© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical

means without prior written permission of the publisher.

CONTENTS

Preface  xv

1 Ancient Greece and Rome
The Facts
The Birth of Biology

Overview of Ancient Greek and Roman
Biological Sciences

Hippocratic Medicine
Aristotle
Galen’s Physiology
Pliny the Elder’s Natural History
The Atomists
Historical Overview

The Role of Experimentation in Greek
Science and Particularly in Life Sciences

Anaximander and the Atomists: The Futile
Search for Pioneers

Contemporary Relevance
Mechanistic and Molecular Explanations

The Role of Analogy

For general queries, contact webmaster@press.princeton.edu

10

11

11

13
17
17
18



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

Vi CONTENTS

The Beginnings of the Chain of Being
Pliny’s Legacy

Ever-Present Finalism

2 The Middle Ages and Arab-Muslim Science
The Facts
The Arab-Muslim World
The Middle Ages in the West
Historical Overview
Contemporary Relevance
Scientific Progress Is Not a Given

Less Obvious Contributions to the
Development of Science

3 The Renaissance (Sixteenth Century)
The Facts

Progress in Anatomy and Depictions of the
Human Body

Books on Natural History

Alchemy in Medicine: From Paracelsus to
Van Helmont

Historical Overview

A Fascination with Dissections

The Role of Alchemy

Changes in the Social Structure of Science
Contemporary Relevance

Finding the Right Distance from the Past

For general queries, contact webmaster@press.princeton.edu

19
20

20

22
23
23
26
28
31
31

32

33
34

34
38

41
45
45
46
47
48
48



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

CONTENTS Vil

New Techniques Bring New Sources of Error

Aging as a Form of Poisoning

4 The Age of Classicism (Seventeenth Century)

The Facts
The Discovery of Circulation

The Development of Quantitative
Experiments

The Invention of the Microscope and Its
Consequences

Historical Overview
The Not-So-Obvious Case of Circulation

The Mechanistic Model of Life and Its
Limitations

The Incomprehensible Theory of

Preformationism

Invisible and Indirect Changes
Contemporary Relevance

The Machines in Front of Us
Vestiges of Preformation Theory

Accepting the Plurality of Approaches
in Biology

Translational Medicine Is Not New

s The Enlightenment (Eighteenth Century)

The Facts
Vitalism

Classification: Linnaeus versus Buffon

For general queries, contact webmaster@press.princeton.edu

50
50

52
52

57

63
67
67

67

69
70
72
72
72

73
73

75
75
75
78



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

viii CONTENTS

Reproductive Physiology

The Role of Breathing Becomes Clear
Historical Overview

Variations on Vitalism

Classification versus Evolution

Classifying Humans

Priestley and Lavoisier: Only the First Step
Contemporary Relevance

A Natural Classification?

Comparing Plants and Animals

Maupertuis, the Father of Self-Organization?

The Nineteenth Century (Part I): Embryology,
Cell Biology, Microbiology, and Physiology

The Facts
Embryology Becomes an Established
Discipline
The Emergence of Cell Theory
The Rise of Germ Theory
Physiology’s Golden Age

Historical Overview
The Roots of Cell Theory

Scholars Trapped by Their Own Philosophical
Ideas?

The Tension between Chemical Explanations
and Structural Models

Was Embryology Holding Out for Evolution?
1859: A Remarkable Year

For general queries, contact webmaster@press.princeton.edu

86
94
97
97
99
99

100
101
101
102

103

105

106

106
109
120

131
143
143

145

150
151

151



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

CONTENTS ix

Contemporary Relevance
The Disappearance of Traditional Disciplines
in Biology
The Endogenous or Exogenous Origins of

Diseases

The Debate on Cerebral Localization

7 'The Nineteenth Century (Part II): The Theory
of Evolution, the Theory of Heredity,
and Ecology

The Facts

Lamarck: An Early Version of the Theory
of Evolution

The Contribution of Georges Cuvier
The Second Wave of Transformism: Darwin
The Theory of Heredity

The Reception of Darwin’s Theory and the
Eclipse of Darwinism

From Biogeography to Ecology
Historical Overview

A Moving History

The Birth of a Science of Heredity

Biology: A Comparative Science, according to
Auguste Comte

Darwinism and Ecology: A Complex
Relationship

Biogeography
The Epistemological Originality of the
Darwinian Model of Natural Selection

For general queries, contact webmaster@press.princeton.edu

152

153

153
155

157
157

157
163
169

177

188

199
203
203

204

205

206

208

209



© Copyright, Princeton University Press. No part of this book may be

distributed, posted, or reproduced in any form by digital or mechanical

means without prior written permission of the publisher.

X CONTENTS

Science and Religion

Darwin and the Human Being
Contemporary Relevance

Epigenetics and the Return of Lamarckism

Compensation and Life Histories

The End of Orthogenesis?

Did Geoftroy Saint-Hilaire Win the Argument
with Cuvier?

The Mathematical Laws of Morphogenesis:
The First Steps of Phyllotaxy

Another Mendel?

8 The Twentieth Century (Part I): The Diversity
of Functional Biology and the Birth of
Molecular Biology

The Facts
Biochemistry
Endocrinology and Neurophysiology

Immunology, Microbiology, Virology, and
Chemotherapy

Developmental Biology and Cellular Biology

The Rediscovery of Mendel’s Laws, and the
Rise of Genetics

The Rise of Molecular Biology
Historical Overview
The Complex Dance of Disciplines

The Identity of Objects Studied and the Tools
for Studying Them

For general queries, contact webmaster@press.princeton.edu

210
212
214
214
216

217

218

220

221

223
223
224

231

240

250

256
264
281

281

284



© Copyright, Princeton University Press. No part of this book may be

distributed, posted, or reproduced in any form by digital or mechanical

means without prior written permission of the publisher.

CONTENTS xi

Multiple Explanations—Contentious
Explanations?

Embryonic Induction, Hormones, and Genes:
Another Model for the Action of Genes

Contemporary Relevance

The Recurrent Enigma of Phenomena of
Regeneration

From Data Science to Networks
Metchnikoff, the Inventor of Exaptation?

The Explanation of Diseases: A Plus or a
Minus?

What Are the Colloids of Today?

The End of the Dominant Position
of Genetics

The Asilomar Conference: A Model?

9 'The Twentieth Century (Part II): The Theory of
Evolution, Ecology, Ethology

The Facts
Genetics and the Theory of Evolution
(1900-1920)
The Rise of Population Genetics (1918-1932)
Modern Evolutionary Synthesis (1937-1950)
Ecology
Ethology

Historical Overview
The Influence of Marxism

The Rise of Holism and Emergentism

For general queries, contact webmaster@press.princeton.edu

286

288
289

289
201

292

293
294

294
296

297
297

297
299
303
307
313
319
319

321



© Copyright, Princeton University Press. No part of this book may be

distributed, posted, or reproduced in any form by digital or mechanical

means without prior written permission of the publisher.

Xii CONTENTS

The Energetics View of Life
The Question of Life
The Process of “Synthesis” in Science
Contemporary Relevance
From Energy to Information
From the Biosphere to Global Warming
The Responsibility of Biologists
10 Twentieth-Twenty-First Centuries:
After the Syntheses
The Facts
The Rise of Structural Biology

The Encounter between Molecular Biology

and the Modern Synthesis

Genome Sequencing

The New Frontier: The Neurosciences

A New View of the Living World
Historical Overview

The Dogma and Its Overturning:
The Example of Prions

Molecular Noise

Does Systems Biology Have a Place?
Beyond Specificity?

Time and Life

Mastering the Evolutionary Future

The Mystery of Life

For general queries, contact webmaster@press.princeton.edu

322
324
325
326
326
326

327

329
329
331

341
352
353
358
364

364
365
366
368
370
371
372



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

CONTENTS xiii

The Ever-Ambiguous Place of the Human

Being 373
Contemporary Relevance 373
In Conclusion 376

References 383
Index of Names 403
Thematic Index 413

For general queries, contact webmaster@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

Ancient Greece and Rome

The Facts
The Birth of Biology

It is impossible to pinpoint the precise moment when the first
notions of our modern understanding of biology emerged. Our
interest in the natural world is not a new phenomenon—a pre-
occupation with reproduction, birth, and the nature of disease,
as well as descriptions of animal and plant species, can be traced
back to ancient times. With the establishment of settled com-
munities and the changes brought about by the Agricultural
Revolution, an early biological understanding of the world
began to develop. Plants were increasingly employed to treat
disease, and with their greater use, efforts to describe them pro-
gressed, first in China and India and later in the Middle East.
The earliest explanations of the formation of the world and of
living things originated in the ancient region of Sumer in Asia,
and these were taken up by neighboring peoples and reinter-
preted in various ways. The practice of divination and, to a
greater extent, the embalming of corpses in Egypt helped ad-
vance people’s understanding of human and animal anatomy.
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2 CHAPTER 1

Overview of Ancient Greek and
Roman Biological Sciences

We won'’t speculate here as to what gave rise to the development
of what we call “science” or to attempts to provide rational ac-
counts of natural phenomena in ancient Greece.

In our look at the history of biology in ancient times, the first
period, known as the pre-Socratic period, is of little interest to
us. Though Pythagoras (580-495 BCE) and Empedocles (490
435 BCE) attempted to provide overarching explanations of the
world, their contributions to biology were limited. The influ-
ence of outlying Greek colonies that were in contact with
Middle Eastern and Indian civilizations was important in these
early stages of the development a scientific worldview. In the
field of life sciences, two names are worth mentioning: Anaxi-
mander (whom we will touch on later) and Alcmaeon of Cro-
ton, who, around 500 BCE, carried out dissections and vivisec-
tions, described optical nerves and the Eustachian tube, and
made the connection between the formation of thoughts and
the brain. Conceptual frameworks were developed, which,
while not providing a great deal of substance to add to our bio-
logical knowledge, would be drawn upon by later authors and
shape the way they thought about the world. These included
the nature and number of elements and essential qualities, and
the notion that souls animated living beings.

Aristotle (384—322 BCE) is without a doubt the father of bi-
ology. Indeed, it was not until the second century CE that
Galen, a Greek physician working in Rome, would complete
and in some cases correct Aristotle’s physiological works and
the medical works of Hippocrates and his followers, and Aris-
totle’s natural history works would be taken up and distorted
by Pliny the Elder in the first century CE. Nonetheless, it is

For general queries, contact webmaster@press.princeton.edu
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ANCIENT GREECE AND ROME 3

thanks to the latter that these works were passed on and have
survived to this day.

Atomists developed their ideas in a parallel fashion, begin-
ning with Leucippus and Democritus in the fifth century BCE,
followed by Epicurus in the third century BCE. In the first
century BCE, Lucretius would outline the principles of atom-
ism in his poem De rerum natura (On the Nature of Things),
which is the only account of atomism from this period that has
survived.'

Hippocratic Medicine

Hippocrates (460-370 BCE) and his followers borrowed the
concept of the four elements—earth, air, fire, and water—and
the four qualities, in opposing pairs—wetness and dryness, and
hot and cold.? He extended these divisions to the humors, and
differentiated blood (produced by the liver), phlegm (pro-
duced by the lungs), yellow bile (produced by the gallbladder),
and black bile (produced by the spleen). The predominance of
one or another of these humors would lead to four different
temperaments, and an imbalance would lead to disease.

A unique feature of the Hippocratic medical school of Kos
is that it considered nature to be self-medicating, and thus ca-
pable of correcting imbalances as they arose. A physician’s role
was therefore to promote this power in the patient.

In the field of biology, it was the Hippocratic model of em-
bryonic development, which would later be labelled as “epige-
netic,” that would have the most lasting impact. In this model,
the sperm and ova play equal roles in reproduction. These two

1. Lucretius, 1995.
2. Hippocrates, 2012.
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kinds of “semen” are formed in various parts of the parents’
bodies, and substances produced from similar parts later recog-
nize each other and combine over the course of the develop-
ment of the embryo, in a process comparable to fermentation.
This model allowed for traits acquired over one’s lifetime to be
transmitted to the next generation.

Aristotle

In Timaeus, Plato (428-348 BCE) added little new to the work
of his predecessors, associating life with the presence of mul-
tiple souls and framing illness as resulting from imbalances. He
considered the entire universe to be a living being.

Aristotle’s natural history work has always been considered
as secondary and subordinate to his work as a philosopher and
physicist.> More recently, however, historians have reconsid-
ered this view and some have suggested that Aristotle’s natural
history and physiological work in fact inspired his work as a
physicist and philosopher.* Aristotle’s work in physics and phi-
losophy can be best illustrated in the living world, and without
this context it is often difficult to understand.

Aristotle’s body of work on natural history is quite substantial.
Not only did he put forward one of the first classifications of
animals that divided them into species and genera, but his de-
scriptions were also generally very accurate. This precision was
drawn from his own observations and experience, but also from
conversations with fishers and travelers. This doesn’t prevent us
from pointing out the more questionable ideas that can be found
in his work. He took a particular interest in the behavior of ani-

3. Aristotle, 1955, 1982, 1991.
4. Lennox, 2001.
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mals and their lifestyles, and comparisons between human be-
havior and animal behavior are a recurring theme in Aristotle’s
writing, in which humans don’t always come out on top! How-
ever, we generally find support for the notion of a hierarchy of
beings in his work, with humans at the top.

Aristotle did write a work on plants, although it has not sur-
vived. However, his successor at the head of the school, Theo-
phrastus (371-287 BCE), would do for plants what his prede-
cessor had done for animals. This work was the product of four
years’ study (between 347 and 343 BCE) undertaken jointly by
Aristotle and Theophrastus, which would result in 200 works
written by Theophrastus, of which only 2 have survived: En-
quiry into Plants and On the Causes of Plants.” Theophrastus
separated trees, shrubs, and herbs, and paid a great deal of at-
tention to the environmental conditions that were favorable to
plants, which is why he is sometimes considered the father of
ecology. However, his descriptions of plants are written very
much in relation to human needs. He would, for example, de-
scribe the conditions that foster the growth of trees to produce
wood that is easy to work. A large part of these works is devoted
to medicinal plants and their uses, and points out that it is often
through similarities in shape or color that plants reveal their
therapeutic uses to us.

In the first century CE, Pedanius Dioscorides (40-90)
would complete Theophrastus’s work in De materia medica (On
medical material) by describing more than 600 substances with
therapeutic properties obtained from plants.® The great renown
of this work stems in large part from the fact that it was acces-
sible both in the West and in the Arab-Muslim world.

5. Theophrastus, 1976-1990, 2014.
6. Riddle, 2013.
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Aristotle was not particularly innovative in his thinking on
the nature of the elements or essential qualities. However, the
distinction he made between matter and form was quite an
important one in biology. Examples borrowed from biology
and medicine will allow us to better illustrate the significance
of these ideas and, as we have seen, it was in thinking about liv-
ing things that these distinctions became apparent. In his view,
disease (and death) are rooted in matter, while essence (or what
something must be) stems from form. An animal or a plant be-
longs to a species, and this association is due to its form and not
what it is made of, which does not differ from other animals or
plants. Similarly, reproduction is seen as a coming together of
matter from the female seed and form from the male seed. This
union was used to explain how embryonic development was
initiated.

The same applies to the distinctions established by Aristotle
among four causes—material cause, efficient cause, formal
cause, and final cause. The main examples used by Aristotle and
his successors to illustrate the different roles of these four
causes are borrowed from human activity. In the creation of a
statue, the stone or wood represents the material cause, the
chisel manipulated by the sculptor is the efficient cause, the for-
mal cause is that which the sculptor wishes to represent (the
person), and the final cause is the project of the statue. Simi-
larly, when a physician cures a sick patient by administering
plant extracts, the material cause is the extract, the efficient
cause is the active ingredient found in the plant, the formal
cause is the existence of a state of good health, and the final
cause is the physician’s desire to cure the sick person.

The notion of the final cause would be vindicated when it
was applied to the development of the embryo, while at the
same time stirring up more debate. If the formal cause explains

For general queries, contact webmaster@press.princeton.edu
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why the result of embryonic development will be a cat or a dog,
it is the final cause that accounts for the process of embryonic
development toward its intended goal—the formation of an
adult organism.

These distinctions among the four causes may seem rather
counterintuitive to modern readers. Only the efficient cause is
still considered a cause. The material cause is no longer a cause,
but rather that which causality acts upon. The formal cause is
of no particular use and the final cause is incompatible with our
nonfinalistic view of the world and particularly the living world,
whereby natural processes are not thought to be driven toward
some ultimate goal.

Moreover, Aristotle distinguished between three types of
soul in living beings—the vegetative soul, which is common to
all; the sensitive soul, which is found only in animals; and the
rational soul, which is specific to human beings. However, in
contrast to Plato, Aristotle believed that souls, and specifically
the rational soul, could not be separated from the body.

Unlike his anatomic work, Aristotle’s physiology was depen-
dent upon or even “imprisoned” by his philosophical world-
view. Thus, due to the prominence he gave to the quality of
heat, he believed that the heart, which heated the whole organ-
ism, was home to the soul and, for this reason, was the first
organ to be formed. For Aristotle, the heat coming from the
heart was the work of the soul, and the role of the lungs and the
brain was nothing more than cooling.

Aristotle also observed the development of eggs, and, like
Hippocrates before him, considered certain steps in this devel-
opment to be fermentation processes. The quality of his em-
bryologic observations did not preclude him from believing in
the spontaneous generation of complex organisms, including
certain types of fish.

For general queries, contact webmaster@press.princeton.edu
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Aristotle’s finalistic views did not, however, go so far as to
exclude mechanisms altogether, when, for example, he de-
scribed the role of tendons in the movement of limbs.”

Galen’s Physiology

Galen (129-201 CE) was born in Pergamon in modern-day Tur-
key, where he practiced as physician to the gladiators, and later
settled in Rome, where his reputation earned him the title of
personal physician to Emperor Marcus Aurelius. Galen’s work
is characterized by the prominent role he gave to experiments
and his strong, sometimes “absolute,” finalistic views, whereby
natural processes are directed toward some goal.

For Galen, reason and experiments were the two pillars of a
physician’s work. Galen liked to distinguish his approach from
that of more “dogmatic” physicians who denied the importance
of experimentation. His role models were Alexandrian physi-
cians from the third century BCE (which we will touch on again
later). He practiced animal dissection and, with some restric-
tions, vivisection. However, in contrast to the Alexandrian phy-
sicians and owing to widespread condemnation of the practice,
he did not carry out dissections of human cadavers, which would
lead to some errors in his anatomic descriptions of the human
body. Nonetheless, he made significant contributions to anat-
omy and physiology, particularly in nerve anatomy and physiol-
ogy. He demonstrated that the brain was the seat of thought and
sight, and situated the soul in the third ventricle (under the cer-
ebellum). He distinguished sensory nerves from motor nerves,
and made the connection between spinal cord problems and the
sensory and motor deficiencies that result from them.

7. Aristotle, 1991.
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The views Galen held on reproduction were a middle ground
between those held by Hippocrates and Aristotle on the respec-
tive roles played by the man and the woman. Moreover, he was
the first to suggest that male and female sexual organs shared a
common embryologic origin.

Galen believed that each organ had a specific function and was
designed in the best possible way to accomplish it. In his view,
organs carried out their functions thanks to the abilities with
which they were endowed, to which Galen added many more. As
with Aristotle, this finalism did not exclude a more mechanistic
approach, and the focus on abilities was sometimes replaced by
precise descriptions of the mechanisms involved. Galen fiercely
opposed the atomists (more on this later), who believed that or-
gans were not created to perform a function, but rather that it was
the nature of the organ that led to its function.

Galen’s finalistic worldview, which was linked to his firmly
held Stoic beliefs in the existence of a benevolent deity, would
allow his work to gain a foothold in a newly Christianized
world. Though he liked to think of himself as restoring Hip-
pocrates’s work to its rightful place, Galen’s work would domi-
nate Western medicine to a greater extent than Hippocrates’s
until the middle of the nineteenth century.

Pliny the Elder’s Natural History

Pliny the Elder (23-79) is known for his tragic death in 79 CE
during the eruption of Vesuvius.® Wishing to save those in dan-
ger but also to learn more about what was happening, he landed
with his galley south of Naples and was no doubt asphyxiated
by the toxic gases emitted during the eruption.

8. Schmitt, 2013.
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Pliny is also famous for having written the 37-volume Natural
History. His political writings, which were the result of his close
relationship with Emperor Vespasian, are much less known, but
just as prolific: Bella Germaniae ('The wars of Germany), which
he took part in, and History of His Times.

Natural History was the product of knowledge he acquired
through book learning and a compilation of prior descriptions,
and did not come from study in the field as had been the case with
Aristotle. What interested Pliny was not nature itself, but nature
that was accessible to and used by humans, and more specifically
Roman citizens. When referring to “exotic” animals, he thought it
important to mention when the first specimen had been seen by
Romans as well as to detail its characteristics. In describing vines,
he also detailed methods for preparing wine and their flavor pro-
files. In keeping with the authors he borrowed from, Pliny en-
dowed animals with human emotions and behaviors: an elephant
kneels and prays and studies his lessons, like humans.

Pliny’s work is puzzling and can seem to have regressed when
compared to Aristotle’s, from which he drew much of his inspi-
ration. However, his work had a considerable influence during
the Middle Ages and even into the modern era.

The Atomists

The debate around atomism was sparked not by the hypothesis
that matter was made up of atoms (indivisible, as the name im-
plies) that were infinite in number but finite in type, as much as
the atomists’ search for a totally natural explanation of the
world, based on chance encounters between atoms. Epicurus
(341-270 BCE) built on the ideas developed by Democritus
(460-370 BCE) and Leucippus (460-370 BCE), and intro-
duced the notion of clinamen—a slight swerve from a straight
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line in the movement of atoms, which allowed them to preserve
their free will. A text by Lucretius (98-s5s BCE) is the only work
by atomists that has survived.” Its poetic form allowed it to en-
dure through the Christianization of society.

Lucretius believed that the primitive Earth was capable of
producing all living creatures, including human beings, but also
other organisms that have disappeared because they were
poorly formed. To survive, specific qualities were needed—
speed or visual acuity. When it came to heredity, Lucretius
adopted a model that was close to that proposed by
Hippocrates—the difference being that he could designate as
atoms that which Hippocrates had difficulty naming.

Historical Overview

The Role of Experimentation in Greek Science and
Particularly in Life Sciences

You may be asking yourself why we are revisiting this topic. I
have already touched on Galen’s vivisection experiments, which
allowed him to describe different types of nerves and advance
our knowledge of the nervous system. The Alexandrian scholars
I mentioned before included Erasistratus (310-250 BCE) and
Herophilos (3102-250? BCE), who carried out the first quantita-
tive experiments on living things. They weighed them (to esti-
mate the invisible weight lost owing to exhalation), and mea-
sured their pulses and how these varied with relation to disease
and age. They also conducted dissections of human cadavers,
and, according to their rivals, carried out vivisection experi-
ments on human beings.

9. Lucretius, 1995.
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However, we must also contrast these achievements with the
obstacles that prevented a more systematic implementation of
the experimental method—namely, the weight of theoretical
reasoning and the priority given to experiments conducted “by
analogy.” The first of these impediments was felt particularly
strongly in medicine, which would very quickly be perceived as
a settled discipline, whose principles had been well established
since the time of the School of Kos. Even for a thinker such as
Aristotle, who was fond of direct observation, it was reason and
solely reason from which fundamental principles were derived,
which experiments confirmed or occasionally clarified. This
preference for reason can be clearly seen in his physiological
work: it was not experiments that demonstrated the heart’s cen-
tral role in the organism, but rather reason that allowed us to
deduce it thanks to the qualities that this organ possessed.

Experiments also appeared to go against nature. They were a
distortion of it, and therefore could not reveal anything about
it. It was not only scholars and thinkers in antiquity who held
this prejudice—the same criticisms can be leveled against
seventeenth-century experimenters. A mistrust of experiments
and the hope that reason on its own would sufhice to arrive at
the correct explanation has probably not been completely elim-
inated even from the thoughts of modern-day biologists.

The second hurdle was the value accorded to experiments by
analogy (or similarity). To illustrate this type of experiment
(and explanation), which is particularly common in the Hip-
pocratic corpus, let’s look at an example. Why does the female
body seem to be more susceptible to water retention, as can be
observed in certain diseases? For Hippocratic authors, the an-
swer was simple: because it was less firm. The proof was derived
from the following experiment: take raw wool and a sheet of
woven wool and place both in the same humid conditions—the
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raw wool will absorb much more water than the sheet. The re-
sult is so obvious that conducting the experiment is often seen
as pointless; the experiment itself is a thought experiment.

In Le chaudron de Médée (Medea’s cauldron), historian Mirko
Grmek tried to understand why scientific experiments had not
played a major role in Greek science, and particularly in the area
of life sciences.'® Others had advanced the hypothesis that experi-
mentation was curbed by the low status given to technical work
(technical trades being reserved for slaves). Grmek came to a dif-
ferent conclusion; namely, that the establishment of an experi-
mental approach is a complex process, which involves several
stages to get beyond a groping empiricism. Greek scholars had
made it through some of these stages, but not all. There were some
attempts at quantification, but it was not widely practiced. What
they probably needed most is what Pasteur called an “experimen-
tal reflex,”"! or the widespread recourse to experiments.

Mirko Grmek was right in reminding us that modern-day
science and its way of functioning are the result of a long pro-
cess that was built over several centuries. Greek science was
only a chapter in the history of its development.

Anaximander and the Atomists:
The Futile Search for Pioneers

Despite repeated warnings from science historians, the hunt for
pioneers—the first people to have conducted an experiment or
put forward a hypothesis—remains as strong as ever.'> But this
search is of little interest to science historians trying to piece

10. Grmek, 1997.
11. Quoted in Grmek (1997, p. 20).
12. Barthélémy-Madaule, 1979.
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together the genesis of an area of scientific knowledge. This is
due to the fact that, in most cases, such forerunners were ig-
nored by their contemporaries and successors and thus played
no role in the development of the idea. However, more impor-
tantly, the notion of a pioneer is a false one, in that it is a retro-
spective and distorted view that provides the illusion of dis-
cerning the beginnings of later ideas in older writings. It is
often difficult to disprove the validity of a so-called pioneer.
However, the result is always gratifying as it precisely reveals
the ways in which our modern-day understanding differs from
that of the past.

Ancient Greece still provides fertile ground in the search for
these forerunners. The small number of texts (which is why
people try to extrapolate things from them) and difficulties
translating and interpreting them make it even more so. Let’s
look at some examples to illustrate the recurring myth of pio-
neers. Conflicting theories of embryonic development in the
seventeenth and eighteenth centuries placed scholars in two
camps. Those in the preformation camp believed that organ-
isms were already formed in the egg (or the spermatozoon) and
simply grew over the course of embryonic development. Those
in the epigenesis camp believed that the organism was formed
over the course of its development and did not exist prior to
this. Some have claimed that these two models can be traced
back to pre-Socratic notions of the universe. For Parmenides
(sixth—fifth century BCE) nature was one, and from the begin-
ning contained everything that would later appear. Heraclitus
(544?-480 BCE) and others believed that the diversity ob-
served was the result of transformations and that it did not pre-
exist in that which gave rise to it.

One can draw an analogy here, but we have learned to be
wary of analogies. The conflict that divided embryologists in
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the seventeenth and eighteenth centuries was not a revival of
an earlier debate, but rather resulted from new observations,
particularly in microscopy. While it cannot be denied that this
debate can be framed within these older schools of thought, it
did not originate from them nor was it shaped by them.

It is with respect to evolution that the search for pioneers has
been most actively pursued. When Anaximander (610-546
BCE), in Ionia, described the appearance oflife and the forma-
tion of the first human beings as fish, did he anticipate our
modern-day view of the evolution of the living world?'® Clearly
not, as there are large discrepancies between the scenario he
was describing and the account that is widely accepted today.
The first discrepancy is the amount of time needed for these
processes to run their course. The second and no doubt more
important difference is that the transformations described by
Anaximander are commonplace in Greek mythology, as indeed
they are in the mythologies of various peoples. Developing
ideas on the evolution of living forms first required renouncing
these fanciful notions. And evolutionary changes would make
sense only in the context of our understanding of the stability
of living species.

To take the argument further, it is not only the idea of evolu-
tion that ancient authors would have had to anticipate, but
rather the Darwinian mechanism of evolution. Lucretius de-
scribed the random recombination of the atoms that generate
living beings, leading to misshapen individuals and to others
with qualities that allowed them to survive. Lucretius’s text
does seem modern (or, more precisely, consistent with modern
science) in its desire to find a natural explanation for biological
phenomena. However, is it truly Darwinian evolution? It seems

13. Kocandrle and Kleisner, 2013.
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to me that there are two fundamental differences between Lu-
cretius’s view and modern-day thinking. The first is that Lucre-
tius’s misshapen individuals disappear—that is to say that natu-
ral selection eliminates only individuals that are not viable. This
is not in keeping with modern-day thinking on the role of natu-
ral selection, even if many have interpreted Darwin’s writings in
this way, as we will see. The second is that, for Lucretius, indi-
viduals that survive do so only because of their particular traits.
There is no reference to the central tenet in Darwin’s theory that
selection acts on relative differences between individuals and
not on particular traits. This is a good example of how historical
comparisons allow one to refine modern-day thinking.

Other examples of these so-called pioneers must be men-
tioned briefly, as they have recently found some resonance. The
“living universe” described by Plato in Timaeus is reminiscent
of the living Earth in the Gaia hypothesis that James Lovelock
proposed in the 1970s. This is analogous to what we have seen
with theories of embryonic development. These are, of course,
analogies, and we will see that this idea of a living Earth was a
view also held by alchemists. However, to consider the Gaia
hypothesis to be simply the revival of an ancient idea does not
recognize everything that this hypothesis owes to scientific
knowledge accumulated up until 1970.

Similarly, to call Aristotle one of the pioneers of molecular
biology by likening the genetic program to the final cause, as
proposed by Max Delbriick, one of the fathers of molecular
biology, makes little sense. Such a suggestion would not only
neglect the novelty of genetic information as an idea, but also
be erroneous because for modern-day biologists the genetic
program does not represent a final cause but an efficient cause.

Finally, to claim that Theophrastus (or even Empedocles) is
the father of ecology is to look at the field in a very simplistic
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way. As the first farmers no doubt quickly learned, there is
much more to ecology than the rather obvious fact that plants
don’t grow in the same way in different soils, when it is hot or
cold, when it is raining or when it is dry.

Could the accomplishments of these alleged pioneers be re-
moved from the scientific record without negatively impacting
our comprehension of its history? The answer is less obvious
than the preceding remarks may lead one to believe. At least in
some cases, these forerunners were able to put together a
thought framework within which the models and theories they
are credited with having originated could later be understood.
I am thinking specifically of the ancient atomists here. Though
it would be a stretch to raise their concepts to the status of sci-
entific theory or to claim that the ideas of modern atomists
were a continuation of their work, they nonetheless set the
stage for new ideas.

Contemporary Relevance
Mechanistic and Molecular Explanations

Models and ways of thinking from antiquity can seem so strange
to our modern sensibilities that our first instinct is to dismiss
them as irrelevant. However, is this reaction justified? Two
types of explanations that still hold sway in biology have their
roots in this period: mechanistic explanations and explanations
involving the action of ferments.

A mechanistic explanation is an explanation by analogy. That
is, the biological phenomenon taking place in the organism is
compared to a machine and the explanation hinges on there
being mechanisms analogous to those present in machines
within the organism. In explanations relating to the action of
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ferments, it is proposed that phenomena take place that are
analogous to those used by humans to transform foods: making
bread, alcoholic beverages (wine, beer), cheese, and so on. In a
process that is poorly defined, fermentation brings together
heat, changes in form and appearance, and small amounts of
matter to produce some effect—features that are useful when
trying to explain incomprehensible phenomena.

Mechanistic explanations can be found in the writings of Ar-
istotle and Galen. For these authors, such explanations do not
account for all physiological phenomena, but they played a role
in movement for Aristotle and digestion in the case of Galen,
for example. Explanations involving action by ferments come
into play in descriptions of embryonic development, but also
in explaining the functioning of certain organs, such as the liver
or the heart. Both of these types of explanations would have a
bright future. Mechanistic explanations would feature promi-
nently in the seventeenth century, without forgetting the action
of ferments. The action of enzymes, the successors to ferments,
would play a central role in explaining biochemical processes in
the first half of the twentieth century. Explanations based
around the action of ferments would progressively shift toward
molecular ones. Macromolecular mechanisms are now ubiqui-
tous in our explanations of biological processes. The phenom-
enon of self-organization shares certain characteristics with the
action of ferments, including its nearly limitless ability to ex-
plain things.

The Role of Analogy

Given the persistent nature of these two types of explanations,
we should ask ourselves about the role that analogy plays in the
modern-day models we use to explain the natural world. Were
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we right to scoff at Hippocrates’s thought experiments? Anal-
ogy is an indispensable tool in science, in particular for the de-
velopment of models, but it must not, as was the case with Hip-
pocrates, replace experimental facts. It is particularly prevalent
in biology, perhaps because it makes use of everyday language.
Can we distinguish a good analogy from a bad one? It appears
not, as we can know only in hindsight whether the analogy will
have advanced our understanding of the phenomena in
question.

The disciplines from which analogies are drawn depend on
the culture that prevails during the period—i.e., its “episteme,”
or system of thought and knowledge. This explains why analo-
gies from the past sometimes seem absurd to modern readers.
Perhaps in a few centuries some modern-day analogies will ap-
pear as ridiculous as those of Hippocrates.

The Beginnings of the Chain of Being

Aristotle was the first to develop the idea of a scala naturae, or
chain of being, in a scientific way—i.e., that organisms could be
more or less positioned along a “ladder” with human beings at
the top. This idea would later take root among the naturalists
who would follow Aristotle, as well as among embryologists
such as Baer, who would characterize embryonic development
as a progression from general to specific or from simple to
complex.

The concept would not disappear with the rise of Darwin’s
theory of evolution. The first evolutionary trees naturally posi-
tioned human beings at the end of the highest branch. One
could argue that it remains influential today, given the position
that human beings occupy in many representations of evolu-
tionary trees, or indirectly and in a reactionary way through the
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often clumsy and unsuitable attempts by those who would like
to counter this ancient view and thus make the human line a
nearly invisible branch of the evolutionary tree. Their argu-
ments, such as referring to the “small genetic distance” between
humans and their closest cousins (chimpanzees), unfortunately
often don’t make sense from a biological point of view. The
chain of being still poisons biological thought.

Pliny’s Legacy

In Pliny’s writings, it is not uncommon to find distortions of
fact or human behavior projected onto animals that he is de-
scribing. His works would be nonetheless praised by many
naturalists, including Buffon. Do we not have some modern-
day Plinys—authors who have poor scientific credibility and
who use second-hand information, but who nonetheless re-
ceive wide coverage in the media because they know how to
frame their ideas for the public to attract attention much better
than do scientists, at the risk of sometimes going beyond or
even sidestepping scientific knowledge? Regardless of their per-
ceived value, the ideas in Pliny’s scientific writing certainly have
proved nothing if not remarkably persistent.

Ever-Present Finalism

We should not be too quick to poke fun at Galen’s finalism
either, which led to justifying the small size of human ears by our
need to wear hats! Do we not also indulge in the same finalist
thinking when we describe the functions of certain organs? In-
terpretations of brain imaging are almost as naive as those put
forward by Galen, when they attribute certain cognitive abilities
to certain parts of the brain. The same thing occurs when “func-
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tions” are attributed to genes and their products. What usually
happens is that after a phase of optimistic simplification, genes
are found to have multiple functions, which are much more
complex than the first observations had led us to believe.

However, finalism had and still has some utility. What Galen
proposed was a sort of plan of action—to uncover the functions
of different organs—which has proven itself useful in enabling
discoveries over the centuries. However, we must nonetheless
accept its limitations as demonstrated by experiments.
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null model (in ecology), 361

one gene-one enzyme relationship,
273

operon (model of ), 278-279

optogenetics, 357

organicism, 321-322

organizing (center), 254

origin of life, 282, 301, 320, 363

orthogenesis, 195, 217-218, 298, 305§

pangenesis (theory of), 181-183

Parkinson’s disease, 51, 237, 239

parthenogenesis, 87, 88, 252

pedology, 310

penicillin, 250

phagocytosis, 240, 242

phlogiston, 75-76, 95-96

photosynthesis, 138, 225, 335

phrenology, 142

phyllotaxy, 220221, 288, 368

phylogeny, 101

physiognomy, 140, 142

physiology: invention of the term, 54;
in the nineteenth century, 131-143,
153; and pathology, 133; plant, 138,
221

phytosociology, 307

plasticity (neural), 354

pleiotropy, 357

polygenism, 100, 192, 213

“population cages,” 302

population genetics, 281, 299-304,
319-320, 341, 368

precursor, 47, 48,173, 228, 232, 237

preformation, 14, 66, 69—70, 72—73,
87-91,107-108, 124, 289

prey/predator relationship, 82, 310

principle of the correlation of parts
(Cuvier), 165, 174

principle of the subordination of
characters (Cuvier), 165

prion, 364

proteins: crystallization and
identification of the structure of,
331, 333; engineering of, 348; first
studies of, 135; membrane, 332, 334;
sequencing of, 274

protoplasm, 118, 134, 150, 241, 294

punctuated equilibrium, 344

“Red Queen” (hypothesis), 341

reflexes, conditioned, 239

regeneration, 87, 182, 252, 260,
289-291

repressor, 279, 283, 367

respiration, 95-96, 101, 132, 225, 335

revolutions of the Earth’s surface, 163,
168

ribonucleic acid (RNA), 228, 274, 285,
330, 334, 363—367, 370; interfering
RNA, 73, 366; messenger RNA, 279,
365; microRNA, 366; transfer RNA,
275-276

ribosome, 275-276, 332

scale of being, 194

science, cognitive, 356, 361

selection: kinship, 342; levels of ,
343; natural, 16, 172, 174-177, 184,
186, 188-192, 194-196, 198, 203,
207, 209-212, 214, 217-218, 286,
292, 299, 301-303, 305306, 310,
320-323, 327, 342-344, 349, 359;
Panglossian action of , 344; sexual,
172,176, 300, 314

self-organization, 18, 103-104, 378
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serotherapy, 128, 242

sexuality in plants, 79, 82

side-chain theory, 241

signaling pathway, 334, 339

sociobiology, 358359

soul (Aristotle’s three types of ), 7

speciation, allopatric, 305

specificity (concept of ), 243-244,
368-370

spontaneous generation, 7, 8889,
123—124, 148, 151, 159, 161

stem cells, 45, 73, 290, 293, 335

stimulus, supranormal (ethology),
317

sulfanilamide, 249

symbiosis, 347

synapse, 142, 239, 350

teratology, 163, 251
thermometer (invention of ), 58
thymus (role in immune response),

336-337

tissue, 36, 47, 63, 65, 109—112, 114, 116,
140, 143, 154, 204, 233234, 254255,
289, 293, 347

transforming principle (of pneumo-
coccus), 269

transformism, experimental, 197-198

transfusion (blood), 74, 78, 242, 374

transgenics, 280

transposon, 353

ultracentrifugation, 228, 265, 267, 271,

27§
universities (founding of ), 26, 132

vaccination, 128, 154, 244

virus, 154, 243-247, 266, 281, 325, 330,
332, 337-339, 341, 352, 364, 371-372

vitalism, 47, 75—78, 86, 88, 97—98, 111,
123, 134, 136, 147-149, 252

vitamin, 229-232, 234, 285, 293, 324

weak bonds, 243, 267, 284, 369
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