenics were organized throughout the United
States, and philanthropists were encouraged to dedicate generous sums of money
to foster the development of genetics in universities. In fact, the relationship be-
tween Mendelism, practical breeding, and eugenics and was so intimate that the
word “genetics” covered all of them in the United States during the first three
decades of the century.

In 1903, the American Breeder’s Association was founded “to bring the prac-
tical breeder into close contact with scientists” and “to achieve scientific and eco-
nomic results of the highest order.” The American Breeder’s Association was later
renamed the American Genetics Association (1914), and American Breeder’s
Magazine carried the subtitle A Journal of Genetics and Eugenics. In 1915 a new
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journal was initiated, Genetics, distinct from the periodicals for eugenics and prac-
tical breeding. And in 1932, a new genetics society, the Genetics Society of
America, was founded as an offshoot of the American Society of Naturalists, with
aims distinct from those of the American Genetics Association.

Biology out of Balance

While genetics, with its well-defined methods, aims, and institutional develop-
ments, thrived, older disciplines floundered, and some feared the encroachment
of onto their own domains. Leading physiologists, embryologists, and paleontolo-
gists hoped that genetics was a fad. Joseph Needham spoke for many nongeneticists
when he commented in 1919,

We are all out of balance. Some of our laboratories resemble up-to-date shops for
quantity production of fabricated genetic hypotheses. Some of our publications make
a prodigious effort to translate everything biological into terms of physiology and
mechanism—an effort as labored as it is unnecessary and unprofitable. Why not let
the facts speak for themselves? They go from one extreme to another. In my high
school days we did nothing but dissecting; later came morphology and embryol-
ogy, then experimental zoology, then genetics, and the devotees of each new sub-
ject have looked back upon the old with something like that disdain with which a
debutante regards last year’s gown. Natural history and classification are perhaps
long enough out of date, so that interest in them may again be revived.39

Comparative anatomists and paleontologists felt the pinch of genetics and the
derogatory remarks of its leaders.40 The paleontologist W. K. Gregory, at the
American Museum of Natural History in New York, responded in 1917 that al-
though paleontologists may reserve judgments about the mechanisms of evolu-
tion, they had their own and well-deserved place within the life sciences:

As long as museums and universities send out expeditions to bring to light new
forms of living and extinct animals and new data illustrating the interrelations of
organisms and their environments, as long as anatomists desire a broad compara-
tive basis for human anatomy, as long as even a few students feel a strong curiosity
to learn about the course of evolution and the relationships of animals, the old prob-
lems of taxonomy, phylogeny and evolution will gradually reassert themselves even
in competition with brilliant and highly fruitful laboratory studies in cytology, ge-
netics and physiological chemistry.41

The American naturalist William Morton Wheeler saw his field as being on
the endangered list. In his diatribe of 1923, “The Dry-Rot of Our Academic Biol-
ogy,” he confessed that his “mental condition is, no doubt, partly due to the dis-
appointing spectacle of our accomplishments as more or less decayed campus
biologists in increasing the number, enthusiasm, and enterprise of our young natu-
ralists.”42 He turned to the history of science to argue for the central position of
natural history, and the need for intellectual breadth in the life sciences.
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History shows that throughout the centuries . . . natural history constitutes the pe-
rennial rootstock or stolon of biologic science and that it retains this character be-
cause it satisfies some of our most fundamental and vital interests in organisms as
living individuals more or less like ourselves. From time to time the stolon has pro-
duced special disciplines which have grown into great, flourishing complexes. . . .
More recently another dear little bud, genetics, has come off, so promising, so self-
conscious, but alas, so constricted at the base.43

Wheeler may have expressed a common viewpoint of nongeneticists, but
American geneticists saw the situation differently. They believed that genetics
would become the stolon that would bind all of biology into a unified field, which,
would one day rival the physical sciences. Indeed, genetics had come to such a
prominent position by 1930 that the idea of converting the American Society of
Naturalists to a “genetics society” was seriously considered. The former was made
up of members of various specialties and had as its scope of interests “organic
evolution.”44

American embryologists also felt their field threatened. As F. R. Lillie lamented
in 1927, “Genetics has become quite a unitary science and the physiology of de-
velopment is at most a field of work.”45 Although geneticists could say nothing
about development, they still claimed full authority over heredity. Their strategy
was simple: focusing on the sexual transmission of genes, they simply redefined
the term “heredity” operationally to suit their practice. As the Harvard geneticist
Leslie Dunn wrote in 1917,

The working of the effective method is known for heredity, if heredity be properly
only concerned with the way in which hereditary factors are distributed in the germ
cells. For development, the mechanism is but grossly known, but we have learned
enough . . . to foster a suspicion that one day the governance of the chromosomes
over development will be explained in physico-chemical terms.46

As genetics grew institutionally, so did its narrow view of heredity. E. G.
Conklin commented in 1919, “Development is indeed a vastly greater and more
complicated problem than heredity, if by the latter is meant merely the transmis-
sion of germinal units from one generation to the next.”47 F. R. Lillie was more
reluctant to concede the geneticists’ restricted version of heredity and maintained
what he called “the physiological conception of heredity as repetitive life histo-
ries.”48 Similarly, the Belgian embryologist Albert Brachet wrote in 1935:

For the embryologist the word heredity takes on a very broad meaning; heredity is
the totality of the developmental potentialities in the fertilized egg; it is the ensemble
of the causes which make the egg produce, when in adequate environmental condi-
tions, following a succession of well-defined processes, a new organism having all
the characters of the species to which it belongs. Thus understood, heredity is the
real object of embryology—to know it at the same time in its origin, in its manifes-
tations and in the mechanisms which it puts in place in order to realize its final goal.49

Embryologists found it more than difficult to reconcile embryology and genet-
ics, because there was no sorting out of nuclear genes in the course of develop-
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ment. Morgan insisted that “each cell inherits the whole germ plasm.”50 As long
as this remained a necessary part of the gene theory, then it seemed to them that
differentiation of cells was an environmental relationship mediated through the
cytoplasm, not the nucleus. Despite these problems, in 1926 Morgan asserted that
the application of genetics was a most promising method of attack on the prob-
lem of development.51 Embryologists were not long in responding. The next year
Lillie wrote, “Those who desire to make genetics the basis of physiology and
development will have to explain how an unchanging complex can direct the course
of an ordered developmental stream.” As he saw it,

the progress of genetics and of development can only result in a sharper definition
of the two fields, and any expectation of their reunion (in a Weismannian sense) is
in my opinion doomed to disappointment. . . . Instead of distorting our workable
conceptions to include that which they can in no wise compass, may it not be profit-
able, for a while, to admit that more lies without than within our confines of mecha-
nism and statistics?52

Five years later, the Yale embryologist Ross Harrison continued to express his
deep concern about reducing development to the action of genes. Gene theory, he
argued, may even be an impediment to understanding development:

The prestige of success enjoyed by the gene theory might easily become a hin-
drance to the understanding of development by directing our attention solely to
the genome, whereas cell movements, differentiation and in fact all developmen-
tal processes are actually effected by the cytoplasm. Already we have theories that
refer the process of development to genic action and regard the whole performance
as no more than the realization of the potencies of the genes. Such theories are
altogether too one-sided.53

Morgan responded to critics with his own historical interpretation that embry-
ology had simply failed as a progressive research program:

If another branch of zoology that was actively cultivated at the end of the last
century had realized its ambitions, it might have been possible to-day to bridge
the gap between gene and character, but despite its high-sounding name of Entwick-
lungsmechanik [developmental mechanics] nothing really quantitative or mecha-
nistic was forthcoming. Instead philosophical platitudes were invoked rather than
experimentally determined factors. Then, too, experimental embryology ran for a while
after false gods that landed it finally in a maze of metaphysical subtleties.54

Are Genes Real?

Genes were certainly useful as a way of speaking about the results of genetic
crosses, but it was far from certain whether they really had physical reality as a
material particle or were simply instrumental entities, hypothetical factors. Some
early geneticists suspected that genes controlled biochemical reactions by way of
enzymes, and some even suspected that genes themselves might be enzymes (see
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chapter 14). However, Morgan was reluctant to speculate about the nature of the
gene. In his book The Theory of the Gene (1926), he attributed five principles to
the gene, all derived from purely numerical data: segregation, independent assort-
ment, crossing over, linear order, and linkage groups. He raised the question about
the physical reality of genes again in his Nobel Prize lecture in 1934:

What are genes? Now that we locate them in the chromosomes, are we justified in
regarding them as material units; as chemical bodies of a higher order than molecules?
. . . Frankly, these are questions with which the working geneticist has not much con-
cerned himself, except now and then to speculate as to the nature of the postulated
elements. There is no consensus amongst geneticists as to what the genes are—whether
the gene is a hypothetical unit, or whether the gene is a material particle.55

H. J. Muller (1890–1966), who would develop a following of his own, was
more speculative.56 He formulated a theory of the gene as a discrete physical unit
comparable to a virus. As he put it in 1922, “Perhaps we may be able to grind
genes in a mortar and cook them in a beaker after all.”57 In his 1926 paper “The
Gene as the Basis of Life,” he argued that genes possessed the unique fundamen-
tal properties of identical reduplication and mutation:

What is meant in this paper by the term “gene” material is any substance which, in
given surroundings—protoplasmic or otherwise—is capable of causing the repro-
duction of its own specific composition, but which can nevertheless change repeat-
edly—“mutate”—and yet retain the property of reproducing itself in its various new
forms. There is clear evidence that such material is to be found in the chromatin.58

This ability of genes to vary (mutate) and to reproduce themselves in their new
form meant to Muller that they were the building blocks of evolution:

Genes (simple in structure) would, according to this line of reasoning, have formed
the foundation of the first living matter. By virtue of their property (found only in
“living” things) of mutating without losing their growth power they have evolved
even into more complicated forms, with such by-products—protoplasm, soma, etc.—
as furthered their continuance. Thus, they would form the basis of life.59

Muller’s theory of the gene as a naked virus was later considered prophetic by
geneticists of the 1950s.60 Muller also provided one of the most important tech-
niques for probing the gene and revitalizing genetics. In 1927, he reported that
X-rays could increase the frequency of gene mutations in Drosophila by a factor
of 1500.61 The following year, L. J. Stadler published the results of his similar
studies with barley.62 The artificial production of mutations gave genetics a new
lease on life. It provided genetics with one of its most important analytic devices
and one of its most important sources of material for investigation. Geneticists no
longer had to wait for mutations to arise spontaneously. The study of mutations
was soon extended from X-rays to gamma rays, beta rays, cathode rays, and ul-
traviolet light. Muller himself argued that the mutations produced were of two
kinds: chromosomal rearrangements and gene mutations, which he saw as “re-
constructions of the gene.” The kinds of mutations produced were neither specific
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nor directed by the mutagenic agents. The types of phenotypic changes were the
same as those known to occur spontaneously. As Muller put it, “the artificial build-
ing blocks of evolution” were as good as “the natural stones.”63 He was awarded
the Nobel Prize in 1946.

Whether or not genes were hypothetical entities, Mendelian gene mutations
and recombination emerged at the center of evolutionary thinking of the 1930s
and 1940s, coupled with a population-statistical approach. Since Darwin, biology
had become increasingly fractionated and fractious. Certainly, there was a great deal
of cooperation within groups—individuals collaborated and shared methods, con-
cepts, and results—but there was much less cooperation between specialties.
During the 1930s and 1940s there were calls for a reunification of biology and for
specialties to put aside their differences and misunderstandings. A new Darwinian
synthesis was possible.
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Darwinian Renaissance

Evolution may lay claim to be considered the most central and the most
important of the problems of biology. For an attack upon it we need
facts and methods from every branch of the science—ecology, genet-
ics, paleontology, geographical distribution, embryology, systemat-
ics, comparative anatomy—not to mention reinforcements from other
disciplines such as geology, geography, and mathematics.

Biology at the present time is embarking upon a phase of synthesis
after a period in which new disciplines were taken up in turn and
worked out in comparative isolation. Nowhere is this movement to-
wards unification more likely to be valuable than in this many-sided
topic of evolution; and already we are seeing the first fruits in the re-
animation of Darwinism.

—Julian Huxley, 1942

  , the coming together of naturalists and geneti-
cists over Darwinism and Mendelism, is a hallmark of twentieth-century biology.
It emerged in the 1930s and 1940s to resolve many of the large issues that had
confronted Darwin’s theory, and it constitutes what many biologists today regard
as biology’s basic evolutionary paradigm. The phrase “the evolutionary synthe-
sis” was introduced by Julian Huxley (1887–1975) in his book Evolution: the
Modern Synthesis (1942) to indicate two generally accepted conclusions: that evo-
lution can be explained by natural selection acting on variations resulting from
gene mutations and recombination, and that phenomena observed by paleontolo-
gists, systematists, and field naturalists can be explained in a manner consistent
with known genetic mechanisms.

As the expression “evolutionary synthesis” connotes, this unification was gen-
erated not by the complete overthrow of one specialty’s paradigm by another, but
by a merger of different viewpoints and approaches. Huxley’s aim was to show
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how diverse specialties working together might resolve long-standing issues. His
take on the antagonisms to overcome depicts the conflicts described in chapters 6
and 12:

It was in this period, immediately prior to the war, that the legend of the death of
Darwinism acquired currency. The facts of Mendelism appeared to contradict the
facts of paleontology, the theories of the mutationists would not square with the
Weismannian views of adaptation, the discoveries of experimental embryology
seemed to contradict the classical recapitulation theories of development. Zoolo-
gists who clung to Darwinian views were looked down on by the devotees of the
newer disciplines, whether cytology or genetics, Entwicklungsmechanik or com-
parative physiology, as old-fashioned theorizers; and the theological and philosophi-
cal antipathy to Darwin’s great mechanistic generalization could once more raise
its head without fearing too violent a knock.1

The new “unification” would be based on a functional division of labor, each
specialty providing something another lacked. The circumstances of the Second
World War provided favorable conditions for such a synthesis. In England, bi-
ologists who contributed books on evolution, genetics, and cytology were forced
to put aside their research when laboratory and fieldwork was impeded. Several
of the leading books appeared during the war years.2 The scope of the synthesis
and how it occurred has been intensively investigated by scholars.3 Their aim has
been to explain how conceptual misunderstandings were mended and to sort out
the specific contributions of individuals and specialties.

Merging Mendelism

The architects of the synthesis emphasized that understanding Mendelian hered-
ity was crucial.4 As Huxley remarked:

What would Darwin or any nineteenth-century biologist say to facts such as the
following . . . ? A black and albino mouse are mated. All their offspring are grey,
like wild mice: but in the second generation greys, blacks and albinos appear in the
ratio 9:3:4. . . .

To the biologist of the Darwinian period the product of the grey mice would
not have been inheritance but “reversion” to the wild type, and the reappearance
of blacks and whites in the next generation would have been “atavism,” or “skip-
ping a generation.” . . .

In reality, the results are in both cases immediately explicable on the assump-
tion of two pairs of genes, each transmitted from parent to offspring by the same
fundamental genetic mechanism. The “reversions,” “atavism,” and “sports” are all
due to new combinations of old genes.5

Mendelism was key. But we must keep in mind that the early leaders of genet-
ics, including Hugo de Vries, Wilhelm Johannsen, William Bateson, and Thomas
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Hunt Morgan were inspired by the thought that new species and varieties appeared
suddenly, by leaps, not by creeps, perhaps by sudden mutation of a single heredi-
tary unit. Three kinds of evidence supported this view, each of which required
refutation before the synthesis:

1. De Vries had discovered that new types of evening primrose Oenothera
lamarckiana could arise at a single step: in a single generation, plants sud-
denly differed markedly from their parents in a number of characteristics,
including differently configured leaves and flowers. He believed that the new
types arising by large “mutations” were new species; their sudden occur-
rence meant that selection had little or nothing to do with the origin of spe-
cies. He articulated his views in his influential treatise The Mutation Theory
(1901–3).

2. Early cross-breeding work seemed to support a view of evolution by leaps.
After all, when Mendel had crossed a tall with a dwarf strain of peas he found
in the second generation a ratio of three tall to one dwarf plant. This was a
case of a significant disjunction, not a continuum.

3. Johannsen’s experiments seemed to indicate that the individual variations
always present in populations were not the basis of evolutionary change.6

In 1903, he tested Darwin’s theory by trying to alter the genetic nature of
the garden bean through artificial selection. But he was unable to do so. He
selected the largest and the smallest beans from the seed lot of a single va-
riety and raised the offspring from them in successive generations, creating
what he called pure lines. In the first generation, the larger beans produced
slightly larger offspring than the smaller ones, but in later generations se-
lection for large and small size had no effect whatsoever on the offspring.
Thus, Johannsen and others concluded, the visible continuous variations that
Darwin observed in natural populations, and that he considered to be the
basis of natural selection, were actually not hereditary at all, but due to the
effect of the environment on individual organisms.7

Each of these three conclusions was refuted by the 1920s. First, genetic studies
indicated that the types de Vries had found in the evening primrose were not new
species, and they were not due to single-gene mutations. They involved many genes
and were due to a peculiar of kind of genetic segregation; Oenothera lamarckiana
has a rather unusual type of chromosome behavior.8 Second, among the many traits
studied by geneticists by the 1920s, examples of large changes caused by single
genes were relatively rare. No simple Mendelian ratios could be found in the
offspring derived from humans differing in height, or when a tall race of wild
yarrow is crossed with a dwarf alpine plant of the same species. The difference
between tallness and shortness is governed by many genes, each of which has only
a slight effect on size. Not only did geneticists find that one characteristic could
be influenced by many genes (polygeny), they also found that one gene could affect
many traits (pleiotropy).
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Third, Johannsen’s pure-line experiments were faulty. Selection experiments
conducted for size and other characteristics with mice, flies, corn, and other
organisms showed that selection could produce cumulative changes over as many
as fifty to a hundred generations.9 Johannsen’s results were later understood to be
due to the fact that he mistook an artificial population for a natural one. The gar-
den beans he used had been selected by breeders over many generations for uni-
formity and constancy. Thus, differences due to small effects of genes had been
artificially eliminated before he began his experiments. Plenty of heritable varia-
tions existed in the wild for natural selection.

The Importance of Sex

According to the new Darwinian synthesis, evolution was not driven by muta-
tions, large or small, but by the size of populations, or “gene pools,” and the kind
of variations within them. Because every individual born from sexual reproduc-
tion contains a novel genetic mix, a population contains an enormous diversity
due to gene recombination, which would fuel evolution. This view contradicted
that of leading geneticists well into the 1930s. Even though every geneticist knew
that during meiosis, chromosomes often exchange parts to form new combina-
tions of genes and so change the chromosomes in their germ cells, some geneti-
cists insisted that this was not the stuff of evolution. T. H. Morgan, for example,
abandoned the notion of large-scale heritable changes and accepted the notion that
subtler, more gradual gene mutations were the basis of evolution. But he could
not accept the idea that recombination of genes would create anything new, and
that the common variations found in the wild would provide the fuel for evolu-
tion. He insisted that evolution was essentially driven by new gene mutations.10

In neo-Darwinian theory, natural populations would contain a large pool of
hereditary variation, and therefore new mutations would rarely, if ever, be the direct
source of variation upon which evolutionary change is based. Instead, they re-
plenish the supply of variability in the population, which is constantly being re-
duced by selective elimination of unfavorable variants. But in any one generation,
the variation contributed to a population by mutation is minuscule compared to
the variation brought about by recombination of preexisting genetic differences.
Thus, one would not expect to find any relationship between mutation rate and
direction of evolution.11 This was the view that emerged during the 1940s.

One can point to geneticists such as H. Nilsson-Ehle in Sweden and Erwin Baur
in Germany, who had emphasized the importance of recombination for evolution.
In the United States, geneticists were very familiar with hybrid vigor in corn re-
sulting from genetic recombination, and the Harvard corn geneticist E. M. East
and his students were well known for their Darwinian views. A. H. Sturtevant had
also adopted a Darwinian conceptual framework.12 But none of these geneticists
developed a comprehensive theory or an evolutionary research program.
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Population Genetics

The union of Darwinism and Mendelism meant that important aspects of evolu-
tion change could be studied as a branch of applied mathematics in which one
could assess the changes in gene frequencies within a population.13 The mathemati-
cal treatment of evolution meant that one could check deductions and make quan-
titative predictions. Beginning in the 1920s, population geneticists, led by R. A.
Fisher and J. B. S. Haldane in England and Sewall Wright in the United States,
established the basis for population genetics by weaving together biometric meth-
ods, Mendelian inheritance, and the effects of selection into quantitative models
of evolutionary processes.14 They were the founding fathers of theoretical popu-
lation genetics, but they had fierce disagreements.

Ronald Fisher (1890–1962) was educated in mathematics at Cambridge dur-
ing the 1910s. An accomplished mathematician at age twenty-two, he became
interested in genetics and evolution when he discovered the biometrician Karl
Pearson’s paper “Mathematical Contributions to the Theory of Evolution.” But
unlike Pearson, he saw no inherent conflict between Mendelism and natural se-
lection, and he set out to demonstrate how little basis there was for the opinion
that the discovery of Mendel’s laws of inheritance was unfavorable, or even fatal,
to the theory of natural selection. In his famous book of 1930, The Genetical Theory
of Natural Selection, he aimed to construct a mathematical and deterministic analy-
sis that would establish the laws of evolutionary change on a par with those of
physics. The second part of the book was concerned with his eugenics aims. He
surveyed the collapse of empires and the decline of British peerage, and he advo-
cated the proper distribution of family allowance to people of superior beauty,
intellect, health, and talent, whose breeding, he argued, should be promoted.

The first part of the book focused on a mathematical treatment of the slow and
deliberate effects of selection on individual genes. Far from being opposed to
Darwinian selection, Fisher emphasized that Mendelism actually made the theory
intelligible by refuting the old blending inheritance theory. If the latter were true,
he argued, heritable variation would be approximately halved in every genera-
tion, and therefore Darwin’s theory would require a colossal amount of new varia-
tion each generation.15 Mendelism conserved the variance in the population. He
also rejected the non-Darwinian arguments of those who believed in macro-
mutations and who had argued that small imperceptible variations would have no
selective advantage. As he commented:

If a change of 1 mm. has selection value, a change of 0.1 mm. will usually have a
selection value approximately one-tenth as great, and the change cannot be ignored
because we deem it inappreciable. The rate at which a mutation increases in num-
bers at the expense of its allelomorphs will indeed depend upon the selective ad-
vantage it confers, but the rate at which a species responds to selection in favour of
any increase or decrease of parts depends on the total heritable variance available,
and not on whether this is supplied by large or small mutations.16
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Fisher put “fitness” on a quantitative basis: he defined it solely in terms of the
number of offspring an individual leaves behind. The centerpiece of his book was
the fundamental theorem of natural selection, which he arrived at by combining
Mendelism with certain principles of population ecology. According to the theo-
rem, natural selection in itself would always drive a population toward greater
fitness. However, since the environment was always changing, the population is
always deteriorating in fitness. Therefore, the population never reaches optimum
fitness, and is condemned to race forever against an ever further receding desti-
nation. This situation has been dubbed “the Red Queen’s dilemma” in reference
to the character in Lewis Carroll’s Through the Looking-Glass.

In his calculations of fitness and mathematical treatment of evolutionary change,
Fisher simplified the concept of the gene, treating each as a particulate, non-
interacting entity upon whose individual effect selection could act. By such
simplifications, if a certain gene bestowed an advantage that resulted in enhanced
reproduction, he could calculate how rapidly it would increase in frequency. In-
deed, he showed that small changes could have large effects in relatively short
time periods. For example, if a gene change increased the likelihood of leaving
offspring by only 1 percent, the genetic constitution of a species would be greatly
modified in only a hundred generations.

John Burdon Saunderson Haldane (1889–1988) was the polymath son of the
Oxford physiologist John Saunderon Haldane. He took up the breeding of guinea
pigs with his sister Naomi as a teenager when he discovered the phenomenon of
genetic linkage—that two or more genes situated close together on the same chro-
mosome are inherited together. After serving in the First World War, he studied
at Oxford, was a reader in biochemistry at Cambridge (1922–32), and then was
professor of genetics and of biometry at the University of London (1933–57). He
subsequently immigrated to India, adopted Indian nationality, and worked in
Calcutta and Orissa. Although he at first viewed evolution as driven by mutations,
he adopted the Darwinian perspective about the importance of preexisting varia-
tion, the significance of recombination, and the evolution of populations driven
by natural selection.17 In a series of papers published between 1924 and 1931, he
constructed theoretical population models, plotting the factors that influence fitness
and the frequencies of specific phenotypes.

Haldane thought evolution worked much faster than Fisher did, and he searched
for an example in the real world. In 1924, he published the now-infamous story
of the peppered moth, Amphidasys betularia, told as one of the strongest examples
of the power of natural selection. The peppered moth’s mutant black form was
known to have undergone a spectacular increase in the second half of the nine-
teenth century. Haldane supposed that if the first black moth had been sighted in
Manchester in 1848, it would have had a frequency lower than 1 percent of the
population, and yet by 1901 it had virtually replaced the typical form in the re-
gion. Based on this conjecture, he showed that the black form would have a selec-
tive advantage of 50 percent. Such intense selection pressure would show that
natural selection was a powerful force propelling evolution. Though the case of
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the peppered moth is today seriously doubted as a real case of evolution by natu-
ral selection, it was polished as the jewel in the crown of neo-Darwinian evolu-
tionary biology of the twentieth century.18

The conclusion of population geneticists that even a slight genetic difference,
when introduced into a population, could rapidly accumulate and result in evolu-
tionary change was important in winning over such neo-Lamarckians as Ernst Mayr
and Bernhard Rensch. Mayr became one of the great champions of Darwinian
gradualism, but he was a staunch critic of what he dubbed “beanbag genetics” of
population geneticists who were concerned solely with changes in the frequen-
cies of individual genes and ignored the interaction between genes.19

Sewall Wright (1892–1964) had relatively little formal mathematical train-
ing; he considered himself more of a physiological geneticist than a population
geneticist. Taught genetics at Harvard by W. E. Castle, he worked as an animal
breeder for the U.S. Department of Agriculture before being appointed professor
at the University of Chicago (1926–1954).20 His quantitative studies of changes
in the genetic composition of rat populations corroborated Fisher’s about the
importance of Mendelism and natural selection and the effectiveness of selection
acting on small random variations.21 However, he also investigated another fac-
tor that was not due to selection: the random effects in small populations, which
he called random genetic drift.

Random Drift and Nonadaptive Change

The size of the variations did not matter, but the size of the population did. Whether
a small or large population best favored evolutionary change divided Fisher and
Wright for many years. For Fisher, natural selection would occur rapidly and most
effectively in large populations, because more variant genes were stored there. For
Wright, evolution would occur rapidly and most effectively in small populations
because a genetic novelty would spread quickly in a relatively small population
without selection due to genetic drift.22 The chance isolation of a group in which,
say, 75 percent of the individuals happened to be purple and not yellow would
mean that the purples would pass on a higher percentage of their genes to the next
generation, and the shift in gene frequency would become more pronounced in
subsequent generations.

Based on his view that organisms actually live in small scattered populations,
Wright thus advanced his “shifting balance” theory of evolution in natural popu-
lations—the theory that genes can be “fixed” in populations by a random process,
that is, the chance partitioning of environments. Not all evolutionary changes were
adaptive. Though anathema to the deterministically minded Fisher, this non-
selectionist turn in evolutionary theory was, initially at least, taken up by other
architects of the synthesis.

In Stalinist Russia, population genetics was begun by Sergie Chetverikov
(1880–1959), who, in the 1920s, developed a major school of evolutionary biol-
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ogy at the Kol’tsov Institute in Moscow.23 In 1922, H. J. Muller visited the Kol’tsov
Institute and brought with him cultures containing thirty-two mutants of Droso-
phila from Morgan’s laboratory, a gift that Chetverikov’s school subsequently used
to do the first population genetic studies of Drosophila. Chetverikov was exiled
in 1929 because, it was rumored, he was denounced to the political police by one
of his students.24

In the United States, population genetics of Drosophila were pioneered by the
Ukrainian-born Theodosius Dobzhansky (1900–1975), who immigrated to the
United States in 1927. There he worked in Morgan’s lab at Columbia University.
Subsequently, he taught at Columbia University (1940–62) and then at Rockefeller
University (1962–71). In his pathbreaking book Genetics and the Origin of Spe-
cies (1937), Dobzhansky articulated the concept that evolution was an affair of
populations, not of individuals—or, as he put it, “Evolution is a change in the
genetic constitution of populations.”25 “Populations evolve” because the traits of
organisms within those populations are modified in kind and frequency. “The rules
governing the genetic structure of a population,” he wrote, “are distinct from those
governing the genetics of individuals.”26

Soon after arriving in the United States, Dobzhansky became an enthusiast for
Wright’s shifting balance theory and put it to the test by studying wild popula-
tions of fruit flies in remote mountains and deserts. Random genetic drift played
a significant role in maintaining variation. The available variations spread quickly
in small populations, he argued; successful variants could then prevail in larger
populations by natural selection.27 In his studies high in the Sierra Nevada, he
studied sixteen strains of the fruit fly Drosophila pseudoobscura. The strains
differed in particular inversions of large segments of chromosomes, and he recorded
spectacular booms and busts in the population of different strains over several years.
He ruled out chance, mutation pressure, and internally directed changes, and con-
cluded that natural selection was almost certainly involved, although the selective
factors involved remain unknown. The relative importance of random drift and
natural selection was actively debated in the 1950s, at which time Dobzhansky and
other leading evolutionists moved away from drift.28 The importance of such ran-
dom processes as genetic drift relative to adaptive change through natural selection
remains controversial among evolutionists to the present day.29

The architects of the synthesis introduced a whole new lexicon for population
genetics: balanced polymorphism, climatic rules, founder principle, gene pool,
gene flow, introgression, isolate, sibling species, stabilizing selection, allopatric
speciation, and taxon.30 But there was much more to the problem of evolution than
statistical studies of gene frequencies.31 In his books Recent Advances in Cytol-
ogy (1931) and The Evolution of Genetic Systems (1939), the British cytogeneti-
cist Cyril Darlington showed that many chromosomal mechanisms and genetic
systems regulate the amount of inbreeding or outbreeding—that is, the amount of
recombination.32 Darlington’s books were complemented by Michael White’s
Animal Cytology and Evolution (1945).33 Naturalists focused on the major tem-
poral and spatial problems of evolution, such as adaptation, geographical varia-



Darwinian Renaissance 151

tions, the multiplication of species, and the origin of higher taxa. Huxley’s Evo-
lution: The Modern Synthesis (1942) and the Harvard ornithologist Ernst Mayr’s
Systematics and the Origin of Species (1942) dealt with animals; G. Ledyard
Stebbins’ Variation and the Evolution of Plants (1950) dealt with plants.34

The Species Problem

In Genetics and the Origin of Species, Dobzhansky defined species as “that stage
of the evolutionary process at which one actually or potentially interbreeding array
of forms becomes segregated into two or more separate arrays which are physi-
ologically incapable of interbreeding.”35 Mayr (b. 1904) subsequently revived what
he referred to as the “biological species concept.” A species, he argued, is the lowest
group of animals or plants that, at least potentially, forms an interbreeding array
of populations unable to breed freely with other sorts of animals and plants. “The
major intrinsic attribute characterizing a species is its set of isolating mechanisms
that keeps it distinct from other species.”36 Mayr’s definition allowed for the idea
that species themselves, not just individuals, may be targets of selection. The
paleontologist George Gaylord Simpson (1902–1984) went further, defining spe-
cies as “a phylogenetic lineage (ancestral-descendant sequence of interbreeding
populations) evolving independently of others, with its own separate and unitary
evolutionary role.”37

Neo-Darwinian evolutionists considered two competing conceptions of spe-
ciation. Darwin, it will be recalled, held that new species could emerge from the
splitting of a single population in a single geographical area; he understood this
as a division of labor (see chapters 4 and 6). Mayr argued that geographic isola-
tion was necessary.38 Speciation, in his view, was not so much about the origin of
new variations or evolutionary changes within populations, but rather a matter of
isolating mechanisms, such as geography, which led to sexual incompatibility,
which would then prevent inflow of new genes into gene pools: “A new species
develops if a population which has become geographically isolated from its pa-
rental species acquires during this period of isolation characters which promote
or guarantee reproductive isolation when the external barriers break down.”39

Accordingly, a geographical barrier of some sort—a river or isolation on an
island—would split a species into two groups on which selection could act. Since
it is unlikely that the population on one side of this barrier would have exactly the
same frequencies of genes when first separated, selection would have two very
different sets of variations from the beginning. Mutation and selection would also
gradually push the two groups in different directions, and eventually each group
would be recognizable as a different species. Mayr called this hypothetical form
of speciation “allopatric” in contrast to “sympatric” speciation (splitting of a single
population in the same geographical area). He rejected the latter, arguing that it
would be “subject to so many limitations that it is surely rare, if not exceptional.”40

Plants were an exception. Instantaneous speciation within a single population of



152     

plants could occur by chromosomal changes such as polyploidy (that is, the oc-
currence of three or more complete sets of chromosomes). Polyploidy is virtually
unknown in animals.41

In the United States, evolutionary biology took on some of the trappings of a
new discipline with its own Society for the Study of Evolution, founded in 1946
by Mayr, to discuss common evolutionary problems of geneticists, ecologists,
systematists, and paleontologists, and its own journal, Evolution: An International
Journal of Organic Evolution, launched in 1947. Edited by Mayr, its aim was to
stimulate evolutionary research and bring scattered literature from several spe-
cialties together in readily accessible form.42 Evolution by adaptation—by the
gradual accumulation of traits with even the “slightest selective value”—became
the central core of the evolutionary synthesis.43 Selection explained the arrival of
the fittest as much as it did the survival of the fittest. In its most important compo-
nents, the synthesis was remarkably similar to Darwin’s original theory of 1859.

Within the boundaries of the modern synthesis, one could quibble about de-
tails of speciation; the importance of random processes such as genetic drift rela-
tive to the force of adaptive change through natural selection was hotly debated;
there could be disagreement about the relative importance of contributions of
individuals and specialties. But one point all the founding fathers agreed upon
was that evolution did not occur by large, discontinuous, macromutational changes.

Microevolution as Macroevolution

The macromutation ideas of Richard Goldschmidt (1885–1968) represent a noto-
rious polemic in the history of the evolutionary synthesis.44 Goldschmidt was one
among many leading German scientists who, as Jews, fled Nazi Germany; he
immigrated to the United States in 1933. He argued for the importance of macro-
mutations in his text of 1940, The Material Basis of Evolution: “I cannot agree
with the viewpoint of the textbooks that the problem of evolution has been solved
as far as the genetic basis is concerned,” particularly with respect to the origins of
new structures or organs.45 He acknowledged that natural selection could lead to
races, but maintained that it could not lead to new species.46 “The decisive step in
evolution, the first step toward macroevolution, the step from one species to an-
other, requires another evolutionary method than that of sheer accumulation of
micromutations.”47 Thus, he spoke of “hopeful monsters,” perhaps resulting from
chromosomal rearrangements.

For the architects of the evolutionary synthesis, there was no distinction to be
made between microevolution and macroevolution.48 The difference between the
two was arbitrary and merely quantitative. As Dobzhansky put it in 1937, “We
are compelled at the present level of knowledge reluctantly to put a sign of equal-
ity between the mechanisms of micro- and macro-evolution, and, proceeding on
this assumption, to push our investigations as far ahead as this working hypoth-
esis will permit.”49
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Paleontology represented all that biologists really knew directly about the
course of life’s history. Few paleontologists had accepted natural selection as
the only direction-giving mechanism in evolution, and most had considered
macroevolutionary processes to be different from microevolution. Many were
neo-Lamarckians, and some argued for orthogenesis—a linear direction in macro-
evolution due to some kind of intrinsic force. At Harvard, Percy Raymond com-
mented in 1941:

The school of experimental biologists has so firmly convinced them that they can
never prove anything that, whatever their beliefs, paleontologists have generally
chosen to remain silent. Probably most are Lamarckians of some shade; to the un-
charitable critic it might even seem that many out-Lamarck Lamarck. . . . Recently
orthogenesis has become popular, particularly with the younger generation. This
idea is natural for the paleontologist, whose lines of descent are necessarily straight.50

More than anyone else, George Gaylord Simpson brought the disparate disci-
plines of paleontology and genetics together under a common explanatory frame-
work.51 Simpson worked at the American Museum of Natural History (1927–59),
and he also taught at Columbia University (1945–59) and Harvard (1959–70). He
was educated primarily as a geologist, but in the 1930s, he realized that a ground-
ing in population genetics was essential for an evolutionist, and he integrated it
with his detailed knowledge of paleontology in his influential book Tempo and
Mode of Evolution (1944).52 In the introduction, he summarized the hostile rift
between the two cultures he aimed to reconcile:

The attempted synthesis of paleontology and genetics, an essential part of the present
study, may be particularly surprising and possibly hazardous. Not long ago, pale-
ontologists felt that a geneticist was a person who shut himself in a room, pulled
down the shades, watched small flies sorting themselves in milk bottles, and thought
that he was studying nature. . . . On the other hand, the geneticists said that paleon-
tology had no further contributions to make to biology, that its only point had been
the completed demonstration of the truth of evolution, and that it was a subject too
purely descriptive to merit the name “science.” The paleontologist, they believed,
is like a man who undertakes to study the principles of the internal combustion engine
by standing on a street corner and watching the motor cars whiz by. . . . It is not
surprising that workers in the two fields viewed each other with distrust and some-
times with the scorn of ignorance.53

As Stephen Jay Gould observed, Simpson’s book broke the paleontological
mold: far from being descriptive, it was based on heavy use of quantitative work
such as graphs, frequency distributions, and pictorial models from population
genetics that he applied to large-scale patterns of diversity in the history of life.54

He confronted those supporting orthogenesis and insisted that “the history of life,
as indicated by the available fossil record, is consistent with the evolutionary pro-
cess of genetic mutation and variation, guided toward adaptation of populations
by natural selection.” Much of the evidence for internally directed, nonadaptive
linear trends in evolution was refuted as further discoveries of the fossil record
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revealed more complex branching. The phylogeny of horses, for example, was
argued to be an adaptively oriented bush: many of the fossils represented extinct
side branches rather than steps on the way toward the modern horse. Even very
large and apparently burdensome structures such as the gigantic antlers of the Irish
elk, it was argued, had some adaptive purpose.55

There still remained the notorious lack of evidence in the fossil record for tran-
sitions between higher taxa of fundamentally different body plans. As Simpson
saw it in 1944, an imperfect fossil record could account for part of the problem,
but not all of it. Some of the fossil evidence had to be taken at face value, and that
meant that the typical gradual mode of phyletic change by selection would not be
sufficient. He rejected macromutations and suggested instead that perhaps macro-
evolution sometimes occurred in a small part of the population, which would be
expected to leave behind little fossil evidence. Thus, he considered Wright’s no-
tion of genetic drift, whereby inbreeding in a small population and selection would
cause a population to change relatively rapidly. In 1944, Simpson referred to this
as “quantum evolution,” and described it as “the dominant and most essential
process in the origin of taxonomic units of relatively high rank, such as families,
orders, and classes.” Not all evolutionary change would be adaptive:

The aspects of tempo and mode that have now been discussed give little support to
the extreme dictum that all evolution is primarily adaptive. Selection is a truly cre-
ative force and not solely negative in action. It is one of the crucial determinants of
evolution, although under special circumstances it may be ineffective, and the rise
of characters indifferent or even opposed to selection is explicable and does not
contradict this usually decisive influence.56

Although Simpson entertained a pluralistic view of evolutionary mechanisms
in 1944, as Gould emphasized, the evolutionary synthesis hardened over subse-
quent years to exclude virtually everything but evolutionary adaptations caused
by natural selection (a position called panselectionism). In 1953, Simpson rejected
discontinuity in the pace of evolution, and he discounted the idea that genetic drift
could trigger major evolutionary events leading to the origins of higher catego-
ries such as classes or phyla.57

Lessons of Synthesis

After a long “eclipse,” as Julian Huxley called it, Darwinian theory was finally
shining its evolutionary light on biology. No other field of science had such an
explanatory theory uniting so many different specialties. Those who reflected on
what had led to this transformation in evolutionary thinking noted that it differed
from the model of scientific change described in Thomas Kuhn’s influential book
The Structure of Scientific Revolutions (1962).58 Kuhn argued that science does
not evolve in a linear manner by the gradual accumulation of scientific results—
not from disproving hypotheses and refuting theories in the manner philosophers
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had imagined. It was more like putting in pieces to a puzzle according to an ac-
cepted conceptual and methodological framework. During “normal science,” sci-
entists work within cognitive structures he called paradigms. The paradigm was a
way of both seeing and doing.

During revolutionary periods, Kuhn argued, one paradigm is replaced by a
dramatically different one, due largely to an intolerable accumulation of anoma-
lies. For example, an earth-centered universe was replaced with a sun-centered
one, and then with Einsteinian astrophysics. Creation theory was replaced by evo-
lutionary theory; the phenotype conception of heredity was replaced by the geno-
type conception. All of these changes were revolutionary. Science then would be
punctuated by stops and new beginnings.

The Structure of Scientific Revolutions had far-reaching ramifications affect-
ing virtually all aspects of academic thought. Scientists themselves often appeal
to Kuhn’s book to argue that they themselves are revolutionaries confronting the
traditional paradigm and meeting resistance from an inherently conservative sci-
entific establishment. No one denies today that scientists do indeed work within
structural frameworks that shape how they observe and understand. But histori-
ans and philosophers of science have noted a number of problems with Kuhn’s
theory of scientific change.59 One monolithic paradigm is seldom replaced soundly
by another monolithic paradigm; often there are several competing paradigms
(specialties). Rarely are revolutions so complete, and rarely is the knowledge pro-
duced so incommensurate with the previous paradigm, as Kuhn had presupposed.
Revolutions occur by various means, and the stories about them all carry lessons.

Biologists’ discussions about the construction of the evolutionary synthesis are
exemplary. There was no scientific revolution in the sense of one paradigm’s being
dramatically replaced by another through an accumulation of anomalies. And there
were many competing specialties or paradigms, none of which were entirely over-
thrown and replaced by an incommensurable one. The model for scientific change
was a synthesis, a breaking down of disciplinary boundaries, resolving misunder-
standings, mistrust, feelings of superiority, and intolerance between members of
different specialties. The evolutionary synthesis is a lesson about the hazards of
specialization and about the need for intellectual breadth and willingness to learn
outside one’s own specialty. Mayr summarized this well when writing about the
conflict he perceived between naturalists and experimentalists (geneticists):

When I read what was written by both sides during the 1920s, I am appalled at the
misunderstandings, the hostility, and the intolerance of the opponents. Both sides
display a feeling of superiority over their opponents “who simply do not under-
stand what the facts and issues are.” How could they have ever come together? Just
as in the case of warring nations, intermediaries were needed, evolutionists who
were able to remove misunderstandings and to build bridges between hierarchical
levels. These bridge builders were the real architects of the synthesis.60

The synthesis required bridge builders to unite the competing camps. But it
also required gatekeepers and guardians of the faith. Biology was far from over,
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and the neo-Darwinian revolution of the 1940s and 1950s was far from com-
plete. The bridge builders of the hardened synthesis became its chief defenders
during the latter twentieth century, as a new generation of biologists from sev-
eral new specialties—molecular evolutionists, developmental evolutionists, and
symbiologists—challenged its central tenets.

Many long-standing questions remained unresolved, none more so than the
relation between development and evolution. There were a number of issues. How
did the embryo evolve? Why have so few structural plans of animals evolved?
One had to consider developmental constraints and the basis of fundamental body
plans. Why, over the past 500 million years of evolution, following the Cambrian
explosion, have no new phyla or body plans appeared in the course of evolution?61

Embryologists generally did not participate in the evolutionary synthesis, not
because they were excluded in any institutional manner, but because the two para-
digms were so dramatically different. Ontogeny is controlled and purposeful; evo-
lution, according to neo-Darwinism, was stochastic and random. Many continued
to believe that early development and macroevolutionary changes had their seat in
the materials and organization of the egg cytoplasm, whereas Mendelian genes
showed their effects only later in development (see chapter 10).62 Others empha-
sized that evolution operated through modifications of developmental processes. The
synthesis did not include the problems of morphogenesis or the possibility of mecha-
nisms of inheritance other than chromosomal genes (see chapter 17).

The modern synthesis did not deal with the great transitions in life: the genesis
of bacteria and of protists, and the multicellularity of plants and animals. It did
not touch on microbial evolution and the role of microbial symbiosis in develop-
ment and heredity (see chapters 18 and 19). These aspects of biology required a
new molecular comparative approach to examining changes occurring at the level
of DNA, RNA, and proteins. A new field, molecular evolution, emerged the
1960s and 1970s that conflicted with the aims, methods, and doctrines of classical
neo-Darwinism. Molecular biology had a major impact on evolutionary biol-
ogy. It emerged during and after the Second World War, when a new generation
of geneticists, working in collaboration with chemists and physicists, set out to
discern what genes are and what they do in the cell.
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The war is over here, but as you know, we never did any suffering to
speak of. The suffering is with the soul as it is everywhere. . . . The
upswing in science, though, is sensational. If it lasts, science in the United
States will receive much support. It is having its effects on those that are
making plans for the future. Big ideas are hatching and they certainly
look good on paper. The genetics groups are feeling it too. You undoubt-
edly know that Beadle and his whole group are moving to Cal. Tech.
this coming July. . . . The set-up at Cal. Tech will be splendid. Much
emphasis will be put on chemical aspects of genetics with the co-
operation of the department of chemistry there—Pauling in particular.
. . . The emphasis in genetics seems to be swinging into genic action.

—Barbara McClintock to Boris Ephrussi, December 29, 1945

   in understanding how genes actually function in the
cell begins with a tale of discovery, neglect, and discovery no less remarkable
than that of the birth of genetics itself (see chapter 11). The achievement, it is said,
was made by an outsider, the British physician Archibald Garrod (1857–1936),
who, in 1908, made the astonishing discovery that a gene controls biochemical
reactions by directing the formation of a single enzyme. (Enzyme-proteins are
catalysts that increase the rate at which a chemical reaction occurs.) Geneticists
have maintained that Garrod’s insight was unappreciated and overlooked for sev-
eral decades until it was rediscovered in the 1940s by George Beadle (1903–1989)
and Edward Tatum (1909–1975).1 They proposed that a gene acts by determining
the specificity of a particular enzyme and thereby controls, in a primary way,
enzymatic synthesis and other metabolic reactions in the organism. Their proposal,
known as the “one-gene: one-enzyme” hypothesis, played a directive role in the
development of biochemical genetics throughout the 1940s and 1950s. Beadle and
Tatum were awarded the Nobel Prize in 1958, which they shared with Joshua
Lederberg, a founder of bacterial genetics.
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The Garrod Tale

Beadle himself popularized the story of Garrod’s neglect in the 1950s. He referred
to Garrod as the “father of chemical genetics,” and in his Nobel lecture he insisted
that he had only “rediscovered what Garrod had seen so clearly so many years
before.”2 Since that time, the story of Garrod’s neglect and subsequent discovery
has been repeated in hundreds of classrooms and asserted in biology texts, in his-
torical writings, and in journalists’ sensationalist accounts of gene theory.3 Ge-
neticists have been perplexed by it. Bentley Glass wrote in 1965: “The work of
Garrod was certainly known among men of medicine. Nevertheless, its pregnant
insight into the nature of gene action was disregarded among geneticists. . . . Why
was this development, so surely foreshadowed in Garrod’s work, postponed for
nearly forty years?”4 Beadle offered an explanation in 1966: “It seems to me that,
like Mendel, Garrod was so far ahead of his time that biochemists and geneticists
were not ready to entertain seriously his gene-enzyme-reaction concept. Like
Mendel’s, Garrod’s work remained to be rediscovered independently at a more
favorable time in the development of biological sciences.”5

Like the neglect of Mendel, the tale about Garrod has been told by geneticists
as a lesson to illustrate a host of conditions impeding the progress of reason and
the recognition of profound discoveries: the “prematurity” of Garrod’s publica-
tions, the inadequately prepared biological world, his inclusive data, the techni-
cal difficulties of doing biochemical genetic work on the organisms of classical
genetics, barriers between scientists resulting from specialization, and the demand
that human genetics produce immediate practical applications, a demand that in-
terfered with the fundamental research.6

Yet, recently, scholars have offered a dramatically different story. They have
shown that Garrod did not make a conceptual advance in biochemical genetics
that was neglected for decades; he did not offer a theory of gene action, and his
work was simply not “rediscovered” by Beadle and Tatum.7 As in the case of
Mendel, geneticists had taken Garrod’s work out of context and imposed their
own meanings on it, and the significance of his work changed over time with a
shift in context. A brief overview of these changes will help us to understand the
great metamorphosis in genetics that occurred during the 1940s and 1950s.

Physiology and Genetics

Garrod was a lecturer in chemical pathology at St. Bartholomew’s Hospital and
senior physician at the Hospital for Sick Children in London. In the early twenti-
eth century, he was interested in a group of congenital metabolic diseases in hu-
mans, which he referred to in the title of his book as Inborn Errors of Metabolism
(1909).8 Alkaptonuria, one of the first inborn errors he studied, has as its most
obvious symptom blackening of the urine. Although a rare condition, it had long
been recorded medically, and important aspects of its biochemistry were under-
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stood. The substance responsible for blackening of the urine is alkapton or homogen-
tisic acid, which oxidizes to a black pigment when exposed to air. Little was known
about the underlying mechanisms of its heritability. Garrod consulted William
Bateson, who in 1902 diagnosed alkaptonuria as a Mendelian recessive character.9

In 1908, Garrod discussed the case in more detail and suggested that the con-
dition was due to the blocking of an enzymatically controlled reaction; alkapton
is not further oxidized, and as a consequence accumulates and is excreted in the
urine. He drew similar conclusions concerning other congenital abnormalities such
as albinism, cystinuria, and porphyrinuria. It is amply clear that Garrod recog-
nized that the lack of an enzyme was blocking a metabolic step. However, he made
no statements about gene action. By 1923, when he published the second edition
of Inborn Errors of Metabolism, numerous suggestions of gene action in terms of
enzymes had appeared in the genetics literature. But Garrod referred to none of
them. He was interested in metabolism and pathology, not in gene theory.

Garrod championed the concept of chemical individuality—the idea that every
species and every individual had different proteins.10 Inherited chemical individu-
ality, in the form of variable enzymes, could explain certain diseases in humans.
His writings were part of a conceptual change in the newly emerging discipline
of biochemistry. During the first decades of the century, biochemists began to
recognize that each metabolic reaction is specifically catalyzed by a single en-
zyme.11 In 1908, Garrod explained this shift in thinking:

It was formerly widely held that many derangements of metabolism which result
from disease were due to a general slackening of the processes of oxidation of the
tissues. The whole series of catabolic changes was looked upon as a simple com-
bustion, and according as the metabolic fires burnt bright or burnt low, the destruc-
tion of the products of the breaking down of food and tissue was supposed to be
complete or imperfect . . . Nowadays, very different ideas are in ascendance. The
conception of metabolism in block is giving place to that of metabolism in com-
partments. The view is daily gaining ground that each step in the building up and
breaking down, not merely of proteins, carbohydrates, and fats in general, but even
of individual fractions of proteins and of individual sugars, is the work of special
enzymes set apart for each particular purpose.12

Garrod’s announcement was among many that heralded the importance of
enzymes in physiological processes. But physiologists and biochemists of Garrod’s
day were reluctant to relate their work on metabolism to genes. Indeed, they gen-
erally doubted the very reality of genes, viewing them as hypothetical elements
useful for explaining the results of breeding but of little explanatory value for
physiology. As H. J. Muller lamented in 1926 in his famous paper “The Gene as
the Basis of Life”:

Just how these genes thus determine the reaction-potentialities of the organism and
so its resultant form and function is another series of problems; at present a closed
book in physiology and one which physiologists as yet seem to have neither the
means nor the desire to open.13
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Early Gene-Enzyme Associations

Bateson mentioned Garrod’s work in his two books Mendel’s Principles of He-
redity (1909) and Problems of Genetics (1913). However, what he saw as impor-
tant in Garrod’s work was not a theory of gene action by way of enzymes, but a
means for understanding gene mutations and the underlying nature of dominant
and recessive traits.14 Bateson noticed that almost all Mendelian mutations were
recessive and often resulted in the phenotypic loss of some structure or function.
He suggested that recessive traits resulted from the absence of a factor that was
present in dominant traits. The alternative hypothesis at the time was that sepa-
rate factors were responsible for dominant and recessive traits. Bateson’s “pres-
ence and absence theory” was simpler, and he pointed to alkaptonuria, the first
example of Mendelism in humans: it was a recessive trait that occurred due to the
loss of an enzyme necessary to break down alkapton.

Geneticists ridiculed Bateson’s presence and absence theory for leading to
absurd evolutionary conclusions: if gene mutations were a principal source of
evolutionary change, and most mutations were recessive lacking some factor that
the dominant had, then evolution must proceed by the loss of genetic elements.
And if evolution proceeded by loss of genes, then simpler organisms such as worms
or microbes would have a more complex genetic makeup than humans.15

Bateson did not overlook the significance of Garrod’s work for biochemical
genetics. In fact, the idea that genes controlled metabolic reactions by way of
enzymes was ubiquitous in genetics from the beginning. Geneticists in France,
Germany, and England used it to explain coat color in mice and guinea pigs and
pigmentation in moths and plants. One of Bateson’s own associates, Muriel
Whedale Onslow, interpreted plant pigments in terms of genes and enzymes, and
in the 1930s the gene-enzyme relationship was also extensively investigated in
plant pigments by J. B. S. Haldane and his colleague Muriel Scott-Moncrieff.16

The gene-enzyme relation was discussed in the United States in the 1920s—by
H. J. Muller, C. O. Bridges, and Morgan, who insisted that enzymes were prod-
ucts of genes—rather than being the genes themselves.17 In 1917, Sewall Wright
also interpreted the results of his studies of the coat color of guinea pigs in terms
of genes and enzymes.18

That same year, the chemist Leonard Troland developed the idea of a one-to-
one relationship between genes and enzymes. He argued that genes were enzymes,
and that his “enzyme theory of life” solved many of the fundamental problems of
theoretical biology: the origin of life, the source of variations, the mechanisms of
heredity, and development. Indeed, Troland was optimistic that someday one might
be “able to show how in accordance with recognized principles of physics a com-
plex of specific, autocatalytic, colloidal particles in the germ-cell can engineer the
construction of a vertebrate organism.”19

Although such pronouncements have a familiar ring today, to many biologists
of the 1920s, no less than today, they seemed hyperbolic and simplistic. After all,
geneticists had shown that one gene may effect the production of many characters
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(pleiotropy), and a single character may require the action of many genes (polygeny).
The United States’ leading cell biologist, E. B. Wilson, pointed to this evidence
to argue that not only was Troland deceived about the construction of an organ-
ism out of autocatalytic (or self-reproducing) particles, but that his one-to-one
theory was absurdly naive: “I believe it is not a great overstatement,” he wrote in
1923, “when I say that every unit may affect the whole organism and that all units
may affect each character. We begin to see more clearly that the whole cell-system
may be involved in the production of every character.”20

The One-Gene: One-Enzyme Hypothesis

Following the Second World War, the face of genetics was transformed as bio-
chemists and geneticists teamed up to explore what genes do in the cell, and what
they are. What was new was not the concept that genes function by way of en-
zymes, but the use of microorganisms. Single-celled microbes allowed geneticists
to avoid the complexity of tissue differentiation and cellular integration when
searching for a bridge between gene and character. The geneticist isolated mu-
tants that were found to be unable to grow, or that grew poorly on a well-defined
growth medium, and the biochemist sought the reason for this inability. Thus, a
suitable organism for biochemical genetics was one whose sex life and growth
could be brought under meticulous control. The model organisms of classical
genetics, Drosophila, corn, and mice, so useful for establishing the chromosome
theory of inheritance, were quickly outcompeted by rapidly reproducing micro-
organisms: fungi, yeast, algae, protists, and bacteria.

In their landmark paper of 1941 on the genetics of the bread mold Neurospora
crassa, Beadle and Tatum argued that because the cell was a highly integrated
system, “there must be orders of directness of gene control ranging from simple
one-to-one relations to relations of great complexity.”21 However, by the mid-
1940s, Beadle’s views had hardened. The numerous instances in which single-
gene mutations resulted in a block of a metabolic step led him to hypothesize that
many or all genes have single primary functions. The idea that one gene produce
one metabolic block soon became well known as the “one-gene: one-enzyme
hypothesis.”22 Although this hypothesis offered the hope that one could know what
genes actually do in the cell, many geneticists were reluctant to accept such a simple
one-to-one relationship. As Beadle commented years later, “I recall well the year
1953 when, at the Cold Spring Harbor Symposium on Synthesis and Structure of
Macromolecules there appeared to be no more than three of us who remained firm
in our faith.”23

This was the context in which Beadle “rediscovered” Garrod’s work. He had
first learned of it in reviews of physiological genetics by Sewall Wright and J. B. S.
Haldane in the early 1940s.24 He saw in Garrod’s writings the idea that each in-
born error of metabolism in humans, like those in Neurospora, could be inter-
preted as a block at some particular point in the normal course of metabolism that
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resulted from a congenital deficiency of a specific enzyme. In other words, genes
control single metabolic functions. But, unlike many of those who followed him,
Beadle fully recognized that Garrod himself had made no such announcement
about gene action. “Thus, while he did not express it exactly so, the relation gene-
enzyme-specific chemical reaction was certainly in his mind. It is proper that he
should be recognized as the father of chemical genetics.”25

Garrod had said just enough for Beadle. The story of Garrod’s creative insight
and subsequent neglect was important for bolstering his one-gene: one-enzyme
hypothesis. The notion of the independence and the inevitability of the truth is
embedded in the notion of rediscovery: the true concept of gene action, lost and
found, would be vindicated, just as Mendel’s laws had been. Thus began, in 1950,
the legendary myth about the long neglect of Archibald Garrod.

At the centenary of Mendel’s paper, geneticists embellished the Garrod story
further, referring erroneously to him as a “geneticist” and asserting that he had
been ignored by his colleagues. Bentley Glass wrote in 1965, “The first big steps
forward in understanding the nature of gene action were those made by Garrod,
so ignored by the fraternity of geneticists who perhaps were too engrossed in their
own experiments to read anything not published by another recognized geneti-
cist.”26 Beadle compared the neglect of Garrod to that of Mendel, commenting
that “I strongly suspect that an important component of the unfavorable climate
for receptiveness in these two instances is the persistent feeling that any simple
concept in biology must be wrong.”27

Beadle’s suspicion that Garrod’s one-to-one theory was doubted because of
the feeling that it was too simple holds some truth. However, we should remember
two points. First, ample experimental evidence had accumulated over previous de-
cades indicating that one gene may be concerned with many characters, and one
character may depend on many genes. Secondly, no satisfactory proof of the one-
gene: one-enzyme theory existed. This limitation was addressed by prominent sci-
entists of the 1940s and 1950s. The physicist-turned-geneticist Max Delbrück offered
the most significant criticism of the one-gene: one-enzyme hypothesis in 1946,
when he pointed out that the data were only compatible with the interpretation;
they did not prove it. He emphasized that the procedures of isolating mutations in
the Neurospora work precluded the results by restricting alternative possibilities.
If in fact one gene normally controlled many enzymes, no mutations in such genes
could be detected. He challenged geneticists to devise methods by which the
hypothesis could be disproved. “If such methods are not available, then,” he ar-
gued, “the mass of ‘compatible’ evidence carries no weight whatsoever in sup-
porting the thesis.”28

Delbrück’s challenge was easy to make but difficult to meet. Neurospora ge-
neticists argued that since the data could be accounted for on a one-to-one basis,
there was little value in making up a more complex interpretation.29 Beadle him-
self confessed that he knew “no way of proving it in a single instance.” Neverthe-
less, he argued that the hypothesis “served a useful purpose” and that there were
“no compelling reasons for abandoning it,” even though it might be later found to
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“err in the direction of oversimplification.”30 Indeed, it was a useful heuristic. The
idea that each gene specified one enzyme was genetic orthodoxy for decades, and
the gene itself was generally defined in terms of specifying a single protein (see
chapter 18).

Domesticating Microbes

The revolution in biochemical genetics was not the result of a new theoretical
insight, but of a technical breakthrough. The new microbial techniques’ profound
importance for the genetic analysis of metabolic pathways was indisputable. No
previous studies of gene action using plants or animals had come close to match-
ing the Neurospora technology in scope and detail. Microbiology and genetics
had developed apart prior to the Second World War. Microbiology was strong on
the applied side, being of considerable importance to medicine and industry. Bio-
chemists had studied their metabolism and enzyme activities and defined their
nutritional requirements, their ability to use certain compounds as sources of car-
bon, and their sensitivity to antibiotics. In all biochemical respects, microbes were
fundamentally similar to plants and animals, but their genetics had not been ex-
plored. In most cases, they seemed to reproduce solely vegetatively; their small
size and lack of obvious sexual differentiation made it difficult to distinguish be-
tween sexes, and therefore to carry out genetic studies.

Beadle shifted to the bread mold Neurospora after he had studied two classi-
cal genetics model organisms: corn and Drosophila. In 1934, following his doc-
toral research on the cytogenetics of corn with R. A. Emerson at Cornell University,
he worked as a postdoctoral student in T. H. Morgan’s laboratory, which had re-
located to the California Institute of Technology in Pasadena a few years earlier.
Several other leading cytogeneticists were former students of Emerson, includ-
ing Marcus Rhoades (1903–1991) and Barbara McClintock (1902–1992), who
was awarded the Nobel Prize in 1983 for her discovery of transposable elements
or “jumping genes.”31 In Morgan’s lab, Beadle met Boris Ephrussi (1901–1979),
a postdoctoral student from Paris. Ephrussi’s research had been on experimental
embryology and tissue culture, and he had arrived in Morgan’s laboratory with
the mission of closing the gulf between embryology and genetics. His aim was to
build up “the chain of reactions connecting the gene with the character.”32

When Ephrussi returned to Paris in 1935, Beadle accompanied him. Together,
they developed a transplantation technique for analyzing the chain of reactions
leading to eye pigment formation in Drosophila.33 They removed embryonic eye
tissue from larvae of two strains with eye color mutants (vermilion and cinnabar)
and injected them into the body of larvae of normal flies. Their technique was
crude, but they were able to conclude that two substances (eye hormones) inter-
vened in the formation of normal eye pigment.

The next task was to try to establish the chemical identity of the two substances.
When the German army invaded, Ephrussi fled to the United States as a refugee



164     

scholar at Johns Hopkins University, where he remained until 1944, when he
became active in Les Forces Français Libres. Beadle had returned to the United
States to take up a position at Stanford University, where he worked with a new
collaborator, Edward Tatum, who had just completed his Ph.D. work in biochem-
istry on the physiology and nutrition of bacteria. Beadle and Tatum were able to
identify one of the eye color hormones in Drosophila as the amino acid tryptophan.
But after three years, they had failed to isolate and characterize the second hor-
mone. As Beadle later remarked, this failure was a “blessing in disguise” as far as
he and Tatum were concerned, for, in frustration, they abandoned Drosophila and
turned their attention to the bread mold Neuropora crassa.34

The idea of switching to Neurospora occurred to Beadle in the middle of a series
of lectures that Tatum gave on comparative biochemistry.35 In the course of his
lectures, Tatum recounted the nutritional requirements of yeast and fungi, some
of which exhibited well-defined blocks in vitamin biosynthesis. It occurred to
Beadle that one should be able to select mutants in which known chemical reac-
tions were blocked—that is, select mutants unable to synthesize known metabo-
lites, such as vitamins and amino acids—that could be supplied to the medium. A
mutation unable to make a given vitamin could be grown in the presence of that
vitamin and identified as such when grown in media lacking it. Neurospora seemed
to be ideal. Its growth requirements had already been worked out, and so had its
genetics. A study of its life cycle and genetics had been begun by B. O. Dodge
(1927) of the New York Botanical Garden. In 1931, Morgan had assigned Carl
Lindegren to work on the genetics of the mold.36

By the spring of 1941, Beadle and Tatum were X-raying Neurospora or ex-
posing them to ultraviolet light and seeking mutants. Despite the war, a number
of graduate students and postdoctoral fellows hurried to Stanford to learn the new
Neurospora techniques. The team of Beadle and Tatum soon grew into the Neu-
rospora school with a talented group of researchers that included M. B. Mitchell,
Norman Horowitz, and David Bonner. By the end of the war, their work resulted
in a library of about a hundred genes affecting vital syntheses in Neurospora.
Almost immediately, others began to apply similar procedures to other microbes.

The Chosen Few

The Neurospora work established standardized procedures for investigating the
biochemical effects of genes, and it proved to be of great importance in the drug
industry and biochemistry, providing a powerful tool for the analysis of the path-
ways in which vitamins, amino acids, and other compounds are synthesized. But
even with regard to this technological revolution, its origins are murky and were
a subject of heated controversy in the 1950s. Although textbooks assert that Beadle
and Tatum were the first to use microorganisms for biochemical genetic studies,
the German biologist Franz Moewus and his collaborators preceded them. Seen
by some as one of the most important figures in the new genetics, Moewus was
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ultimately dismissed as the perpetrator of one of the most ambitious frauds in the
history of science. He was subsequently expunged from that history.37

Moewus began to work on the unicellular green algae Chlamydomonas in the
1930s, and studying its sexuality in particular. His research attracted Richard Kuhn,
director of the Chemical Institute of the Kaiser Wilhelm Institute for Medical
Research in Heidelberg. In 1938 Kuhn was awarded the Nobel Prize for his work
on carotenoid pigments and vitamins, and later he was appointed the director of
science under the Nazi regime. Working in collaboration with Kuhn, Moewus soon
developed what some considered to be the basic concepts and methods for bio-
chemical genetics of microorganisms.

In 1940, a year before Beadle and Tatum’s first paper on Neurospora, and before
scientific communication between the United States and Germany was cut off,
Moewus and Kuhn published a series of four remarkable papers dealing with the
general theory of biochemical genetics as applied to Chlamydomonas.38 These
papers represented the first systematic investigations of biochemical genetics in
any microorganism, and the first studies purporting to demonstrate the precise
manner in which biochemical activities of the cell were controlled by genes and
enzymes. Moewus reportedly mapped more than seventy genes in Chlamydomo-
nas, which would make it one of the genetically best-known organisms of that
time. The influential protozoologist H. S. Jennings at Johns Hopkins commented
in 1941 that “the work of Moewus has placed the genetics of protozoa on a new
footing. It has brought the phenomenon of inheritance in these organisms into the
same system that is manifested in the Mendelian inheritance of higher organ-
isms.”39 Beadle commented on the biochemical side in 1945: “Without doubt the
most remarkable series of studies in biochemical genetics is that of the German
investigators Moewus, Kuhn, and co-workers on the flagellate Chlamydomonas.”40

During the 1940s and 1950s, Moewus’s work rose to the center of an intense
controversy. While some leading geneticists argued for the priority of Moewus’s
work over that of Beadle and Tatum, others raised serious questions about its
authenticity. There were reports that some of his data were statistically too good
to be true and that his biochemical results were dubious. Some biologists found it
impossible to believe that the number of genetic crosses Moewus reported could
ever have been carried out as described. Others told of how they caught him rig-
ging his “experiments.” By the mid-1950s, after extensive attempts to confirm
crucial aspects of Moewus’s results by himself and others, Moewus was dismissed
as a fraud. In the end, his dubious data overshadowed any technological original-
ity that might be attributed to him. Tracy Sonneborn (1905–1981) summarized
the issues in 1955:

Moewus certainly anticipated a great deal of important work, priority for which is
usually given to others. The situation is terribly complicated because the date that
formed the basis for the important contributions in the way of methodology and
ideas are subject to very serious questions. It is hard to disassociate the two aspects
of Moewus, namely the ideas and methodologies which he clearly grasped and force-
fully presented and which have been proven to be sound by the work of others; and
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on the other hand, the experimental data relating to them which are, to say the least,
quantitatively dubious.41

Chlamydomonas genetics had to begin anew in the 1950s and 1960s. Led by
the research of Ruth Sager, Nicholas Gillham, and others, Chlamydomonas proved
to be an especially suitable tool for genetic studies of chloroplasts and their genes.42

There were several other model organisms of microbial genetics. Each had specific
attributes, and each found its own research niche. In the 1930s, H. S. Jennings directed
his students at Johns Hopkins University to the genetics of protists with the expecta-
tion that novel mechanisms of heredity might be found. Tracy Sonneborn suc-
ceeded admirably. In 1937, he discerned sex-like mating types in Paramecium
aurelia and showed that it possessed genes that were inherited in the classical
Mendelian way.43 Paramecium feeds on bacteria, and attempts to define an
artificial chemical culturing media to do biochemical genetic studies were unsuc-
cessful. But Paramecium proved to be extraordinarily valuable for investigating the
role of the cytoplasm in heredity. During the 1940s and 1950s, Sonneborn built up
a prominent school of ciliate genetics at Indiana University.44 Paramecium genetics
greatly expanded genetics beyond Mendelism (see chapters 15 and 18).

Baker’s yeast (Saccharomyces cerevisiae) proved to be extraordinarily useful
for biochemical genetics. Ever since Pasteur’s day, yeast had been one of the most
frequent objects of biochemical studies because of its importance for the beer
industry. But its life cycle was poorly understood. Genetic studies of baker’s yeast
were carried out by Otto Winge at the Carlsberg Laboratories in Copenhagen before
the Second World War, and by Carl Lindegren working in Morgan’s laboratory
at Caltech.45 After the war, yeast genetics was led by Lindegren and Sol Speigelman
at Washington University, in St. Louis, and by Boris Ephrussi and collaborators at
the Rothschild Institute for Physico-Chemical Biology, in Paris. Most investiga-
tions of yeast focused on genetic “anomalies” exhibiting non-Mendelian inherit-
ance. Yeast later became the organism of choice for studies of the mitochondrial
genome (see chapter 19).

Bacterial genetics, pioneered by Joshua Lederberg (b. 1925), entailed a change
in geneticists’ assumptions as well as techniques.46 By the early 1940s it was clear
that the genetic systems of animals, plants, and protists exhibited great similarity.
Their nuclear hereditary machinery was organized into discrete chromosomes of
definite size, shape, and genetic make-up. The chromosomes divide normally by
mitosis, and at a certain point in the life cycle they undergo meiosis, which is
accompanied by crossing over. This applied to plants, animals, and protists. But
bacteria seemed to be forever excluded from this generalization. They had no recog-
nizable nucleus and no chromosomes. They also seemed to lack sexual reproduc-
tion and consequently would exhibit evolutionary mechanisms altogether different
from other organisms. In The Evolution of Genetic Systems (1939), the British cyto-
geneticist C. D. Darlington referred to “asexual bacteria without gene recombina-
tion”47 and “genes which are still undifferentiated in viruses and bacteria.” Julian
Huxley summarized what everyone “knew” about bacteria in 1942:
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Bacteria (and a fortiori viruses if they can be considered to be true organisms), in
spite of occasional reports of a sexual cycle, appear to be not only wholly asexual
but pre-mitotic. Their hereditary constitution is not differentiated into specialized
parts with different functions. They have no genes in the sense of accurately quan-
tized portions of hereditary substances; and therefore they have no need for accu-
rate division of the genetic system which is accomplished by mitosis. The entire
organism appears to function as soma and germplasm, and evolution must be a matter
of alteration in the reaction system as a whole. That occasional “mutations” occur
we know, but there is no ground for supposing that they are similar in nature to
those of higher organisms, nor since they are usually reversible according to condi-
tions, that they play the same part in evolution. We must, in fact, expect that the
processes of variation, and evolution in bacteria are quite different from the corre-
sponding processes in multicellular organisms. But their secret has not yet been
unraveled.48

Lederberg had developed a strong interest in genetics as a teenager, and in 1946,
two years after entering medical school at Columbia College, he dropped out to
pursue microbial genetics. He had become convinced that bacteria at times ex-
hibited the phenomena of “sex,” or, more specifically, the phenomenon of gene
transfer between different strains, and he mapped out a plan to demonstrate it.
Francis Ryan invited Lederberg into his laboratory at Columbia College. He would
have remained there, but he soon learned that Tatum was interested in similar
problems with bacteria and was then in the process of moving to Yale. Lederberg
arrived at Yale in March 1946, and by early May he had experimentally demon-
strated genetic recombination in Escherichia coli.49

Bacteria possessed genes arranged along structures similar to the chromosomes
of flies, guinea pigs, or humans. In addition to a main circular “chromosome,”
bacteria possessed smaller rings of genes, which Lederberg named plasmids (see
chapter 19). However, bacterial “sex” did not involve pairing of chromosomes or
producing offspring. It was not linked to organismic reproduction per se, as it is in
plants and animals. In bacterial conjugation, genetic material of the “male” plas-
mids (and sometimes bits of the main chromosome) is transferred to the “female”
recipient, and some genes may recombine with the female’s chromosome.

The very properties that had hitherto excluded bacteria from classical genetics
made them extremely valuable to the emerging field of molecular biology. Small
and fast-growing, bacteria double in number every thirty minutes, and one could
grow populations of billions of microbes in a few cubic centimeters. Geneticists
of the 1950s confirmed that bacteria also had other means besides sex for trans-
ferring genetic material from one organism to another. Viruses or bacteriophages
could also act as vehicles to transfer genes between bacteria (a process known as
transduction). Certain kinds of bacteria can also absorb and incorporate into their
own chromosome the genes released by dead bacteria (transformation). These
processes were important for identifying the genetic material as DNA (see chap-
ter 16); their importance in evolution has only recently begun to be recognized
(see chapters 18 and 19).
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Since the 1920s, a number of scientists had had a hunch, promoted by H. J.
Muller, that viruses were in all respects similar to genes, and that their investiga-
tion might prove important to understanding what a gene was and how it was
duplicated.50 Thought to occupy a place of their own between living and the non-
living entities, viruses consist primarily of a protein coat surrounding an inner core
primarily of nucleic acid. They depend on host cells for all phases of their life
cycle. The simplest viruses were the phages of bacteria. Some bacteria can harbor
phages indefinitely. In others, phages destroy the bacteria as they replicate. After
several minutes, the bacterial cell ruptures, releasing 100 to 200 progeny viruses
that can infect other bacteria. The viruses that infect our cells operate in much the
same way. During the 1940s and 1950s, a growing number of scientists turned to
bacteriophages in order to elucidate the nature of the gene (see chapter 16).

After completing his Ph.D. in 1947, Lederberg moved to the University of
Wisconsin, where he quickly emerged as one of the most important leaders in the
genetics of microorganisms. His investigations had three general aims: to test the
one-gene: one-enzyme hypothesis; to use viruses to study the nature of the gene
(was it a nucleic acid or protein?); and to elucidate the nature of mutations in
bacteria, especially drug resistance, a problem with practical importance for medi-
cine and immunology and, theoretically, for fundamental problems in genetics
and evolution. This nascent field of molecular biology was fostered by both gov-
ernment and private organizations in the United States, especially the National
Institutes of Health, the National Science Foundation in the 1950s,51 and the
Rockefeller Foundation, which had begun earlier.

The Rockefeller Foundation

The Rockefeller Foundation played an instrumental role in establishing micro-
bial genetics and integrating physicochemical approaches into genetics. Founded
in 1913 and reorganized in 1928, the Rockefeller Foundation mastered the art of
conducting a large program of research grants for individuals and projects.52 In
1932, Warren Weaver became director of its natural science division. A former
physicist, his principal aim was to develop those aspects of biology that seemed
ripe for applying the techniques of physics and chemistry, a field that, in 1938, he
named molecular biology.

Weaver and his associates played an active part in selecting research programs,
initiating collaborations, and establishing research centers. The Rockefeller Foun-
dation had partly funded research in Paris at the Rothschild Institute for Physico-
Chemical Biology since the 1920s; it supported Ephrussi’s visit to Morgan’s
laboratory, and it funded research at the Institute of Genetics in France during the
1950s.53 The Rockefeller Foundation also helped build up the biology department
at Indiana University from obscurity, eventually making it one of the major ge-
netic centers in the world. It attracted talented students from around the country,
including James D. Watson, who shared the Nobel Prize in 1962 with Francis Crick
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and Maurice Wilkins for discovery of the structure of DNA. By 1950, the biology
department hosted at Indiana such leading geneticists as Sonneborn, Muller, the
plant physiologist Ralph Cleland, the corn cytogeneticist Marcus Rhoades, and
Salvador Luria (1912–1991), a refugee from fascist Italy, who focused on bacte-
ria and their viruses (phages). Luria, together with Max Delbrück (1906–1981)
and Alfred D. Hershey (1908–1997), received a Nobel Prize in 1969 for medi-
cine and physiology “for discoveries concerning the replication mechanism and
the genetic structure of viruses.” Officials at the Rockefeller Foundation also
claimed responsibility for training Tatum and teaming him up with Beadle. As
Weaver wrote in 1941:

A brilliant young geneticist, namely Beadle, has turned up one of the most impor-
tant and exciting leads which has developed for a long time in the ultra-modern
field lying between genetics and biochemistry. This discovery has resulted in major
part from circumstances which we helped create; and also in major part from the
fact that we put with Beadle several years ago a very able young biochemist [Tatum]
whom we had specifically trained for this sort of work.54

The Rockefeller Foundation allowed recipients to investigate fundamental
problems without immediate applied economic value.55 Beadle’s new techniques
for investigating how the gene works at the biochemical level promised immedi-
ate solutions to practical problems in medicine: it could uncover new vitamins
and amino acids. Beadle estimated that there were “several thousand genes” in
the human genome; one gene would serve as a template for the manufacture of a
specific protein, one would provide the mold for insulin, another that for pepsin,
another that for albumin, and another that for the protein that forms antibodies
(see also chapter 17).56

The importance of genetics for medicine seemed monumental. However, Beadle
had no interest in patents or funding from the drug industry.57 Grants from the
Rockefeller Foundation freed him of all obligations other than to work hard and
publish his results freely. In 1945, he moved his group from Stanford to the Cali-
fornia Institute of Technology, where he succeeded Morgan as director of the
biological division.58 Beadle’s group became one part of the research triumvirate
that characterized much of the emerging field of molecular biology. In addition
to Beadle’s group, there was the phage group, led by Max Delbrück, which fo-
cused on the nature of the genes; and Linus Pauling and his collaborators, con-
centrating on the structure of macromolecules.

Delbrück had arrived at the California Institute of Technology in 1937 on a
Rockefeller Foundation fellowship to work with Morgan, and after the war, he
emerged as the leader of a band of young people who investigated viruses as “naked
genes.”59 His interest in genes had been sparked by a lecture in 1932 by the Danish
physicist Niels Bohr (1885–1962) who insisted that life was as an elementary fact
beyond physicochemical explanation.60 Delbrück did his biological work on the side
while working as an assistant physicist at the Kaiser Wilhelm Institute for Chem-
istry in Berlin. In 1935 he coauthored a famous paper, “The Nature of Genetic
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Mutations and the Structure of the Gene,” in which he suggested that “the gene is
a polymeric entity that arises by the repetition of identical atomic structures.”61

Delbrück’s ideas about the gene and the search for the secret of life were popu-
larized by the Austrian Nobel Prize–winning theoretical quantum physicist Erwin
Schrödinger in his famous book What Is Life? (1944). The book was written for
the layperson, much of it was not original, and much of what was original was
known to be erroneous even at the time.62 Nonetheless, it was enough to arouse
interest among young physicists, leading some of them, such as Seymour Benzer,
Maurice Wilkins, and Gunther Stent, to turn to the study of the molecular biology
of the gene.63 Certainly, expectations were high that new physical laws might be
discovered. But, after the Second World War, some were shocked by the military
use made of atomic energy, while others were dissatisfied by the experimental
direction in the field. As Stent remarked, physics suffered from a “general profes-
sional malaise.”64

Linus Pauling (1901–1994) was arguably the most important chemist of the
twentieth century.65 His work, style, and successes were crucial for the develop-
ment of research on the fine structure of large molecules such as proteins and
nucleic acids, information that was very important for understanding their activ-
ity (see chapter 16). Collectively, the three groups led by Pauling, Beadle, and
Delbrück were dedicated to solving some of the great problems of biology and
biomedicine: the structure and nature of proteins; nucleic acids and other constitu-
ents of life; the structure of the gene and its mechanisms of inheritance; and the
structure and properties of antibodies, enzymes, viruses, and bacteria. They pre-
sented an extensive research proposal, titled “The Fundamental Problems of
Biology and Medicine,” to the Rockefeller Foundation in 1946:

In general our program involves an attempt to uncover basic principles rather than to
attack specific practical problems. We want to determine the structure of genes and
the mechanism of their action rather than to develop commercially profitable mutants;
to obtain a fundamental understanding of viruses and of antibodies rather than to
prepare an antiserum effective therapeutically against a particular disease; to learn the
basis of the physiological activity of drugs in terms of their molecular structure rather
than to find a new bacterio-static substance: but it would be expected that practical
discoveries useful in specific fields would be made incidentally in the course of fun-
damental investigations, and these discoveries will not be ignored. It would in par-
ticular be hoped that in the course of the fundamental studies new ideas would be
developed which would provide the basis for clinical research on such great medical
problems as those presented by neoplastic and cardiovascular diseases.66

By 1953, there were about sixty Ph.D. candidates in the Division of Biology
at Caltech and about seventy postdoctoral research fellows working in various
branches of chemical biology. By that time, there was evidence that the molecu-
lar structure of the gene had been solved, with an implied system of gene replica-
tion. I shall turn to that work in chapter 16, but first I examine another, more
turbulent aspect of genetics during the cold war.
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15
Genetic Heresy and the Cold War

Of the many previous attempts to demonstrate experimentally the in-
heritance of acquired characteristics, all have failed. In most cases, the
attempts yielded negative results. When positive results were claimed,
the work later proved to be fraudulent, indecisive, or incompetently
performed; repetition with unobjectionable methods always failed to
establish the claims. No wonder most geneticists consider the matter
closed.

. . . That there is a strong political and philosophical element in the
controversy cannot be denied, as I shall later show. . . .

However, we do find, in the work on cytoplasmic inheritance, evi-
dence for the inheritance of acquired characters, but only when the char-
acters belong to that very small class which is determined by migratory
plasmagenes (or viruses) or when the characters occur in unicellular
organisms. It is conceivable, but not yet demonstrated, that similar (but
not identical) phenomena could occur in plants.

—T. M. Sonneborn, 1950

    in the Soviet Union during the cold war. It
was denounced as abstract and idealist, and incompatible with Soviet science and
dialectical materialism. Under legislation from the Ministry of Education, all Men-
delian doctrines were systematically rooted out of schools, universities, and librar-
ies. Eminent Soviet geneticists, cytologists, and evolutionists were subjected to
condemnation and suppression as dangerous bourgeois reactionaries, removed from
their positions, deprived of their laboratories, and, in some cases, imprisoned.

Led by Trofim Denisovich Lysenko (1898–1976) and supported by the Com-
munist Party, antigeneticists in the Soviet Union denied that the basis of heredity
was in some special substance such as chromosomal genes, and they asserted that
evolutionary and agricultural advances were achieved through the inheritance of
acquired characteristics. With the rhetorical aid of the philosopher I. I. Prezent,
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Lysenko and his followers claimed that their beliefs were based on practical ex-
perience and on the philosophical system of dialectical materialism. They pro-
claimed that theirs was a proletarian science, a science for the people, and they
condemned Mendelian genetics as academic and useless.1

Rumblings over the usefulness of Mendelian genetics had begun in the 1920s,
when Bolsheviks called for a proletarian biology that, like every other science,
should be based on dialectical materialism. Not much came out of such debates
until 1927, when Lysenko was popularized in the press as a scientist close to his
peasant roots, a young agronomist from the Ukraine, who had made a major dis-
covery called vernalization. Some plant seeds need to be exposed to cold for
extended periods in order to germinate. Lysenko used this as the basis for an agri-
cultural technique that allowed winter crops to be obtained from summer plant-
ing by first soaking and chilling the germinated seed. He was not the first to discover
this technique, but during the 1930s, he organized a boisterous campaign, mak-
ing extravagant claims for it based on modest evidence.2

The impression that Lysenko had indeed achieved marvelous results came at a
time of growing impatience for increased agricultural productivity. After two years
of famine, the Ukrainian Commissariat of Agriculture instituted the widespread
use of vernalization, and Lysenko moved to a newly created department for ver-
nalization at the Institute of Genetics and Plant Breeding in Odessa. He subse-
quently advanced a vague theory to explain his technique, arguing that knowledge
of the various stages of plant development would open the way for direct manipu-
lation through control of the environment. Nature could be sculpted at will, and
this, for Lysenko, meant that Mendelian genetics was groundless.

Lysenko’s real practical success was difficult to assess because his methods
were lacking in scientific rigor: he reported only successful results, and they were
based on small samples, inaccurate records, and almost total absence of control
groups. In the 1930s, he also incorporated the work of Ivan Vladimirovich
Michurin (1855–1935) into his theory and made him out to be a hero of Soviet
science.3 Michurin was last in the line of an impoverished aristocratic family in central
Russia who, during the first decades of the century, cultivated fruit trees and experi-
mented with grafting and hybridization. Like many others of his generation, he
believed that the environment exercised a direct adaptive influence on heredity.
Lysenko embraced Michurin’s ideas as part of his theory of heredity. Lysenkoism,
born out of Soviet agronomic practice and based on the inheritance of acquired
characteristics, denied a distinction between germ plasm and somatoplasm.

During the 1930s, Lysenko and his followers launched a massive attack on
academic science, pressuring geneticists to abandon research that was unlikely
to lead to immediate practical results for agriculture. Lysenko denigrated the
esteemed plant geneticist Nikolai Ivanovich Vavilov (1887–1943), who, in 1940,
was arrested and falsely tried for treason; he died in prison of malnutrition in 1943.
He was not the only one. Ivan Ivanovich Schmalhausen, professor of evolution at
Moscow University and director of the Institute for Evolutionary Morphology,
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was removed from his academic positions and his career and books were destroyed,
because he supported the Mendelian gene theory.4 Lysenko replaced Vavilov as
director of the Institute of Genetics of the Academy of Sciences, became presi-
dent of the Lenin Academy of Agricultural Sciences, and set out to purge science
of Mendelian geneticists.

In 1948, the Communist Party and the Lenin Academy of Agricultural Sciences,
backed by Joseph Stalin, pledged support for strengthening Lysenkoism. The
Mendelian chromosome theory was condemned as “an antiscientific reactionary,
idealistic-metaphysical trend, divorced from life and sterile in practice, in con-
trast to the Michurin trend, which represents the creative development of Darwin’s
teaching, and is a new and higher stage in the development of materialist biol-
ogy.”5 Lysenkoists maintained their power and official government status after
Stalin’s death in 1953 until Krushchev was ousted in 1965. Far from making any
practical breakthroughs, Lysenkoism set Soviet agriculture back a generation.6

By 1950, it was evident to many leading Western biologists, both communists
and noncommunists, that Lysenkoists had made no real new discoveries. West-
ern geneticists requested that Lysenkoists provide detailed descriptions of their
technical procedures so that their reports could be tested by others. They asked
them to repeat their experiments with controls demanded by critics and to publish
their data so others could analyze them. Lysenkoists responded with arguments
based on Soviet ideology and dialectical philosophy. In the West, Lysenkoism
came to represent the breakdown of scientific professional freedom and political
control over the beliefs of scientists and the direction of research. Historians and
biologists have extended considerable effort to analyzing how Lysenkoism arose
and maintained its power—how dogmatism, authoritarianism, and the abuse of
state power can help create and sustain erroneous theories.7

Non-Darwinian Development

The lessons of what is called “the Lysenko affair” continue to ring loudly. One
consequence has been a reinforcement of the view that Morganist doctrines were
correct: that Mendelian gene changes were the only basis of evolution and hered-
ity, and that there was no real evidence for the inheritance of acquired character-
istics. But these views are incorrect. Indeed, it would be a profound error to think
that all disagreements with the principles of Mendelian genetics were due to ide-
ology, to frauds, or to institutional power that interfered with the progress of rea-
son. Many embryologists who advocated “the cell as a whole” as the basis of
heredity and development opposed neo-Darwinism, as did the famed British bi-
ologist Conrad H. Waddington (1905–1975), who developed a model of devel-
opment that involved the “genetic assimilation of acquired characters.”8

In the 1940s, Waddington attempted a rapprochement between genetics and
embryology, calling the gap between them “so frequently lamented as one of the
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main flaws in the structure of biological theory.” In keeping with the classical
theory of epigenesis, he coined the word “epigenetics” for the study of the pro-
cesses that operate between genotype and phenotype.9 Throughout his career,
Waddington insisted that population genetics and neo-Darwinism did not account
for the “real guts” of evolution—“how you come to have horses and tigers.”10

To offset the random effects of natural selection and to emphasize a two-way
relationship between genotype and phenotype, he introduced the concept of ca-
nalization. In his now-famous geographical metaphor of the “epigenetic land-
scape,” Waddington compared the development of an organism and its relationship
to the environment to a ball rolling through valleys and hills. In the landscape,
there are well-worn trails that represent the ontogenetic pathways a particular
species has followed in the past. The landscape is active, like the shifting envi-
ronment. It may jostle the ball off its path and force it to make a detour, but the
ball pushes back to restore its internal energy balance and still reaches the same
place: an individual of the species. However, Waddington suspected that the
individual’s development had subtly worn down a detour. If enough embryos are
pressed by circumstances to make this detour in their own genetic structure, the
detour may become a formal rerouting for the species. This is how he imagined
genes and environment push against each other to create evolutionary change.

During the 1940s and 1950s, interest in mechanisms of inheritance other than
chromosomes was also growing in the West: non-Mendelian, cytoplasmic hered-
ity. And there was also new genetic evidence for environmentally directed adap-
tive hereditary changes through the cell cytoplasm. Interest in the cytoplasm had
its roots in nineteenth-century embryology and cytology (see chapter 10). Recall
that many experimental embryologists maintained that Mendelian genes were
concerned only with relatively trivial adult traits and not with the fundamental
organismic characteristics that distinguished higher taxonomic groups, and that
the more plastic egg cytoplasm was largely responsible for development.

Plasmon to Plasmagenes

The idea that the cytoplasm may be largely responsible for macroevolution and
for early development was widely discussed among paleontologists and embry-
ologists in many countries. If true, the cytoplasm’s effects would usually be de-
tected only by crossing widely different groups. This would be difficult to test,
because matings between distantly related animals were sterile. But it was pos-
sible in some plants. Between the two world wars, leading botanists in Germany,
including Carl Correns and his student Fritz von Wettstein, Otto Renner, Friedrich
Oehlkers, and later Peter Michaelis turned to investigate the role of the cytoplasm
in heredity and to challenge what some called the “nuclear monopoly.”11

In 1926, von Wettstein coined the term “plasmon” for the “genetic element of
the cytoplasm,” in contrast to what Hans Winkler in 1920 had dubbed the “ge-
nome”: the whole collection of genes in the chromosomes.12 The evidence for the
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plasmon was merged with that which Renner called plastidom: the genome of the
chloroplasts, as detected by non-Mendelian inheritance of chlorophyll characters
in Oenothera. In 1937, von Wettstein rejected the rigid distinction between nuclear
and cytoplasmic affects and asserted that both genome and plasmon work together
as a cooperative hereditary system:

Growth and gastrulation, chlorophyll formation and pigmentation, hairiness and
habitus, all of these traits are the product of the cooperation between the genome
and the plasmon.

One should therefore dispense with the entirely wrong opinion that race and
species characteristics are determined by nuclear genes and more profound charac-
teristics of organization (=traits of higher taxonomic groups) by the cytoplasm. This
is basically wrong and shouldn’t be discussed over and over again.

Cooperation (between the plasmon and the genome) is the essential point.13

Leading American geneticists remained intransigent, however. The plasmon
was a relatively vague concept and, as A. H. Sturtevant and George Beadle saw it
in 1939, all so-called cytoplasmic traits could easily be explained by the delayed
effect of the nucleus during the genesis of the egg.14 The Harvard corn geneticist
E. M. East further suggested that even the non-Mendelian inheritance of chloro-
phyll characters could be due to a cytoplasmic disease affecting the chloroplasts,
a possibility Correns himself had first considered. “Weighing all the evidence for
and against the plasmon,” East concluded in 1934, “one is forced to the Scotch
verdict ‘not proven.’”15

After the Second World War, the debate arose anew with the emergence of
microbial genetics and studies of gene action. The idea that the cytoplasm might
control the fundamental traits of the organism was revitalized. Several leading
European biologists, including Boris Ephrussi, André Lwoff, Philippe L’Héritier
in France, and Jean Brachet in Belgium, combined their work with that of T. M.
Sonneborn in the United States in support of the importance of cytoplasmic ge-
netic entities in heredity, development, and evolution.16 They linked their results
with cytological studies of cytoplasmic bodies, long neglected by geneticists. Since
the late nineteenth century, simple microscopic observations had suggested to
cytologists that cells contain in their cytoplasm a variety of particles that per-
petuated themselves from one cell generation to the next (see chapter 8). These
included mitochondria, present in cells of all organisms with the exception of
bacteria; chloroplasts, found in plants and many protists; centrioles, which in
animal cells could be seen at the poles of the mitotic spindles; kinetosomes or “basal
bodies,” found at the base of cilia and flagella of many microbes and of ciliated
and flagellated cells of animals. In addition, there were “infectious” genetic enti-
ties due to symbiotic bacteria and viruses.17

During the 1940s and 1950s, all these entities were discussed under the rubric
of “plasmagenes.”18 Some geneticists such as Sol Speigelman initially developed
the plasmagene concept as part of a theory of gene action, as the means for under-
standing the gene–enzyme relationship. Like de Vriesian theory of old, he postu-



176     

lated that genes (nucleoproteins) from the nucleus would migrate to the cytoplasm
and thus determine cell structure and function.19 But others, including Sonneborn,
Ephrussi, Lwoff, and Brachet, envisaged plasmagenes as independent of Mende-
lian genes in terms of their origin and function.20 Plasmagenes were generally
thought to vary in size from microscopically visible particles down to submicro-
scopic particles of the same order of size as viruses and genes. Some of the larger
plasmagenes, such as chloroplasts, were thought to contain smaller plasmagenes
within them. The existence of plasmagenes not only contradicted the doctrines of
Morganist geneticists about the almost exclusive role of nuclear genes in hered-
ity, but it also contradicted Weismannian views about the noninheritance of ac-
quired characteristics.

The Inheritance of Acquired Characteristics

Geneticists’ doctrine of the noninheritance of acquired characteristics was based
in part upon the distinction between germ plasm and somatoplasm. It was sup-
ported by observations that in animals, shortly after the egg is fertilized by the
sperm, cells are set aside from which sex organs are formed. It was a zoocentric
concept and did not apply at all to single-celled microbes (and even in animals,
the gametes were not completely isolated from environmental forces that effect
changes in the body.) It also did not apply to plants. Many or all parts of the plant
body may give rise to germ cells or to a new individual. A vegetative cutting, grown
by simply putting a twig into the soil, could produce flowers and seeds.

Genetic studies of cytoplasmic inheritance further showed that, at least in some
cases, acquired characteristics were indeed hereditary.21 First, there were cases of
the inheritance of acquired microbes. “Hereditary symbiosis” will be discussed
in more detail in chapter 19, but as one example, consider the famous work of
Sonneborn and his colleagues on a “killer trait” in the ciliated protist Paramecium
aurelia. This was the exemplar of the interaction of plasmagenes and the environ-
ment during the 1940s and 1950s. Some strains of Paramecium produce a poison
called paramecin that kills Paramecium of certain other strains, called sensitives.
This killer trait was due to cytoplasmic particles Sonneborn called kappa. These were
thought to be either infectious viruses or (as is now recognized) symbiotic bacteria.
Though once free-living, these symbionts were shown to be highly integrated within
certain strains of Paramecium: those that possessed a certain nuclear gene K.

The relationships between kappa, Paramecium, and environmental conditions
were also striking. The reproduction rate of Paramecium could be controlled by
such environmental factors as nutrition and heat. When Paramecium is kept in a
medium where reproduction is rapid, they tend to multiply more rapidly than kappa,
until finally the organisms lose kappa and cease to be killers. The inherited trans-
formation in response to the environmental agent is adaptive. The killer trait, not
needed when conditions for reproduction are optimal, is accordingly lost. The
inherited change is irreversible.
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The same sort of mechanism operated in some insects, as exemplified in the
1940s by the infectious viruslike plasmagene called sigma, inherited through the
egg cytoplasm of Drosophila. L’Héritier demonstrated that sigma could migrate
from body cells to the germ cells, which then pass it on to later generations through
the egg cytoplasm.22 Plasmagenes that could migrate from soma to germ cells
provided a possible mechanism for the inheritance of acquired characteristics in
animals. As Sonneborn commented in 1950, “The work on kappa in Paramecium
and other plasmagenes shows that acquired characteristics can be inherited if the
characters fall in a certain sub-division of the non-Mendelian category.”23 Kappa
and sigma were “migratory or infectious plasmagenes,” but there was also evi-
dence for environmentally directed adaptive hereditary changes in Paramecium
due not to any genetic particle as such, but rather to the perpetuation of interlock-
ing metabolic pathways.24

The behavior of kappa in Paramecium was analogous to the behavior of chlo-
roplasts in the unicellular green algae, Euglena mesnili. When this alga is cultured
in the dark, the rate of divisions of its chloroplasts is slowed down, a process that
leads to a decrease in the average number of chloroplasts per organism. Eventu-
ally organisms arise that are devoid of chloroplasts. Chloroplasts, which are not
needed in the dark, are lost, and the change is adaptive and hereditary. As J. B. S.
Haldane saw it in 1954, this was “a perfect Lamarckian example of irreversible
heritable loss of a function through disuse.”25 He believed that such directed
changes might be possible in plants and animals as well. Haldane was one of sev-
eral socialist biologists who quit the Communist Party because of Lysenkoism.
But he thought it would be difficult to get a fair hearing for the inheritance of
acquired characteristics in the context of the cold war. As he commented in 1954,
“It is apparently vain to hope that the existence of such a series of organisms will
prevent dogmatic assertions both as to the non-existence of this phenomenon and
as to its universality.”26

The experience of the Belgian embryologist Jean Brachet, who broke with the
Communist Party after a meeting with Lysenko, offers testimony of Lysenko’s
own attitude about academic debates over cytoplasmic inheritance.27 In 1949,
Brachet was sent by the Party in Belgium to meet with Lysenko to try to evaluate
the situation in the Soviet Union. Brachet suggested to Lysenko that plasmagenes
were viruslike genetic particles (like the RNA-based microsomes he investigated)
that might be able to invade the flowers from the somatic cells and thus could
explain Lysenkoists’ reports on the inheritance of acquired characteristics by graft-
ing. He also offered an experimental test for the hypothesis: repeating the grafting
experiments and inserting a membrane between the two parts of the graft combi-
nation, which would prevent viruses from getting through but would allow smaller
nutrients to pass. In Lysenko’s view, Brachet’s suggestion showed that he came
from a capitalist country, and it was out of the question for two reasons: there were
no plant viruses in the Soviet Union, and such an experiment would be due to the
pure curiosity of scientists who were not working for the people, and so it was a
waste of time. It did not matter how it worked. Lysenkoists in the Soviet Union
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were interested in cytoplasmic inheritance only insofar as it supported their ex-
treme claim that all of Morganist genetics was wrong. As I. I. Prezent put it in
1948:

The cytogenetic system is crumbling. No wonder the Morganists are thinking up,
in addition to the gene, all sorts of “plasmagenes,” “plastidogenes,” and similar terms
designed to veil the complete theoretical and factual discomifture of Morganism.
. . . Mendelism-Morganism has already betrayed its utter hollowness: it is also rot-
ting from within, and nothing can save it.28

In the United States, the inheritance of acquired characteristics became a heated
political issue, with Communism on the Left and McCarthyism on the extreme
Right. As one journalist put it in 1950:

The argument has long since ceased to be a scientific one, however. Not to accept
Lysenko, lock, stock and gene, in the U.S.S.R. is close to heresy. To admit in the
U.S. today to the possibility of some basis of fact in the Lysenko approach is tan-
tamount to having subversive thoughts. And, unfortunately, science can never flour-
ish without completely free inquiry, so that a proper evaluation of Lysenko will
have to wait for the expiration of the Cold War.29

As president of the American Genetics Society in 1950, Sonneborn found him-
self in an awkward position. He had no sympathy for Marxism, and less for Ly-
senkoism, but ever since his days as a graduate student with H. S. Jennings at Johns
Hopkins, he had had “a closer than distant relation with Lamarckism.”30 He also
understood that there were biologists early in the century who had made experi-
mental claims about the inheritance of acquired characteristics who were, like
Lysenko and his followers, either frauds or incompetent, and some had come to a
bad end.

The experiments of the Austrian Paul Kammerer represented the most notori-
ous case before Lysenko.31 Just before the First World War, Kammerer reported
that he had induced special organs on the midwife toad, Alytes obstetricans. Most
species of toads mate in the water, and the males use special pads on the fore-
limbs to grasp the female. The midwife toad was an exception. It had adapted to
living on land and no longer possessed those nuptial pads. But Kammerer claimed
to have produced males with pads by raising and breeding the midwife toad in
moist conditions. He preserved them in a jar. After the war, it was found that the
pads in the specimens were faked: they had been marked with India ink that some-
one had injected under the skin. Kammerer insisted that he was innocent and that
an assistant must have made the injections in order to preserve the original in-
duced marks after they had begun to fade. He subsequently shot himself, leaving
the scientific community with the impression he was indeed guilty.

Genetic studies on plasmagenes did provide evidence for the inheritance of
acquired characteristics, but Sonneborn, Ephrussi, and others emphasized that they
did not support Lysenkoism; they did not refute the existence of Mendelian genes.32

Nonetheless, other leading geneticists of the 1950s, including H. J. Muller and
George Beadle, rejected cytoplasmically inherited particles as part of any general
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theory of heredity and evolution. Some apparent examples of cytoplasmic inher-
itance could be given alternative Mendelian interpretations; other examples, they
argued, were symbionts or parasites, which they considered to be outside of ge-
netics and of little significance to heredity and evolution.33

University Politics

During the 1950s, belief in the inheritance of acquired characteristics was targeted
by American geneticists’ initiatives to counteract communist propaganda and the
threat to genetics and professional academic science.34 This effort culminated in
1951 with the text Genetics in the Twentieth Century, a compilation of papers by
twenty-six leading geneticists.35 The authors were asked to emphasize the posi-
tive achievements of genetics, both theoretical and practical, and to “speak for
the cause of the freedom of science” from political intervention. To further con-
tradict Lysenkoists’ assertions about the lack of practical value of Mendelism,
geneticists pointed to dramatic increases in yields due to hybrid corn, a billion-
dollar industry in the United States by the middle of the century.36

The controversy over Lysenkoism was especially complicated in France. In
the country of Lamarck, the inheritance of acquired characteristics was a favored
theory. Neo-Lamarckians, who were often associated with the political Right in
France, also had high hopes for Lysenkoism insofar as it tended to show that
Lamarck was right. On the political left, some leading biologists, such as Georges
Tessier, director of the Centre National de la Recherche Scientifique (CNRS), were
Communists, and some were also heroes of the resistance movement during the
German occupation of France. In the midst of this was the Russian-born Boris
Ephrussi (once an anarchist) and his collaborators, who worked on cytoplasmic
inheritance of respiratory mutations in yeast (later associated with mitochondria).37

Ephrussi had no sympathies for Lysenkoism. But as the leader of French genetics,
which was focused on problems of genetic regulation and cytoplasmic heredity he
found himself in an awkward situation during the Lysenko controversy. He felt
obliged to make his views on chromosomal genes unambiguous in the preface of
his little book on cytoplasmic inheritance of 1953: “I do not deny the general
occurrence and significance of nuclear (Mendelian) heredity.”38 Nonetheless, he
suggested, as had embryologists before him, that cytoplasmic inheritance might
be involved in the fundamental aspects of heredity, whereas the nuclear genes
might be largely concerned with relatively trivial traits.39

The real threat to genetics in France, as Ephrussi saw it, was not Lyskenkoism,
but neo-Lamarckism, which had persisted in France since the 1880s, when Dar-
winian theory became identified solely with natural selection.40 Many French
biologists placed the inheritance of acquired characteristics at the center of an
anti-Darwinian view of evolution. There were several reasons for this. First, the
religious beliefs of many biologists and philosophers created an intellectual envi-
ronment uncongenial to Darwinism and mechanistic biology. The vitalist philoso-
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pher Henri Bergson’s book Creative Evolution was widely read by French biolo-
gists prior to the Second World War.41 Spiritual overtones resounded in the writ-
ings of several leading French neo-Lamarckians throughout the twentieth century.

Neo-Lamarckism in France also had a nationalistic component. The defeat of
France in the 1870 war with Bismarck’s Prussia brought with it a patriotic ten-
dency of French biologists to encourage support of their own theories rather than
to accept those of other countries, especially those of Germany. Leading French
biologists of the 1920s and 1930s trivialized the significance of genes, insisting
with many embryologists that Mendelism did not deal with the most fundamental
properties of the organism but rather with superficial traits.42

The neo-Lamarckian opposition to genetics was coupled with a more perva-
sive problem in Europe: the hierarchy of bureaucratic authority within universi-
ties and the centralized structure of the university systems, which greatly impeded
the development of new specialties. Historians and sociologists have long com-
pared the European university structure with that of the United States.43 Their
analysis usually begins with Germany. Whereas in the typical American univer-
sity department, professors had more or less equal bureaucratic authority and re-
search autonomy to compete for funds and students, the institute of the typical
German university was effectively the feudal domain of a single chair professor,
who possessed the power to allocate facilities and funds to junior faculty and thus
dictate the direction of research in his institute.44 The conservative interests of the
German professoriate were strengthened by the ministries of culture of the Ger-
man states, which were reluctant to allocate the additional funds required for a
new chair in a new specialty.

The first chair of genetics in a German university was not founded until 1946.45

Genetics was generally taught in institutes of botany or zoology, where it often
remained subordinate to the broader aims of those traditional fields. The Kaiser
Wilhelm Institutes (later renamed the Max Planck Institutes), founded in 1913,
compensated for the conservative effects of the university. In 1914, Carl Correns
was appointed director of the Kaiser Wilhelm Institute for Biology in Berlin-
Dahlem, which was structured not around specialties per se, but around four men,
each with his own division: Correns (botany and genetics), Richard Goldschmidt
(zoology and physiological genetics), Hans Spemann (embryology), and Max
Hartmann (protozoology and general biology).

In no country were the conservative effects of the centralized university sys-
tem more obtrusive than in France. French science, which had flourished in the
eighteenth century, had become stifled by the bureaucratic and centralized struc-
ture of the university system constructed by the Napoleonic administration.
Terrance Clark described the university system: “The Napoleonic structure was
rigidly hierarchical. It was a mixture of an ecclesiastical control of ideas, govern-
ment bureaucracy, and the military style of the emperor.”46 The procedure for
university innovation in France was to convey ideas to the government Ministry
of Education, which legislated on the examinations, hours of each class, and
method of teaching throughout the state-run university system. Any piecemeal
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change was formally resisted. Paris was at the center, and Sorbonne professors
advised the ministry about exams and promotions in their fields. Thus, the con-
trol of scientific research was left in the hands of a few individual chair holders
who fostered the development of their own interests and thus induced intellectual
conformity. It was not until the student protests of 1968 that the power of the pro-
fessoriate in the French university was diminished somewhat.

The first chairs of genetics in France were finally established in 1945 for Boris
Ephrussi and Georges Tessier. But even ten years after it was established, Ephrussi’s
chair of genetics possessed neither laboratories nor workroom nor library.47 Genetics
was not the only underdeveloped discipline. By 1957, there were no chairs of
experimental embryology, nor of microbiology in the Faculty of Science, and
though there was a chair of biochemistry, the laboratory of biochemistry was
located at the Pasteur Institute. Genetic research also developed outside the uni-
versity. André Lwoff, Jacques Monod, and François Jacob worked on bacteria and
its phages at the Pasteur Institute in Paris. Ephrussi and his team worked about
twenty kilometers outside of Paris at newly founded Institute for Genetics at
Gif-sur-Yvette, which was under the auspices of the CNRS.48

Morgan’s Smile

For those who investigated non-Mendelian heredity, its chief theoretical impor-
tance was not for the inheritance of acquired characteristics, but for resolving the
paradox of cellular differentiation. How could cells become biochemically and
morphologically different and yet possess the same chromosomal genes? The extent
to which this issue had polarized geneticists and embryologists is illustrated by
Ephrussi’s own recollection about a conversation with T. H. Morgan in the sum-
mer of 1934 at Woods Hole. Morgan’s book Embryology and Genetics had just
come off the press, and he gave a copy to Ephrussi with the request that he offer
his frank opinion about it.49 Ephrussi returned a few days later and said that he
found the book very interesting, but the title was misleading because he did not
try to bridge the gap between embryology and genetics as he had promised in the
title. As Ephrussi remembered, “Morgan looked at me with a smile and said, ‘You
think the title is misleading! What is the title?’ ‘Embryology and Genetics,’ I said.
‘Well,’ he said, ‘is not there some embryology and some genetics?’”50

Embryologists had shown that differentiation was dependent upon differences
in the cytoplasm, as well as upon the relationship between cytoplasm and the
environment. Studies in tissue culture had shown that many of the directed changes
in cells during the course of ontogeny were hereditary: epithelial cells give rise to
epithelial cells, fibroblast cells to fibroblast cells. As Ephrussi put it 1951: “Un-
less development involves a rather unlikely process of orderly and directed gene
mutation, the differential must have its seat in the cytoplasm.”51 Cytoplasmic in-
heritance offered a bridge between genetics and embryology. It could account for
cell heredity—the fact that somatic cells of a given type would give rise, when
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they divide, to more cells of the same type. Cytoplasmic inheritance in yeast and
Paramecium was comparable to inherited somatic cell changes in the individual
animal or plant, which affect its phenotype and in some cases might also be inher-
ited sexually.

By being differentially transmitted during cell division under the influence of
the environment, plasmagenes offered one plausible mechanism for cell heredity.
But cytoplasmic geneticists were more eclectic; they offered several mechanisms
and emphasized that nucleus and cytoplasm also affect each other’s activity. Some
cases of cytoplasmic heredity might be due to self-perpetuating metabolic states—
a system of cross-reacting and inhibiting chemical reactions leading to hereditary
steady states.52 One of the functions of the cytoplasmic part of the genetic sys-
tem, then, would be to regulate which nuclear genes come to expression. The in-
verse relationship was also evident: petite mutations affecting respiration in yeast
showed that the nucleus could activate cytoplasmic genetic factors.53

Plasmagene theorists also proposed a third kind of heredity based on the struc-
tural properties of cells. The cell is not “a bag of enzymes.” It is organized. And
this orderliness, they argued, was not determined or built up anew in each cell
generation by genes and/or plasmagenes. It was likely that another genetic role of
the cytoplasm was to provide a self-perpetuating structural organization or “mo-
lecular pattern.” This inherited structural organization would exist at two levels:
one for structures such as mitochondria and chloroplasts, and another for
the structural organization of the cell as a whole, which seemed to involve “the
fibrous ground substance of the cytoplasm.” In 1951, Sonneborn phrased the
problem in the following terms:

Perhaps it will be objected that there are some self-duplicating cytoplasmic elements
which the nucleus cannot make. Then suppose these too can be cultivated in vitro.
Is anyone willing to believe that, if all such self-duplicating components of the cell
were thrown together in a test tube in the proper proportions with adequate food
for their multiplication, a Chilomonas cell or any cell at all would result? Although
the whole picture is admittedly imaginary, it makes the nature of the problem sharp
and clear. If cells cannot be reconstituted in the way suggested, then it seems to me
we are forced to admit that the molecular and particulate arrangement of the cellu-
lar materials, their organization into a working system, is itself a part of the genetic
system of the cell.54

Ephrussi framed the same problem in traditional embryological terms: cytoplas-
mic mechanisms based on plasmagenes and their relationships with genes were only
instruments of cellular differentiation: “Development is an orderly process: it fol-
lows a ‘plan’ which dictates when and where the instruments of differentiation come
into action.”55 Experimental embryologists had revealed the rough outline of this
plan in the cytoplasm of the undivided egg (see chapter 11). As Ephrussi saw it,
“the fundamental anisotropy of the egg cytoplasm itself has a genetic basis.”56

The organization of the cell was a genetic problem for the future (see chapter
17), but some observations pertaining to this problem had already been assembled
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in 1950 by André Lwoff (1902–1994) in a small book titled Problems of Morpho-
genesis in Ciliates: The Kinetosome in Development, Reproduction, and Evolu-
tion. Lwoff ’s aim was to show how studies of kinetosomes in ciliates visibly
confirmed two theoretical conclusions of embryologists: that cellular differentia-
tion involves cytoplasmic genetic particles, and that the fundamental control of
differentiation operates under the influence of a “morphogenetic field.”57 “Cyto-
plasm is not just a collection of enzymes or a plastic and complaisant receptor
passively submitted to the dictatorship of genes,”58 he wrote; “it is a very differ-
entiated system with cortex, mitochondria, kinetosomes, and chloroplasts, each
endowed with genetic continuity.”59

Kinetosomes are microscopically visible granules located at the base of each
cilium of ciliated protozoa and of the ciliated cells of animals. Kinetosomes were
always formed from preexisting kinetosomes, Lwoff argued, and they multiplied
and were organized into orderly chains or rows of kinetosomes (kineties) along
the cell surface or cortex. As he saw it, “the morphogenesis of a ciliate is essen-
tially the multiplication, distribution, and organization of populations of kineto-
somes and of the organelles which are the result of their activity.”60 Like the killer
particles of Paramecium and the viruses of plants, he emphasized that kinetosomes
were sensitive to the environment of the “host” in which they lived. The metabo-
lism of the cell, light, and temperature could cause variations in the relative multi-
plication rates of kinetosomes in a way similar to the behavior of chloroplasts in
Euglena.

Kinetosomes were also endowed with another special property, which embry-
ologists called prospective potencies: they were pluripotent and turned out differ-
ent structures and systems according to their position in the cell and the phase of
the cell cycle. They produced various products: cilia for cell motility, trichocysts
(cylindrical rods that elongate toward the inside of some cells), and centrioles,
which were concerned with cell division.61 Thus Lwoff argued that the kineto-
some was a model for visible plasmagenes.62

Each kinetosome formed part of a complex called a ciliary unit—a sophisti-
cated structure that also included a cilium, a variety of subcortical fibers, and
specialized membranes. These ciliary units were arranged along the cortex in a
repeating pattern that was remarkably constant and was reproduced faithfully
through a regular sequence of events during growth and fission.63 What was respon-
sible for this orderly pattern? According to Lwoff, this power of organization did
not stem from any inherent properties of kinetosomes themselves. Kinetosomes did
not control their own destinies; they did not “command,” they “obeyed.” Like the
cells of multicellular organisms, the fate of kinetosomes in ciliates was controlled
by “some mysterious and powerful field of forces.”64

In Lwoff ’s view, the cell cortex had the properties of a morphogenetic field.65

It provided the spatial conditions for the organization of dispersed molecules in
the cell. And it was entirely reasonable to compare morphogenesis in ciliates with
animals.66 The importance of cell surface had been stressed by several embryolo-
gists. The famed African American biologist Ernest Everett Just went so far as to
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consider that “in the entire animal kingdom, with the exception of mammals, the
embryo arises from the egg surface.”67 Systematic genetic investigations of cell
structure were begun in the 1960s (see chapter 17).

The main aim of microbial genetics of the 1950s was not on cell structure,
morphogenesis, or hereditary symbiosis, but rather on the nature of the gene and
its relations with proteins. While nucleocentric geneticists emphasized that the gene
may be protein, some cytoplasmic geneticists, such as Ephrussi, emphasized that
it was possible that nuclear genes were responsible only for activating proteins
and did not play a role in determining their primary structure.68 Jean Brachet sug-
gested that RNA-based structures in the cytoplasm (microsomes, later renamed
ribosomes) associated with protein synthesis were viruslike plasmagenes. Studies
of plant viruses indicated that the hereditary material could be either DNA or RNA;
and RNA-based plasmagenes fit well with embryologists’ preference for the cyto-
plasm as the basis of cellular differentiation.69 By the end of the decade, all these
molecular conceptions had been refuted as molecular biologists reordered the
relationship between the gene, RNA, and protein.
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16
Conceiving a Master Molecule

To do molecular biology, it was no longer enough to use one tech-
nique, to investigate all the parameters of one particular phenomenon.
It became necessary to exploit all the means available in order to de-
fine the architecture of the compounds involved and the nature of the
relations. . . . The organization of a macromolecule, the “message”
formed by the arrangement of chemical patterns along a polymer chain,
held the memory of heredity.

—François Jacob, 1976

    as the basis of the gene, how it is reproduced, and how it
affects protein synthesis was the pinnacle of the life sciences in the twentieth cen-
tury. It is said to have deep philosophical implications affecting our innermost
understanding of ourselves and the nature of all of life, and it has spawned prom-
ises of medical panaceas and agricultural advances. Gene splicing, recombinant
DNA, transgenic organisms (or genetically modified plants and animals), and the
patenting of genes from microbes to humans all have roots in fundamental dis-
coveries of molecular biology of the 1950s and 1960s. The realities and prospects
of biotechnology entail ethical, legal, social, and political issues no citizen can
afford to ignore.

The molecular approach to the gene involved a merger of microbiology and
genetics with three techniques from physics and chemistry: radioisotopes were
used to help identify DNA as the basis of the gene; X-ray crystallography was
used to reveal the three-dimensional structure of proteins and of DNA; and chro-
matography was used to analyze the composition of DNA and proteins. Molecu-
lar biology rested on the premise that the functions of the cell are based on the
configuration of its macromolecules, and it involved new analogies from com-
munication technology and a whole new set of doctrines.
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DNA or Protein?

That DNA was the basis of the gene was not obvious.1 Retrospectively, the trail
begins with investigations in the 1860s and 1870s of the chemical constitution of
the cell nucleus by the Swiss chemist Johann Friedrich Miescher. Using fresh pus
cells obtained from the dressings of surgical wounds, supplied daily from the
Tübingen surgical clinic, he found a substance that contained nitrogen and was
rich in phosphorus. He called it nuclein, and his student Richard Altmann re-
named it nucleic acid (see chapter 8). In 1870, Miescher returned to his native
Basel and in the waters of the Rhine found a more pleasant source of nuclear
material in the sperm of salmon for which the river was then famous. “A knowl-
edge of the relationships between nuclear materials, proteins, and their imme-
diate products of metabolism,” he wrote prophetically in 1871, “will gradually
help to raise the curtain which at present so completely veils the inner process
of cellular growth.”2

By the 1920s, chemists led by Phoebus Levene and Walter Jacobs at the
Rockefeller Institute showed that there were two fundamentally different kinds of
nucleic acids: one, now called ribonucleic acid, or RNA, found in abundance in
the cell cytoplasm, and the other, desoxyribonucleic acid, or DNA, found in abun-
dance in the cell nucleus. Both comprise three main constituents: phosphoric acid,
a five-carbon sugar (in RNA this is ribose, whereas in DNA deoxyribose is the
five-carbon sugar), and four nitrogenous bases (RNA contains adenine, guanine,
cytosine, and uracil; DNA does not contain uracil, but contains thymine instead).
The base, sugar, and phosphate, are linked together to form a unit called a nucle-
otide, later identified by the letters for the bases: AGCU for RNA, and AGCT for
DNA. By the 1930s, biochemists showed that nucleic acid molecules contained
many of such nucleotides linked together.

The substance of the gene would have to possess a high degree of complexity
to accommodate the enormous diversity of life. The available chemical data ruled
out DNA in this regard. To Levene and his colleagues, it seemed to be a monoto-
nously uniform macromolecule, which, like other monotonous polymers, such as
starch, did not vary much between organisms. They championed what was called
the tetranucleotide hypothesis, according to which DNA was made up of repeated
sets of the four nucleotides, and following one another in a fixed and orderly
manner, for example: AGCT AGCT AGCT. . . . Thus, on the basis of the best
evidence available, it was believed that equal amounts of AGCT were present in
the DNA of each organism.3

DNA was in the nucleus, but proteins were also components of chromosomes.
They were the more likely candidates for the gene. Complex and diverse, they
were the most important molecules in the cell. Biochemists of the early 1940s had
shown that each protein was made up of chains of about twenty essential amino
acids, from a few hundred to over a thousand. Proteins were also known to differ
in their amounts of various amino acids—a particular protein, such as human he-
moglobin, for example, has a well-defined sequence of amino acids. When the
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theoretical physicist Erwin Schrödinger wrote What Is Life? in 1944, enticing
physicists into the field, it was generally accepted that genes were a special kind
of protein.

Transformation and Transduction

The first experimental evidence that DNA was actually the stuff of genes did not
come from chemical studies, but rather from studies of transformations in bacteria
and from medical investigations of disease. They began with the now-legendary
research of the microbiologist Frederick Griffith (1881–1941) in London on a
certain type of pneumonia-causing bacterium (Diplococcus pneumoniae), com-
monly called pneumococcus.

Griffith was interested in the effects of different strains of pneumococcus on
humans. In 1928, he reported that an extract of one pneumococcus strain could
actually alter the character of a different strain.4 One strain grew a smooth, sugarlike
pellicle over itself; he called it the S (smooth) form. The other strain produced no
smooth pellicle; its colonies were rough. He called it the R form. When Griffith
injected the S form bacteria into mice, it caused pneumonia, whereas the R form
caused no ill effects on mice. To find out why, he killed the virulent S form of
bacteria by boiling them, then he mixed them with the live R form. When this
combination of live and dead forms was injected into mice, the mice still con-
tracted pneumonia. He then collected and analyzed blood samples from the mice;
they contained the live S form of bacteria that had caused the disease. He con-
cluded that the R form had actually been transformed into the virulent S. In other
words, the R form had acquired something from the dead S form that transformed
it into the virulent type.

Dead S + Living R → Living S

What was the transforming factor the R form acquired to make it virulent?
Griffith was killed in his London laboratory during a German air attack in 1941.

That year his transformation experiments were taken up by Oswald Avery (1877–
1955), a research physician and bacteriologist at the Rockefeller Institute for
Medical Research commissioned to study the biochemistry of pneumonia.5 Avery’s
attempt to identify the transforming substance in the S strain culminated in 1944
with a now-famous paper he wrote with his collaborators, Colin MacLeod and
Maclyn McCarty.6 They exposed the R strain to purified protein, RNA, sugar, and
DNA extracted from the S strain. Only the bacteria exposed to DNA were trans-
formed. To ensure that the transforming principle was indeed purified DNA, they
eliminated protein, RNA, and sugar by subjecting them to specific enzymes that
chopped them up. When these substances were chopped apart, the R form was
still transformed into the S form. However, when an enzyme that split DNA apart
was introduced into the chemical extract, the transformation no longer occurred.
They reasoned, therefore, that the active material was “a highly polymerized and
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viscous form of sodium desoxyribonucleate,” that is, a form of DNA. As Avery
wrote in his famous letter to his brother Roy on 13 May 1943:

If we are right and of course that is not yet proven, then it means that nucleic acids
are not merely structurally important but functionally active substances in deter-
mining the biochemical activities and specific characters of cells and that by means
of a known chemical substance it is possible to induce predictable and hereditary
changes in cells. This is something that has long been the dream of geneticists. . . .

Sounds like a virus—may be a gene.7

Their results were inconclusive. Other interpretations were possible and indeed
seemed more likely, given the chemists’ conception of DNA as a monotonous
molecule, a tetranucleotide that lacked diversity. Some leading geneticists sus-
pected that the transformation of the R form to the virulent S form was a case of
environmentally directed genetic modification by some kind of specific mutagen—
not by the acquisition of DNA. Theodosius Dobzhansky commented that “we are
dealing with authentic cases of induction of specific mutations by specific treat-
ments—a feat which geneticists have vainly tried to accomplish in higher organ-
isms.”8 George Beadle also referred to the phenomenon as a “first success in
transmuting genes in predetermined ways.”9

There was still another reason why Avery, MacLeod, and McCarty’s conclu-
sions about DNA as the basis of the gene could not be taken as proven. When
they published their paper in 1944, it was still not certain that bacteria actually
had genes, as did plants and animals. The previous year, Salvador Luria and Max
Delbrück had conducted experiments that supported the notion that at least some
bacterial mutations seemed to behave like changes in genes.10 The results of Avery
and his colleagues in New York were made known to Luria and Delbrück imme-
diately through the above-mentioned letter to Avery’s brother Roy.11 The pneu-
mococcus results induced Joshua Lederberg to take the next logical step to show
genetic recombination—that bacteria did indeed have genes like plants and ani-
mals (see chapter 14).12 For Lederberg, the pneumococcus transformations were
formally analogous to, but not the same as, bacteria viruses (or phages), which
were able to induce similar changes by transporting DNA from one bacterium to
another. In 1952, he and Norton Zinder coined the term “transduction” for this
phenomenon when it resulted from viral infection.13 The only difference between
the hereditary material of viral infection and the pneumococcus transformations
was that the former is encapsulated in a protein coat, the other, naked DNA: the
gene (see chapter 19).

The next step in demonstrating that DNA, not protein, was the basis of the gene
came with the use of radioactive isotopes. A radioactive element emits radiation
that can be detected and followed wherever it occurs in an organism. The use of
such isotopes made it possible to follow the tangled process of “intermediary
metabolism”—to follow the step-by-step elaboration of small molecules and how
they are strung together into larger ones. In 1952, Alfred Hershey and Martha Chase
reported their celebrated experiments with radioactive bacteriophages, which
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pointed to DNA.14 They used a T2 phage—a type of virus that infects the com-
mon bacterium Escherichia coli, a normal inhabitant of the intestines of animals.

First, Hershey and Chase grew bacteria on culture media containing radioac-
tive isotopes of either phosphorus 32P or sulfur 35S. DNA contains phosphorus but
not sulfur, and most proteins contain sulfur but usually not phosphorus. Thus,
bacteria grown on these media would incorporate the respective radioactive iso-
topes in their DNA and proteins. Then they infected the bacteria with phages. Those
phages that were propagated from the bacteria grown in 32P contained radioactive
DNA. Those phages propagated from bacteria labeled 35S contained radioactive
proteins. The two types of radioactive phages were then used to infect unlabeled
bacteria. The 32P- labeled DNA was found inside the infected bacteria. The 35S-
labeled protein was left outside on the bacteria’s surface. These results convinced
many geneticists that the gene is DNA, not protein. And by that time there was
also new supporting data from chemistry itself, from chromatography, which
showed that DNA was a complex and variable enough molecule after all.

Chromatography

Before chromatography was used by chemists, it had been developed by bota-
nists of the early twentieth century, who discovered a way of purifying and iso-
lating various plant pigments. They poured plant extracts through long columns
of calcium carbonate, which they then washed with various solvents. The pigments
remained on the columns in different zones and could be studied separately. Later
they used sheets of filter paper onto which the chemical compounds could be
poured out, each moving at its own characteristic velocity, and thus be sepa-
rated and analyzed. This technique allowed researchers to distinguish qualita-
tively and quantitatively between very closely related compounds. The simplicity
and efficiency of this technique transformed the investigation of the constitu-
ents of macromolecules.

Chromatography allowed biochemists to investigate the actual order of the
amino acids in a protein—the way they were arranged along a giant molecule. By
using specific enzymes that split a protein molecule at different points, they were
able to collect fragments containing several amino acids. They could then cut each
fragment into smaller pieces and investigate the composition of each. Reconstruct-
ing the order of the amino acids was then a matter of marking the relative position
of the fragments and pieces, and fitting them together to form the original design
as one would a jigsaw puzzle.

The success of chromatography for the analysis of proteins led the German
emigré Erwin Chargaff (1905–2002) and his co-workers at Columbia University
to apply it to nucleic acids in the late 1940s. Their comparisons of nucleic acids in
a number of organisms from bacteria to humans indicated that the nucleotide base
composition (AGCT) of DNA differed from one kind of organism to another. In
1950, Chargaff discovered another important aspect of the structure of DNA: there
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was a characteristic symmetry in the base composition of all DNAs.15 The amount
of adenine is always nearly equal to the amount of thymine (A = T), and the amount
of guanine closely followed the amount of cytosine (G = C). These regularities
would provide crucial clues for unraveling the three-dimensional structure of DNA.

Chromatography gave a one-dimensional picture of the structure of a macro-
molecule. It was the technique for determining the primary structure of a macro-
molecule—the sequence of amino acids along the polypeptide chain of a protein,
for example. An enzyme’s three-dimensional structure (the way it is folded up) is
actually responsible for its specific catalytic action. And to study that structure,
X-ray diffraction was required.

X-Ray Crystallography

When a beam of X-rays is directed at a substance whose atoms are arranged in an
orderly fashion, the X-rays are diverted off the regular spacings of atoms to form
regular patterns. A beam of X-rays passing through a crystal, for example, will
form a beautifully symmetrical pattern of dots radiating from a central spot. By
measuring the distances between these groups of dots and the angles they make,
crystallographers of the early twentieth century were able to calculate the relative
position of the atoms within the crystal. The same technique was subsequently applied
to macromolecules. However, the X-ray photographs of macromolecules are not
quite as orderly as those of a crystal: the diffraction pattern is fuzzier and harder to
interpret. The technique was difficult and required considerable expertise.

The use of X-ray diffraction patterns to discern molecular structure was invented
in 1912 by two Cambridge scientists, W. H. Bragg (1862–1942) and W. L. Bragg
(1890–1971), father and son, who were awarded the Nobel Prize in 1915. It was
applied first to simple inorganic salts and then to ever more complex organic
molecules. X-ray analyses of proteins got underway in the 1930s through the efforts
of two students of the Braggs, W. T. Astbury and J. D. Bernal. In the 1940s, Astbury
also took some X-ray diffraction photographs of DNA, but they were of insufficient
quality to reveal much detail of fine structure.

During the early 1950s, three teams were interested in the X-ray crystallographic
analysis of DNA: Linus Pauling and his group at the California Institute of Tech-
nology, Maurice Wilkins and Rosalind Franklin at Kings College London, and
James Watson and Francis Crick at Cambridge. Pauling’s work touched on many
aspects of chemistry and medicine. He wrote one of the most influential chemis-
try books of the century, The Nature of the Chemical Bond (1939). His interest in
the structure of proteins led him to suggest in the 1940s that sickle-cell anemia
was due to abnormality of the hemoglobin molecule, which he and his co-workers
demonstrated in 1948, after three years of experimentation, in their classic paper
“Sickle-Cell Anemia: A Molecular Disease.”16 Pauling’s biggest biological suc-
cess came from his proposal about the general structure of protein molecules. In
1951, he and his co-workers demonstrated that polypeptide chains in such pro-
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teins as collagen are arranged in helixes held together by hydrogen bonds. He and
his longtime collaborator Robert Corey recognized the helical shape to be a basic
configuration of protein molecules in many life-forms. Pauling called it the alpha
helix.17 For this and for a great deal of other work on the bonds between atoms,
Pauling was awarded the Nobel Prize in Chemistry in 1954. He was also well
known for his opposition to nuclear weapons and his struggles for peace, for which
he was awarded a Nobel Peace Prize in 1962.18

Before Pauling’s work on the three-dimensional study of proteins, it was gen-
erally assumed that proteins were too large and too complex to study. Pauling’s
success was due in part to his novel approach. He used guesswork and model
building in addition to the analytic procedures of more conventional crystallog-
raphers. During the 1940s, he surmised that it ought to be possible to deduce the
structure of polypeptide chains from knowledge of the exact spatial conforma-
tion of the peptide bond. He therefore concentrated his X-ray crystallographic
analysis on determining the lengths and angles of bonds that link the backbone
atoms of amino acids. Using these data, he constructed a model made of balls of
light plastic of different colors to illustrate the configuration of protein molecules,
and he announced his discovery to a dazzled audience in Copenhagen in 1951.
His phenomenal success with protein encouraged him to apply the same techniques
to DNA. In 1953, he and Corey proposed a three-dimensional model of DNA that
was perceived to be wrong the moment it was published.19

In the early 1950s, Rosalind Franklin (1920–1958) accomplished the major
technical feat of obtaining an X-ray diffraction photograph of DNA that showed
a wealth of detail. In the winter of 1952–53, this picture was shown to Watson
(b. 1928), a postdoctoral fellow at Cambridge, and Crick (b. 1916), a Ph.D. stu-
dent. Crick, fascinated by the line between the living and the nonliving, migrated
from physics into chemistry and biology. Watson, twelve years his junior, had
graduated from the University of Chicago when he was nineteen years old, and at
twenty-two he completed his doctorate from Indiana University, where he stud-
ied genetics and bacteriophage. At the recommendation of his thesis director,
Salvador Luria, Watson went to Copenhagen in 1950 to learn biochemistry and
study the fate of the DNA of infecting viruses. He saw the first vague, ghostly
image of a DNA molecule rendered by X-ray crystallography at a conference in
Naples in May 1951, where he met Maurice Wilkins. Subsequently, Luria and
John Kendrew arranged for Watson to work at the Cavendish Laboratory at Cam-
bridge University in early October 1952, where he met Crick and discovered their
common interest in discerning the structure of DNA. They reported the correct
structure of DNA as a double helix in the spring of 1953.

The Watson and Crick collaboration is one of the most famous of its kind; that
between Wilkins (b.1916) and Franklin is one of the most infamous. Franklin’s
strained relationships with her colleagues in a sexist workplace have been the
subject of many commentaries and studies.20 She died of cancer in 1958 at age
thirty-seven. In 1962, the Nobel Prize was awarded to Watson, Crick, and Wilkins.
If Franklin had lived, it would surely have been awarded to her instead of Wilkins.
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Watson and Crick had already considered a variety of possible helical structures,
but because of the poor quality of the X-ray photographs from which they had
been working, they were unable to reach definitive conclusions—that is, until
Wilkins showed Watson one of Franklin’s best photos.

From Franklin’s photograph Watson and Crick were able to conclude that the
DNA polynucleotide chain had the form of a regular helix, that the helix has a
diameter of 20 angstroms (Å), and that the helix makes one complete turn every
34 Å along its length, and therefore, since the internucleotide distance is 3.4 Å, it
must contain a stack of ten nucleotides (bases) per turn. Considering the known
density of the DNA molecule, they concluded that the helix most likely contained
two polynucleotide chains. But the X-rays in themselves did not directly point to
the double helix; as Crick later commented, they “provided only half the required
data. For this reason a good model is worth its weight in gold.”21

To discern the double helix, Watson and Crick used Pauling’s unorthodox
approach of model building. They toyed with large plastic models and cardboard
cut-out representations of the four bases, A, T, G, and C. Watson fit the final piece
into place when he realized that an adenine-thymine pair held together by two
hydrogen bonds was identical in shape to a guanine-cytosine pair. These pairs of
bases could therefore serve as the rungs on the twisted ladder of DNA. The
complementarity between A and T and between C and G would account for
Chargaff ’s equivalence rule: A = T and G = C. That insight of base pairing led
them to understand that the whole DNA molecule is self-complementary. Every
DNA molecule would carry two complete sets of information, albeit written in a
complementary notation. So Watson and Crick built a regular helix composed of
two nucleotide chains that could contain any arbitrary sequence of nucleotide basis,
so as to be diverse enough to account for hereditary differences. The two chains
would be held together by hydrogen bonds between each of the pairs of bases.

A mechanism for copying DNA could be immediately envisaged from this
complementarity. Cleave or unzip the hydrogen bond between base pairs that hold
strains together, and each strand would act as a template for the formation of a
complementary strand. A single strand of the genetic alphabet, say CTA, is paired
rung by rung with a complementary strand, GAT. When the helix unzips, the
complementary strand becomes a template; its GAT bases attract bases that amount
to a carbon copy of the original strand, CTA. Imitating the rhetorical style of
Pauling, Watson and Crick concluded their 1953 article in Nature with one of the
most famous understatements in the literature of science: “it has not escaped our
notice that the specific pairing we have postulated immediately suggests a pos-
sible copying mechanism for the genetic material.”22

Digital DNA

How did DNA specify the structure of a protein, the most important cellular en-
tity, if that is what it did? Biochemical genetic research in Neurospora and other
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microbes since the 1940s had shown a relationship between gene mutation and
enzymatic protein function. However, those experiments did not show how
changes in a gene could result in changes in a protein: they did not and could not
show a physical link connecting gene and protein.

The implications of the double helix were the main topic of interest at the Cold
Spring Harbor Symposium of 1953. As Gunther Stent recalls, “No one who lis-
tened to Watson’s lecture at that meeting needed much imagination to realize that
with the discovery of the double helix, the understanding of the gene was about
to reach a new plane. A new era was obviously dawning for genetics.”23 New
metaphors were introduced for understanding the relationship of DNA and pro-
tein. Discussions focused on the idea of some sort of code in a linear order of
“letters.”24 It was assumed that the sequences of nucleotide bases in the DNA
polypeptide chains represented information of the gene. The nucleotide chain was
thought of as a tape on which information is inscribed in a language or a code that
used a four-letter alphabet—A, G, C, and T—that somehow specifies the amino
acid sequence of a particular protein. This information was inscribed twice, in each
of the complementary strands of every gene. The fundamental question was
whether the code was based on units of two, three, or four nucleotides.

There are twenty amino acids. It was obvious that the correspondence would
not be one-to-one between each DNA base and each amino acid, because taken
one at a time that code would make only four amino acids. If two adjacent pairs
of bases specified an amino acid, it would still not be enough, since this would
mean that no more than 4 × 4 = 16 nucleotide combinations, four short of the re-
quired 20. Therefore, at least three were required to specify one amino acid. If the
code was triplet, then there would be 4 × 4 × 4 = 64 different trinucleotide combi-
nations. More than enough.

The physicist and cosmologist George Gamow, champion of the big bang theory
of the universe, proposed the first formal scheme for a genetic code in 1954.25 It
was based on the notion that the code was triplet, but overlapping. This would cut
down the number of triplets to about twenty. Every other nucleotide base forms
part of two triplets. For example, the last U in a sequence GCU would also be the
first of UCA. Then A would be the first in the next triplet—say, AGA. This model
had the merit of comprising about as many triplets as there were amino acids. But
a few years later it was realized that this model did not match empirical data. There
would always be some forbidden sequences of amino acids in any overlapping
code. For example, an amino acid whose code would be, say, ATT could not be
the neighbor of an amino acid whose code was ACC. However, no such neighbor
restrictions existed. Surveys of amino acid sequences published in 1957 by Sydney
Brenner (b. 1927), who coined the word “codon” for each triplet, ruled out an
overlapping code.26

The problem of the code was intensely studied by several researchers who
proposed various models.27 By 1961, Crick and his colleagues had provided ex-
perimental evidence for a nonoverlapping triplet code.28 They used point muta-
tions that added (or deleted) bases to DNA in T4 phage so as to make a specific
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protein nonfunctional. When they added one nucleotide base to the DNA, the
infected bacteria could not make the protein functional again. They then added a
second nucleotide, but it still did not work. But when they added a third nucle-
otide, the proper function of the sequence was restored: the protein could be syn-
thesized. They fully restored the triplet reading frame. If the code was triplet, then
there would be sixty-four possibilities to code for twenty amino acids. Two inter-
pretations were possible. One could assume either that many of the triplets were
nonsense words, or that more than one triplet may stand for the same amino acid.
Any code in which two or more symbol combinations all stand for the same thing
is referred to as “degenerate.” In the early 1960s, Marshall Nirenberg and J. Heinrich
Matthaei at the National Institutes of Health led the race to crack the code. By
1966, the genetic code was fully deciphered: for example, UUU codes for the amino
acid phenylalanine. Nirenberg shared the Nobel Prize in 1968 with Robert Holley
and Har Gobind Khorana. The code was universal: it held for all organisms from
elephant to virus. A new era in biology had arrived. The implications for genetic
engineering were staggering.29 Today, many writers refer to DNA as a digitized
program, “uncannily computer-like.”30

Transcription and Translation

During the early 1960s, molecular biologists not only resolved what they referred
to as DNA’s ability “to reproduce itself autocatalytically” based upon comple-
mentary strands as templates for copying, they also resolved what they called the
gene’s “heterocatalytic” ability: the process that leads to the corresponding amino
acid sequence of the protein.31 The protein subunits, amino acids, were not as-
sembled directly on the gene, but on small RNA-protein particles in the cytoplasm
called ribosomes. That ribosomes were the sites of protein synthesis had been
indicated by biochemical studies of the 1940s led by Torbjörn Caspersson in
Stockholm and by Jean Brachet in Belgium.

The structure of ribosomes was actually made visible through another techno-
logical improvement by physicists: the electron microscope, commonly employed
since the mid-1950s. Substituting a beam of electrons for visible light increased
resolving power a thousand-fold. Thus, it was possible to observe the fine details
of cell organelles such as ribosomes, mitochondria, and chloroplasts, and even to
distinguish the shape of certain very large molecules. A typical bacterium con-
tains about 20,000 ribosomes, a human cell about 100,000.

It was not long before biologists deduced how the information encoded in DNA
is made available to the ribosomes during protein synthesis. DNA serves as the
template for the synthesis of a complementary RNA nucleotide. That is, the in-
formation from each gene (DNA) is first transcribed into RNA. These “messen-
ger RNA” molecules then migrate to the cytoplasm and enter into temporary
combination with ribosomes. The nucleotide sequences of the messenger are then
translated into the amino acid chains that make up the primary structure of pro-



Conceiving a Master Molecule 197

teins.32 Protein synthesis thus involved two stages, first transcription of the mes-
sage and then translation of the message into protein.

The ribosome in the cell body or cytoplasm was considered the workshop in
which proteins were made.33 Ribosomes were found to have a grooved structure
that enables them to provide a temporary abode for the messenger RNA (mRNA)
as its message is being deciphered during protein synthesis. Individual amino acids
are brought to ribosomes by specific transfer RNA molecules. These transfer RNA
“adapter” molecules must recognize the information in the messenger RNA trip-
let nucleotide (codon) so that the appropriate amino acid is added to the chain at
the correct location in the linear sequence. Each transfer RNA recognizes one
amino acid and one specific codon. Carrying suitable adapters, the ribosomal
particles move from end to end of the messenger RNA like the reading head of a
tape recorder passing over the tape. The protein chain is thus synthesized in a
stepwise fashion from one end to the other.

Turning Genes On and Off

The concept of genes as reservoirs of information represented only one half of
the new molecular meaning of heredity. By the early 1960s, it had been shown
that the information transfer from genes to proteins could be turned off and on.
The genome, it was argued, not only contained a series of blueprints for the amino
acid sequences of proteins, but it was capable of regulation. The most influential
study supporting this conception was carried out by François Jacob, Jacques Monod
and their collaborators at the Institut Pasteur in Paris.34 It involved the regulation
of the enzyme ß-galactosidase in bacteria. E. coli had ß-galactosidase activity only
when it was grown in a medium containing the sugar lactose as a carbon source:
the presence of lactose “induced” the formation of the enzyme. However, Jacob
and Monod did not view this as a case of environmentally directed adaptive gene
mutations. Instead, they argued that it was a matter of regulating the expression
of existing genes. To understand this regulation, they postulated the existence of
elements that control gene expression.

Jacob and Monod’s work culminated in 1961 with a model they called the
operon.35 It postulated that structural genes that specified enzymes were under the
influence of an operator: genetic elements that stimulate genes under their control
to produce messenger RNA. The operator in turn, was under the control of a regu-
latory gene, which produced a repressor molecule that prevented the action of the
operator. However, the repressor itself could be blocked by certain substances
called inducers (e.g., the presence of lactose in the cytoplasm). So the operator
could exist in either of two states: opened or closed. It is open when it is free of
repressor, and closed as soon as it has combined with the repressor.

The demonstration that genes could be switched on and off in bacteria repre-
sented what was seen as a revolution in developmental biology. When genes were
endowed with the dual functions of regulating and specifying proteins, it was clear
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how cellular differences could be perpetuated even among cells with the same sets
of genes. As Jacob and Monod put it, “The biochemical differentiation (revers-
ible or not) of cells carrying an identical genome does not constitute a ‘paradox’
as it appeared to do for many years to both embryologists and geneticists.”36

Cellular differentiation ultimately depended on specific cytoplasmic sub-
stances that activate or repress the genes that make the differentiating proteins.
If, for example, when an egg divides, a nucleus enters into one region of cyto-
plasm containing substance A, certain genes will be put into action by that sub-
stance, while others will be repressed. Another cytoplasmic environment, B, may
have another effect. This reorientation guided genetic research on cellular differ-
entiation. In as much as the operon model provided a way for understanding
how genes could participate in cellular differentiation, it offered a unified per-
spective and brought chromosomal genetics and embryology together.37 Jacob,
Monod, and André Lwoff were awarded the Nobel Prize in physiology and
medicine in 1965.

Analogies from electronics and cybernetics and an information-based cell so-
ciety were added to the old metaphors. Models of cellular regulation in terms of
conflict and cooperation among plasmagenes that responded differentially to en-
vironmental influences were replaced by communication networks, circuitry, feed-
back loops, and information. Jacob and Monod commented that “the cell must be
visualized as a society of macromolecules, bound together by a complex system
of communications regulating both their synthesis and their activity.”38 Jacob and
Monod repeatedly compared their regulatory entities to “the basic elements of
electronic engineering, which could be organized into a variety of circuits fulfill-
ing a variety of purposes.”39 As their analogy pertained to the operon model, en-
zyme synthesis would be regulated by “circuits of transmitters” (regulator genes)
and “receivers” (operators) of cytoplasmic “signals” (repressors) that controlled
the rate of messages sent from the nucleus.

Classical Doctrines of Molecular Biology

By the end of the 1960s, molecular biology had transformed the gene concept in
several fundamental and interconnected ways that, as far as I know, have not been
brought together explicitly.

The Concept of the Gene

The classical geneticists’ concept of genes as consisting of individual structures
arranged like a string of beads was radically transformed. Molecular biologists
described the gene in terms of chemical symbols, as a chemical message. Jacob
described the new concept in his famed book The Logic of Life, first published
in 1970: “Just as a sentence represents a segment of text, so a gene corresponds
to a segment of nucleic acid. In both cases, an isolated symbol means nothing;
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only a combination of symbols has any ‘sense.’ In both cases, a given sequence,
sentence or gene, begins and ends with special ‘punctuation’ marks.”40

Relationship between Gene and Protein

The relationship between gene and protein—the one-gene: one-enzyme hypoth-
esis of biochemical genetics—was redefined. The gene of biochemical genetics
was still the abstract hereditary unit and, for promoters of the one-gene: one-
enzyme hypothesis, could have been a protein rather than DNA. The gene of mo-
lecular biology entailed further refinement of the distinction between genotype
and phenotype by the separation of gene and protein, but it still maintained its
one-to-one correspondence. As Gunther Stent phrased the new view in his Mo-
lecular Genetics in 1971, “the gene directs the assembly of amino acids into a
polypeptide chain of a given primary structure.”41 Not all proteins were enzymes;
they played other structural roles as well. But all enzymes were thought to be
proteins, and each catalyzed one particular reaction. It did so by transforming a
particular metabolite, because on the surface of its three-dimensional curled-up
structure there is a specific kind of crevice into which only one molecular species
fits exactly. Once a substrate is lodged on its site, the forces holding some of its
atoms are perturbed; the bond is broken, the substrate no longer fits the protein,
and the protein is free to bind another molecule of the substrate. All of this hap-
pens in a fraction of a second.

Hereditary Information

One and only one kind of hereditary information existed: that contained in DNA.
This entailed an exclusive one-way flow of information from gene to protein.
“Genes give the orders, proteins execute them.” The nucleic acid sequence deter-
mines the order of the protein subunits, the amino acids. And once this sequence
is arranged, the chain folds back on itself in a complicated and unique pattern
conferring its particular properties; the twisted three-dimensional shape gives the
protein its specificity. How this one-dimensional amino acid structure is trans-
formed into a three-dimensional one was not understood in detail, but it was as-
sumed to occur spontaneously and to be fully determined by the amino acid
sequence.

Thus, the “text” of DNA fully determined protein specificity. And this infor-
mation always flowed from nucleic acid to protein, never in the other direction.
Proteins do not determine the sequence of nucleic acids. And proteins do not re-
produce.42 In a famed paper on protein synthesis of 1958, Francis Crick gave
molecular biology what he called its “central dogma”: “This states that once ‘in-
formation’ has passed into protein it cannot get out again. In more detail, the trans-
fer of information from nucleic acid to nucleic acid, or from nucleic acid to protein
is possible, but transfer from protein to protein, or from protein to nucleic acid is
impossible.”43
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The Genetic Program

The demonstration that the genome contained information for its own system regu-
lation gave rise to the idea that not only did it contain blueprints for proteins, but
it also contained a computerlike program for generating the whole organism. Again
we can turn to Jacob’s Logic of Life for an explicit statement: “The whole plan of
growth, the whole series of operations to be carried out, the order and the site of
synthesis and their co-ordination are all written down in the nucleic acid mes-
sage.”44 Earlier in the century, embryologists and physiologists such as Jacques
Loeb had argued that order in the organism was due to cell structure, which acted
as an internal mold. But Jacob emphasized that biologists at that time had worked
within the conceptual confines of colloid chemistry. Colloids were substances that
did not manifest specific characteristic structures but formed structurally unde-
fined gels. The principles of molecular biology contradicted this. Proteins did have
shapes, and it was a central tenet of molecular biology that the properties of life
could be understood in terms of the structure of molecules.

According to the doctrine of self-assembly that was formed in the 1960s and
1970s, the transformation of disorder into order in the cell—the construction of
cell membranes and organelles—was due to the physicochemical properties of
gene-determined proteins and their random collisions in a cell “soup.” This argu-
ment was fortified with the assembly of the shell of small viruses containing enough
nucleic acid information for three or four proteins. Their shells, shaped like rods
or spheres, are built of several proteins of the same species. Molecular biologists
had shown that this architecture of the virus could indeed be formed spontane-
ously from the aggregate of proteins in a process analogous to crystallization. How
more complex structures, including the cell membrane, were built was unknown,
but the same principles were held to apply. As Jacob put it, “The order of the liv-
ing organism therefore is based on the structure of a large molecule.”45 The Weis-
mannian conception of the organism as a product of a “self-replicating” genome
reemerged in new guise—as articulated by many neo-Darwinians of the late twen-
tieth century.

The doctrines of the first generation of molecular biologists were clear, pre-
cise, and revolutionary. But before the end of the century, virtually every tenet
they erected was either challenged, refuted, or made much more complex, includ-
ing the notion of the gene itself as a specific unbroken sequence or “sentence” of
the DNA “text.” Hereditary mechanisms in addition to DNA in chromosomes were
considered and/or reconsidered: proteins as hereditary units, the inheritance of com-
plex cell structures and of cell structure as a whole, and “epigenetic” mechanisms
of cell heredity. The mechanisms of gene regulation for humans and other animals
turned out to be far more complex than those for bacteria (see chapter 17). Studies
of developmental and hereditary symbiosis further refuted the Weismannism con-
cept of one-germ plasm: one-organism, and they contradicted several tenets of the
neo-Darwinian synthesis (see chapter 19).
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It was naturally assumed that this bacterial gene structure was universal.
It followed that if the gene structure was the same, then the mechanisms
of regulation were probably very similar, and thus what was true of a
bacterium would be true of an elephant.

—Phillip Sharp, 1994

A cell has a history; its structure is inherited, it grows, divides, and as
in the embryo of higher animals, the products of division differentiate
on complex lines. Living cells, moreover, transmit all that is involved
in their complex lines. I am far from maintaining that these fundamental
properties may not depend upon organization at levels above any
chemical level; to understand them may even call for different methods
of thought; I do not pretend to know. But, if there be a hierarchy of
levels, we must recognize each one.

—F. G. Hopkins, 1932

    has been trumpeted globally: it has been called the “blue-
print of life,” “the book of life,” and the “autobiography of the species.” The story
is well known. The DNA molecule is a code that contains all the information re-
quired to specify the heritable characteristics of the organism. The information is
translated into protein structure by a process in which DNA determines the specific-
ity of proteins. Once the information has been so translated, all of the chemical
reactions of the cell—wholly determined by protein enzymes—have also been
specified. Thus we are told that the basis of heredity, “the secret of life,” is solved.
All that remains is to apply that knowledge to agriculture, and to medicine to correct
inborn “errors” of metabolism.
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In 1990, the United States began the Human Genome Project. A fifteen-year
effort coordinated by the Department of Energy and the National Institutes of
Health, its aims were to identify all the genes in human DNA, determine the se-
quence of its 3 billion nucleotides, store this information in databases, improve
tools for data analysis, transfer related technologies to the private sector, and ad-
dress the ethical, legal, and social issues that may arise from the project.

The human genome was labeled the “book of man” and the “holy grail.” Knowl-
edge of it promised to reduce human suffering caused by genetic diseases due to
single-gene defects, among them cystic fibrosis and sickle-cell anemia. The abil-
ity to screen for genes and analyze them directly would open up a new medical
era of gene therapy, and products derived from genome research would boost the
international pharmaceutical business. By licensing technologies to private com-
panies and awarding grants for innovative research, the human genome project
would catalyze the multibillion-dollar U.S. biotechnology industry.

In June 2000, a working draft of the entire human genome sequence was an-
nounced, with analyses published in February 2001. The hyperbole about self-
knowledge was boundless.1 The sequencing of the genome was likened to landing
on the moon, splitting the atom, and inventing the wheel. The code, it was said,
will tell us what distinguishes us from other species, what makes us human; it has
been considered to be “the secular equivalent of the soul, our inner stable true
nature throughout our individual lives.”2 The most profound social, ethical, and
legal issues permeate the “brave new world” with old questions about eugenics
reconsidered and new ones over human gene patents, genetic screening, and con-
cern that knowledge of an individual’s genome be kept from employers and in-
surance companies as well as governments, no matter how apparently benign or
benevolent.3

Reports and speculations about genes for violence, depression, impulsive-
ness, novelty seeking, alcoholism, and homosexuality have permeated public
consciousness. No sooner has one group of researchers tied a gene to a behav-
ior than along comes the next study asserting that the link is false or even that
the gene in question has exactly the opposite effect.4 Debates have often become
polarized between genetic determinism on the one hand and cultural determin-
ism on the other. Untangling the effects of genes from their social context is
hazardous.

Critics of genetic determinism have probed various social aspects of “the DNA
mystique” in an effort to understand the cultural fixation with genes.5 When em-
phasizing the roles of environment and culture, however, they commonly assume
that our heredity is solely a matter of our genome. But should we accept the premise
that the biological basis of heredity is essentially solved? Protests against the gene
as the sole basis of heredity and evolution have paralleled the development of
genetics from its inception (chapters 9, 12, and 15). They have continued into the
twenty-first century against the centrality of the genome, and against the classical
tenets of molecular biology.6
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Complexity and the Human Genome

That organismic complexity cannot be reduced to the information in the genome
was suggested by one of the most striking and unexpected results of the human
genome project: the human genome is made up of very few genes. At the outset
of the project, it was estimated that there would be about 100,000–140,000 genes.
However, by 2001, the Human Genome Sequencing Consortium had spotted
22,000 protein-coding genes and estimated that our genomes contain a total of
about 30,000 different genes.7 This is only twice as many genes as a fruit fly or a
flatworm has, and not as many as rice, which has about 40,000.8 In terms of gene
number we are on a par with Arabidopsis, a mustard-like weed (which has 26,000
genes). The 30,000 genes in our genome also contradicted the principal scientific
premise on which the human genome project was based: that there would be a
one-to-one, linear relationship between genes, proteins, and genetic disease, al-
lowing one to detect defective genes from the DNA code. As one of the pioneers
of the human genome project, Craig Venter, recalled in 2002, “People so wanted
it to be the beginning of the end of everything. . . . One gene, one disease, one
treatment.”9

Decoding the human genome has turned out to be much more complicated than
had been expected. Proponents of genomics-based medicine have begun to recog-
nize how erroneous is the view that one gene leads to one enzyme and one disease
(see also chapter 14). This was the basis of previous estimates of gene numbers.
Classical studies of the molecular biology of the gene were based on the genetics
of bacteria. It was assumed that the linear structure of genes and the relationships
between DNA, RNA, and protein in bacteria (prokaryotes), which do not have a
nucleus, would be the same as those for animals whose cells have a nucleus
(eukaryotes). However, by the 1980s, molecular biologists were recognizing more
and more that gene structure and gene expression in eukaryotes was more com-
plex than the molecular biology of bacteria.10

Long before the Human Genome Project, it had been known that the DNA con-
tent of animal sex cells varied significantly between phyla, without an apparent
variation in the number of genes. The human genome was 200 times larger (in the
sense of the number of nucleotide sequences) than baker’s yeast, but 200 times
smaller than some amoebae. It had been recognized since the early 1970s that
eukaryote genomes contained huge regions of nucleotide sequences that do not
code for proteins or RNA—so-called junk DNA.11 Today, it is estimated that more
than 98 percent of human DNA is made up of such noncoding sequences—although
the adaptive value of junk DNA is still debated.12

Whether or not gene structure in eukaryotes was the same as that in bacteria
was not really questioned until the discovery of additional noncoding regions
within chromosomal genes. In the late 1970s, Phillip Sharp and his collaborators
at MIT, and Richard Roberts at New England Biolabs, showed that, unlike bacte-
ria, eukaryotic genes have long intervening sequences, called introns, between
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coding regions, called exons.13 Before these so-called split genes can be expressed,
the RNA has to be “edited,” that is, the intervening sequences have to be removed
by special enzymes and then spliced back together again. After a DNA sequence
is transcribed to messenger RNA, often a small body called a spliceosome (or
splicing body), a protein-RNA complex, assembles at sites along the mRNA, where
it cuts out various segments. When coding regions are spliced together, certain
exons are excluded from some transcripts and included in others. The remaining
pieces of RNA may be spliced together into a number of alternative combinations,
and these are used as messages (mRNA). Each new nucleotide sequence is different
from that coded from the original gene.

Alternatively spliced RNAs code for different proteins.14 It is comparable to a
game of Scrabble in which, for example, the seven letters STARTLE can be alter-
natively spliced, in the order in which they appear, to give the words “start,” “star,”
“stale,” “sale,” “tar,” “tart,” “tale,” “art,” “at,” “are,” and “ale.” The original in-
formational unit STARTLE, the “gene,” is important, but so too is the information
in the spliceosome that arranges the message. Many human diseases are caused
by mutations that interfere with RNA splicing.15 In 1993 Sharp and Richards shared
the Nobel Prize in physiology and medicine for their discovery of split genes.

Alternative RNA splicing can have an enormous impact on the gene-to-protein
ratio. One gene can give rise to dozens of proteins.16 At first thought to be an
exceptional occurrence in humans, by the end of the century alternative splicing
was estimated to occur in about 40 percent of human genes, and this, genomic
researchers argue, partially explains the earlier inflated gene number predictions.17

Alternative RNA splicing is recognized as one of several important forms of ge-
netic regulation during cellular differentiation. Different portions of the transcribed
RNA are excised in specific tissue cells. In addition to the alternate proteins aris-
ing from the same sequence of DNA (gene), those individual proteins that are
produced often become modified after they are made (post-translational modifi-
cations), and these modifications alter the function of the protein.

Because of such mechanisms for regulating and modifying protein synthesis
and other post-translational modifications, there may be 300,000 proteins in the
human body—ten times the number of genes. Not only can one gene have many
effects, but the reverse is also true: many genes could affect one hereditary trait,
including genetically based maladies in humans.18 A gene’s effect on inheritance
cannot be completely predicted from its nucleotide sequence. And one cannot
search for gene-based diseases solely in the primary sequence itself. The champi-
ons of Human Genome Project, including James Watson and Craig Venter, have
acknowledged that the promise of therapeutic breakthroughs by the map of the
genome in fact may not come for decades—and then we might suggest using the
map only as a guide.19

The complexity of genetic information and its modifications with RNA edit-
ing greatly complicated the definition of the gene. The gene was first defined as
simply as a unit of inheritance, then as a locus on a chromosome, and then as a
specific nucleotide sequence of DNA, but the “gene” has become increasingly ab-
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stract. As Sharp noted in his Nobel lecture of 1994, what exactly the gene is has
become somewhat unclear.20 Molecular biologists have generally returned to the
old concept of the gene popular in the early twentieth century—that genes are op-
erational entities (see chapter 12). Raphael Falk commented that “living systems
are essentially complex and integrative systems. It is meaningless to identify en-
tities of such systems on an ontological basis. The gene is a generic term. This is
the pragmatic approach adopted by many practicing molecular biologists.”21

Alternative splicing and post-translational modifications are not the only dis-
coveries over the past four decades that complicate molecular biology’s classical
concept of DNA as “the master molecule.” Although their views hardly ever reach
the wider public, many cell biologists point to different levels of hereditary orga-
nization, from molecules to cells, each with its own fundamental properties.

A Genetic Plan?

Molecular biologists of the 1970s often spoke of a “genetic program,” asserting
that the blueprints for proteins and organisms were encoded in DNA. The famed
bacterial geneticist François Jacob expressed this idea in 1970: “The whole plan
of growth, the whole series of operations to be carried out, the order and the site
of synthesis and their co-ordination are all written down in the nucleic acid mes-
sage.”22 This same idea has been perpetuated outside of science. The author of
The Evolving Self writes confidently: “Elephants are only a by-product of the
genetic information contained in elephant chromosomes. Theoretically one could
build elephants provided one had the blueprint of their genes.”23

That DNA is a genetic program theoretically capable of creating an organism,
even when operating within the egg of a different species, is the premise for Michael
Crichton’s best-selling novel Jurassic Park, later made into a blockbuster movie
by Steven Spielberg. The computer program is no longer just a metaphor for the
genome. We can read that our genetic information, “the essence of our being,”
can be stored in computers and reemerge to reproduce us. Marveling over the
biotechnological possibilities of the human genome project, the author of a
scientifically acclaimed paperback, The Genome, introduces his book by assert-
ing that “you can now download from the Internet the near-complete instructions
for how to build and run a human body.”24 Venter and his colleagues also allude
to a genetic plan when they emphasize that one of the main tasks of human biol-
ogy is to find out how “genes orchestrate the construction and maintenance of the
miraculous mechanism of our bodies.”25

Is DNA a genetic plan, the blueprint, or the recipe or director of the organism?
Does such information really exist in DNA? To give meaning to such a proposi-
tion, one must describe explicit mechanisms by which linear, one-dimensional
nucleotide sequences determine living forms in three-dimensional space and time.
This is  morphogenesis, one of the main problems of heredity before genetics took
over early in the twentieth century: how like reproduces like. During the last years
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of the twentieth century, interest in morphogenesis and cell organization began to
revive somewhat, and those concerned with the genesis and reproduction of cell
structure and organization insisted that the popular notion of a genetic program
or DNA-based blueprint for an organism made no sense. They argued that mor-
phogenesis is not orchestrated by DNA; it defies reductionism.26 Instead, it is the
manifestation of higher levels of order, often corresponding to the cellular scale
of size and organization. The American cell biologist Franklin Harold commented
in 1995:

Offspring resemble their parents in form as well as function: roses and rabbits, yeast,
and Escherichia coli display the same forms, generation after generation, within a
narrow range of variations. How does that come about? The answer is not known,
not even in principle, for the quest reaches deep into the abiding mysteries of orga-
nized complexity.27

Cell biologists concerned with the genesis of cell structure insist that the over-
whelming focus on genes and molecules detracts from the study of how molecu-
lar constituents come together in space and time. They pointed to a huge disparity
in funding to account for the fallacy that the genome is the major repository for
developmental information.28 While molecular genetics and gene-based remedies
have attracted extremely generous funding from pharmaceutical companies, agri-
cultural industries, government agencies and financial speculators, researchers
investigating fundamental problems of cell structure above the molecular level
complain of the difficulty of obtaining suitable financial support in the fast-paced
and commercial world of science.29 To appreciate their criticisms of reduction-
ism, let us begin with the central tenets of classical molecular genetics, often ex-
pressed as:

DNA → RNA → Protein → Cell → Organism30

Confronting Old Dogmas

Molecular biologists of the 1960s and 1970s often referred to DNA as “self-
replicating” or as an “autocatalytic “molecule. Yet, critics have argued that DNA
is, in fact, one of the most inert molecules known to science.31 DNA by itself can
actually do nothing. Multiple enzymes are generally required to reproduce DNA,
and many others are required to transcribe DNA into RNA and still others to edit
the messenger RNA. A number of other enzymes, ribosomes, and the rest of the
protein synthesis machinery are required to actually transcribe RNA to the amino-
acid sequence of a protein. As the discoveries about split genes, RNA editing, and
spliceosomes show, the causality between DNA and protein is far from linear.

The first generation of molecular biologists had maintained that the shape and
function of a protein (its tertiary structure) was determined by its amino acid se-
quence (primary structure), and this in turn by the information in DNA. Crick
referred to this as the “central dogma”: that “the transfer [of information] from
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protein to protein, or from protein to nucleic acid is impossible.”32 However, this
now appears to be a misstatement—in light not only of protein-based spliceosomes,
but of another family of proteins called chaperonins. It is the three-dimensional
form of the protein—how it folds—that allows it to function properly. The mo-
lecular biologists who cracked the code had assumed that the folding of the pro-
tein was determined by its amino acid sequence, which, in turn, was determined
by DNA (see chapter 16). However, flaws appeared in this conceptual edifice
beginning in the 1980s, when it was recognized that most large proteins in eu-
karyotic cells will not fold properly if not guided by “chaperone proteins.”33

More problems with the idea that DNA determines protein folding are indi-
cated by particles called prions, the infectious agents of mad cow disease (bovine
spongiform encephalopathy) or Creutzfeldt-Jakob disease, which afflicts cattle and
humans.34 Although it was once dismissed as an impossibility, prions are now
widely recognized to contain no DNA or RNA.35 In 1997, Stanley Prusiner of the
University of California, San Francisco, was awarded the Nobel Prize in physiol-
ogy and medicine for his work on the infectious nature of prions and for show-
ing that these infective agents are pure proteins. When the prion invades the brain,
it refolds a normal brain protein to match its own infectious three-dimensional
shape. Thus no information is conferred from nucleic acid to the protein; only its
conformation—its three-dimensional shape—changes. The newly folded protein
then becomes infectious and acts on other normal proteins, setting up a chain of
reactions that propagates the disease. Thus, according to contemporary prion
theory, information is passed from protein to protein in contradiction to the cen-
tral dogma of classical molecular biology.

The prion represents a totally new model for agents of infectious disease, and
its implications are far-reaching.36 But, if some proteins can be said to reproduce
themselves, what about larger structures in the cell? Embryologists and cytoplasmic
geneticists have long argued that more than genes are inherited (chapters 10 and
15). In fact, an egg, before fertilization, contains a complete apparatus of repro-
duction, as evidenced in parthenogenesis.

Cell Architecture and Spatial Information

Morphogenesis is usually likened to architecture. The fundamental question at the
cellular level is, how do organisms impose order on the confusion at the construc-
tion site? How are proteins organized into cell structures, such as endoplasmic
reticulum, Golgi bodies, lysosomes, secretary granules, centrioles, mitochondria,
and chloroplasts? And how is the structural organization of the cell cytoplasm de-
termined? Since the nineteenth century, cytologists have referred to the physical
continuity of such organelles as chloroplasts, mitochondria, and perhaps centri-
oles (see chapter 8). This in itself suggested that they cannot be formed de novo
by the cell. Beginning in the 1960s, geneticists showed that mitochondria and
chloroplasts possess their own genomes of about 50 to 200 genes. However, nei-
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ther mitochondrion nor chloroplast is formed anew from proteins: each is formed
only from a preexisting organelle. If these organelles were removed from the cell,
they could not be formed again, because their reproduction requires a preexisting
supramolecular structure.37

Preexisting structures provide crucial spatial information; they are sites at which
proteins made elsewhere assemble. Any cell structure passed on from one cell to
its daughters without being totally deconstructed to its component molecular parts
could, in principle, act as a seed for the propagation of similar structures. Centri-
oles lack DNA, but, in many organisms, they still need to be inherited.38 As re-
vealed by electron microscopy, centrioles are cylindrical, comprised of nine groups
of triplet microtubules. It was shown that, as had long been suspected, centrioles
are homologous to, and indeed the same as, kinetosomes, or basal bodies, which
lie close to the cell surface of many organisms. How centrioles reproduce is un-
clear. In the cells of some species, they seem to arise de novo, and in the cells of
others their reproduction requires cytologically visible preformed centrioles. In
the latter case, new cartwheel structures develop from amorphous material in a
stepwise orderly sequence, tubule by tubule, usually at right angles to, but not in
direct contact with, preexisting centrioles.

Recall that at the outset of genetics, embryologists had insisted that develop-
ment was essentially a cytoplasmic phenomenon, and that genes played a minor
role in development. The force of such claims was considerably weakened in the
early 1960s by evidence that many developmental changes could be explained in
terms of regulatory genes and selective control of gene action (see chapter 16).
Certainly, what cells can do is constrained by the proteins within them. The hemo-
globin in red blood cells enables them to carry oxygen, and the presence of actin,
myosin, and tropomysin and other proteins enables muscle cells to contract. How-
ever, while changes in gene activity do occur during cellular differentiation, devel-
opmental biologists continue to insist that differentiation is not simply a matter of
gene regulation. As Lewis Wolpert observed in 1998, “To think only in terms of
genes is to ignore crucial aspects of cell biology, such as change in cell shape, that
may be initiated at several stages removed from gene activity. . . . The route leading
from the genes to a structure such as the five-fingered hand may be tortuous.”39

Those who study morphogenesis emphasize that the form of a single cell or a
protist is not related in a simple fashion to the shape of its molecular constituents.
Cell form emerges as a collective deployment of the activities of hundreds of gene
products. For this reason, Guenter Albrecht-Buehler has remarked, in “defense
of nonmolecular cell biology,” that so many different molecular interactions are
involved as to often make the expression “molecular analysis” meaningless.40

The first generation of experimental embryologists had postulated a primor-
dial structural organization, a rough body plan, in the cytoplasm of the egg that
would provide a guide for cell products and determine the early stages of embryo-
genesis. Developmental processes up to gastrulation (during which the gut is
formed and the main body plan emerges) all occur without much influence from
the nuclear genome of the fertilizing sperm. How such patterns are formed—how
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cells become organized—has remained one of the great unsolved problems of
biology. Embryologists and physiologists spoke about this organizing principle
as a spatial property that brought parts together so they would combine in the right
way and at the proper time. They located it in the egg cortex (see chapters 10 and
14). To believe that genes alone could build a cell required that one abandon one
of biology’s few universal laws, as formulated in the mid-nineteenth century: cells,
Rudolf Virchow proclaimed, never arise spontaneously but invariably descend
from a preexisting cell.

Virchow was right. Cells never arise by aggregation, but by the growth of pre-
existing cells; they model themselves upon themselves. As a cell grows and makes
itself, the macromolecules specified by the genes are released into a context that
is already spatially structured. The fact that nonrandom cell structure persists
throughout growth and division immediately implied to biologists of the 1960s
that preexisting structure plays a decisive role that may not be explicable by mere
random self-assembly of gene products. The doctrine of self-assembly was strength-
ened by the startling demonstration that a linear code could be transformed into three-
dimensional organization of a virus. But a virus is not a cell and does not divide like
a cell, which preserves its structure through growth and division. Viral geneticists
themselves were particularly aware of this. Salvador Luria, for example, commented
in 1966 that macromolecules did not have all the “knowledge written inside them-
selves” to make a cell any more than individual humans had all the information to
make a complex culture. Information also had to be transmitted by cultural means.
As Luria put it: “You have to have cultural information in order to continue to make
a complex product whose blueprint is not written out.”41

But again the metaphor must be made flesh. If not the genome, then what or-
chestrates the hubbub of filaments, membranes, and polymers into recurring pat-
terns recognizable as cells? Those biologists who exclude cell form from being
“hardwired” into the genome really do not know, and they have searched for new
metaphors and concepts to understand cell organization and hereditary informa-
tion.42 In 1970, the phage geneticist Alfred Hershey made similar comments to
Luria when discussing problems of cellular organization that seemed to lie be-
yond the reach of current molecular principles:

If cells draw on an extragenic source of information, a second abstraction must be
invoked, another vital principle superimposed on the genotype. A likely candidate
already exists in which is usually called cell polarity, which tradition places in a
rigid ectoplasm for good reason—it’s a spatial principle and as such requires mys-
tical language. Seemingly independent of the visible structures that respond to it,
polarity pervades the cell much as a magnetic field pervades space without the iron
filings that bring it to light. Biological fields are species-specific, as seen in the
various patterns and symmetries of growing things.43

Embryologists and cytologists had used the term “polarity” to refer to the vis-
ible directionality of cellular processes. Cell polarity is also especially noticeable
in tip-growing organisms such as fungal hyphae, pollen tubes, and growing nerve
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cells. These cells orient their activities toward a unique site, called the apex. Build-
ing blocks of the cell, made elsewhere, are translocated to the apex, where they
are assembled into new plasma membrane, new cell wall, new cell cortex, and so
on. Cellular organelles also become oriented toward the apex and migrate to it
along tracks supplied by the microtubules and microfilaments. The cytoskeleton,
a network of microtubules and microfilaments in the cytoplasm of cells, gives the
cell its characteristic shape.44

In no organisms has the morphogenetic role of preexisting cell structure in
guiding the elaboration of new cell structures been more studied than in ciliates.45

The complex patterns that make up the surface (the cortex) of ciliates are their
most impressive and readily observable structural features. The cortex is com-
posed of linear arrays of a large number of fundamentally similar ciliary units,
complex structures that include kinetosome (centriole), cilium, a variety of sub-
cortical fibers, and specialized membranes. These ciliary units are arranged in a
precise repeating pattern. It was difficult to imagine how this organization could
arise de novo by purely random collisions of proteins. And on cytological obser-
vation alone, the cortical pattern appeared to reproduce faithfully through a regu-
lar sequence of events during growth and fission.

In his book Problems of Morphogenesis in Ciliates (1950), André Lwoff linked
his observations about the morphogenetic role of the ciliate cortex with those of
embryologists who emphasized the importance of the cell surface of eggs of
multicellular organisms (see chapter 15).46 In 1961, the American protozoologist
Vance Tartar also suggested that studies of a large trumpet-shaped ciliate called
the stentor offered solutions to the “great unsolved problem of organic form.” As
he commented, “A cytoarchitecture which has repeatedly been postulated as nec-
essary to explain the orderly development of eggs is visibly displayed in stentors
and does in fact play a cardinal role in their morphogenesis.”47

Strictly speaking, the observations of protozoologists said nothing about the
origin of the guidance mechanism. Did it represent a principle of inheritance that
was relatively independent of genes? Did it also represent a basis upon which
evolutionary change could occur? In other words, if the structure or organization
were changed, would the change be inherited? In principle, cellular organization
could be recreated every time an egg was created or every time a ciliate emerged
from a cyst. If the continuity of spatial organization is so crucial in the propaga-
tion of form, it might be expected that a structural modification could be passed
from one generation to the next without alteration in genes.

Beginning in the 1960s, Tracy Sonneborn and his colleagues demonstrated that
gross differences in cortical organization bred true to type through both sexual
and asexual reproduction, independently of DNA. In 1963, Sonneborn coined the
term “cytotaxis” to designate “the ordering and arrangement of new cell structure
under the influence of pre-existing cell structure.” Without cytotaxis, he argued,
“an isolated nucleus could not make a cell even if it had all the precursors, tools
and machinery for making DNA and RNA, and the cytoplasmic machinery for
making polypeptides.”48
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In classical grafting experiments in 1965, Janine Beisson and Sonneborn in-
verted a small patch of ciliary units and showed that the progeny inherited the
inverted row or rows for hundreds of generations independently of genes. “Our
observations on the role of existing structural patterns in the determination of new
ones in the cortex of P. aurelia,” they wrote, “should at least focus attention on
the information potential of existing structures and stimulate explorations, at every
level, of the developmental and genetic roles of cytoplasmic organization.”49

Subsequent studies with Paramecium, Tetrahymena, and other ciliates in the 1970s
and 1980s produced many examples of such structural inheritance showing how
preexisting cell structure constrains and molds the structural arrangement of cell
progeny.50

Sonneborn favored the possibility of “a parallel, independent, and selectively
correlated evolution of genome and cortex.”51 In 1968, one of his former students,
David Nanney, expressed the relationship of genes to preexisting structures in the
following architectural terms:

In an extreme polar interpretation, one might postulate that nucleic acids specify
only proteins, which must be appropriate for cellular design, but not decisive. In
this case the cellular architects (that is, preexisting structures) might be required to
determine whether the eventual edifice constructed of the building blocks would be
a railroad or a cathedral. I doubt the value of this extreme analogy, but some inter-
mediate position may be more consonant with the larger biological realities than
either extreme.52

Field Heredity

So, what does a cell pass on to its daughter over and above the information con-
trolled in its genome? Do biologists have to invoke nonmolecular principles to
account for the propagation of cell structure? In the 1960s, Sonneborn did not think
so. He accounted for cortical inheritance within the conceptual framework of
molecular biology. It was easy to imagine that preexisting structures would play
a role in providing a scaffolding or template through which building blocks were
assembled in jigsaw-puzzle fashion from smaller to larger structures. Cell form
would be determined by the structure of parts, but one could not go all the way
back to DNA and proteins. However, limitations were soon found with this model.
Some inherited phenomena seemed to lie beyond the reach of molecular principles.
In addition to local preexisting cell structure—that is, the ciliary unit—ciliatologists
concluded that another mysterious invisible spatial property pervades the cell as
a whole and is responsible for the perpetuation of morphogenetic patterns.

The most spectacular illustration of this unknown spatial property is the propa-
gation of experimentally produced double monsters: ciliates that have not com-
pletely divided. They are fused back to back by aborting cell division or by surgical
intervention. Doublet cells can propagate indefinitely as doublets, even though
no gene has mutated. Beginning in the 1980s, ciliatologists concluded that what
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maintains the doublet organization is something other than the visible ciliature
itself. Evidence for this comes from experiments with the ciliate Oxytricha fallax.
When Oxytricha is starved, it forms cysts in which there appear to be no visible
preformed cortical structures.53 Neither cilia, nor kinetosomes, nor other micro-
tubular structures can be seen in cysts by electron microscopy. Nevertheless, dou-
blets emerge from their cysts as doublets, and singlets emerge as singlets—that
is, the emerging cells “remember” their original architectural pattern. Thus,
ciliatologists conclude that some other aspect of structural inheritance or cortical
organization persists through the cyst stage.54

In other words, at least two kinds of mechanisms operate to maintain cell struc-
ture.55 One is a local constraint involving microscopically visible cell structures acting
as a scaffold—ciliary units, for example, which are specified by local interactions at
the molecular level. The other mechanism is a global one that pertains to cell struc-
ture as a whole. For example, the placement of the oral apparatus and contractile
vacuole pores, or the ciliates’ overall handedness, appears to be established in rela-
tion to the cell as a whole by reference to some sort of global cellular grid that
specifies the placement of organelles independent of their molecular architecture.
These patterns are superimposed upon local structural guidance, and they exhibit
properties that have traditionally been associated with embryonic fields.

The idea of a morphogenetic field was prominent in embryology of the 1920s
and 1930s (see chapters 10 and 15) and was revitalized somewhat in the 1980s.
Embryologists defined the field as a “group of cells whose position and fate are
specified with respect to the same set of boundaries. A particular field of cells will
give rise to a particular organ when transplanted to a different part of the embryo,
and the cells of the field can regulate their fates to make up for the missing cells in
the field.”56 While the reality of fields was not questioned, their nature and their
evolution were targets of heated debate among developmental biologists. Did
embryological fields have properties not determined by genes? Did such struc-
tures put constraints on evolution?

Beginning in the 1980s, evolutionary developmental biology reemerged under
the nickname “evo-devo.”57 Many in this field took as their starting point that the
gene is the unit of heredity. They aimed to complete the evolutionary synthesis,
by emphasizing that development is hierarchical and characterized by emergent
properties whose features cannot be predicted from properties at the lower level
in the hierarchy. They promised that an analysis of the evolution of developmen-
tal stages, processes, and mechanisms would enhance understanding of how or-
ganisms, organs, tissues, cells, and genes evolve. Others wanted to do more than
complete the neo-Darwinian synthesis, they aimed to replace it with a develop-
mental evolutionary biology.58 A movement of “biological structuralism” led by
Brian Goodwin and Gary Webster sought noncontingent physical laws underly-
ing evolutionary change.59 In their view, the genome “is no more the ‘directing
center’ of organismic structure than a lexicon or a dictionary is the directing cen-
ter of a sentence or a text.”60
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Debates over the nature of the field and its relationship to genes had begun in
England. On the one hand, the distinguished embryologist Lewis Wolpert pro-
posed that fields could be understood in terms of the diffusion of a gene-produced
chemical he called a morphogen. Cells would behave according to their position
in the organism and local genomic activation. Such positional information would
place no constraints on Darwinian evolutionary change. Wolpert’s theory had great
heuristic value and continues to be used to explain various developmental pro-
cesses.61 On the other hand, biological structuralists such as Goodwin and Webster
maintained that morphogenetic fields are not specified by genes—they exist in-
dependent of the entities or the final gradients that bring them to light—and they
argued that there were internal structural constraints on evolutionary change. For
them, the structure, the field, and the changes that occur in them were governed
by “generative principles” embodied in the processes that set them up. Morpho-
genetic fields, they asserted, have properties that would result in changes of the
phenotype and might lead to evolutionary transformations.62

For structuralists, evolution is not simply a matter of chance and necessity,
adaptations, and historical contingency. They allied their approach with the early-
twentieth-century ideas of D’Arcy Thompson (1860–1948), as expressed in his
famed text On Growth and Form.63 They saw themselves following in the tradi-
tion of Geoffroy St. Hilaire (see chapter 1); they praised the tradition of com-
parative morphology and of comparative embryologists who emphasized the
“essential” properties of the type and the concept of a structural plan; and they
argued that adaptations to external transformations were secondary only to the
internal organization of organisms and lawful transformations.64 Evolution was
not merely a matter of tinkering by natural selection. Not all shapes are pos-
sible—contrary to Richard Dawkins’s quip that “it may be that the only reason
pigs have no wings is that selection has never favored their evolution.”65 Com-
plexity theorist Stuart Kauffman, at the Sante Fe Institute in New Mexico, searched
for “ahistorical universal laws” underlying evolution, “principles of order like
physics.”66

In a volume boldly entitled Beyond Neo-Darwinism: An Introduction to the New
Evolutionary Paradigm, Goodwin challenged what he called genocentric biology,
which claims “that all aspects of organismic form are determined by the hereditary
particulars encoded in DNA.”67 To refute this claim, he pointed to the work on cili-
ated protozoa, which showed that specific patterns of cortical morphology are in-
herited by a mechanism that is relatively independent of DNA. In other words, the
specific causes of morphology in these organisms do not come solely from genes.
“Reproduction in this large category of organisms,” he wrote, “does not conform to
Weismann’s scheme . . . nor to any of its subsequent modifications.”68

Ciliates are analogous both to a single cell of a plant or animal, and to the or-
ganism as a whole. The ciliatologist Joseph Frankel at the University of Iowa
emphasized that a morphogenetic field operates both within the organism and
within the cell. But what this field is exactly remains unclear:
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The problem still stands where the problem of inheritance stood before the redis-
covery of Mendel. . . . What is needed is a more explicit and mechanistic field theory,
or a wholly new concept that provides a superior understanding of the same under-
lying phenomena, much as the concept of oxidation replaced the phlogiston theory
in accounting for the facts of chemical combustion.69

The perpetuation of global cell patterns (cellular organization and form) thus
presents not a puzzle, but a mystery. That cellular organization is a mode of heredity
distinct from that encoded in genes continues to disturb the conceptual founda-
tions of the modern consensus—perhaps, as some have suggested, as an outrageous
assault on established truth, and tinged with vitalism to boot.70 Several biologists,
including André Lwoff, have interpreted cortical inheritance as experimental proof
of the inheritance of acquired characteristics.71 Ciliatologists also insist that the
highly organized cytoplasm of a metazoan egg cannot be solely the consequence
of direct gene activity.72 The inheritance of a particular structural arrangement in
the cell cytoskeleton can have far-reaching consequences for morphogenesis, such
as the shaping of an organism’s adult body plan.

Neo-Darwinian evolutionists have occasionally admitted their concern about
structural inheritance. In 1983, when discussing the inheritance of acquired char-
acteristics and why he himself upholds a Weismannian and gene-centered view
of evolution, the distinguished evolutionist John Maynard Smith commented:

There are a few well-established exceptions, of which the phenomenon of “cortical
inheritance” in ciliates is perhaps the most important. Neo-Darwinists should not
be allowed to forget these cases because they constitute the only significant threat
to our views.73

One of the reasons structural inheritance is considered to be an exception is
that the crucial evidence comes entirely from ciliates. Those who believe in the
generality of the phenomenon argue that it is reported primarily in ciliates because
ciliates are such good organisms for detecting and investigating the phenomenon.74

All organisms use preexisting cell structures for the reproduction of their cytosk-
eleton and cell surface.75 The importance of the cortex in morphogenesis is clear,
but its general evolutionary importance as a hereditary mechanism for evolution
is not.

Epinucleic Inheritance

“Extranucleic inheritance” is pervasive—from prions, to centrioles, to cell cortex
and cell structure as a whole.76 Today these forms of inheritance are often dis-
cussed together with other nongenic or “epinucleic” mechanisms.77 Some of them
were considered earlier in the twentieth century in relation to cell heredity (see
chapter 15), and advances in molecular biology have led to the recognition of
others. One involves changes in chromatin structure due to methylation.78 In many
eukaryotes, some of the cytosines in DNA can be modified by the enzymatic ad-
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dition of a methyl group. The methyl group does not change the coding proper-
ties of the base, but it does influence gene expression—that that is, highly methy-
lated DNA is usually transcriptionally inactive. DNA methylation patterns are
inherited from one cell generation to the next, and evidence also suggests that the
directed changes are transmitted through sexual reproduction.79 Thus, methyla-
tion may also provide evidence of the inheritance of acquired characteristics.

The phenomenon known as genomic imprinting provides some of the best
evidence that epigenetic changes can be transmitted from parent to offspring.
Normally, it does not matter whether a gene or chromosome is transmitted from
mother or father. However, during the 1980s, it was increasingly found that the
transmission and expression of a gene, a part of a chromosome, a whole chromo-
some, or even a whole set of chromosomes depended on the sex of the parent from
which it was inherited. The process that establishes the differences between pa-
ternally and maternally inherited chromosomal genes is known as imprinting. It
was first discovered in insects. During the formation of sperm, all chromosomes
derived from the paternal line are eliminated in some insects. Offspring inherit
only maternally derived chromosomes.80

Imprinting is also widespread in mammals (and may be important for under-
standing a number of human diseases, including some cancers).81 Homologous
chromosomes or genes may be differentially methylated, depending on which
parent they were derived from: in some tissues only the gene inherited from the
mother is active; in others, only the gene inherited from the father. In fact, a sub-
stantial part of the mammalian genome carries imprints of its parental origin.82

This suggests that some sort of “label” on a gene indicates its paternal or maternal
donor. Exactly how parental imprints are established, modified, and expressed is
not understood.83 The importance of these epigenetic mechanisms for evolution
is still a subject of debate.84

Epinucleic mechanisms of inheritance, from structural inheritance to steady
states, are often lumped together and discussed under the rubric of “epigenetic
inheritance” so as to distinguish them from the more well-known inheritance based
on nucleic acids, a genetic system.85 However, this bipartite labeling tends to
obscure important differences. To refer to structural inheritance as epigenetic in-
heritance belies the fact that the term “epigenetic” was coined as an antonym for
preformation, and yet the phenomenon of structural inheritance is an argument
precisely for preformation.86 We can avoid the contradiction by referring to struc-
tural inheritance as such, or as extranucleic inheritance, and distinguishing it from
epigenetic inheritance and nucleic inheritance.

Molecular biology has profoundly transformed many aspects of the life sciences,
not the least itself. Genes did not “command,” nor did proteins execute their or-
ders. The informational flow from DNA to proteins was not unidirectional as the
central dogma of the 1960s would have had it. It is incorrect to say that the
specificity of proteins is determined by nucleic acid sequence of the genome. In
the form of spliceosomes, proteins edit the genomic sequence to determine the
amino acid structure of proteins. In the form of chaperonins, proteins are often
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required to determine the tertiary structure of proteins. In the form of prions,
proteins perpetuate their kind as infectious particles, by mechanisms not fully
understood. Experiments on ciliates also show the importance of preexisting cell
structure and the inheritance of global cellular fields.

A unified theory of heredity and evolution, one that encompasses nongenomic
inheritance, would have to go further still. It would have to include the funda-
mental role of symbionts in morphogenesis and the inheritance of acquired bac-
teria and viruses. The importance of symbiosis in the genesis of new forms and
symbiotic phenotypes have been proposed since the late nineteenth century (see
chapter 19). Advances in molecular biology have been crucial for detecting and
analyzing symbiosis and underscoring its importance in evolution. And, as we shall
see in the following chapter, molecular biologists also developed new techniques
for investigating the evolution and diversity of bacteria, and in so doing have rec-
ognized other non-Mendelian mechanisms for evolutionary change left uncon-
sidered by classical Darwinian evolutionists.
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18
Molecular Evolution and

Microbial Phylogeny

The technologies that permit the manipulation and sequencing of genetic
material are revolutionizing biology. . . . New strains of agriculturally
important plants and animals can now be engineered, as can organ-
isms to help remove the vast quantities of pollutants our race inflicts
on this planet. New, faster, and more accurate means of diagnosing
diseases are being developed, and powerful, specific treatments for
some incurable diseases seem in the offing.

The culmination of this revolution is seen as that remarkable under-
taking, the sequencing of the human genome in its entirety—some-
times referred to the Holy Grail of Biology. What medical miracles
we could then perform; Homo sapiens could come to know himself to
the very molecular essence of his being!

However, this is not the revolution I see. The real revolution is a
far quieter one. . . . The revolution we are witnessing is in evolution-
ary biology. . . . To know the sequence of every gene in the genomes
of a number of prokaryotes is to possess wisdom of incredible antiq-
uity and enormous value—something that was unimaginable to the bi-
ologist even as recently as the 1970s.

—Carl R. Woese, 1991

   that life on Earth originated between 3.5 and 4 billion
years ago. To appreciate the long natural history that preceded our own evolu-
tion, biologists use the analogy of a twenty-four-hour geological time span. Dur-
ing the first few hours of Earth’s existence, beginning 4.5 billion years ago it was
blasted by an intermittent stream of huge, ocean-vaporizing meteorites, making
life impossible. Around 4:00 A.M., life emerged, and at 5:30 A.M., the oldest bac-
terial fossils were entombed. Eukaryotic microbes, with nuclei and chromosomes,
appeared around 2:00 P.M., and, at 6:00 P.M., planktonic organisms capable of repro-
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ducing by sex emerged. At 8:30 P.M., larger seaweeds arose, and a few minutes later
so did early wormlike and jellyfish-like creatures (known as the Ediacaran biota).
Subsequently, around 9:00 P.M., following a major ice age, shelled animals such as
trilobites and snail-like creatures arose, marking the beginning of the Cambrian
system of the oldest fossilized plants and animals. The evolution of the plants and
animals with which we are familiar represented the last three hours of the twenty-
four-hour geologic day. We humans arose about one minute before midnight.1

The evolutionary synthesis of the 1930s and 1940s dealt with the evolution of
plants and animals over the last 560 million years. During the last two decades
of the twentieth century, biologists developed methods to trace life back billions
of years to investigate early microbial evolution with the aim of creating a uni-
versal phylogeny, something Darwin could only imagine. Once considered far
outside the boundaries of respectable scientific discussion, the study of microbial
evolution is one of the most vibrant fields of modern evolutionary biology. This
revolution is due to the development of new techniques for comparing nucleic
acids and proteins, with the genesis of what is called molecular evolution. These
explorations of the first 75 percent of Earth’s biological history have involved more
than an extension of classical evolutionary theory. It has contradicted long-held
assumptions about the course of evolution and the diversity of life on Earth, and
it has brought forward evidence for the fundamental importance of non-Mendelian
mechanisms in the evolution of microorganisms.

Precambrian Explosion

Ever since Darwin, evolutionists assumed that life evolved from microbial ances-
tors, but they lacked fossil evidence about what these few forms were and how
they evolved.2 Most of the fossil record comes from extinct plants and animals
which burst onto the scene between 560 and 495 million years ago, the Cambrian
period, named after the location where the fossil-containing rocks of this age were
first formally described: Cambria, the Roman name for Wales. In 1909, Charles
Doolittle Walcott (1850–1927), secretary of the Smithsonian Institution, discov-
ered a fossil locality in the Burgess Pass in the Canadian Rocky Mountains on the
eastern border of British Columbia. The Burgess shale locality preserved a wide
diversity of fossil invertebrate animals from the Cambrian explosion: arthropods,
the most common animals on Earth; trilobites, now extinct; lobsters, crabs and
shrimp; spiders and scorpions; and insects. The Burgess shale not only contained
all the invertebrate marine life extant today but also many more kinds of arthropods
now extinct. The extent of the loss of life forms has been so great that some evo-
lutionists consider the history of animal life to be one of massive removal.3 Why
the Cambrian explosion occurred is not fully understood.

Some of the first convincing Precambrian fossils were found in 1946 in the
Ediacara Hills of Australia, and subsequently elsewhere. The Ediacaran biota were
soft-bodied marine creatures. These unusual fossils were originally interpreted to
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be those of jellyfish, strange worms, and frondlike corals that lived 600–700 mil-
lion years ago. Their relationship to Cambrian animals is still uncertain. They may
be their ancestors or life forms that went completely extinct.4

Paleontologists considered the chances of finding microbial fossils to be ex-
ceedingly small. Not only do microbes lack shells, bones, or other hard parts re-
sistant to decay, but, even if they were entombed in sediment, they would be almost
always flattened beyond recognition. Then there are problems of finding ancient
rocks that might contain them: the older the rock, the rarer it is. Finding microbial
fossils was a matter of knowing precisely where to look and how to measure them.
Fossil hunters had been greatly aided by geological surveys aimed at exploring
and identify rock strata and at making maps of importance to a nation’s economy.
Determining the age of rocks is important for such surveys because certain types
of economically important rocks were formed abundantly only during particular
geological times. (For example, iron-rich rocks for making steel and certain types
of uranium deposits for nuclear reactors are plentiful only in Precambrian strata
older than 2 billion years, whereas coal and oil reserves are common in particular
periods of the past 550 million years.)

Specific radioactive isotopes are needed to date ancient rock. Radioactive car-
bon—14C—is used for dating fossil humans or human artifacts. However, radio-
active carbon rapidly decays to a stable isotopic form of nitrogen (14N), after 50,000
to 60,000 years. So it is useless for dating anything older than 60,000 years. To
determine the age of ancient rocks uranium 238 is used; its rate of decay (to 206Pb)
is extremely slow: its half-life (that is, the time it takes for half of it to be con-
verted to the new form) is about 4.5 billion years.5 Paleontologists were able to
push the fossil record back billions of years.

The oldest rock-bearing fossils are some 3.4 billion years old, and paleobiologists
generally argue that microbes may well have existed much earlier.6 Mat-building
communities of microbes form large structures called stromatolites (Greek stromatos,
“bed covering” and lithos, “rock”) were ubiquitous in the Precambrian. The ancient
microbial fossils would include cyanobacteria (previously known as blue-green
algae). Cyanobacteria have essentially the same photosynthetic apparatus as plants.
They use energy from the Sun to synthesize glucose from carbon dioxide and water,
giving off oxygen (CO2 + H2O ⇒ CHO2 + O2). Also like plants and animals, all
cyanobacteria can utilize oxygen (by aerobic respiration). These are complex ways
to live. Simpler microbes, paleobiologists argue, which would have lived in the
absence of oxygen (that is, anaerobically), must have arisen far earlier than ever
had been imagined.7 The subsequent emergence of the oxygen-producing cyano-
bacteria would have changed the earth dramatically. Oxygen is toxic to anaerobic
bacteria, and the pumping of oxygen into the atmosphere by cyanobacteria would
have resulted in the first mass extinction of life on Earth (the last one was caused by
an asteroid that wiped out the dinosaurs about 65 million years ago). Anaerobes then
would have retreated to oxygen-free habitats, which are quite common on Earth.8

The existence of microbes at such an early date would entail a radical shift in
biologists’ thinking about how life would have been formed. It has been gener-
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ally assumed that life was a low-probability event that occurred by chance colli-
sion of molecules over billions of years.9 During its first 500 million years, the
earth was a steaming, belching system bombarded by meteorites. Evidence that
microbes had emerged some 4 billion years ago, very soon after the surface of the
earth cooled enough for water to condense and oceans to form, would greatly curtail
the role of chance.

Molecular Clocks

Ever since Pasteur, the study of bacteria had developed outside an evolutionary
framework. There was no natural genealogy for them, no universal “tree of life.”
Bacteria were important for pathology and for biochemists, and one bacterium in
particular, E. coli, had proven to be a most productive tool for molecular geneti-
cists. However, bacteria hold a special place in the global ecology. Organisms do
not simply adapt to their surroundings; they modify them. And nothing on Earth
has done that in a more dramatic fashion than bacteria. They are the source of our
oxygen atmosphere, the basis of our food chains, the main mechanisms for recy-
cling organic material, the agents of mineral deposition, and the basis of fertile
soil. And, as will be discussed in the following chapter, bacteria have played the
main role in our own evolution. They are at the roots of our very being: our bod-
ies are filled with them, and the cells that make up our bodies contain vital ves-
tiges of bacterial symbionts. Yet, until recently, biologists knew little more about
the natural history of bacteria than had Pasteur.

Throughout most of the twentieth century, bacteria were classified on the basis
of their morphology and physiology, including their disease-causing traits, a tax-
onomy of considerable importance for pathologists. But attempts at constructing
a natural classification—a genealogy—for bacteria were unsuccessful. Evolution-
ists had constructed the phylogenetic relationships among plants and animals by
comparing the similarities and differences in phenotypes. But bacteria possessed
few morphological traits. In their influential book The Microbial World (1963),
Roger Stanier (1916–1982) and his colleagues Michael Douderoff and Edward
Adelberg concluded that “classification of bacteria into natural relationships be-
came the purest of speculation, completely unsupported by any sort of evidence.”
They lamented that “the ultimate scientific goal of biological classification cannot
be achieved in the case of bacteria.”10 An attempt at a natural classification of bac-
teria began again in the next decade with new techniques from molecular biology.

In a landmark paper of 1965, Emile Zuckerkandl and Linus Pauling proposed
that phylogenies could be reconstructed from comparisons of molecular struc-
tures.11 Instead of examining only anatomy and physiology, they reasoned, one
could base family trees on the order or sequence of the building blocks in selected
genes or proteins. The approach was eminently logical. Individual genes composed
of unique sequences of the nucleotides adenine, guanine, cytosine, and thymine
(AGCT) would typically serve as the blueprints for the primary structure of pro-
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teins, which consist of strings of specifically ordered amino acids. As genes mu-
tate, the simplest change would be to replace one base for another, for example,
the G in the sequence “. . . AAG . . .” to C, yielding “. . . AAC . . . ,” which in turn
could change the amino acid glutamic acid (AAG) to aspartic acid (AAC) at a
certain position in some protein. Some of these small changes would have little
effect, but others could drastically change the encoded protein: small changes can
have large effects. (Consider, for example, that DNA sequences between humans
differ by only 0.1 percent, and between humans and chimps by only 2 percent.)

Genetic mutations that either have no effect or that improve protein function
would accumulate over time. As two species diverge from an ancestor, the se-
quences of the genes they share also diverge. And as time advances, the genetic
divergence will increase. One could therefore reconstruct the evolutionary past
of species and make phylogenetic trees by assessing the sequence divergence of
genes or of proteins isolated from those organisms.12 Pauling and Zuckerkandl
thus introduced what they called “the molecular clock.” They assumed a rate con-
stancy at the molecular level: that is, changes in the amino acid sequence of a
protein from different species should be “approximately proportional in number
to evolutionary time.”13 In other words, molecules may not evolve in the same
(irregular) way that morphological features of an organism did. This was not the
first announcement of molecular evolution, nor of the idea behind a molecular
clock. In 1963, Emmanuel Margoliash (b. 1920) and his colleagues compared
similarities and differences in amino acid sequences of cytochrome c molecules
from horses, humans, pigs, rabbits, chickens, tuna, and baker’s yeast to infer phy-
logenetic relationships.14 Zuckerkandl and Pauling had also pioneered the use of
amino acid sequence comparisons to infer evolutionary relationships in primate
phylogeny with data from hemoglobin sequences. But their paper of 1965 crys-
tallized the idea of molecular evolution for many who entered this field.

Techniques for sequencing RNA and DNA dramatically improved in the 1970s
and 1980s.15 In order to compare the nucleotide sequences of genes, one needed
the means to clone DNA, that is, to make many copies of sequences from minute
samples. The invention of the polymerase chain reaction (PCR) solved this prob-
lem.16 PCR revolutionized many aspects of biology. In criminal investigations,
DNA “fingerprints” could be prepared from cells in a tiny speck of dried blood or
at the base of a single human hair. Gene amplification was also crucial to the de-
velopment of the Human Genome Project and its promised new era of gene therapy.
Sequencing to understand microbial evolutionary history developed in parallel,
but at a comparatively modest scale.

The Origin of the Code

The new era in the study of bacterial evolution was led by Carl Woese (b. 1928)
at the University of Illinois (Urbana). He developed an empirical framework for
a natural classification of microbes based on comparisons of ribosomal RNA se-
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quences. In doing so, he offered a radical revision of the history of life on Earth.
Woese had two complementary interests: comparing genetic systems in order to
unravel microbial genealogies, and using genealogies to understand the evolu-
tion of the genetic system itself. Educated in biophysics at Yale, Woese was already
recognized for his influential book of 1967, The Genetic Code.17 His subsequent
aim was to understand how the complex mechanism for translating nucleic acids
into the amino acid sequences of proteins had evolved. To appreciate the prob-
lem, we must first step back and consider how amino acids may have arisen in an
abiotic soup billions of years ago.

In the 1920s, the Russian biochemist Aleksandr Ivanovich Oparin (1894–1980)
suggested that if the prelife atmosphere on Earth lacked free oxygen, diverse or-
ganic compounds could be synthesized from atmospheric gases containing car-
bon, hydrogen, oxygen, and nitrogen (CHON) using energy from ultraviolet light,
from volcanic heat or from lightning.18 J. B. S. Haldane proposed the same idea
in 1929.19 The absence of free oxygen was an important assumption, because if
there were free oxygen, all organic compounds would be rapidly oxidized (burned)
to CO2 and H2O. But if the early environment lacked oxygen, then simple organic
compounds could accumulate, giving rise to the organic constituents of the first
cells, which would feed on other ingredients of the primordial soup from which
they emerged.

These ideas were tested in 1953 by the American chemist Stanley Miller, a
student of the Nobel laureate Harold C. Urey at the University of California, Ber-
keley. Urey, the world’s expert on the early solar system, suggested that the Earth’s
primordial atmosphere would have been favorable to the formation of simple
organic molecules. Carbon would have existed there as methane, nitrogen as
ammonia, and there would be plenty of hydrogen. Under Urey’s direction, Miller
passed an electric current (simulating lightning) through a chamber containing
hydrogen, water, methane (CH4) and ammonia (NH3) (simulating the earth’s at-
mosphere). After a few months, he had brewed seven amino acids, including three
(glycine, alanine, and aspartic acid) that are components of proteins today.20 Using
similar techniques, scientists subsequently produced a wide range of organic com-
pounds including not only amino acids, but also sugars, purines, and pyrimidines,
components of RNA and DNA. Although doubts remain about the underlying
assumptions about the state of the earth’s early atmosphere, these simulation ex-
periments at least showed how the ingredients of proteins and genes could origi-
nate abiotically.21

Research on the origins of life increased dramatically when the National Aero-
nautics and Space Administration (NASA) became a major sponsor in the 1960s.
Its original charter included a mission for the agency to search for extraterrestrial
life, or to at least understand how life might have arisen on Earth. Its funding was
also crucial for many of the major advances in microbial evolutionary biology.

During the 1980s molecular biologists also shed light on how the first genelike
entities might have evolved. This might appear to be a nonproblem because we
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have heard so often that genes are “self-replicating.” Actually, many protein en-
zymes are involved in DNA reproduction (see chapter 17). This has led to a long-
standing paradox: DNA needs proteins in order to function, and yet proteins cannot
be made without DNA. Sidney Altman of Yale University and Thomas Cech of
the University of Colorado provided one possible solution. They were awarded a
Nobel Prize in 1989 for showing that RNAs can function as enzymes, called
“ribozymes.” The first “replicator” may not have been DNA, but rather RNA,
which could act as both template and agent of its own reproduction. Molecular
biologists have envisioned an “RNA world” of self-reproducing entities, the fore-
runners of the gene. Certainly one could envisage alternatives. Some theorists have
suggested the existence of self-reproducing polypeptides, others have argued that
a membrane-bound metabolic system would have emerged first, and perhaps rep-
licating molecules developed within it.22 Still others suggest that there may have
been a pre-RNA world based on a different chemistry, perhaps of clays or of other
mineral surfaces.23

The origin of a genelike entity was only one problem. The amino acids of pro-
teins and the nucleotide sequences of DNA and RNA, which specify those se-
quences, are strung together in a precise order. How did these sequences evolve
and come together in the appropriate way to make a functional protein? What about
the genetic code—the translation of the nucleic acid into the amino acid sequence
of protein? How did the codons evolve for specific amino acids, and how did they
come to be arranged in such a manner as to make the primary structure of a pro-
tein? Here was another paradox: making proteins from DNA requires translation
machinery, itself partly made up of protein. A cell employs ribosomes to read the
RNA copy of the gene, and ribosomes are made up of a complex of about fifty
different proteins with several different forms of RNA bound within it. So how
could the ribosomal proteins necessary for translation have originated without
translation? This problem, the evolution of the genetic code, interested Woese.

Francis Crick had proposed that the evolution of the code could have been
some sort of historical quirk, a “frozen accident.” In other words, it evolved
merely because the cell needed to have a relationship between nucleic acid and
protein structure, not because relationships existed between nucleic acids and
amino acids that forced the genetic code to evolve.24 But Woese suspected that
the translation machinery had to have evolved in steps, with selection acting on
the mechanism’s speed and accuracy.25 And this is what led him to microbial phy-
logeny. He supposed that one might be able to follow the translation machinery’s
early evolution, before cells reached their present sophisticated complexity. To
do so meant that one had to construct a universal evolutionary framework, a deep
phylogeny—a universal tree that would in effect encompass all organisms.26 The
universal tree would therefore be far more than the ultimate ordering of life on
Earth; it held the secret to its existence as well.27 Thus, he set out with the hope of
tracing cell life back to a universal ancestor, the “progenote,” which might not
possess a modern translation machinery.
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A Code for Classification

Woese’s first step in tracing life’s origins was to construct a natural classification
of bacteria, one that ordered them in terms of their evolutionary history or gene-
alogy. Classifying bacteria according to their shape and metabolism without a
phylogenetic understanding confined microbiology to the Dark Ages. As Woese
commented years later, “It was as if you went to a zoo and had no way of telling
the lions from the elephants from the orangutans—or any of these from the trees.”28

Not surprisingly, he focused on ribosomes, more particularly ribosomal RNAs
(rRNAs). All cells need rRNAs to construct proteins, and therefore their similari-
ties and differences could be used to track every lineage of life from bacteria to
elephants. Ribosomal RNA is also abundant in cells, so it was easy to extract.

Ribosomes served at the core of an organism, and since they interacted with at
least a hundred proteins, Woese suspected that their molecular sequences would
change so slowly that they would hardly differ between species. They would be
among the most “conserved” elements in all organisms and therefore make ex-
cellent recorders of life’s long evolutionary past. Ribosomes are composed of
two pieces or subunits, a smaller one slightly cupped inside a larger one. Woese
chose to compare sequences of the small subunit ribosomal RNA (SSU rRNA).
He believed that SSU rRNA sequences (or, more precisely, the genes encoding
them) would change so slowly over evolutionary time that they would retain
traces of ancestral patterns laid down of billions of years ago at the deep roots
of the phylogenetic tree. SSU rRNA would thus serve as a universal molecular
chronometer.

Woese’s methods were at first indirect and tedious.29 But by the mid 1970s, he
and his collaborators had sequenced the SSU rRNA from about sixty kinds of
bacteria and arranged them by genetic similarity.30 Their results contradicted the
standard classification based on morphological similarities of bacteria. For ex-
ample, taxonomic reference texts on bacteria distinguished the gliding bacteria,
the sheathed bacteria, the appendaged bacteria, the spiral and curved bacteria, the
rickettsias, Flavobacterium, and Pseudomonas. But Woese argued that these
groups had no biological or evolutionary meaning; they were really paraphyletic,
that is, they were made up of parts of many different genealogical groups. As-
signing an individual to these categories said very little about its actual identity.
It would be almost like placing worms and snakes in the same group because both
are long, thin, and slithery.

By the late 1980s, the study of microbial phylogeny by rRNA sequences had
attracted many biologists, who classified several thousands of bacterial species
so as to sketch an outline of a universal tree of life. With a universal evolutionary
tree, biologists could begin to understand bacteria as they do the rest of life, as
organisms with histories and evolutionary relationships to one another and to all
other organisms. Ribosomal RNA sequencing held the promise of tracing rela-
tionships back to the common ancestor of all existing life, the mother of all cells,
the progenote.31 Under the critical eye of classical evolutionists, molecular phy-
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logenies based on ribosomal RNAs were also applied to animals and to protists.32

But no studies and interpretations caused more controversy and interest than those
of Woese and his colleagues.

A Trilogy of Life

The most spectacular claim came in 1977 when Woese and George Fox an-
nounced that they had discovered a new form of life: a group of bacteria-like
organisms that was genetically and historically very different. They named them
the archaebacteria, to distinguish them from true bacteria or eubacteria.33 In 1990,
Woese and collaborators shortened these organisms’ name to Archaea to further
emphasize their fundamental difference from eubacteria.34 In their view, Archaea
were more different from eubacteria than humans were from plants. They were
morphologically as diverse as the bacteria—rods, spirals, marble-like cells—but
they all completely lacked the signature SSU rRNA sequences that Woese had come
to recognize as bacteria. The first organisms they assigned to the archaebacteria were
methanogens, and this suggested their antiquity. As Woese and Fox wrote in 1977:

The apparent antiquity of the methanogenic phenotype plus the fact that it seems
well suited to the type of environment presumed to exist on Earth 3–4 billion years
ago lead us tentatively to name this urkingdom the archaebacteria. Whether or not
other biochemically distinct phenotypes exist in this kingdom is clearly an impor-
tant question upon which may turn our concept of the nature and ancestry of the
first prokaryotes.35

The archaebacteria had other traits in common. They lived in extreme envi-
ronments.36 There were the salt-loving halophiles, found in brines five times as
salty as the ocean, and thermophiles, found in geothermal environments that would
cook other organisms and in anaerobic habitats where even trace amounts of oxy-
gen would prove lethal to them. Archaeabacteria are “extremophiles” par excel-
lence. Still other phenotypic features corroborated the conclusion from the RNA
data about the uniqueness of the archaebacteria. Their cell membranes are made
up of unique lipids (fatty substances) with quite distinctive physical properties,
and the structures of the proteins responsible for several crucial cellular processes
such as transcription and translation are different from those of their counterparts
in eubacteria.

At Woese’s suggestion, in November 1977, the National Aeronautics and Space
Administration (NASA) issued a press bulletin announcing the discovery of a new
form of life. It was splashed across the front pages of the New York Times, carried
in other major newspapers and magazines, and featured on evening television news
programs. For the press and the public, the discovery of the archaebacteria was a
momentous event; it touched on the age-old concern of where we came from. But
as the first organisms, this universal ancestor contradicted biochemists’ assump-
tions about the conditions under which life first emerged on Earth. The leading
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theory had long held that life began when lightning activated molecules in the
atmosphere, which then reacted chemically with one another, and then that atmo-
sphere deposited those compounds in the oceans where they continued to react to
produce warm soup of organic molecules. Darwin had said little about the origins
of life, except for famous note in a letter to Joseph Hooker in 1871: “But if (and
oh! what a big if!) we could conceive in some warm little pond with all sorts of
ammonia and phosphoric salts, light, heat, electricity and etc., present that a pro-
tein compound was chemically formed, ready to undergo still more complex
changes.”37 Woese’s tree seemed to point to a strikingly different geochemical
context. If the first organisms were Archaea-like creatures, instead of evolving in
a mild soup of organic molecules, they may have been born in boiling, sulfurous
pools, or hot, mineral-laden, deep-sea volcanic vents.

Comparative studies of RNA sequences also offered a novel conceptual scheme
for the first billion years of life on Earth. Formerly, it had been supposed that life’s
history was straightforward and progressive: from simple bacteria, to more com-
plex bacteria, to cells with nuclei, from which came plants and animals. However,
the rRNA studies indicated that life divided into major independent lineages much
sooner than biologists had ever imagined. The stunning implication of this branch-
ing was that the prokaryotic world was richly diversified, beyond what anyone
had imagined. Plants and animals were but recent twigs on what amounted to a
great microbial tree of life. Over the previous hundred years, there had been sev-
eral spectacular discoveries in the world of biodiversity, such as okapi in the Congo
forest, the only living relative of the giraffe; and Latimeria in the Indian Ocean, a
living coelacanth, a fish believed to have been extinct for 60 million years. But
these were tiny spots on the world map of biodiversity. Woese’s discovery of the
archaebacteria was compared to the discovery of a new continent.38

The postulation of the Archaea also contradicted the established belief in a basic
dichotomy in the living world. Since the 1960s, with the development of the elec-
tron microscopy, cell biologists had come to agree that all organisms could be
grouped into two fundamental forms, the prokaryotes and the eukaryotes, as
Edouard Chatton had named them in 1925.39 Eukaryotes had a membrane-bound
nucleus, a cytoskeleton, an intricate system of internal membranes, mitochondria
that perform respiration, and, in the case of plants, chloroplasts. Prokaryotes were
smaller and lacked all of these structures. In The Microbial World, Stanier,
Douderoff, and Adelberg declared that, “In fact, this basic divergence in cellular
structure, which separates the bacteria and blue-green algae from all other cellu-
lar organisms, represents the greatest single evolutionary discontinuity to be found
in the present-day world.”40

While paleontologists referred to “the Cambrian explosion,” those who stud-
ied cellular organization insisted that the real “big bang” of biology occurred at
least 1.8 billion years earlier when the eukaryote arose. With its membrane-bound
nucleus and all the associated features, such as mitosis, meiosis, and multiple
chromosomes to package up to tens of thousands of genes per cell, it provided the
organismic conditions for the differentiation of tissues, organs, and organ systems
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of plants and animals. Bacteria had only an unpackaged single strand of DNA,
holding some four thousand genes. By the 1970s, biologists led by R. H. Wittaker
and Lynn Margulis generally agreed that eukaryotes embraced four kingdoms:
Planta, Animalia, Protista, and Fungi. Prokaryotes (the bacteria) were classified
as a fifth kingdom.41 Woese’s model of three domains of life—Archaea, Eubacteria,
and Eukarya—contradicted that order of things. As Woese saw it, the prokaryote-
eukaryote dichotomy was an organizational distinction only. It had no phylogenetic
meaning, and it was a hindrance to understanding microbial evolution.

The rRNA approach to microbial phylogeny and the three-domain proposal
were developed by many biologists, including Otto Kandler and Wolfram Zillig
in Germany; Mitchel Sogin, Gary Olsen, James Lake, and Norman Pace in the
United States; and Ford Doolittle and Michael Gray and associates in Canada. This
work led to an upheaval in bacterial systematics and a major revision of texts in
regard to the universal genealogical tree. Some of those who worked on the evolu-
tion and phylogeny of Eubacteria and Archaea suggested that these microbes col-
lectively possessed greater biological diversity than plants and animals combined.42

Microbes were largely ignored by most biologists and virtually unknown to
the public except in contexts of disease and rot, on the one hand, and the making
of bread, cheese, beer, and wine, on the other. Biology textbooks still teach bio-
diversity almost exclusively in terms of animals and plants; insects usually top
the count of species, with about a half-million described to date. In terms of
diversity, plants and animals obviously showed far greater and more elaborate
morphological differences, but bacteria were far more diverse biochemically. As
Pace remarked, within one insect species one could find hundreds or thousands of
distinct microbial “species.”43 A handful of soil contains billions of them, so many
different types that accurate numbers remained unknown. Most life in the ocean
is microbial. Prokaryotes can live in an incredible variety of conditions from well
below freezing to above the normal boiling temperature of water. Extreme halo-
philes thrive in brines so saturated that they would pickle other life. Other microbes
live in the deep border of the trench at the bottom of the Red Sea in hot saline
loaded with toxic heavy metal ions. They are also found growing in oil deposits
deep underground. Microbial researchers argued that they had barely scratched
the surface of microbial diversity. The entire surface of this planet down to a depth
of at least several kilometers may be a habitat for eubacteria and archaebacteria.
Prokaryotes, it was announced in 1998, constituted the greatest biomass on Earth.44

In the mid-1990s, the U.S. Department of Energy instituted a Microbial Ge-
nome Initiative, an offshoot of the Human Genome Project it had initiated with
the National Institutes of Health five years earlier. The Human Genome Project
was rationalized in terms of its medical benefits, and at first microbial genomics
was justified similarly, each microbe for a specific practical purpose (medical,
agricultural, or industrial).45 But Woese and his colleagues also saw a much deeper
and more fundamental rationale. Humans were stressing the biosphere, and soon
a day would come when a deep knowledge of the biosphere and its capacity to
adapt would be critical. Bacteria are largely responsible for the overall state of
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the biosphere: our oxygen atmosphere exists (directly or indirectly) because of
them, and they are vital to the regulation of the planet’s surface temperature through
their roles in carbon dioxide turnover and methane production and utilization.
Microbial genomics was needed to explore microbial diversity, to understand the
interaction between microorganisms and their environments, and to reveal their
evolutionary dynamics.

Studying bacterial diversity entailed certain technical problems as well as fi-
nancial ones in the sense of obtaining funds. Technically, knowledge of micro-
organisms and their niches depends mainly on studies of pure cultures in the
laboratory. However, those who studied microbial diversity estimated that more
than 99 percent of organisms seen microscopically cannot so far be cultivated by
routine techniques.46 Beginning in the 1980s, Pace and his collaborators at the
University of Colorado developed means to get around these limitations.47 He rea-
soned that an inventory of microbes in a niche could be taken by sequencing rRNA
genes obtained from DNA isolated directly from the habitat itself. Arguing that
biologists’ understanding of the makeup of the microbial world was rudimentary,
in 1998 Pace called for a representative survey of the Earth’s microbiodiversity
with the use of automated sequencing technology.48

Dissension and Disaffection

By the late 1990s, just as the three domain proposal and the outlines of a universal
phylogenetic tree were becoming well established, the microbial order based on
rRNAs was challenged. Problems began with data from complete genome analysis
of microbes begun in the mid-1990s. Phylogenies based on genes other than those
for rRNA often indicated a different view of microbial genealogies. Moreover, the
new genomic data showed that archaebacteria and eubacteria had many genes in
common. Perhaps the Archaea were not that different after all. Ernst Mayr led the
attack in 1998, and several disaffected molecular phylogenicists soon followed.

That one could do molecular phylogenies, whether of bacteria or primates, based
on comparisons of one or a few molecules had long been a simmering issue. From
the outset some had argued that one could not classify microbes on the basis of
rRNA phylogenies.49 And as early as 1990, Mayr had sent a note to the journal
Nature protesting that separating the Archaea from bacteria and claiming they
formed a “domain,” “superkingdom,” or “empire” was grossly misleading.50 In-
deed, classical evolutionists such Mayr, Theodosius Dobzhansky, and George
Gaylord Simpson were opposed to the whole field of molecular evolution and any
molecular approach to classification from the very beginning.51

There were several aspects to their resistance. At the most general level were
basic institutional issues between molecular biology on the one hand, well funded
and rapidly growing, and traditional evolutionary studies on the other. The swift
rise of molecular biology was perceived to be in direct competition with the aims
and interests of evolutionary biologists.52 In 1963, Dobzhansky felt it necessary



Molecular Evolution and Microbial Phylogeny 229

to remind readers of Science that there was also stimulating research going on in
“organismic as well as molecular genetics.”53 His note was followed by a com-
mentary from Mayr in the next issue arguing for “more financial and moral sup-
port for the classical areas.”54 When the ideas of molecular evolution and a
molecular clock emerged, the architects of the synthesis not only resented the
intrusion into their domain, but also argued that evolution was an “affair of phe-
notypes,” and one simply could not reduce it to comparative molecular morphol-
ogy. Not only did classical evolutionists reject molecular methods for studying
evolution, they also rejected the molecular evolutionists’ answers.

Attempts to stop the molecular clock came to a head when molecular evolu-
tionists argued that the amino acid sequences of proteins did not evolve by adap-
tation and natural selection. Many changes simply had no effect on the protein
structure and therefore no adaptive value. The evolution of proteins without se-
lection was dubbed the neutral theory by Mooto Kimura and non-Darwinian evo-
lution by Jack King and Thomas Jukes in the late 1960s.55 Mayr and Simpson found
it incredible that molecular and morphological evolution could be different in
mechanism and rate. In any case, they argued, the only evolution that mattered
operated by natural selection.56 Changes at the molecular level that did not affect
the phenotype were really of “no interest for organismal biologists as they are not
involved in the evolution of whole organisms.”57 Though the debate between
panselectionists and neutralists has fizzled in recent years, the scope and significance
of the neutral theory in molecular evolution remain unsettled to the present day.

Mayr’s 1998 offensive against rRNA phylogenies came just as the three-domain
proposal was getting into the biology textbooks and microbial evolutionists were
reporting that bacteria contained a diversity that rivaled and indeed surpassed that
of all the macrobiological world. As Mayr saw it, Woese’s three-domain proposal
was absurd: prokaryotes did not possess a degree of diversity even remotely com-
parable to that of the eukaryotic world. It was simply preposterous to compare
the molecular genetic differences between bacteria and Archaea to the huge mor-
phological differences between eukaryotes and prokaryotes. Echoing com-
ments from previous confrontations with molecular evolutionists, he reasserted
that evolution was “an affair of phenotypes,” and, on this basis, he insisted that
“all archaebacteria are nearly indistinguishable”; even if one took prokaryotes
as a whole, he argued, the group “does not reach anywhere the size and diver-
sity of eukaryotes.”58 Microbial phylogenists had so far described only about
200 archaebacterial species and only about 10,000 eubacterial species, whereas
Mayr suspected that within eukaryotes there were more than 30 million species.
There were 10,000 species of birds alone, and of course hundreds of thousands of
species of insects.59 He remarked that

the eukaryote genome is larger than the prokaryote genome by several orders of
magnitude. And it is precisely this part of the eukaryote genome that is most char-
acteristic for the eukaryotes. This includes not only the genetic program for the
nucleus and mitosis, but the capacity for sexual reproduction, meiosis, and the ability
to produce the wonderful organic diversity represented by jellyfish, butterflies, di-
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nosaurs, hummingbirds, yeasts, giant kelp, and giant sequoias. To sweep all this
under the rug and claim that difference between the two kinds of bacteria is of the
same weight as the difference between the prokaryotes and the extraordinary world
of the eukaryotes strikes me as incomprehensible.”60

Woese responded in detail. As he saw it, the differences between himself and
Mayr were not simply a matter of a molecular versus an organismic approach to
biology and evolution. Mayr looked at evolution from the top down, from the
present to the past, observing the great phenotypic diversity of plants and animals
that had evolved over the previous 560 million years. Woese looked from the
bottom up: his concern was understanding evolutionary processes over the first
two billion years of evolution, based on observing differences in molecules and
genes. From his perspective, prokaryotes could not be defined negatively and in
opposition to eukaryotes or in terms of the kingdoms some of them later gave rise
to. Prokaryotes had to be understood in their own terms and from a historical per-
spective. As he commented, “The science of biology is very different from these
two perspectives and its future even more so.”61 But as he also noted, Mayr’s cri-
tique had come at an opportune time: the three-domain proposal seemed to be under
considerable strain from molecular studies of whole genomes over the previous
three years.

Defection from within the ranks of molecular evolutionists grew during the
late 1990s. Several leading microbial phylogenicists saw in Mayr’s critique much
that they considered to be true, as central features of the Archaeal story were chal-
lenged. First, the hypothesis that the Archaea were so very different from bacteria
because the two groups diverged when life was quite new was complicated when
genes other than those for rRNA were compared. Analyses of whole genomes
(seventy had been sequenced by 2002) showed that Archaebacteria and Eubacteria
had numerous genes in common, and they shared a rich biochemical complexity.
Therefore, some suggested that the Archaea actually may not be very old, and
others suggested it was not a single domain. Comparisons of genes for other func-
tions also seemed to contradict the phylogenetic lineages deduced from rRNA
sequences. For example, although comparisons of SSU rRNA placed microsporidia
low on the phylogenetic tree, comparisons of the gene for the enzyme RNA poly-
merase placed the microsporidia higher on the tree with the fungi. Thus, some
insisted, as critics had from the outset, that one simply could not use the SSU rRNA
trees to trace microbial life.62

Lateral Gene Transfer

Still another fundamental issue remained. Not only did the phylogenies from the
new genomic studies disagree with the standard rRNA-based phylogenies, but the
new genome data also conflicted among themselves. Comparisons of individual
gene phylogenies (other than those concerned with the translation machinery) often
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indicated different organismic genealogies. Phylogenicists suspected that the mix-
up was due to evolutionary mechanisms whose scope and significance they had
underestimated: gene transfer between unrelated groups. In addition to the “nor-
mal” gene transfer from parent to offspring, known as vertical transfer, genes are
also transmitted between distinct evolutionary lineages. This is known as hori-
zontal or lateral gene transfer. Bacteria possess several mechanisms for transmit-
ting genes between unrelated groups—through transformations, viral transduction,
and conjugation (see chapters 16 and 19). Thus, a bacterium of one strain may
have acquired one or several genes from a completely unrelated organism.63 For
example, if organism type A and organism type B carry the same gene for a pro-
tein, it may be not because they both belong to the same taxonomic group, but
because one of them acquired that gene from a third type of organism C that is
not ancestral to them. By the end of the twentieth century, all microbial phylo-
genicists had come to recognize the fundamental importance of lateral gene transfer
in the evolution of bacteria.

Recognition of the pervasiveness of lateral gene transfer entailed modifications
to two seminal views about microbial evolution and the course of early evolu-
tion: microbes’ treelike branching genealogies and the genealogy’s hierarchical
nature. In the Darwinian order of things, you sort plants and animals into species.
Then you sort species resembling one another into genera and label each species
with a two-part Latinized name. Similar species are grouped in a genus, genera
are grouped into families, families into orders, and so on. The ordering is essen-
tially like a military organization: individuals into squads, squads into platoons,
platoons into companies. Each species belongs to one and only one genus, each
genus to one and only one family, and so on. This phylogenetic order is based on
the idea common descent from an ever-decreasing number of ancestors leading back
to the origin of life, the common ancestor of all living things. This was fine as long
as there were barriers to gene transfer between species (and if all cells had one com-
mon ancestor). However, the evidence for gene transfer between bacterial groups
contradicted this notion of species and this hierarchical view of evolution.

Bacteria are composites; they have acquired and integrated genes from diverse
taxa. Thus, instead of the branching genealogical tree that Darwin imagined for
plants and animals, the pattern of early evolution (at least) is reticulated. Lateral
gene transfers between taxa make it resemble a web rather than a tree. Accord-
ingly, the resulting evolutionary order may be nonhierarchical.64 Lateral gene
transfer blurs the boundaries between “species.” The ease with which genes are
interchanged among bacteria has led many microbiologists to suggest that the
biological species concept does not apply.65 Some have suggested further that the
entire bacterial world should be thought of as a superorganism.66

Speculations about the nature and intensity of horizontal gene transfer led some
microbial phylogeneticists to fear that the whole enterprise of classification may
be insolvent, that a natural phylogeny of prokaryotes may be impossible. The
problem was not one of reductionism, of believing one molecule or several could
be used to discern deep phylogeny. It was that bacteria did not comply with the
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rules of evolution for eukaryotes. While eukaryotes do have inscribed in their
organization the largest amount of their own history, horizontal gene transfer may
exclude bacteria (sensu lato). Early evolution, the deep roots of phylogeny, may
lie beyond the chronicles of history. This was the message that some had gleaned
from comparisons of complete genomes since the mid-1990s.

Biologists who had once been Woese’s chief advocates, such as Ford Doolittle
in Halifax, departed from his three-domain proposal as he became skeptical of
ever constructing microbial phylogenies.67 At the same time, others offered alter-
native models. Each emphasized different data. For example, James Lake and his
collaborators at UCLA distinguished, within the Archaea, a group he called the
eocytes (“early cells”) that, he argued, was more closely related to eukaryotes than
to Archaea.68 Radhey Gupta and his co-workers at McMaster’s University in
Ontario argued that the bacterial world exhibited a fundamental dichotomy be-
tween what he called monoderms (bacteria possessing a single membrane) and
diderms (those with a double membrane).69

Yet, others, including Karl-Hans Schleifer in Germany, Charles Kurland in
Sweden, and Woese and his collaborator Gary Olsen, upheld microbial phylog-
enies based on rRNA comparisons and the three-domain hypothesis. Indeed, they
saw an irony in the phylogenetic turbulence, because Woese had anticipated these
problems from the outset. The reason he picked rRNA in the first place was pre-
cisely that it would be less likely to evolve at the same rate as other genes. Be-
cause the SSU rRNA gene is at the core of the cell’s most complex machinery,
they argued, it would be unlikely to be transferable between phylogenetic groups
without disrupting core cellular systems. Therefore, rRNA comparisons would be
the only reliable means for tracking bacterial lineages. The central question for
all microbial phylogenicists was whether genes for rRNA are exchanged frequently
between groups.70 Microbial evolutionists called for further studies in compara-
tive genomics to establish the principles governing horizontal gene transfer across
the bacterial phylogenetic system.71

In the meantime, Woese maintained the view he had begun with decades ear-
lier: that one cannot track genealogies using metabolic genes, which might vary
frequently, but only genes governing crucial complex tasks. Synthesizing the
evidence in 1998, he offered a new conceptual model, pieces of which he had been
putting together for two decades.72 He interpreted the new genomic evidence in-
dicating so many shared genes between bacteria, eubacteria, and eukarya in terms
of his long-sought transitional stages in the evolution of the translation apparatus.
Ever since Darwin, biologists had assumed that all life on Earth arose from a single
ancestral cell.73 But Woese disagreed with the canon of a single ancestral mother
of all cells. He speculated that instead of the expected first cell, the progenote,
was a population of precellular entities with underdeveloped and error-prone rep-
lication and translation machinery. Before the development of the modern trans-
lation apparatus, evolution would be driven by a different mode and tempo. At
this time, no individual organisms could be distinguished as such because there
had been so much gene mutation and intense horizontal gene transfer. These
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processes would generate enormous diversity very quickly. Primitive systems
would be modular and exchange parts freely. But as the translation machinery
evolved, becoming refractory to horizontal gene transfer, so too did definable
lineages. This was the great Darwinian divide. The three domains—Archaea,
Bacteria, and Eukarya—emerged out of the fuzz as the translation machinery
became well defined.

Woese likened the emergence of the three domains to physical annealing: there
would first be a period of intense genetic “heat” (high mutation rates and intense
gene transfer between lineages that would have short histories) when cellular
entities were simple and information systems inaccurate. It would be impossible
to discern organismic genealogies. This would be followed by genetic “cooling”
with the development of the modern cell with its sophisticated translation appara-
tus, resulting in the emergence of genealogically recognized domains and taxa.
Thus, as Woese concluded:

the universal ancestor is not a discrete entity. it is, rather, a diverse community of
cells that survives and evolves as a biological unit. This communal ancestor has a
physical history but not a genealogical one. Over time, this ancestor refined into a
smaller number of increasingly complex cell types with the ancestors of the pri-
mary groupings of organisms arising as a result.74

By the end of the twentieth century, molecular studies of microbial phylogeny
had dramatically transformed thinking about the first 2 billion years of life on Earth.
Debates centered not only on the importance of lateral gene transfer in the gen-
esis and evolution of bacteria, but also in the genesis of the eukaryotic cell. In-
deed, while horizontal gene transfer was recognized to be rampant among bacteria,
the acquisition of genes and whole genomes was also known to occur in eukary-
otes. As we shall see in the next chapter, the study of symbiosis in development,
heredity, and evolution also offered a dramatically different image of evolution,
and of the organism, from that offered by classical neo-Darwinian theory.
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19
Symbiomics

The time has come to supplement the century-old philosophy of the
germ theory of disease with another chapter concerned with the germ
theory of morphogenesis and differentiation.

—René Dubos, 1961

    of a chimera, a fierce fire-breathing monster,
part lion, part goat, and part dragon. The creature caused devastation until it was
slain by the young warrior Bellerophon on his winged horse, Pegasus. Today, the
word “chimera” is generally used to denote a fantastic idea or figment of the imagi-
nation. Until recently, evolutionists and geneticists insisted that no chimera ever
existed in nature: crossing the species barrier was alien to nature’s laws. Others,
though, had long insisted that all organisms are chimeric—symbiotic complexes
evolved from genes and genomes of different species. But their views were either
discredited or ignored by mainstream biology throughout most the twentieth
century.1

Since the early 1970s, biotechnologists have learned to move genes across the
phylogenetic spectrum from plants and animals to bacteria and back again. Most
of the insulin used to treat diabetes is now obtained from bacteria that contain a
human insulin gene. In agricultural applications, cultivated plants and animals are
genetically engineered to resist pests and herbicides and to grow bigger and faster,
all using genes from other species. The creation of such transgenic organisms has
been, and continues to be, a subject of intense controversy involving sociopolitical
and conservation issues.2

Early opponents of this biotechnology argued that the creation of such chimeras
is in violation of natural law because genes are not naturally transferred between
species. They maintained that evolutionary change always occurs in the most
gradual manner. Appealing to what is natural to determine public policy is a pre-
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carious business. The transfer of genes across the phylogenetic spectrum is now
known to occur naturally. Many bacterial “species” exchange genes, and many
protists, plants, and animals harbor symbiotic bacteria that are transmitted heredi-
tarily from one generation to the next. Biologists also agree today that all eukary-
otes emerged from mergers between different kinds of bacteria. We humans and
all other animals and plants are already chimeras. According to the contemporary
conceptual consensus, the mitochondria teeming in the cytoplasm of all eukary-
otic cells and the chloroplasts of plants and protists were once free-living bacteria
that became incorporated in a primitive host cell some 1.8 billion years ago.3

Mitochondria are the organelles in which cellular respiration take place. With-
out them we cannot breathe. Their primary function is the combustion of food-
stuffs using oxygen to assemble the energy-rich molecule adenosine triphosphate
(ATP), the main source of energy in virtually all oxygen-dependent (aerobic)
organisms. Chloroplasts are the organelles in plants in which photosynthesis takes
place; they collect the electromagnetic energy of sunlight to produce organic com-
pounds from water and carbon dioxide, and without them plants do not grow.
Mitochondria are thought to have been first acquired as food by predatory microbes.
They resisted digestion and proved to be of benefit to their host because the primi-
tive atmosphere increased in oxygen, which otherwise would be toxic to their hosts;
the engulfed mitochondria detoxified the oxygen. Chloroplasts originated subse-
quently when a microbe engulfed cyanobacteria. Their selective advantage to the
host is obvious: protists that once needed a constant food supply henceforth could
thrive on nothing more than light together with air, water, and a few dissolved
minerals. Mitochondria and chloroplasts are inherited from one generation to the
next through the cell cytoplasm. In the course of evolution, many of their original
bacterial genes were lost, and some were transferred to the cell nucleus.4

Developmental Symbiosis

Every eukaryote is a superorganism, a symbiome composed of chromosomal
genes, organellar genes, and often other bacterial symbionts as well as viruses.5

The symbiome, the limit of the multicellular organism, extends beyond the ac-
tivities of its own cells. All plants and animals involve complex ecological com-
munities of microbes, some of which function as commensals, some as mutualists,
and others as parasites, depending on their nature and context. It is estimated that
there are about 1014 cells in our bodies: 10 percent of them are our own eukary-
otic cells, and 90 percent are bacteria comprising about 400 to 500 kinds.6 They
form a sheath on our skin, and they cover the insides of our nose, throat, and gut.
Between 20 and 50 percent of the human colon is thought to be occupied by
bacteria. Our mouths contain about eighty kinds of bacteria, and our stomach
typically contains several hundred kinds. Although little is known about their
interactions, if we did not have them in the proper relationship, we would not be
able to function. Biologists are just beginning to explore the nature of gut bacte-
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ria. Different kinds of bacteria in the human colon are stratified into specific re-
gions in the gut tube. They are picked up as soon as the amnion bursts from the
mother’s reproductive tract. How do these bacteria know where to go when they
colonize the gut in the first hours of human life? How do they hold their own against
the influx of new, potentially pathogenic bacteria? Why do these symbionts live
peacefully for years and then sometimes turn deadly against us? Why is not the
immune system engaged in a constant battle with these intestinal microbes?

Contemporary research indicates that our cells may be fashioned physiologi-
cally and morphologically by our bacterial community, which not only provides
vitamins K and B12, but may regulate many of our own genes, and may be crucial
in warding off pathogens. The intestines of germ-free mice cannot complete differ-
entiation. They require their gut bacteria for that. And bacteria have been shown
to regulate transcription of genes involved in several intestinal functions.7 There
is evidence that even the harmless bacteria on our tongue help to protect us against
harmful microbes taken in with our food.8 Because of the immunological impor-
tance of bacteria, some researchers are reconsidering the centuries-old practice
of probiotics—eating live bacteria to prevent gut infections and other intestinal
problems.9

Although the bacteria living in our bodies have recently begun to attract some
medical interest, for most of the twentieth century, symbiosis research had devel-
oped close to the margins of the life sciences and in virtual conflict with the aims
and doctrines of the major biological disciplines, as well as with medical concepts
of germs.10 Equipped with many examples of symbiosis with diverse physiological
and morphological effects, leading researchers again urge neo-Darwinian evolution-
ists to reconsider symbiosis in heredity and development and as a general mecha-
nism, in addition to gene mutations and recombination, of evolutionary innovation.11

Although symbiosis as a source of evolutionary change has been discussed since
the nineteenth century, it continues to be strikingly absent from all the standard
histories and treatises on evolutionary biology.12 To gain a better understanding
of this aspect of biology, in this chapter I briefly sketch some of the phenomena,
issues, and debates that have shaped attitudes about its scope and significance.

Symbiosis Silhouette

The introduction of the term “symbiosis” (from the Greek word for “living to-
gether”) into biology is attributed to the famed German botanist Anton de Bary,
who used it in 1879 when discussing evidence that lichens, which are double
organisms—combinations of algae and fungi.13 Today, it is universally recognized
that all of the 15,000 species of lichens are made of fungi and either algae or
cyanobacteria. A whole new structure, the thallus, emerges out of their associa-
tion. For de Bary, lichens and other examples of symbiosis offered actual proof of
evolution, and they showed a means of macroevolutionary change in addition to
Darwinian gradualism.
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In 1885, the German botanist Albert Bernard Frank (who used the term Symbio-
tismus a year before de Bary) reported another important symbiosis between fungi
and the roots of forests trees, an association he called mycorrhiza (“fungus root”).14

He suggested that the fungi were of considerable benefit to the plant. For this he
was severely ridiculed by his contemporaries, who found it incredible that fungi
could be anything but parasitic.15 Today biologists recognize that Frank was cor-
rect. Mycorrhizas are known to occur in practically all terrestrial plants; they
mediate entry of the great bulk of nutrients into plants and are thus essential for
almost every plant community.16 The plants benefit from receiving essential nu-
trients, the fungi by receiving organic compounds from the plant. This symbiosis
is thought to have been instrumental in the colonization of land by ancient plants
some 450 million years ago.17 Mycorrhizas are also at the very foundation of the
world’s most complex and biodiverse ecological systems: the trees of tropical
rainforests, in nutrient-poor soils, rely on these fungi to bring them precious nitro-
gen and minerals.

Nitrogen-fixing bacteria in the root nodules of legumes have also been central
to discussions of symbiosis since the nineteenth century. Plants cannot metabo-
lize (fix) the molecular nitrogen that is so abundant in the atmosphere: they need
nitrogen in the form of ammonia or other nitrogenous compounds. To overcome
this problem, legumes (the second-largest family of flowering plants, including
peas, beans, clover, and alfalfa) have formed a symbiotic union with the nitrogen-
fixing bacterium Rhizobium. The rhizobia live in special nodules produced by the
“infection” in the root of the legume, where in return for the nitrogenous com-
pounds they provide by their waste, they are fed sugars exuded by the plant. Sym-
biotic nitrogen fixation underpins the global nitrogen cycle. Molecular biologists
have shown that during the production of the nodule, there is gene transfer be-
tween host and bacteria: some of the plant DNA is transmitted to the bacteria.18

We do not know yet whether the reverse is also true.19

A somewhat analogous symbiosis exists between luminescent bacteria and sev-
eral groups of fish and other marine animals in which they are found. About 1500
marine animal species are bioluminescent; some produce their own light, while others
use light-emitting bacteria and have evolved special organs designed to hold them.
Luminescent bacteria were first discovered in the late nineteenth century, and the
study of their adaptive significance has benefited from the research of Margaret
McFall Ngai and her collaborators on the bacterium Vibrio fischeri and the small
Hawaiian squid Euprymna scolopes.20 The luminescent bacteria protect the squid
from predators when it forages near the water’s surface at night. It turns out that the
light the bacteria emit is of the same spectrum as the moonlight and starlight filtering
through the water. When viewed from below, the squid is virtually invisible. The
bacteria are acquired from the ocean by each newborn squid, which has a pouch
lined with cilia to trap them. When the bacteria take up residence and multiply, a
major morphological change occurs: the organ used to catch them is transformed
into a light organ. The ocean water is full of bacteria, yet somehow only the light-
emitting kind are captured and cultured in this pouch.
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Sea anemones, hydra, giant clams, sponges, and the corals that build coral reefs
acquire algae from the ocean and harbor them in their cells, where they are nour-
ished by the algae’s photosynthetically produced carbon compounds. Corals acquire
up to 60 percent of their nutrition from their algal symbionts (symbiodinium), which
in return obtain from the coral polyp nitrogenous compounds that are scarce in
the crystal-clear tropical waters. The worldwide crisis tropical corals are now
experiencing is indicative of what happens when this delicate balance is broken.
A prolonged increase in sea-surface temperature, solar irradiation, sedimentation,
and inorganic pollutants all cause coral bleaching: corals lose their algae, leaving
their tissues so transparent that only the white calcium carbonate skeleton is ap-
parent. Without the algae, the corals starve to death.

Microbial symbionts are especially prevalent in insects, especially sap-sucking,
blood-sucking, and wood-eating insects, for which they provide enzymes, vita-
mins, energy, and sugars.21 The hind-gut microbial communities of wood-eating
insects teem with many kinds of protists and bacteria. Termites, leaf-eating in-
sects, and ruminants would starve to death without the symbionts in their guts to
break down cellulose. Even an insect as small as an aphid has some five million
bacterial symbionts; this relationship developed 250 million years ago and is
obligatory for both bacterium and insect. They cannot live apart.22

In many cases, the microbial infection is cyclical: bacterial symbionts are ac-
quired anew in each generation. The symbionts may be harboured in special sym-
biotic cells or organs, with various morphological and physiological effects. In
addition to developmental symbiosis, hereditary symbiosis is prevalent, especially
among the insects. As will be discussed later, more than 16 percent of all insect
species so far examined have bacteria of the genus Wolbachia, which are inher-
ited through the egg, just like the mitochondria. The acquisition of these bacteria
has resulted in novel organs and behaviors, and even species.23

Microbial symbionts carry out many chemical reactions impossible for their
hosts; they can photosynthesize, fix nitrogen, metabolize sulfur, digest cellulose,
synthesize amino acids, provide vitamins and growth factors, and ward off patho-
gens. We can see that, from the standpoint discussed above, every individual is a
superorganism in which multiple species function to maintain the whole.

That microbial symbiosis is a fundamental aspect of life was first suggested in
the late nineteenth century. The dual nature of lichens, nitrogen-fixing bacteria in
the root nodules of legumes, fungi (mycorrhiza) in the roots of forest trees and
orchids, photosynthetic algae living inside the bodies of protists, hydra, and the
flatworm Convoluta roscoffensis all suggested a temporal continuum of depen-
dency of microbe and host, from transient to permanent interdependence. When
these phenomena were considered together with cytological evidence for “self-
reproducing” bodies within the cells of plants and animals, they led several biolo-
gists of the late nineteenth century to conceive of the cell itself as a symbiotic
community. By the early twentieth century, it had been proposed that the nucleus,
cytoplasm, chloroplasts, mitochondria, and centrioles had all evolved in the re-
mote past from distinct beings that came to live together.24
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Symbiosis researchers have formed their own journals and international soci-
ety only in recent years. Throughout most of the twentieth century, studies of
symbiosis were carried out on an individual basis by biologists in several coun-
tries, separated by geography, language, and war. The idea that chloroplasts origi-
nated as symbionts, first suggested by Andreas Schimper in 1883, was developed
most prominently by the Russian botanist Constantin Mereszhkowsky (1855–
1921) at Kazan University, who in 1909 coined the word “symbiogenesis” for
the synthesis of new organisms by symbiosis.25 Mereszhkowsky developed this
insight following his studies of single-celled algae: diatoms in California (1897–
1902). In Geneva in 1918 he wrote an elaborate paper, which he considered his
most important work, arguing that chloroplasts had originated from symbiotic blue-
green algae (cyanobacteria) in the remote past. He also maintain that nucleus and
cytoplasm had originated as a symbiosis of two different kinds of microbes.26

In his book Les symbiotes (1918), the French biologist Paul Portier (1866–1962)
at the Institut Océanographique de Monaco developed an elaborate theory of sym-
biosis as a fundamental aspect of life. He argued that mitochondria originated as
symbionts, and that they had been transformed over eons by their intracellular
existence.27 Thus, he declared, “All living beings, all animals from Amoeba to
Man, all plants from Cryptogams to Dicotyledons are constituted by an associa-
tion, the ‘emboitement’ of two different beings. Each living cell contains in its
cytoplasm formations which histologists call ‘mitochondria.’ These organelles are,
for me, nothing other than symbiotic bacteria, which I call ‘symbiotes.’”28

Portier’s interest in symbiosis began with studies of bacteria in the gut of cel-
lulose-eating insects such as termites. He suggested that symbiotic bacteria were
necessary for digesting cellulose, supplied the host with essential vitamins, and
played important roles in the development of their hosts. Bacteria in the root nod-
ules of legumes represented a transitional stage in the evolution of mitochondria,
which he called pro-mitochondria. Portier’s speculations about mitochondria went
too far when he postulated that bacteria, entering with food, fused with and reju-
venated the mitochondria. His contemporaries also went too far in their criticisms
and ridicule, especially bacteriologists at the Institut Pasteur, who effectively pas-
teurized his symbiotes, rejecting all of his ideas.29

In the mid-1920s, the French-Canadian Félix d’Herelle (1873–1949) discussed
the perpetuation of mixed cultures of bacteria and their viruses (he named them
bacteriophages) in terms of symbiosis.30 He referred to the bacteria that harbor
viruses (lysogenic bacteria) as microlichens. The morphological and physiologi-
cal changes resulting from symbiosis led him to assert in 1926 that “symbiosis is
in large measure responsible for evolution.”31 The idea of virus-harboring bacte-
ria was rejected as unbelievable for decades before it was revitalized by bacterial
geneticists of the 1950s (see chapter 16).32

In the United States, during the 1920s, Ivan Wallin (1883–1969) at the Univer-
sity of Colorado argued that mitochondria originated as symbiotic bacteria. Like
many other cytologists of his generation, he maintained that chloroplasts and centri-
oles were products of mitochondria. He also emphasized the importance of bacte-
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rial symbiosis as generator of new tissues and new organs. In his book Symbionticism
and the Origin of Species (1927), he proposed that the inheritance of acquired bac-
teria was the source of new genes and the primary mechanism for the origin of spe-
cies. He also claimed that he had cultured mitochondria to prove their actual bacterial
nature.33 Wallin’s book met with virtual silence in the United States.34

The morphological and physiological effects of microbes transmitted through
the eggs of many species of insects were investigated by Paul Buchner (1886–
1978) in Germany in the 1920s and early 1930s, and later in Ischia, Italy, where
he lived as an expatriate.35 He brought his work together in several editions of his
major treatise, Endosymbiosis of Animals with Plant Microorganisms, the fourth
edition of which was published in English in 1965.36 Throughout his career,
Buchner divorced himself from the claims of Portier and Wallin, who claimed
that mitochondria were symbiotic bacteria, and from those of others, such as Hugo
von Schanderl, who claimed that he had “regenerated symbiotic bacteriods” from
many sterilized plant parts and observed mitochondria transform into free-living
bacteria.37 Buchner saw such incredible claims as a liability to his own empirical
work. They only hampered research because “theoretical misjudgments tended
to obliterate the limits of what is understood as endosymbiosis today and thus to
discredit the results achieved.”38 Buchner focused on a more basic struggle: chang-
ing the prevalent view that microbial symbiosis in animals was a rare phenom-
enon. As he observed, many biologists were still reluctant to accept that microbes,
especially bacteria and fungi, played any beneficial role in the tissues of animals.

Why It Has Been Difficult to Imagine

Different people have used the term “symbiosis” to mean different things. For some,
it has meant mutualism—two or more different organisms cooperating for a com-
mon good; for others, it has included parasitic relations as well.39 But no matter
how it was conceived, from the nineteenth to the late twentieth century, the evo-
lutionary effects of interspecies integration due to microbial infections remained
close to the margins of polite biological society. There were several reasons for
this.40

1. Studies of symbiosis conflicted with the ever-increasing specialization that
characterized the growth of the life sciences. Those investigating symbio-
sis necessarily crossed over institutional boundaries separating microbiol-
ogy, cytology, zoology, botany, embryology, and genetics.

2. That bacteria played any beneficial role in the tissues of plants and animals
conflicted with the basic tenets of the germ theory of disease. Bacteria had
no natural history, and ever since Pasteur and Robert Koch, they had been
defined largely as disease-causing germs and portrayed as the the enemy of
humankind. The life-giving properties of bacteria and their fundamental role
in the biosphere were overshadowed by the disease-causing aspects of some
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of them. Bacteriologists only searched for an infectious microbe when tis-
sue was diseased, not in healthy tissue, and for many, it was ridiculous to
suggest that bacteria living in tissue could be part of the physiological well-
being of animals.

Portier’s work in Les symbiotes was framed by an opposition between sym-
biosis and germ theory. Rather than viewing microbes from “the window of
medicine,” he looked at “microbiology from the window of comparative
physiology” and envisaged “a new form of bacteriology: physiological and
symbiotic bacteriology.”41 This aspect of the debates was echoed in the
United States by Wallin, who argued that only a small proportion of bacte-
ria were pathogenic, but they were the ones most studied:

It is a rather startling proposal that bacteria, the organisms which are popularly
associated with disease, may represent the fundamental causative factor in the origin
of species. Evidence of the constructive activities of bacteria has been at hand for
many years, but popular conceptions of bacteria have been colored chiefly by their
destructive activities as represented in disease.42

Indeed, the meager evidence of the beneficial effects of bacteria and vi-
ruses was no match for the evidence of their destructive effects. Consider
the cataclysmic effects of microbial infections at the time Les symbiotes
appeared. In 1918–19, an estimated 20 million people died from the influ-
enza pandemic that followed the First World War. Consider too that some
1 billion people have died of tuberculosis over the past two centuries, and
300 million people have died of smallpox in the twentieth century alone.43

The year after Wallin’s book Symbionticism and the Origin of Species ap-
peared, Alexander Fleming (1881–1955) discovered penicillin, which, when
obtained in large amounts and purified by Howard Florey (1898–1968) and
Ernst Chain (1906–1979), saved thousands of human lives during the Sec-
ond World War and led to the ceaseless antibiotic war waged against bac-
terial infections. Fleming, Florey, and Chain shared the Nobel Prize in
medicine in 1945.44 The destructive image represented by microbial infec-
tions remains predominant today as we encounter emerging and reemerg-
ing diseases and threats of biological warfare.45

3. The importance of hereditary symbiosis in evolution also conflicted with
Mendelian geneticists’ insistence that chromosomal genes were the sole
basis of heredity. Geneticists studied differences between individuals;
symbiotic phenotypes common to individuals of a species would escape
their notice most of the time. Their conceptions of evolution were based
on gene mutations. The same year Wallin’s book appeared, H. J. Muller
reported that X-rays could dramatically increase the frequency of gene
mutations in Drosophila by some 1500 times.46 Bacterial symbiosis as the
source of new genes was zapped by a wave of radiation genetics. Geneti-
cists maintained that their artificially produced gene modifications were the
same as those that occurred naturally.
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Mendelian genetics was based on the Weismannian concept of one-germ
plasm: one-organism. By definition, hereditary infections were considered
contamination. As the Harvard corn geneticist E. M. East remarked in 1934,
hereditary infections through the cytoplasm of eggs were a source of ex-
perimental error that geneticists needed to be wary of:

There are several types of phenomena where there is direct transfer, from cell to
cell, of alien matter capable of producing morphological changes. It is not to be
supposed that modern biologists will cite such instances when recognized, as ex-
amples of heredity. But since an earlier generation of students used them, before
their cause was discovered, to support arguments on the inheritance of acquired
characteristics, it is well to be cautious in citing similar, though less obvious, cases
as being illustrations of non-Mendelian heredity.47

As late as 1952, such leading geneticists as the Nobel Prize–winning
H. J. Muller dismissed infectious hereditary particles from having any
significance in genetics.48

4. The role of symbiosis as a source of evolutionary change also conflicted
with central tenets of the evolutionary synthesis of the 1930s and 1940s.
As discussed in chapter 13, that synthesis was built on the premise that
natural selection acted on small hereditary differences between individuals
in interbreeding populations. Populations evolved gradually because of
changes in gene frequency within a population. Crucial microbial symbionts
had been described in many protozoa, worms, sponges, coral, hydra, and
molluscs, as well as insects and plants. However, they were regarded as
exceptions, curiosities, “special aspects of life.”49 The evolutionary synthesis
was essentially zoocentric. Microbes in evolution were not considered.

5. The creative effects of symbiosis were overshadowed by illustrations of
conflict and competition—a view of nature that, it had long been argued, only
reflected views of human social progress (see chapter 4). The evolution of
cooperation between individuals of different species had been left largely un-
explored.50 In the middle of the twentieth century, the British botanist F. G.
Gregory lamented that “the analysis of the relations between organisms has
been dominated by the notion of ‘competition’ or ‘struggle,’ and the converse
notion of ‘cooperation’ has in consequence been disregarded.”51

The first international conference on symbiosis was held by the Society
for General Microbiology in London in April 1963, six months after one of
the most confrontational moments of the cold war: the Cuban missile crisis.
As the editors of the resulting volume commented:

The pressing problems of coexistence in world affairs may have influenced the Com-
mittee in their choice of subject for this year’s Symposium. If so, it is to be hoped
that the more bizarre examples of symbiosis illustrated in this volume will not be
followed in the world at large; there are many other ways of escaping the Hobbe-
sian predicament that without “commonwealth” life must be “nasty, brutish and
short.”52
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6. Studies of the life histories of organisms and of the morphological and physi-
ological effects of symbioses were also out of step with trends in ecology.
Ecologists generally paid little attention to microbial symbiosis. Their text-
books usually contained only a few paragraphs on the standard cases: li-
chens, mycorrhiza, and nitrogen fixation. One of the major trends in ecology
after the Second World War was understanding the ecosystem in terms of
exchanges in energy and chemical substances.53 Ecologists measured en-
ergy flow and circulation of water, carbon, and other essential elements, and
they tended to avoid referring to species and species-specific phenomena
as much as possible. This attitude persisted into the 1980s.54 By that time,
a major turning point for studies of symbiosis had already occurred within
genetics as a few bacterial geneticists developed an understanding of sym-
biosis as a normal means of gene transfer and as a macromechanism of
evolutionary change.

Toward a Unified Theory

The first generation of bacterial geneticists recognized that bacteria had various
means for exchanging genes. In addition to the main circular DNA genome or
genophore (erroneously called the chromosome), bacteria contain various other
bits of DNA in the form of bacteriophage, as well as small circular pieces of DNA
called plasmids. Whole plasmids and fragments of the genophore can be trans-
ferred between different kinds of bacteria by conjugation.55 Bacterial genes can
also be transferred by the uptake of DNA fragments from dead bacteria (transfor-
mations) and by viral infections (transductions).

In the 1950s, the diverse mechanisms of gene transfer among bacteria were
discussed in relation to extranuclear mechanisms of heredity in protists, fungi,
plants, and animals (eukaryotes). Consideration of infectious plasmagenes such
as kappa in Paramecium and sigma in Drosophila in light of lysogeny in bacteria
reinforced the idea that genes and genomes acquired by infection could become
well integrated into, and form an essential part of, the genetic constitution of host
organisms.56 Cyril Darlington and Joshua Lederberg therefore called for an ex-
tension of the term heredity to embrace “infective heredity.” As Darlington com-
mented in 1951, “We are gradually being drawn to conclude that there is a wider
range of cytoplasmic determinants of greater power than our predecessors had
dared to suppose.”57 He prophesied that recognition of cytoplasmic genetic enti-
ties would enable geneticists “to see the relations of heredity, development and
infection and thus be the means of establishing genetic principles as the central
framework of biology.”58

In 1952, Lederberg offered the word “plasmid” as a generic term for any extra-
chromosomal hereditary determinant regardless of its origin.59 He saw lysogeny
as “a stable symbiotic association” and suggested that the transport of genes from
one bacterium to another by a virus (transduction) was, “functionally and perhaps
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phylogenetically, a special form of sexuality.”60 He argued that hereditary sym-
biosis in which phylogenetically distinct genomes were brought together was
analogous to hybridization. He conceptualized a graded series of symbiosis, from
cohabitants of a single chromosome through to plasmids and to extracellular eco-
logical associations of variable stability and specificity. Such symbioses, he rea-
soned, obscured biological definition of the individual.

Lederberg adopted an operationalist approach, arguing that “the delineation
of organic units, be they genes, plasmids, cells, organisms, genomes or colonies,
is a tool of investigation and communication and not an absolute ideal.”61 What
counts as an individual should be defined in terms of the practices of various spe-
cialities rather than as an absolute ontological entity:

The cell or organism is not readily delimited in the presence of plasmids whose
coordination may grade from the plasmagene to frank parasites. . . . The geneticist
may well choose that entity whose reproduction is unified and hence functions as
an individual in evolution by natural selection. The microbiologist will focus his
interest on the smallest units he can separate and cultivate in controlled experiments,
in test tubes, eggs, bacteria or experimental animals. Genetics, symbiotology and
virology have a common meeting place within the cell. There is much to be gained
by any communication between them which leads to the diffusion of their method-
ologies and the obliteration of semantic barriers.62

During the 1960s, the role of symbiosis and gene transfer between different
species in evolution remained largely unexplored. As the French bacteriologist
and environmentalist René Dubos at the Rockefeller Institute lamented in 1961,
virologists and bacteriologists focused on diseases, for which research funds were
available, thus maintaining themselves as “poor cousins in the mansion of pathol-
ogy.”63 Dubos emphasized the creative role of microbial infections in bringing
about new structures, functions, properties, and products. He pointed out that diph-
theria was due to the infection of a bacterium with a toxogenic virus, that symbi-
otic phage brought about profound changes in the morphology of Salmonella, and
that lambda phage carrying certain genes from a host cell could confer on a re-
cipient the ability to produce enzymes for utilizing galactose.

He added these to the classic cases of the nitrogen-fixing bacteria of legumes,
the dual nature of the lichen, and crown galls induced by inoculating certain plants
with bacteria. Nonetheless, examples of the creative and evolutionary effects of
microbial infections could not compare in funding or interest to the war between
humankind and microbes. The beneficial effects of microbial symbiosis contin-
ued to conflict with the very history that had brought science and medicine into
intimate association. Dubos prophesied, as others had decades before him, that
there would “soon develop a new science of cellular organization, indeed perhaps
a new biologic philosophy.”64

Bacterial viruses and plasmids, first used by geneticists to study the nature of
the gene, later became a tool for the development of genetic engineering. During
the 1970s, molecular geneticists learned to artificially transmit targeted genes from
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the genome of one species to the genome of a distantly related species. The natu-
ral occurrence of such gene transfer became a stake in the technological debates
and policy decisions.65 Those who protested against recombinant DNA technol-
ogy on ethical grounds or grounds of public health and safety, such as the famed
biochemist Erwin Chargaff, referred to eukaryote-prokaryote hybrids as freakish
forms of life that counteracted the evolutionary wisdom of millions of years of
evolution.66 The Nobel laureate George Wald at Harvard University insisted that
it took millions of years for a single gene mutation to establish itself as a species
norm.67 The Caltech biologist Robert Sinsheimer argued that “nature has, by often
complex means, carefully prevented genetic interactions between species. Genes,
old and new, can only reassort within species.”68 Thus the classical understand-
ing of evolution was invoked in opposition to biotechnology.

Symbiogenetic Renaissance

During the 1970s and 1980s, the venerable notion that eukaryotic cytoplasmic
organelles had evolved as bacterial symbionts in the remote past was championed
by Lynn Margulis (b. 1938). She had learned of symbiosis as an undergraduate at
the University of Chicago. After completing her Ph.D. at the University of Cali-
fornia, Berkeley, in 1965, on chloroplast genetics on the unicellular alga Euglena,
she began to revitalize symbiosis theory with contemporary data from molecular
biology and genetics.69 By the late 1960s, the deployment of the electron micro-
scope had revealed the structural similarities between mitochondria, chloroplasts,
and bacteria. Furthermore, DNA had been discovered in these organelles; it was
circular, as is bacterial DNA, and the organelles possessed ribosomes and a full
protein synthesis apparatus.70 During the 1960s, genetic research programs had
emerged for dissecting chloroplasts and mitochondrial genomes, led by Ruth Sager,
Nicholas Gillham, and others.71 And the genetic studies of kappa in paramecium
showed how chloroplasts and mitochondria could have originated as bacterial
symbionts. The image of cytoplasmic organelles as quasi-independent organisms
subsequently reemerged.72 Margulis further placed the theory in a biogeological
context to tell a story about how the eukaryotic cell may have originated eons ago
by a series of events in which bacteria invaded a primitive “amoeboid microbe”
and how mutual aggression eventually evolved to tolerance as the invading bac-
teria served useful functions for their host.

Margulis also extended the reach of symbiosis to account for the origin of cen-
trioles and kinetosomes and therefore for the origin of cell motility and eukary-
otic cell division. Since the nineteenth century, centrioles had been thought to
divide by fission to spin out spindles and to play a crucial role in cell division by
mitosis in many kinds of organisms (see chapter 8). C. O. Whitman’s Japanese
student Shôsaburô Watas1 suggested at a Woods Hole lecture in 1893 that centri-
oles may have arisen as symbionts, and the idea was later mentioned by Wallin
and others.73 In the late 1960s, it was strengthened with evidence that centrioles
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might possess their own DNA. Margulis offered a far-reaching symbiosis theory
to account for what was considered to be the greatest of all discontinuities in na-
ture, that between bacteria and eukaryotes.74

The symbiotic theory of eukaryotic organelles attracted criticisms from many
sides during the 1970s. Crucial evidence was lacking. One way to demonstrate
that an organelle is a symbiont is to culture it outside the cell in a test tube or on
a petri dish. Initially, Margulis imagined that biologists might indeed learn to
culture chloroplasts, mitochondria, and centrioles. However, it soon became evi-
dent that these organelles were highly integrated into the nuclear genetic system:
only a small fraction of the genes needed for mitochondrial and chloroplast func-
tions was actually located in the organelles themselves.75 This lent support to the
alternative theory that these organelles had arisen by direct filiation, that is, they
had evolved gradually from within the nucleated cell.

Leading cell biologists also argued that theories about eukaryotic cell origins
were unscientific because they could not be proven. The influential cell biologist
Roger Stanier spoke for many in 1970 when he commented that “evolutionary
speculation constitutes a kind of metascience, which has the same fascination for
some biologists that metaphysical speculation possessed for some medieval scho-
lastics. It can be considered a relatively harmless habit, like eating peanuts, unless
it assumes the form of an obsession; then it becomes a vice.”76

By the end of the decade, the field of molecular evolution had emerged. Com-
paring nucleic acids of chloroplast, mitochondrion, and nucleus with each other
and with different kinds of bacteria provided the rigor and closed the main con-
troversy about the origin of mitochondria and chloroplasts.77 Assembling the
evidence in 1982, Michael Gray and Ford Doolittle considered it resolved that
mitochondria and chloroplasts were of eubacterial origin (alpha-proteobacteria
and cyanobacteria, respectively).78

No comparable data existed to test Margulis’s most intriguing theory that cen-
trioles and kinetosomes arose as symbionts. The evidence for DNA in centrioles
had been on-again, off-again since the 1960s, but it was effectively refuted in the
1990s by evidence from electron microscopy and molecular hybridization, which
indicated that genes affecting centriolar and flagellar function are located in the
nucleus and that the linkage group is linear, not circular, as would be expected if
they were of prokaryotic origin.79 Although centrioles may not have arisen as
symbionts in the same manner as mitochondria and chloroplasts, Margulis and
colleagues subsequently suggested that the mitotic and motility apparatus of cells
may have emerged through a symbiosis between two kinds of bacteria, which had
resulted in the first nucleated cell.80

By the end of the century, the origin of the cell nucleus emerged as one of the
most pressing problems of microbial evolution. Several researchers proposed that
its genesis involved some kind of symbiosis (see chapter 18). The general idea is
an old one.81 That the nucleus may have evolved as a microbial symbiont living
in a primitive host cell was suggested in the nineteenth century by Watas1 in 1893
as part of the field he envisioned as cytogeny. Theodor Boveri discussed the same
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idea in 1903, and between 1905 and 1918, Mereszhkowsky developed it as part
of his theory of symbiogenesis.82

Somewhat similar ideas about the nucleus reemerged in the late twentieth cen-
tury from a number of different routes. 83 In 1974, Jeremy Pickett-Heaps supported
the idea that the nucleus was a symbiont by noting that some dinoflagellates have
two nuclei, “one characteristic of dinoflagellates, and the other a more typical
eukaryotic nucleus.”84 In the 1980s, James Lake and Maria Rivera at UCLA ar-
gued that the nucleus evolved from an engulfed (eocyte) Archaebacterial sym-
biont of a Eubacterial host.85 During the subsequent decade, Radhey Gupta at
McMasters proposed that the nucleus originated not from an engulfed bacteria,
but from a fusion of what he called monoderm and diderm bacteria.86 Still other
symbiotic scenarios were offered. William Martin at Düsseldorf suggested that
the nucleus may have originated from a merger between an Archaebacterial or-
ganism and the Eubacterial ancestor of the mitochondria.87 Margulis, Michael
Dolan, and their collaborators at the University of Massachusetts, Amherst, sug-
gest that the nucleus motility of features of protists developed from a symbiosis
with a spirochete.88 All these theories contradicted the traditional Darwinian con-
ception of gradual evolution from within the cell.89

Macroevolutionary Change

Symbiosis is recognized to have played an important role in the evolution of eu-
karyotes some 1.8 billion years ago. But many who have studied symbiosis, in-
cluding Lederberg, Margulis, Kwang Jeon, Werner Schwemmler, Mary Beth Saffo,
Max Taylor, and Paul Nardon, have insisted that hereditary symbiosis has played a
general and major role in macroevolutionary change.90 Some have remarked that
because microbial symbiosis draws genomes from the entire biosphere, the result-
ing changes are far greater than those that arose through gene mutation, hybridiza-
tion, and the like.91 Some interpret hereditary symbiosis as a neo-Lamarckian
mechanism of evolutionary development.92

The inheritance of acquired bacteria is easy to imagine in the case of single-
cell protists because symbionts are easily transmitted from one cell generation to
the next. There are many illustrations of acquired bacterial genomes in protists,
and there is also evidence that the acquisition of bacteria may occur rather quickly.
The most remarkable study of such evolution in action was presented by Kwang
Jeon at the University of Knoxville, Tennessee. In the late 1960s, one strain of
the amoebae he studied (Amoeba proteus) had accidentally become infected, each
with about 100,000 bacteria containing about 3000–5000 genes. Many of the in-
fected amoebae were killed, but Jeon selected out the few amoebae that survived,
and after a few years, he found amoebae that had become completely dependent
on the bacteria.93

Symbiosis theorists from Portier to Dubos had often claimed that the relative
scarcity of evidence for hereditary symbiosis was a reflection not of nature, but
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rather of the extent to which it was investigated. Research trends of the late twen-
tieth century suggested they were right. Many new cases of bacterial symbiosis
with profound effects on their hosts have come to light. In the late 1970s, it was
discovered that deep in the oceans, hydrothermal vents are abundant oases of life.
Ecological communities of tube worms, various mollusks, ciliates, and other
marine creatures are formed around fissures in the rock where geothermal fluids
containing sulfides, methane, ammonia, and hydrogen flow out from buried aqui-
fers. It was immediately suspected that the abundant life surrounding these vents
was due somehow to the energy contained in these geothermal fluids.

In the early 1980s, biologists found that many of these thermal-vent species
contained sulfur-metabolizing symbiotic bacteria.94 These symbiotic bacteria use
chemical energy contained in reduced sulfur compounds to generate ATP and fix
carbon for biosynthetic processes. Less than a decade later, biologists found sym-
bioses between sulfur-oxidizing bacteria and various invertebrates in a wide va-
riety of other sulfide-rich environments, including salt marshes, mangrove swamps,
and sewage outfalls. In almost all of these cases, the animals rely on the bacteria
for most or all of their carbon and energy requirements. These symbiotic sulfur
bacteria have not been cultured in the laboratory, and it is unclear whether they
can exist outside their host or are dependent “organelles.” Biologists are now
carrying out tests to see how symbionts are transmitted from one generation to
the next and whether gene transfer has occurred between these bacteria and the
host cells.95

Molecular techniques for screening nucleic acids and the use of polymerase
chain reaction have dramatically increased the facility of detecting symbionts.
Perhaps the most dramatic new discovery is the widespread occurrence of heredi-
tary symbiosis in insects. Bacteria of the genus Wolbachia are maternally inher-
ited through the cytoplasm of their hosts and are disseminated throughout the body
cells of their hosts. Surveys based on molecular phylogenetic techniques for screen-
ing have so far found Wolbachia in more than 20 percent of all known insect spe-
cies, including each of the major insect orders.96 They are thought to be the most
common hereditary infection on Earth, rampant throughout the invertebrate world;
besides insects, hosts include shrimp, spiders, and parasitic worms.97 Their com-
plete distribution in arthropods and other phyla are yet to be determined. Wolbachia
are alpha-proteobacteria, like mitochondria, and they appear to have evolved as
specialists in manipulating reproduction and development of their hosts. They
cause a number of profound reproductive alterations in insects, including cyto-
plasmic incompatibility between strains and related species, parthenogenesis in-
duction, and feminization (that is they can convert genetic males into reproductive
females and produce intersexes). Sometimes, as in the case of weevils (one of the
most notorious pests of stored grain), Wolbachia are inherited together with other
bacterial symbionts that allow the animal to adapt better to the environment by
providing vitamins and energy and enhancing the insect’s ability to fly.98

Wolbachia have attracted considerable evolutionary interest, especially as a
mechanism for rapid speciation. All aphids carry bacteria of the genus Buchnera
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in their cells, and the symbionts are inherited through the host egg. Studies of
hereditary symbionts of insects are well funded today not because of their evolu-
tionary significance, but because of their potential for pest control in agriculture
and as a mechanism for modifying arthropod vectors of human disease.99

Bacteria are certainly not the only microbes to profoundly modify their host
animals. Viruses have also played a crucial role as a source of evolutionary change.
They may also play a role in the acquisition of a larger symbiont, as in the case of
chloroplasts in animals. Several phyla of animals are able to acquire chloroplasts
within the cytoplasm of their cells, usually from a particular species of algae. One
of the most remarkable examples is the sea slug Elysia chlorotica, found in salt
marshes from Chesapeake Bay to Nova Scotia.100 This sea slug feeds on a certain
species of filamentous algae, Vaucheria, and in so doing acquires symbiotic chlo-
roplasts that are sequestered by specialized cells in the epithelium. The mainte-
nance of the chloroplasts in the slug’s cells seems to be the result of a previous
horizontal gene transfer of some of the algal genes to the sea slug’s chromosomes,
possibly by viruses the sea slug harbours in its genome.

The development of complex organs such as the eye has always been a prob-
lem for evolutionists. Walter Gehring at the University of Basel has recently pro-
posed that the eye may have evolved from a microbial symbiont that became a
chloroplast.101 Evidence comes from a certain species of ocean algae (dinoflagel-
lates) that has a chloroplast-derived eyespot capable of focusing light, a feature
that may have been of benefit in avoiding ultraviolet light and searching for photo-
synthetic light. If the algae itself had become an acquired symbiont of an animal,
then, as Gehring remarked, “It could be that eyes are coming from a symbiont
within a symbiont.” He is now screening specific algae for a gene known to be
involved in eye development, and animals for traces of chloroplast genes.

In 2001, genome researchers suggested that there were 200 or so bacterial genes
in the human genome. Although this has been refuted, the suggestion itself shows
how thinking about horizontal gene transfer has changed in recent years.102 How-
ever, the integrated retroviruses (and other processed RNA) in the human genome
are indubitable examples of horizontal gene transfer from viruses to mammals.
Endogenous retroviruses (RNA-based viruses), relics of ancient germ-cell infec-
tions, comprise 1 percent of the human genome.103 In fact, these viruses may have
been involved in key events leading to the evolution of all placental mammals
from egg-laying ancestors.104

Hereditary symbiosis, taken together with evidence of horizontal gene trans-
fer in bacteria, offers a dramatically different view of evolution from that offered
by the neo-Darwinian synthesis (see Tables 1 and 2):

The gaps in the fossil record—the lack of fossil evidence for transitional forms
between species—always had been a source of uneasiness to evolutionists (see
chapter 6). Darwinian gradualists insisted that the fossil record itself was incom-
plete, like an old book with pages missing, but beginning in the 1970s, evolution-
ists reconsidered the idea that the gaps should be taken at face value. In 1972,
Niles Eldredge and Stephen Jay Gould (1942–2002), two young invertebrate
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palaeontologists, insisted that the picture of evolution from the fossil record was
not one of species gradually changing over time, but, rather, one of species emer-
gence in a very short geological period of time followed by long periods of stasis.
This was the basis of their theory of punctuated equilibria. Once established, a
species actually remains relatively unchanged for the duration of its existence,
before undergoing rather sudden transformation. Gould and Eldredge revitalized
the idea that macroevolutionary events may occur rapidly, in spurts.105 Their evi-
dence came from studies of trilobites and snails, which, being preserved in large
numbers, provided a reasonably intact record of their evolutionary past. They
argued that typically, marine invertebrates species would endure in stasis for 5 to
10 or more million years, but speciation events occurred over a period ranging
from 5000 to 50,000 years.106

Several explanations are compatible with this pattern. Speciation could be
explained in terms of the processes of random genetic drift. That is, speciation
begins with changes in peripheral populations, as Sewall Wright had proposed
(by genetic drift), leading to reproduction. This would occur most rapidly in small
populations accidentally isolated geographically from the main populations of the
ancestral species. Accordingly, the gaps in the fossil record would be real evi-
dence of a rapid process of speciation that involves only a fraction of the original
population. However, the pattern of punctuated equilibria is also compatible with
other mechanisms. Speciation could be due to novel kinds of genetic rearrange-
ments, or it could result from the overthrow of developmental or genetic constraints
that restrict organismic change to within the range of preestablished body plans.
As the relations between development and evolution were explored during the last

T 1. Tenets of the Modern Synthesis

1. Gene mutation and recombination are sources of evolutionary change.
2. Common descent: evolution is a hierarchical and a branching tree: one-species: one-genus;

one- genus: one family; one family: one-order; etc.
3. Speciation generally occurs by geographic isolation.
4. Gradualism: evolution does not occur in jumps.
5. Mechanisms for macroevolution are the same as those for microevolution.

T 2. Recognition of Horizontal Gene Transfer, the Inheritance of Acquired
Genomes, Wholes or Parts, Contradicts Several Tenets of the Classical
Neo-Darwinian Synthesis

1. Transfer of genes across species and higher taxonomic groups occurred regularly.
2. Early evolution is not treelike; it is reticulated.
3. Speciation does not require geographic isolation.
4. Evolution may occur very rapidly by horizontal gene transfer, and the changes that result may

be quite dramatic compared with those due to single gene changes.
5. By implication, the mechanisms for macroevolution are different from the mechanisms for

microevolution.
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decades of the twentieth century, mutations in those genes that regulate develop-
ment also assumed great significance. Regulatory (homeobox) genes were reported
that affected whole sets of genes, and some paleontologists have emphasized that
mutations in such regulatory genes result in large discontinuous evolutionary
changes (a reshuffling of parts) and may be a macromechanism of evolution.107

Gould and Eldredge did much to open up evolutionary biology from the tight
hold of gradualism and selection to a reconsideration of random drift, the role of
developmental constrains in evolution, and even macromutations. But symbio-
sis—the inheritance of acquired genomes, wholes or parts—was trivialized or
ignored by paleontologists. Gould himself regarded the symbiotic origin of mito-
chondria and chloroplasts as “entering the quirky and incidental side” of evolu-
tion.108 Leading neo-Darwinian theorists have also insisted that the inheritance of
acquired bacteria is a rare exceptional phenomenon in plants and animals. John
Maynard Smith and Eörs Szathmáry declared in 1999 that “transmission of sym-
bionts through the host egg is unusual.”109 This view of life, which overlooks the
many cases of hereditary symbiosis, was based on theoretical assumptions about
the evolution of cooperation and the evolution of microbe-host relations, which I
explore in the next chapter.
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20
The Evolution of Relationships

Most of the ideological influence from society that permeates science
is a great deal more subtle. It comes in the form of basic assumptions
of which scientists themselves are usually not aware yet which have
profound effect on the forms of explanation and which, in turn, serve
to reinforce the social attitudes that gave rise to those assumptions in
the first place.

—Richard Lewontin, 1991

    was not considered in the evolutionary syn-
thesis of the 1930s and 1940s. Yet evolution is a process of integration as well as
divergence; there is divergence in the production of new life forms, but there is
integration when these entities unite so as to make new wholes. These unions are
recognized to be at the basis of the major transformations in the evolution of life:
the origin of cells, organelles, and multicellular organisms. How could natural
selection lead to the cooperation among cells of a plant or animal, or cooperation
within populations of deer, or birds? What about human cooperation? And what
about cooperative relationships between species?

When these questions came to the fore of evolutionary thought in the 1970s
and 1980s, they led to forceful debates among evolutionists over two fundamen-
tal issues. First, what precisely are the targets of selection?1 Put differently, what
are the units that are in struggle? The favored choices were genes, organisms, and
populations. Second, how much could biology account for human social relation-
ships, history, and culture? While some insisted that fundamental aspects of human
cultures were due to human nature, others argued that cultural history was gov-
erned by forces beyond biology. Inversely, could one understand associations
between animals, plants, and microbes in the same way as one could human so-
cial relationships? While some biologists used various human social categories to
explain nonhuman associations, others cautioned against this, calling it anthro-
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pomorphism and circular reasoning. Still others argued that theories about the basis
of many intimate biological associations were often untestable.

The Individual and the Group

Evolutionists have long noted that there is a tendency for individuals to risk their
own lives for another. But how could natural selection have led to any trait that
was detrimental to the survival of the individual? How could altruism have evolved
by the struggle for existence between individuals? This paradox led Darwin, Spen-
cer, and Kropotkin to underscore the necessity of a Lamarckian dimension to
evolution (see chapter 6). Darwin described the dilemma in The Descent of Man:

It is extremely doubtful whether the offspring of the more sympathetic and benevo-
lent parents, or of those who were the most faithful to their comrades, would be
reared in greater numbers than the children of selfish and treacherous parents be-
longing to the same tribe. He who was ready to sacrifice his life, as many a savage
has been, rather than betray his comrades, would often leave no offspring to inherit
his noble nature.2

Darwin suspected that human cooperation began with the “low motive” of being
aided in return, which, over time, would become replaced by an innate feeling for
sympathy and benevolent action, as the social habit of aiding his or her fellows
would become hereditary over many generations.3 But he also considered that an
“even more powerful stimulus to the development of social virtues is afforded by
the praise and blame of our fellow men.” The instinct to “love the former and dread
the latter,” he argued, “was originally acquired, like all the other social instincts,
through natural selection.”4 Once it arises in a population, an altruistic behavior
such as bravery would be selected for in the context of warring tribes because they
would be of benefit to the group: survival of the fittest group. He argued that a
species, or a population within a species, whose individual members are prepared
to sacrifice themselves for the welfare of the group may be less likely to go ex-
tinct than a rival group whose individual members place their own selfish inter-
ests first.5 It would be possible to select for characteristics that are detrimental to
the individual but of benefit to the group.6

Studies of the evolution of cooperation remained scarce, but during the First
World War, Kropotkin, among others, lamented that there was too much focus on
individual struggle and egoism, and not enough on group cooperation (and chap-
ter 5). Those who portrayed nature as a Hobbesian war of each against all, he ar-
gued, were partly to blame for war, insofar as they justified it in the name of
evolution. But for Kropotkin, no less than his Hobbesian adversaries, human so-
cial behavior was governed by nature of the individual. Only for him, individuals
were by nature cooperative, not purely egoistic. The same view was advocated
during the Second World War by the school of ecologists at the University of
Chicago led by Warder Allee. They also protested that biologists played a major
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role in fostering war by promoting a view of nature and human nature as purely
egoistic.7 Although biologists provided a convenient, plausible explanation and
justification for all the aggressive, selfish behavior of which humans were capable,
Allee argued that the strong competitive egoist drives had to be kept “in their true
place, somewhat subservient to the even more fundamental cooperative, altruis-
tic forces of human nature.”8

For Allee and his colleagues, the integrative forces of nature—as witnessed in
the individual plant or animal, an ant colony, a flock of birds, a tribe, or the world
economy—implied hope for humanity: progress and international cooperation
were inevitable. It was futile for individuals to resist nature’s force, and therefore
they should submit for the good of the group. Cooperation and integration for the
good of the group took on a different meaning when Hitler called upon pure-
blooded Aryans to give their lives for the greater glory of the fatherland. The harsh
lessons of the limits of group conformity were all too evident, as Donald Worster
has commented: “The ideal of social integration, it became starkly clear, could
harbor an unexpected danger: the possibility of a totalitarian police state based on
the same appeals to self-sacrifice to the whole invoked by organicists.”9

Natural selection for the good of the group took on a new social meaning and a
new importance with the rise of environmentalism in the 1960s and 1970s. Group
selection was developed by the distinguished British ethologist Vero C. Wynne-
Edwards (1907–1997) in his influential book Animal Dispersion in Relation to Social
Behavior (1962).10 His arguments were targeted against Malthusian population prin-
ciples as applied to ecology: that populations, if left unchecked would grow geo-
metrically, while their food supply would increase only arithmetically. Malthusian
implications shook the 1960s as issues about human overpopulation emerged.11

Do animals have mechanisms for regulating their own populations? If so, how
do they do it? Wynne-Edwards emphasized that animals were not always striving
to increase their numbers and competing for food; they collaborate for the benefit
of the group, and they compete often for territory. Animals regulated their popula-
tion growth by social displays, territorial behavior, and communal roosting, all of
which, he thought, could be accounted for only by natural selection operating on
the group. After all, if natural selection operated only at the level of the individual,
would there not be a premium on higher and higher reproductive rates, and would
this not lead a fixed population to overexploit its food resources and perish?

Selection acting for the good of the group would suppress individual interests
and regulate reproduction in many species according to the needs of the popula-
tion. One could see this in the evolution of sterile individuals, which are a large
part of so many social insect societies. If selection acted only on the individual,
Wynne-Edwards argued, then these sterile individuals would be quickly con-
demned to extinction. They “could only have evolved where selection had pro-
moted the interests of the social group, as an evolutionary unit in its own right.”12

He assumed that humans shared many cultural forms with other animals and that
they were predisposed through innate instinct or acquired conditioning to be gov-
erned by law and order, and to put group interests ahead of self-interest.13 When
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discussing the evolution of social ethics, he argued against loyalty to international
organizations, asserting that “on biological as well as traditional grounds it is to his
sovereign state that the individual’s first loyalty should continue to be given.”14

Wynne-Edwards’s ideas were investigated by other ecologists of the 1960s and 1970s
who searched for mechanisms of population control within species and who under-
stood them in terms of group selection: evolution for the good of the group.15

Kin Selection

Group selection as an explanation for altruism and cooperative behavior was
problematized in the 1970s when a new school of evolutionists called socio-
biologists emerged, led by the writings of William Hamilton, John Maynard Smith,
and Richard Dawkins in England, and by Robert Trivers, George C. Williams,
and Edward O. Wilson in the United States. They agreed that animals possessed
various characteristics that would limit their birth rates, but they argued that ani-
mal birth control was not a matter of individual altruism practiced for the good of
the group, nor was it practiced for the good of the individual, but rather for the
good of their genes.16 Sociobiologists turned evolution into a sort of a game in
which the object is to maximize an individual’s genetic representation in the next
generation—a struggle for existence among DNA molecules, or “selfish genes.”

Altruism was an illusion, and cooperation for the benefit of the group, they
argued, was a myth. Altruistic behavior was easy to account for when it occurred
between family members: by helping a relative, an individual is propagating cop-
ies of its own genes. This idea had been expressed in 1955 by J. B. S. Haldane,
who, after some quick mathematical calculations, and bearing in mind that broth-
ers share on average only half their genes, quipped that he would sacrifice his life
for (just more than) two brothers, four half brothers, or eight first cousins.17

In 1964 Maynard Smith labeled this kin selection.18 The same year Hamilton
independently gave it a mathematical formulation.19 Although altruistic behavior
may lead to individual death, it increased the probability of survival of the genes
the altruist shares with its relatives in the population. This could explain sterility
in insect colonies and the suicidal barbed sting of the worker honeybee. Similarly,
if a human mother risked her life to save her child, it was because she was con-
tributing to the survival of her own genes, which were invested in the child.
Maynard Smith applied the same model to account for the cooperation of cells in
the evolution of development.

The Organism as a Beehive

It was self-evident that a division of labor among cells such that different ones
would specialize in mobility, protection and capture of prey, digestion, reproduc-
tion, and storage had many benefits.20 But how did selection lead to that complex-
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ity? How did development evolve? During the last decades of the twentieth cen-
tury increased attention was given to these questions. Some of the main issues
were brought into focus by the Yale biologist Leo Buss in his book The Evolution
of Individuality (1987).21 He argued that the evolution of development resulted
from the interplay of selection acting at two levels, the individual and the group—
that is, “selection at the level of cell lineage, and selection at the level of the [multi-
cellular] individual.”22

As Buss saw it, much of development consisted in interactions in which one
cell lineage limits the reproduction of another at specific stages while enhancing
its own reproduction. This was prima facie evidence of intercellular competition.
But if selection acted solely on individual cells, would this competition or self-
interest not disrupt integration at the level of the multicellular whole? Buss as-
sumed it would. Therefore, he reasoned that in the evolution of development, cell
variants would have been selected for their effects on the whole multicellular in-
dividual and their ability to limit subsequent conflicts with other cells. Selection
would therefore act on the group as a unit, as well as on the individual cell. In
other words, there would be selection for the good of the group.23 He also sug-
gested that two other mechanisms may have helped to ensure that cells carry out
their functions and to prevent a mutant rogue somatic cell from becoming a germ
cell: maternal control of early development and the evolution of a specific cell
lineage to become a sex cell early in development (for example, segregating the
human germ line on the fifty-sixth day of the embryo’s gestation).

Buss’s theoretical treatment led to a renewed interest in the problem. But
Maynard Smith rebutted his arguments about selection for the good of the group.
Smith sketched out an alternative model, which he later elaborated in his acclaimed
book with the Hungarian biologist Eörs Szathmáry, The Major Transitions in Evo-
lution (1995).24 They adopted a bottom-up explanation of how integrated wholes
evolved despite selection between their components favoring selfish behavior.
They asked, what cooperative mechanisms needed to be developed to prevent one
kind of lower reproductive entity from getting out of hand? The aggregation of
once-independent molecular “replicators” or “selfish genes” within a membrane-
bound structure led to the first cell, and their further placement on chromosomes,
they argued, was an evolutionary strategy designed by selection to prevent “cheat-
ing” among them. But they insisted that no additional mechanisms were needed
to prevent cheating among cells in the evolution of development. In his discus-
sion of group selection, Buss had failed to mention a crucial fact: all the cells of
the individual are genetically identical. Just like sterile insects in a colony, cells
would forfeit reproduction for identical sister cells and therefore behave in the
interests of the organism as a whole (the group) because when one cell helps a
genetically identical cell, it is propagating its own genes.25

Maynard Smith and Szathmáry also rejected the idea that maternal control over
early development and germ-line segregation were crucial conditions for multi-
cellularity. The emergence of the eukaryotic cell type between 1.5 and 2 billion
years ago provided all the organismic conditions for the differentiation of tissues,
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organs, and organ systems of plants and animals. Mitosis was crucial: it ensured
that chromosomes were distributed to daughter cells and that the plane of cleav-
age was at right angles to the spindle, and it provided the opportunity for unequal
distribution of cytoplasmic components, the basis for cell divergence and differ-
entiation. Cell adhesion is, of course, a phenomenon in many protists (as well as
bacteria) that form colonies, and evidence indicated that cell-to-cell signaling is
present among protists as well. So, it was argued, given these characteristics of
the eukaryotic cell, little more was required to generate embryonic development.
Differentiation and spatial patterning, crucial aspects of embryonic development,
also appear well developed in protists, such as Paramecium or Tetrahymena (see
chapter 17).26 Maynard Smith and Szathmáry offered two alternative reasons for
the evolution of a separate germ line.27 A specialized gamete lineage may have
been advantageous in keeping mutation rates lower. And because various epige-
netic mechanisms are involved in somatic cell heredity when gametes are pro-
duced, all genes must be “reset” to a totipotent state.

The Lessons of Sociobiology

While gene selection could explain cooperation between closely related individu-
als, how could one explain cooperative behavior between individuals in which
relatedness was comparatively low, such as grooming among birds and mammals
or when one human saves another from drowning? To account for our kindness
to strangers, sociobiologists employed the theory of reciprocal altruism, devel-
oped by Robert Trivers in 1971. He argued that natural selection operated on in-
dividuals in such a way as to ensure that acts of kindness can be recognized and
reciprocated, with the result that the net fitness of both participants is increased.
Again the idea was simple: “you scratch my back and I’ll scratch yours.” All al-
truistic acts are only apparent; they are actually carried out with the expectation
of a payoff later on.28 Trivers further suggested that many of our psychological
characteristics, such as envy, guilt, gratitude, and sympathy, were genetically
determined and shaped by natural selection for improved ability to cheat, to de-
tect cheats, and to avoid being thought to be a cheat.

In 1975, the Harvard entomologist E. O. Wilson published Sociobiology: The
New Synthesis, in the last chapter of which he stated that xenophobia, deceitful-
ness, aggressiveness, and many social organizations had deep biological roots.29

His book was followed by several others that argued for a causal linear link from
genes to society, none better known than of Richard Dawkins’s blockbuster The
Selfish Gene (1976). All of Dawkins’s arguments were dedicated to the same re-
ductionist point: that cooperation could be explained as a winning strategy through
which an individual, “blindly programmed to preserve selfish genes,” could best
promote its own survival. He described humans as “giant lumbering robots” under
the control of our genes, which “have created us, body and mind.”30 Any coop-
erative trait would be selected for if the trade-off value resulted in more benefit
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than harm to individuals with similar genes. As regards environmentalism, the
issue of short-term individual self-interest versus cooperation for the common good
was aptly phrased in the title of Garrett Hardin’s famous essay of 1968, “The
Tragedy of the Commons”:

Entities that pay the costs of furthering the well-being of the ecosystem as a whole
will tend to reproduce themselves less successfully than rivals that exploit their
public-spirited colleagues, and contribute nothing to the general welfare. Hardin
(1968) summed the problem up in his memorable phrase “The tragedy of the com-
mons” and more recently (Hardin 1978) in the aphorism, “Nice guys finish last.”31

As T. H. Huxley had argued generations earlier, Dawkins maintained that there
was a discontinuity between cosmic evolution and human morality. “Be warned
that if you wish as I do, to build a society in which individuals cooperate gener-
ously and unselfishly towards a common good, you can expect little help from
biological nature. Let us try to teach generosity and altruism, because we are born
selfish.”32

Ethics, aesthetics, politics, culture, war, and religion all fell within the scope
of sociobiological inquiry. All were to be put on a firm universal biological basis.
Sociobiologists sought more complex scenarios to explain risking one’s life for
the group, as in the case of war. And, following Hobbes, they argued that coop-
eration between egoistic individuals required a central government, payment of
taxes, and other social forces that counteract our basic human nature.33 But did
ahistorical, universal human traits that were determined by a struggle between DNA
for supremacy and dominance really exist? Are contemporary societies the inevi-
table result of our human nature?

About Just-So Stories

Sociobiological writings incited heated debates.34 Coming at a time of movements
for social change, their biological determinism—their advocacy of a chain of
causality from genes to society—was taken by many biologists and philosophers
as being designed to stifle a will to reform, just as had social Darwinian writings
of a century earlier (see chapter 4). The Harvard evolutionists Stephen Jay Gould
and Richard Lewontin, and the “science for the people” group in the United States,
argued that the forms of human societies are only remotely associated with our
genes, and that it is absurd to conceive of human cultural history as a by-product
of our genes, an evolutionary product of natural selection. They protested that the
biological determinists’ conjectures and concepts transcended science and only
reflected and reinforced a conservative establishment. At the surface of sociobio-
logical theory, critics charged, was the obvious ideological commitment to mod-
ern entrepreneurial, competitive, hierarchical society, and deeper was the ideology
of the priority of the individual over the collective. As Lewontin quipped, “De-
spite the name sociobiology, we are dealing with a theory not of social causation
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but of individual causation.”35 Critics argued that sociobiologists’ evolutionary
reasoning was fundamentally flawed on three grounds:

1. The notion that individual genes were made visible to selection because of
their more or less direct one-to-one relationship with particular phenotypic
features was an integral feature of the sociobiological approach. However,
many evolutionists emphasized that an individual gene is seldom directly
exposed to selection. Such exposure is usually in the context of its entire
genotype, and since a gene may have different selective values in different
genomic contexts, it is highly unsuitable as the target of selection. Thus,
the individual organism, the phenotype, would be the main target of selec-
tion, not the gene.36 This issue has become only more salient as molecular
biologists increase their understanding of the complex relationships between
genes and phenotypes, and as the very concept of the gene has become ever
more abstract (see chapter 17).

2. Sociobiologists tended to treat every evolved trait as if it were an adaptive
trait, that is, as the product of selection. This panselectionism was the main
target of Gould and Lewontin’s influential paper of 1978, “The Spandrels
of San Marco and the Panglossian Paradigm: A Critique of the Adaptationist
Program.”37 To caution evolutionists from assuming that every phenotypic
trait is an adaptive trait designed by natural selection, they drew an analogy
with the architecture of the basilica of San Marco in Venice. The tapered
spaces, that is, the spandrels (or pendentives) between the archways sup-
porting the doomed roof, were beautifully decorated in a way that made
splendid use of the triangular space, almost as if these spaces were made
for that very artistic purpose. However, they were not designed for that
purpose at all; they were just an architectural by-product of employing arches
to support a domed room.

One could not simply assume that a structure arose for its present pur-
pose, nor that it had an adaptive purpose then or now and had therefore
evolved by natural selection. Appreciating this point was also important for
understanding the early evolution of complex organs such as the wings of
a bird or insect: before they were used for flying, proto-wings had other
purposes.38 Evolutionists sensitive to the fallacy that all structures arose for
their present purpose have invoked Voltaire’s Dr. Pangloss: “Things can-
not be other than they are, for since everything was made for a purpose, it
follows that everything is made for the best purpose. Our noses were made
to carry spectacles, so we have spectacles. Legs were clearly intended for
breeches, and we wear them.”39 That every trait was adaptive and arose by
natural selection had long been ridiculed by biologists advocating saltationist
views of evolution, such as William Bateson, who pointed to the Panglossian
paradigm of his adversaries in 1914. “Naturalists,” he wrote, may still be
found expounding teleological systems which would have delighted Dr.
Pangloss himself, but at present few are misled.”40 Gould and Lewontin’s
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“Spandrels” paper led evolutionists to question the excesses of a purely
adaptationist approach and to reconsider the importance of developmental
constraints on evolution as well as the importance of external factors in
mediating the relationship between genotype and phenotype.41

3. Sociobiologists’ views, critics argued, were based on trying to find features
common to all human societies, invoking genes to explain them, and then
making up a story about how they evolved. Insisting that the gene was the
primary target of selection, sociobiologists had often invoked a gene for
this and a gene for that. Dawkins, for example referred to the “kin-altruism
gene.”42 Gould launched one of the strongest critiques of sociobiologists’
accounts when he argued that, in their art of storytelling, sociobiologists
often fall prey to the temptation to tell “just-so stories” with no more valid-
ity than Rudyard Kipling’s creative fairy tales about how the leopard lost
its spots, how the camel got its hump, and how the elephant got its trunk.43

Sociobiology and its recent offspring, evolutionary psychology, have
spawned societies, journals, and an ever-expanding program of research,
and sociobiologists have insisted that they have outgrown the charges of
“naive” genetic determinism.44 Indeed, they and other panselectionists have
continually addressed their critics.45 In 1987, Dawkins ridiculed “naive crit-
ics” who believed that neo-Darwinists wasted their time looking for “genes
for this and that trait.” The genotype, he asserted was not a “blueprint” but
a prescription, “a recipe” (as for baking a cake), “a set of instructions” for
how to assemble the body (see chapter 17).46

Sociobiologists insisted that their views were not politically motivated, and
that they were not fantasies but scientifically testable hypotheses, driven by
data.47 Despite such rebuttals, it was often difficult to see some sociobiolo-
gists’ accounts as anything other than political, as exemplified in the follow-
ing description of the origin of sex by Sarah Blaffer Hrdy, who, in her book
the Woman That Never Evolved (1983), wrote about “the initial inequality”:

Sex, it is now thought, began as a simple act of hijacking when, some several bil-
lion years ago, a small cell waylaid and merged with a bigger one, richer in sub-
stance and nutrient. . . . Competition among small cells for access to the larger ones
favored smaller, faster, and more manoeuvrable cells, analogous to sperm. The
hostages we might as well call ova.48

The problem with this account is not simply that cells like ours were not
around “several billion years ago,” but with the language of “waylaid,” “hi-
jacking,” and “hostage,” and with the implication that male domination has
a fundamental biological basis. Hrdy’s account is an egregious illustration
of how assumptions about the universal nature of human social relation-
ships are used to explain nature, and then, coming full circle, this version
of nature is used to explain human social inequalities.

Actually, other evolutionists argue that the origins and maintenance of
sex may have evolved by selection operating at three different levels: the



The Evolution of Relationships 261

group, the individual, and the gene.49 Sex is generally understood to have
been of adaptive value at the population level because of the enormous
genetic diversity it can generate by genetic recombination. It may have also
allowed individuals to produce more offspring because the differences among
offspring may increase chances that some will survive under changing cir-
cumstances. However, sex may not have originated for those reasons. The
genesis of sex in eukaryotes involving haploid and diploid phases is still
uncertain, but the textbook answer since the 1980s is that sex arose as a way
to minimize DNA damage due to copying errors.50 The early stages of
meiosis, in which the two copies of each chromosome line up and pair with
each other, may have originated as a mechanism for repairing double-strand
damage to DNA by using the undamaged version of the chromosome as a
template or guide to fix the damaged one.

Despite detailed critiques of genetic determinism over the past thirty years, the
idea that our behavior and fate can be read in our genes (collectively or individu-
ally) remains as attractive to some today as astrology was for some Renaissance
scholars. So too is the idea that, because of human nature, society is pretty much
the way it has to be. Sociobiology sells. In a fin-de-siècle best-seller, The Spirit of
the Gene, endorsed by leading biologists (including E. O. Wilson), it is argued
that the notion of cultural influence on human behavior is an illusion, and talk of
“cultural history is misleading.”51 Culture, it is asserted, is merely a “genetic feed-
back mechanism” designed to fool us into believing that genes are not in control.
“Morality is a shrewdly fashioned genetic propaganda device designed to heighten
our mystical gullibility and conceal from us the real source of our behavior, of
both heroes and villains—our genes.”52 Capitalism is a “genetic imperative.” Our
species is thus destined to destroy itself through overpopulation, technological
growth, and consumerism, and there is nothing we can do about it because it is
not a question of values, politics, economics, or social history; it is in our genes,
our evolution. The author intimates that we actually live in a virtual reality con-
structed by a computerlike program running in our DNA. These pernicious asser-
tions, of course, amount to irrefutable metaphysics, since all arguments to the
contrary would be neither mine nor yours, but merely the author’s predicted re-
sponse of our genes.

Symbiotic Ties

Sociobiology was mainly concerned with relationships between individuals of a
species and with expanding biological explanation to human societies and human
social history. But what about relationships between species? How could biolo-
gists account for the evolution of stable symbiotic relations between microbe and
host? Ever since the word “symbiosis” was used for contiguous associations be-
tween different kinds of organisms in 1876, two competing definitions have per-
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sisted.53 Some biologists have used it, with Anton de Bary, to include parasitic
relationships, and others have used it to mean solely mutualistic relations (see
chapter 19). By the early twentieth century, the word was most often used in op-
position to parasitism to mean mutualism. Some experimental biologists were
reluctant to use the term because it had an unscientific aura of teleology insofar as
it seemed to imply “cooperation for a common good.”54 The Gaia hypothesis,
proposed by James Lovelock and by Lynn Margulis in the 1970s, had the same
aura when, in one of its early forms, it postulated that the biosphere itself was a
superorganism based on reciprocal relationships between species cooperating for
a common good.55

Certainly, no post-Darwinian evolutionist would suggest that natural selection
could favor the development in one species of a behavior pattern that is beneficial
to another, if that behavior were either detrimental or of no selective value to the
species itself. Biologists have generally insisted that symbiosis is driven by conflict
and competition, which sometimes may result in a balanced relationship. None-
theless, there is no unified Darwinian view about the nature of symbiosis. From
the nineteenth century to the present there have been two opposing conceptions
of the relationships between symbiotic microbes and their host plants and animals:
some saw the microbial partners as parasites, others saw them as slaves. The
Harvard ecologist Roscoe Pound spoke for many when he wrote in 1893:

Mutualism of the kind we meet with in the vegetable kingdom involves sacrifice on
the part of the host. The parasite is not there gratuitously. It is there to steal from its
host the living it is hereditarily and constitutionally indisposed to make for itself. If
the host gains any advantage from the relation, it can only do so by sacrificing—by
giving the parasite the benefit of its labor that it may subsist.56

That the (“lower”) microbial partner was a thief, stealing the host’s rightful in-
heritance and living at the expense of the (“higher”) host’s labor, was a common
assumption. Even when relations seemed more stable and mutualistic, biologists
emphasized that they could easily become parasitic, depending on environmental
conditions. For example, the fungi attached to the roots of the Scotch heather
brought nutrients it absorbed from the soil in exchange for sugars from the plant.
But the relationship works this smoothly only when the soil is poor in nitrogen;
increase the nitrogen and the fungus grows too vigorously, becomes a parasite,
and may kill the plant.57

The alternative perspective—that the microbial partner was actually a slave (a
view that contrasted with the germ theory of disease)—arose from the lack of evi-
dence for any apparent benefit to the microbial partners in many cases of so-called
mutualism.58 Certainly there were lots of stories about microbes exchanging lodg-
ing for food, but these were just-so stories. Experimental evidence was lacking. As
late as 1987, David Smith and Angela Douglas could remark that “there has been
no complete and rigorous experimental proof that any symbiosis is mutualistic.”59

Over the past century, a host of anthropomorphic metaphors—slavery, con-
sortium, and the relations between men and women, among nations, and between
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humans and domesticated plants—have been used by biologists to describe and
understand symbiosis.60 But as the Sorbonne zoologist Maurice Caullery cautioned
in 1952, “The double danger of research into this type of phenomenon lies, on the
one hand, in bringing to them preconceived ideas of too subjective a nature, bor-
dering on an illusory anthropomorphism, and on the other hand, trying to reduce
complex facts to simple elementary reactions.”61 Nonetheless, descriptions of
symbiosis in terms of human social relationships continued. When commenting
about the symbiotic origin of mitochondria and chloroplasts in his well-known
text An Introduction to Molecular Genetics (1971), Gunther Stent expressed his
view of the politics of the cell, in terms of international cooperation, not as mutu-
alism but as its exact social Darwinist antithesis: “Thus a eukaryotic cell may be
thought of as an empire directed by a republic of sovereign chromosomes in the
nucleus. The chromosomes preside over the outlying cytoplasm in which formerly
independent but now subject and degenerate prokaryotes carry out a variety of
specialized service functions.”62

Such political analogies, as well as the “master-slave” interpretation of intrac-
ellular relations, were common among biologists. But in more popular writings,
symbiosis was more often interpreted as mutualism. In his award-winning book
The Lives of a Cell (1974), Lewis Thomas insisted that the perception of mito-
chondria and chloropasts as “enslaved creatures,” captured to provide ATP or
carbohydrate and oxygen for their hosts, was merely anthropocentricism.63 Far
from being a case of one-sided exploitation, he assured his readers,

there is something intrinsically good-natured about all symbiotic relations, neces-
sarily, but this one, which is probably the most ancient and most firmly established
of all, seems especially equable. There is nothing resembling predation, and no
pretense of an adversary stance on either side. If you were looking for something
like natural law to take the place of the “social Darwinism” of a century ago, you
would have a hard time drawing lessons from the sense of life alluded to by chloro-
plasts and mitochondria, but there it is.64

Others turned to computer modeling and game theory to understand microbial
symbiosis. Concern over international relations and especially the risk of nuclear
war led Robert Axelrod, a political scientist, to team up with William Hamilton in
1981 to model the evolution of cooperation.65 They thought that the game-theoretic
approach would also be useful for understanding how such a “mutually advanta-
geous symbiosis” as the lichen could originate and be maintained in a world of
egoists without central authority, and for understanding the “defection” of resi-
dent bacterial symbionts into pathogenic parasites, or latent viruses into cancer-
causing agents, if a human host becomes old or seriously ill.66

Their conclusions were formed by pitting various strategies against one an-
other in a round-robin computer tournament of the famous “prisoner’s dilemma”
game, based on two egoistic players responding to each other’s previous moves
of defecting and cooperating. For long-term, evolutionarily stable relationships,
they advocated a program of “tit-for-tat” developed by Anatol Rapoport. It be-
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gins with a cooperative choice and from then on the second player does what the
first player did on his or her previous move. Axelrod and Hamilton thought this
strategy would account for such mutualisms as a hermit crab and its sea-anemone
partner, a cicada and the colonies of microbes living in its body, and a tree and its
mycorrhiza.67 Axelrod also had advice for national leaders about developing a more
cooperative world: “Don’t be envious, don’t be the first to defect, reciprocate both
cooperation and defection, and don’t be too clever.”68

Based on mathematical and other formal analyses, leading ecologists and theo-
retical evolutionary biologists of the 1970s and 1980s, such as Robert May and
George Williams, insisted that mutualistic interactions between two or more spe-
cies were unstable, and consequently rare and evolutionarily unimportant.69 It had
often been assumed, particularly in medical texts, that the coevolution of host and
parasite would naturally develop either toward avirulence or toward a state of
peaceful coexistence.70 But this view was also contradicted.71 Several theoreti-
cians argued that the way the microbes are transmitted, whether vertically (from
parent to offspring) or horizontally (from host to unrelated individuals), was im-
portant in determining whether the coevolution of host and virus or bacterium
would develop toward mutualism or parasitism.72 A vertical mode of transmis-
sion through the reproduction of the host would result in selection pressure away
from parasitism and toward mutualism because harming the host would reduce
transmission of the microbe. Thus, one would expect bacteria transmitted verti-
cally through the eggs of aphids, the gut bacteria of a newborn acquired from
suckling its mother’s breast, or the symbionts acquired by larval termites from
licking their mother’s anus to evolve toward peaceful coexistence because only
those bacterial mutations that benefited the host would be selected.

In 1995, Maynard Smith and Szathmáry promoted the view that all endosym-
bionts inherited through the cytoplasm of their hosts are best understood as “en-
capsulated slaves.”73 To understand the evolution of mitochondria and chloroplasts
they added another principle, “central control,” pointing to the evidence that most
of the genes once present in these symbiotic organelles have been transferred to
the cell nucleus. They liken this to human societies in which cooperation is en-
forced by some form of central authority; the transfer of genes to the nucleus was
comparable to “paying taxes.”74 Thus, concepts and analogies borrowed from
human social relations remain embedded in discussions of the symbiotic relations
between microbe and host, which experimentalists argue frequently defy static
categorization in terms of mutualism and parasitism. Social relations of intracel-
lular symbionts and their vestiges are added to the technological metaphors—the
messages, codes, and circuitry of information society governed by a master mol-
ecule—as the analogies in science, often forgotten as such, come full circle.

Universal models are often as difficult to maintain for microbes as they are for
humans. Microbial evolutionists themselves continue to discuss how and why
exactly the bacteria that gave rise to mitochondria might have become encapsu-
lated in the cell. The standard account was indeed that the captured bacterium that
became the mitochondrion lost the bulk of its genes to the nucleus. The magni-



The Evolution of Relationships 265

tude of the loss can be seen from comparing the number of genes between mito-
chondria and free-living bacteria. The number of genes located in mitochondria
in different species range from 2 in Plasmodium falciparum, the human malarial
parasite, to 67 in Reclinomonas americana (human mitochondria contains about
13 genes), whereas the smallest genome of any free-living bacterium (Bartonella
henselae) is composed of about 1600 genes.75 Gene loss was obvious, but their
actual transfer to the nucleus was called into question during the 1990s when
microbial evolutionists offered alternative scenarios.76

That all hereditary symbionts are encapsulated slaves is contradicted by the
most widespread hereditary “infection” in animals: bacteria of the genus
Wolbachia are inherited through the cytoplasm of the eggs of 20 to 70 percent of
all insect species as well as many other invertebrates, from shrimp to worms (see
chapter 19). They cause cytoplasmic incompatibility between strains and species.
Far from being captives or being centrally controlled by a “parliament of genes”
in the nucleus, Wolbachia manipulate the reproduction and development of their
hosts so as to maximize their own reproduction and transmission through the egg:
they cause parthenogenetic induction, they can convert genetic males into repro-
ductive females, and in some species they systematically kill males they infect.77

Biologists have only begun to understand the significance of microbial symbionts
in development, heredity, and evolution. Life abhors inflexible rules.
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Epilogue

     and conceptual oppositions of the nineteenth
century are still present at the beginning of the twenty-first century: religion and
vitalism versus evolution and materialism, structuralism versus functionalism, re-
ductionism versus holism, gradualism versus saltationism, selectionism versus
nonadaptationism, the inheritance of acquired characteristics, and nurture versus
nature. What has changed is not so much the nature of the ideas but the evidence
supporting them and the intensity of the debates.

The great consensual advances in biology are equally obvious. Paramount
among them are the transmutation of species and the cellular basis of life. The
advancement of biology has taken various forms. It has proceeded by the removal
of contradictions (e.g., blending inheritance and Darwinian theory) and has often
been expressed in terms of the resolution of paradoxes (none more persistent than
differentiation among cells possessing identical genomes). Biology developed by
opening black boxes (the molecular biology of the gene) and by making better
statistical predictions (exemplified in Mendelian laws and in population genet-
ics). It also progressed through establishing causal connections between previ-
ously unconnected phenomena (in particular, the role of the cell and its constituent
parts in development and heredity).

Biology’s evolution took other shapes as well. Fast-paced, cutting-edge biol-
ogy proceeded by reducing complex phenomena to simple explanations, and it
maintained conceptual order through oversimplification. The validity of a hypoth-
esis depended on the validity of the purpose, its usefulness, or its heuristic value.
American pragmatists moved along these lines in their approach to the nature of
the gene and gene function during the first half of the twentieth century. What-
ever the merits of the concept of the organism as an integrated whole, one could
question its fruitfulness as a research program. The limits of progress by reduc-
tionism and oversimplification have become ever more conspicuous in recent
decades as concepts of evolution, individual organism, and gene function have
become more complex. After all, by the early 1960s, most biologists might have
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agreed that Mendel’s laws apply to all inheritance in eukaryotes, most geneticists
would have agreed with the one-gene: one-enzyme theory, and molecular biolo-
gists espoused the central dogma, and the control of development by a genetic
program. In evolutionary theory, common descent, natural selection, population ge-
netics, and the biological-species concept were accepted as universal certainties.

Yet today, biologists would agree that Mendel’s laws do not apply to all in-
heritance in eukaryotes, the one-gene: one-enzyme theory is incorrect, and so
too is the central dogma. Proteins are acknowledged to play much more active
roles in genetic regulation and heredity than the doctrines of classical molecu-
lar biology had ever allowed. Molecular biologists now speak of split genes,
RNA editing of gene expression by spliceosomes, chaperon proteins necessary
for correct folding, and prions that are self-perpetuating and infectious. Molecu-
lar biologists have come to recognize that genes are neither discrete entities nor
simply regions of DNA. Instead, they return to the viewpoint common in the
first decades of the century of genes as abstract, operational entities: a way of
speaking. We also have to consider the role of cell structures as guidance mecha-
nisms for the ordering and arrangement of new cell structures. And in multicel-
lular organisms, one has to attend to effects of cellular interactions far removed
from DNA.

In contemporary evolutionary theory, common descent, the evolutionary
“tree,” and the biological species concept do not hold for the bacteria (sensu
lato), among which horizontal gene transfer is rampant and evolution is reticu-
lated. Panselectionism is questioned in relation to characteristics at all levels, from
molecules to body plans and adult traits. While paleontologists consider punctu-
ated evolutionary change, others reconsider symbiosis and the inheritance of ac-
quired microbes in the great transition from bacteria to eukaryotes and in the
subsequent evolution of eukaryotes. The Weismannian doctrine of one-genome:
one-organism is replaced by a multigenomic concept of the “individual.” All of
this extends far beyond the tenets of the neo-Darwinian synthesis.

Creationists often use debates in evolutionary theory to imply that a view of
evolution operating by natural forces undirected by God is incorrect. Obviously,
none of the issues discussed above implies a return to pre-Darwinian teleology.
Evolutionary theory is evolving as it should, and so too is cell theory. Of course,
not all biologists may agree, or even be aware that such changes and challenges
to accepted doctrines have occurred; synthesis often lags years behind research
within specialties. DNA is still taught as the orchestrator of development, despite
evidence to the contrary, and evolutionary change is still taught as population
genetics, despite evidence for other important processes.

Advances in one direction have been accompanied by losses in others. Embry-
ologists have long protested against gene-centered views of development, argu-
ing that there was a hierarchy of levels of determination, as did those who studied
intracellular morphogenesis. The same holds true for symbiosis in heredity, de-
velopment, and evolution. Symbiosis researchers had long complained that they
were ignored or discounted by those upholding the doctrines of their specialties.
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The ideas about microbial symbiosis that emerged at the end of the century had
been around since the nineteenth century. (Even horizontal gene transfer in bac-
teria, recognized at the turn of the twenty-first century to be so important, had
been known fifty years earlier.) At any particular time, there is a hierarchy of
specialties with assertions about the importance of one approach over another.
This struggle for authority in science is not simply a matter of rhetoric, but of
efficacy of techniques and/or institutional power, which have combined in differ-
ent ways to determine relationships between groups in various global and local
settings; and they have shaped the modern life sciences ever since Lamarck.

Improvements in techniques and instrumentation have directed the develop-
ment of many aspects of the life sciences, from paleontology to genomics. For
example, the invention of the microscope in the late sixteenth century, the simple
lens, the achromatic lens, the oil immersion lens, the electron microscope, refine-
ments in staining and fixing, and the microtome have driven cytology. Molecular
biology has evolved by technological advances from crystallography and chro-
matography to nucleotide sequencing, which has transformed so much of biol-
ogy. Choice organisms have also been vital: Ascaris and sea urchins for studies
of fertilization and embryology, Drosophila for classical genetics, Neurospora
for biochemical genetics, and bacteria and its viruses for molecular biology. Ex-
perimental objects play a determining role in both the kinds of questions that can
be posed and the kinds of answers received. The concept of self-assembly worked
for viruses, but not for Paramecium. Concepts of gene regulation based on bacte-
ria were complicated by studies in eukaryotes. What was true for an elephant was
not true for a bacterium.

It would be a serious mistake, however, to believe that the history of biology is
nothing more than a history of the effects of technical improvements. The relative
importance assigned to questions that manage to be posed and the kinds of an-
swers it is possible to obtain are determined by both private and state funding.
Much of biology has reflected commercial ends, from genetics and the rise of
biochemical genetics and molecular biology in the 1940s to the Human Genome
Project of the 1990s. The successful funding of science for applied purposes is
not a matter of directly determining theories, as in Nazi eugenics or reckless
Lysenkoist legislation, but of establishing and reinforcing research programs and
specialties that themselves determine theory. Hence, debates over theories have
often involved tensions over funding research in “pure” science in opposition to
that reflecting commercial interests.

Charges of foul play upon an unfair field of competing theories and approaches
have become more and more the norm as biological knowledge has become knowl-
edge for some applied purpose. They have been made by those investigating cel-
lular morphogenesis against gene-centered approaches to cell biology, and by
microbial evolutionists in competition with the medically justified Human Genome
Project. They have also been made by symbiosis researchers against the heavily
medically funded view of bacteria as disease-causing germs. While research on
microbial phylogeny and symbiosis once struggled in relation to genetics and
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medical perspectives on microbes as germs, today the growth of molecular evolu-
tion and microbial phylogeny, as well as studies of symbiosis and horizontal gene
transfer, relies in part on these specialties’ association with the medical and agricul-
tural industries. The perceived imbalance between pure and applied science may
also reflect attitudes about the nature of science as a vocation and as a business.

Still a larger influence from society permeates biology. The social context of
science has played a fundamental role in the development of concepts, sometimes
implicitly, sometimes explicitly. This is obvious in the technological conceptions
of the cell in terms of codes, circuitry, and cybernetics developed during the 1950s
and 1960s in the age of communication. But biology is concerned with history,
interaction, and organization, and as such, it is also closely related to the social
sciences.

Generations of biologists and social theorists have shared central concepts.
Adam Smith’s concept of division of labor, used by Darwin for his concept of
divergence and speciation and based on Malthusian principles, was abandoned
by the architect of the evolutionary synthesis, who replaced it with geographic
isolation and statistical changes of genes within populations. But the concept of
the division of labor remains central to the contemporary concept of the organ-
ism, as articulated in the cell theory. Analogies drawn from sociopolitical orga-
nization and from theories about human socioeconomic progress and political
structure are as evident deep within organisms as they are in theories about the
relationships between them. An individual organism today is generally conceived
as an integrated system characterized by relations of interdependence, with regu-
lating checks and balances between entities, molecules, cells, and microbes. The
existence of an organism depends on the cooperation of its parts.

The concept of the division of labor was thought to be as applicable to the or-
ganization of biology as it was to the organisms biologists studied. This liberal
nineteenth-century view of progressive biology, with its close affinity with the
doctrine of laissez-faire, was the product of a composed, self-confident outlook.
Let everyone specialize and get on with his or her job, and the “hidden hand” would
take care of the harmony of biology, as it would regulate the world at large. The
fact of the animal organism itself was a demonstration of the supreme truth of a
beneficent progress toward higher things.

Fierce specialization has accompanied the growth of the life sciences; a ge-
nealogical tree of specialties could be made. But the innocent nineteenth-century
view of a harmonious whole was shattered in the twentieth century as one spe-
cialty overpowered another: genetics swept over experimental embryology and
natural history, only to be succeeded by molecular biology, which in turn “in-
truded” into evolutionary biology. The relationships between specialties only re-
sembled a functional division of labor, a mutual aid society working together for
the benefit of the whole.

However, the growth of the life sciences has not simply been a matter of con-
flict and divergence; it has also involved convergence, integration, and coopera-
tion. This interdependence is apparent at every level of scientific activity—from
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the collaborative work in the laboratory to the references in a scientific paper. This
is why scientists and scholars often have so much difficulty assigning discoveries
to individuals, and when they do, they risk creating fictitious chimeras. The dis-
tortion of history is not just a matter of looking at the past exclusively for contri-
butions past scientists have made to the current (correct) interpretation. Victors
slant the history of their opponents, and they slant the history of their heroes (Dar-
win, Mendel, Garrod, et al.), trimming off ideological taint, ambiguity, and false
concepts. Scientists thus usually take a pragmatic approach to history. The value
of their accounts depends on their merits in fortifying the veracity of current ideas
and raising the spirits of the scientist. Of course, no such theory of history has
been professed, but the practice in classroom and texts, where a simple tale rides
roughshod over facts, is no less apparent.

Evolution by association is as apparent between specialties as it is between
individuals. Specialties do not survive long in isolation. Information is not just
passed on vertically from one generation of specialists to the next, it is also passed
on horizontally between specialties. This has been a macromechanism of change
in the evolution of biology. New disciplines and even entire fields have resulted
from the integration of ideas and techniques from once-independent specialties.
The emergence of evolutionary theory in the nineteenth century itself is a triumph
of synthesis of comparative morphology, paleontology, geology, and natural his-
tory. The fusion of cytology, breeding, and statistical reasoning formed classical
genetics. The merger of genetics, population biology, and natural history led to
the Darwinian renaissance of the 1930s and 1940s. The intermingling of techniques
from physics and chemistry with those of microbiology and genetics resulted in
the field of molecular biology. Research on developmental and hereditary sym-
biosis has relied on molecular biological approaches, as have investigations of
prokaryote diversity and evolution. And we can see further how studies at the
molecular level have to be combined with (not replace) those at higher levels to
advance biology. Diversity and mixing have been creative forces in the life
sciences, just as they have been in our larger social history.
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