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AUTHORS" NOTE

NA: The Secret of Life was conceived over dinner in 1999. Under dis-

cussion was how best to mark the fiftieth anniversary of the discovery

the double helix. Publisher Neil Patterson joined one of us, James D.
Watson, in dreaming up a multifaceted venture including this book, a television
series, and additional more avowedly educational projects. Neil's presence was
no accident: he published JDW's first book, The Molecular Biology of the Gene,
in 1965, and ever since has lurked genielike behind JDW's writing projects.
Doron Weber at the Alfred P. Sloan Foundation then secured seed money to
ensure that the idea would turn into something more concrete. Andrew Berry
was recruited in 2000 to hammer out a detailed outline for the TV series and
has since become a regular commuter between his base in Cambridge, Massa-
chusetts, and JDW's at Cold Spring Harbor Laboratory on the north coast of
Long Island, close to New York City.

From the start, our goal was to go beyond merely recounting the events of the
past fifty years. DNA has moved from being an esoteric molecule only of inter-
est to a handful of specialists to being the heart of a technology that is trans-
forming many aspects of the way we al live. With that transformation has come
a host of difficult questions about its impact—practical, social, and ethical.
Taking the fiftieth anniversary as an opportunity to pause and take stock of
where we are, we give an unabashedly personal view both of the history and of
the issues. Moreover, it is JDW's personal view and is accordingly written in the
first-person singular. The double helix was already ten years old when DNA was
working its in utero magic on a fetal AB.
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Authors  Note

We have tried to write for a general audience, intending that someone with
zero biological knowledge should be able to understand the book's every word.
Every technical term is explained when first introduced. Should you need to
refresh your memory about a term when you come across one of its later
appearances, you can refer to the index, where such words are printed in bold to
make locating them easy; a number aso in bold will take you to the page on
which the term is defined. We have inevitably skimped on many of the tech-
nical details and recommend that readers interested in learning more go to
DNAi.org, the Web site of the multimedia companion project, DNA Interac-
tive, aimed at high-schoolers and entry-level college students. Here you will
find animations explaining basic processes and an extensive archive of inter-
views with the scientists involved. In addition, the Further Reading section lists
books relevant to each chapter. Where possible we have avoided the technical
literature, but the titles listed nevertheless provide a more in-depth exploration
of particular topics than we supply

We thank the many people who contributed generously to this project in one
way or another in the acknowledgments at the back of the book. Four individu-
als, however, deserve special mention. George Andreou, our preternaturally
patient editor at Knopf, wrote much more of this book—the good bits—than
either of us would ever let on. Kiryn Hasfinger, our superbly efficient assistant
at Cold Spring Harbor Lab, cajoled, bullied, edited, researched, nit-picked,
mediated, wrote—all in approximately equal measure. The book simply would
not have happened without her. Jan Witkowski, also of Cold Spring Harbor
Lab, did a marvelous job of pulling together chapters 10, 11, and 12 in record
time and provided indispensable guidance throughout the project. Maureen
Bergjka, JDWs assistant, rendered sterling service as usual in her capacity as
the sole inhabitant of Planet Earth capable of interpreting JDWs handwriting.

James D. Watson
Cold Spring Harbor, New York

Andrew Berry
Cambridge, Massachusetts
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INTRODUCTION

THE SECRET OF LIFE

s was normal for a Saturday morning, | got to work at Cambridge Uni-

versity's Cavendish Laboratory earlier than Franeis Crick on February

28, 1953. | had good reason for being up early. | knew that we were
close—though | had no ideajust how close—to figuring out the structure of a
then little-known molecule called deoxyribonucleic acid: DNA. This was not
any old molecule: DNA, as Crick and | appreciated, holds the very key to the
nature of living things. It stores the hereditary information that is passed on
from one generation to the next, and it orchestrates the incredibly complex
world of the cell. Figuring out its 3-D structure—the molecule's architecture—
would, we hoped, provide a glimpse of what Crick referred to only half-jokingly
as "the secret of life."

We already knew that DNA molecules consist of multiple copies of a single
basic unit, the nucleotide, which comes in four forms: adenine (A), thymine
(T), guanine (G), and cytosine (C). | had spent the previous afternoon making
cardboard cutouts of these various components, and now, undisturbed on a
quiet Saturday morning, | could shuffle around the pieces of the 3-D jigsaw
puzzle. How did they all fit together? Soon | realized that a simple pairing
scheme worked exquisitely well: A fitted neatly with T, and G with C. Was this
it? Did the molecule consist of two chains linked together by A-T and G-C
pairs? It was so simple, so elegant, that it ailmost had to be right. But | had made
mistakes in the past, and before | could get too excited, my pairing scheme
would have to survive the scrutiny of Crick's critical eye. It was an anxious wait.
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But | need not have worried: Crick realized straightaway that my pairing idea
implied a double-helix structure with the two molecular chains running in
opposite directions. Everything known about DNA and its properties—the
facts we had been wrestling with as we tried to solve the problem—made sense
in light of those gentle complementary twists. Most important, the way the mol-
ecule was organized immediately suggested solutions to two of biology's oldest
mysteries: how hereditary information is stored, and how it is replicated.
Despite this, Crick's brag in the Eagle, the pub where we habitually ate lunch,
that we had indeed discovered that "secret of life," struck me as somewhat
immodest, especially in England, where understatement is a way of life.

Crick, however, was right. Our discovery put an end to a debate as old as the
human species: Does life have some magical, mystical essence, or is it, like any
chemical reaction carried out in a science class, the product of normal physical
and chemical processes? Is there something divine at the heart of a cell that
brings it to life? The double helix answered that question with a definitive No.

Charles Darwin's theory of evolution, which showed how al of life is interre-
lated, was a major advance in our understanding of the world in materialistic—
physicochemical—terms. The breakthroughs of biologists Theodor Schwann
and Louis Pasteur during the second half of the nineteenth century were also
an important step forward. Rotting meat did not spontaneously yield maggots;
rather, familiar biological agents and processes were responsible—in this case
egg-laying flies. The idea of spontaneous generation had been discredited.

Despite these advances, various forms of vitalism—the belief that physico-
chemical processes cannot explain life and its processes—lingered on. Many
biologists, reluctant to accept natural selection as the sole determinant of the
fate of evolutionary lineages, invoked a poorly defined overseeing spiritual force
to account for adaptation. Physicists, accustomed to dealing with a simple,
pared-down world—a few particles, a few forces—found the messy complexity
of biology bewildering. Maybe, they suggested, the processes at the heart of the
cell, the ones governing the basics of life, go beyond the familiar laws of physics
and chemistry.

That is why the double helix was so important. It brought the Enlighten-
ment's revolution in materialistic thinking into the cell. The intellectual journey
that had begun with Copernicus displacing humans from the center of the uni-
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verse and continued with Darwin's insistence that humans are merely modified
monkeys had finally focused in on the very essence of life. And there was noth-
ing special about it. The double helix is an elegant structure, but its message is
downright prosaic: life is simply a matter of chemistry.

Crick and | were quick to grasp the intellectual significance of our discovery,
but there was no way we could have foreseen the explosive impact of the dou-
ble helix on science and society. Contained in the molecule's graceful curves
was the key to molecular biology, a new science whose progress over the subse-
quent fifty years has been astounding. Not only has it yielded a stunning array of
insights into fundamental biological processes, but it is now having an ever
more profound impact on medicine, on agriculture, and on the law. DNA is no
longer a matter of interest only to white-coated scientists in obscure university
laboratories; it affects us all.

By the mid-sixties, we had worked out the basic mechanics of the cell, and
we knew how, via the "genetic code,” the four-letter alphabet of DNA sequence
is translated into the twenty-letter alphabet of the proteins. The next explosive
spurt in the new science's growth came in the 1970s with the introduction of
techniques for manipulating DNA and reading its sequence of base pairs. We
were no longer condemned to watch nature from the sidelines but could actu-
aly tinker with the DNA of living organisms, and we could actually read life's
basic script. Extraordinary new scientific vistas opened up: we would at last
come to grips with genetic diseases from cystic fibrosis to cancer; we would rev-
olutionize criminal justice through genetic fingerprinting methods; we would
profoundly revise ideas about human origins—about who we are and where we
came from—by using DNA-bascd approaches to prehistory; and we would
improve agriculturally important species with an effectiveness we had previ-
ously only dreamed of.

But the climax of the first fifty years of the DNA revolution came on Monday,
June 26, 2000, with the announcement by U.S. president Bill Clinton of the
completion of the rough draft sequence of the human genome: "Today, we are
learning the language in which God created life. With this profound new
knowledge, humankind is on the verge of gaining immense, new power to heal."
The genome project was a coming-of-age for molecular biology: it had become
"big science," with big money and big results. Not only was it an extraordinary
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technological achievement—the amount of information mined from the human
complement of twenty-three pairs of chromosomes is staggering—but it was
also a landmark in terms of our idea of what it is to be human. It is our DNA
that distinguishes us from all other species, and that makes us the creative,
conscious, dominant, destructive creatures that we arc. And here, in its entirety,
was that set of DNA—the human instruction book.

DNA has come a long way from that Saturday morning in Cambridge. How-
ever, it is also clear that the science of molecular biology—what DNA can do
for us—still has a long way to go. Cancer till has to be cured; effective gene
therapies for genetic diseases till have to be developed; genetic engineering
still has to realize its phenomenal potential for improving our food. But al these
things will come. The first fifty years of the DNA revolution witnessed a great
deal of remarkable scientific progress as well as the initial application of that
progress to human problems. The future will see many more scientific
advances, but increasingly the focus will be on DNA's ever greater impact on
the way we live.



CHAPTER ONE

BEGINNINGS OF GENETICS:
FROM MENDEL TO HITLER

y mother, Bonnie Jean, believed in genes. She was proud of her
father's Scottish origins, and saw in him the traditional Scottish
virtues of honesty, hard work, and thriftiness. She, too, possessed
these qualities and felt that they must have been passed down to her from him.
His tragic early death meant that her only nongenetic legacy was a set of tiny lit-
tle girl's kilts he had ordered for her from Glasgow. Perhaps therefore it is not
surprising that she valued her father's biological legacy over his material one.
Growing up, | had endless arguments with Mother about the relative roles
played by nature and nurture in shaping us. By choosing nurture over nature, |
was effectively subscribing to the belief that | could make myself into whatever
| wanted to be. | did not want to accept that my genes mattered that much, pre-
ferring to attribute my Watson grandmother's extreme fatness to her having
overeaten. If her shape was the product of her genes, then | too might have a
hefty future. However, even as a teenager, | would not have disputed the evi-
dent basics of inheritance, that like begets like. My arguments with my mother
concerned complex characteristics like aspects of personality, not the simple
attributes that, even as an obstinate adolescent, |1 could see were passed down
over the generations, resulting in "family likeness." My nose is my mother's and
now belongs to my son Duncan.
Sometimes characteristics come and go within a few generations, but some-
times they persist over many. One of the most famous examples of a long-lived
trait is known as the "Hapsburg Lip." This distinctive elongation of the jaw and
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At age eleven, with my sister Elizabeth and my father, James

droopiness to the lower lip—which made the Hapsburg rulers of Europe such a
nightmare assignment for generations of court portrait painters—was passed
down intact over at least twenty-three generations.

The Hapsburgs added to their genetic woes by intermarrying. Arranging mar-
riages between different branches of the Hapsburg clan and often among close
relatives may have made political sense as away of building alliances and ensur-
ing dynastic succession, but it was anything but astute in genetic terms.
Inbreeding of this kind can result in genetic disease, as the Hapsburgs found
out to their cost. Charles Il, the last of the Hapsburg monarchs in Spain, not
only boasted a prize-worthy example of the family lip—he could not even chew
his own food—but was also a complete invalid, and incapable, despite two mar-
riages, of producing children.

Genetic disease has long stalked humanity. In some cases, such as Charles
II's, it has had a direct impact on history. Retrospective diagnosis has suggested
that George Ill, the English king whose principal claim to fame is to have lost
the American colonies in the Revolutionary War, suffered from an inherited dis-
ease, porphyria, which causes periodic bouts of madness. Some historians—
mainly British ones—have argued that it was the distraction caused by George's
illness that permitted the Americans' against-the-odds military success. While
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most hereditary diseases have no such geopolitical impact, they nevertheless
have brutal and often tragic consequences for the afflicted families, sometimes
for many generations. Understanding genetics is not just about understanding
why we look like our parents. It is also about coming to grips with some of
humankind's oldest enemies: the flaws in our genes that cause genetic disease.

Our ancestors must have wondered about the workings of heredity as soon

as evolution endowed them with brains capable of formulating the right
kind of question. And the readily observable principle that close relatives tend
to be similar can carry you a long way if, like our ancestors, your concern with
the application of genetics is limited to practical matters like improving domes-
ticated animals (for, say, milk yield in cattle) and plants (for, say, the size of
fruit). Generations of careful selection—breeding initially to domesticate
appropriate species, and then breeding only from the most productive cows and
from the trees with the largest fruit—resulted in animals and plants tailor-made
for human purposes. Underlying this enormous unrecorded effort is that simple
rule of thumb: that the most productive cows will produce highly productive
offspring and from the seeds of trees with large fruit large-fruited trees will
grow. Thus, despite the extraordinary advances of the past hundred years or so,
the twentieth and twenty-first centuries by no means have a monopoly on
genetic insight. Although it wasn't until 1909 that the British biologist William
Bateson gave the science of inheritance a name, genetics, and although the
DNA revolution has opened up new and extraordinary vistas of potential
progress, in fact the single greatest application of genetics to human well-being
was carried out eons ago by anonymous ancient farmers. Almost everything we
eat—cereals, fruit, meat, dairy products—is the legacy of that earliest and most
far-reaching application of genetic manipulations to human problems.

An understanding of the actual mechanics of genetics proved a tougher nut
to crack. Gregor Mendel (1822—1884) published his famous paper on the sub-
ject in 1866 (and it was ignored by the scientific community for another thirty-
four years). Why did it take so long? After all, heredity is a major aspect of the
natural world, and, more important, it is readily, and universally, observable: a
dog owner sees how a cross between a brown and black dog turns out, and all



DNA

parents consciously or subconsciously track the appearance of their own char-
acteristics in their children. One simple reason is that genetic mechanisms turn
out to be complicated. Mendel's solution to the problem is not intuitively obvi-
ous: children are not, after all, simply a blend of their parents' characteristics.
Perhaps most important was the failure by early biologists to distinguish
between two fundamentally different processes, heredity and development.
Today we understand that a fertilized egg contains the genetic information, con-
tributed by both parents, that determines whether someone will be afflicted
with, say, porphyria. That is heredity. The subsequent process, the development
of a new individual from that humble starting point of a single cell, the fertilized
egg, involves implementing that information. Broken down in terms of aca-
demic disciplines, genetics focuses on the information and developmental biol-
ogy focuses on the use of that information. Lumping heredity and development
together into a single phenomenon, early scientists never asked the questions
that might have steered them toward the secret of heredity. Nevertheless, the
effort had been under way in some form since the dawn of Western history.

The Greeks, including Hippocrates, pondered heredity. They devised a the-
ory of "pangenesis," which claimed that sex involved the transfer of miniatur-
ized body parts: "Hairs, nails, veins, arteries, tendons and their bones, albeit
invisible as their particles are so small. While growing, they gradually separate
from each other." This idea enjoyed a brief renaissance when Charles Darwin,
desperate to support his theory of evolution by natural selection with a viable
hypothesis of inheritance, put forward a modified version of pangenesis in the
second half of the nineteenth century. In Darwin's scheme, each organ—eyes,
kidneys, bones—contributed circulating "gemmules" that accumulated in the
sex organs, and were ultimately exchanged in the course of sexual reproduction.
Because these gemmules were produced throughout an organism's lifetime,
Darwin argued any change that occurred in the individual after birth, like the
stretch of a giraffe's neck imparted by craning for the highest foliage, could be
passed on to the next generation. Ironically, then, to buttress his theory of natu-
ral selection Darwin came to champion aspects of Jean-Baptiste Lamarck's the-
ory of inheritance of acquired characteristics—the very theory that his
evolutionary ideas did so much to discredit. Darwin was invoking only
Lamarck's theory of inheritance; he continued to believe that natural selection
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was the driving force behind evolution, but supposed that natural selection
operated on the variation produced by pangenesis. Had Darwin known about
Mendel's work (although Mendel published his results shortly after The
Origin of Species appeared, Darwin was never aware of them), he might have
been spared the embarrassment of this late-career endorsement of some of
Lamarck's ideas.

Whereas pangenesis supposed that embryos were assembled from a set of
minuscule components, another approach, "preformationism," avoided the
assembly step altogether: either the egg or the sperm (exactly which was a con-
tentious issue) contained a complete preformed individual called a homunculus.
Development was therefore merely a matter of enlarging this into a fully
formed being. In the days of preformationism, what we now recognize as
genetic disease was variously interpreted: sometimes as a manifestation of
the wrath of God or the mischief of demons and devils; sometimes as evi-
dence of either an excess of or a deficit of the father's "seed"; sometimes as
the result of "wicked thoughts" on the part of the mother during preg-
nancy. On the premise that fetal malformation can result when a pregnant
mother's desires are thwarted, leaving her feeling stressed and frustrated,
Napoleon passed a law permitting expectant mothers to shoplift. None of
these notions, needless to say, did much to advance our understanding of
genetic disease.

By the early nineteenth century, better microscopes had defeated pre-
formationism. Look as hard as you like, you will never see a tiny homuncu-
lus curled up inside a sperm or egg cell. Pangenesis, though an earlier
misconception, lasted rather longer—the argument would persist that the
gemmules were simply too small to visualize—but was eventually laid to
rest by August Weismann, who argued that inheritance depended on the
continuity of germ plasm between generations and thus changes to the
body over an individual's lifetime could not be transmitted to subsequent
generations. His simple experiment involved cutting the tails off several

Geneticsbefore Mendel: ahomunculus, a preformed
miniature person imagined to exist in the head of a
spermcell
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generations of mice. According to Darwin's pangenesis, tailless mice would pro-
duce gemmules signifying "no tail* and so their offspring should develop a
severely stunted hind appendage or none at al. When Weismann showed that

the tail kept appearing after many generations of amputees, pangenesis bit
the dust.

G regor Mendel was the one who got it right. By any standards, however, he
was an unlikely candidate for scientific superstardom. Born to a farming
family in what is now the Czech Republic, he excelled at the village school and,
at twenty-one, entered the Augustinian monastery at Brunn. After proving a dis-
aster as a parish priest—his response to the ministry was a nervous break-
down—nhe tried his hand at teaching. By al accounts he was a good teacher, but
in order to qualify to teach a full range of subjects, he had to take an exam. He
failed it. Mendel's father superior, Abbot Napp, then dispatched him to the
University of Vienna, where he was to bone up full-time for the retesting.
Despite apparently doing well in physics at Vienna, Mendel again faled the
exam, and so never rose above the rank of substitute teacher.

Around 1856, at Abbot Napp's suggestion, Mendel undertook some scientific
experiments on heredity. He chose to study a number of characteristics of the
pea plants he grew in his own patch of the monastery garden. In 1865 he pre-
sented his results to the local natural history society in two lectures, and, ayear
later, published them in the society's journal. The work was a tour de force: the
experiments were brilliantly designed and painstakingly executed, and his
analysis of the results was insightful and deft. It seems that his training in
physics contributed to his breakthrough because, unlike other biologists of that
time, he approached the problem quantitatively. Rather than simply noting that
crossbreeding of red and white flowers resulted in some red and some white off-
spring, Mendel actually counted them, realizing that the ratios of red to white
progeny might be significant—as indeed they are. Despite sending copies of his
article to various prominent scientists, Mendel found himself completely
ignored by the scientific community. His attempt to draw attention to his
results merely backfired. He wrote to his one contact among the ranking scien-
tists of the day, botanist Karl Nageli in Munich, asking him to replicate the
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experiments, and he duly sent off 140 carefully labeled packets of seeds. He
should not have bothered. Nageli believed that the obscure monk should be of
service to him, rather than the other way around, so he sent Mendel seeds of his
own favorite plant, hawkweed, challenging the monk to re-create his results
with a different species. Sad to say, for various reasons, hawkweed is not well-
suited to breeding experiments such as those Mendel had performed on the
peas. The entire exercise was a waste of his time.

Mendel's low-profile existence as monk-teacher-researcher ended abruptly in
1868 when, on Napp's death, he was elected abbot of the monastery Although
he continued his research—increasingly on bees and the weather—administra-
tive duties were a burden, especially as the monastery became embroiled in a
messy dispute over back taxes. Other factors, too, hampered him as a scientist.
Portliness eventually curtailed his fieldwork: as he wrote, hill climbing had
become "very difficult for me in a world where universal gravitation prevails."
His doctors prescribed tobacco to keep his weight in check, and he obliged
them by smoking twenty cigars a day, as many as Winston Churchill. It was not
his lungs, however, that let him down: in 1884, at the age of sixty-one, Mendel
succumbed to a combination of heart and kidney disease.

Not only were Mendel's results buried in an obscure journal, but they would
have been unintelligible to most scientists of the era. He was far ahead of his
time with his combination of careful experiment and sophisticated quantitative
analysis. Little wonder, perhaps, that it was not until 1900 that the scientific
community caught up with him. The rediscovery of Mendel's work, by three
plant geneticists interested in similar problems, provoked a revolution in biol-
ogy. At last the scientific world was ready for the monk's peas.

M endel realized that there are specific factors—later to be called
"genes'—that are passed from parent to offspring. He worked out that
these factors come in pairs and that the offspring receives one from each
parent.

Noticing that peas came in two distinct colors, green and yellow, he deduced
that there were two versions of the pea-color gene. A pea has to have two copies
of the G version if it is to become green, in which case we say that it is GG for
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the pea-color gene. It must therefore have received a G pea-color gene from
both of its parents. However, yellow peas can result both fromYY and YG com-
binations. Having only one copy of theY version is sufficient to produce yellow
peas. Y trumps G. Because in the YG case the Y signal dominates the G signal,
we call Y "dominant." The subordinate G version of the pea-color gene is called
"recessive."

Each parent pea plant has two copies of the pea-color gene, yet it contributes
only one copy to each offspring; the other copy is furnished by the other parent.
In plants, pollen grains contain sperm cells—the male contribution to the next
generation—and each sperm cell contains just one copy of the pea-color gene.
A parent pea plant with a YG combination will produce sperm that contain
either aY version or a G one. Mendel discovered that the process is random: 50
percent of the sperm produced by that plant will have aY and 50 percent will
have a G.

Suddenly many of the mysteries of heredity made sense. Characteristics, like
the Hapsburg Lip, that are transmitted with a high probability (actually 50 per-
cent) from generation to generation are dominant. Other characteristics that
appear in family trees much more sporadically, often skipping generations, may
be recessive. When a gene is recessive an individual has to have two copies of it
for the corresponding trait to be expressed. Those with one copy of the gene are
carriers: they don't themselves exhibit the characteristic, but they can pass the
gene on. Albinism, in which the body fails to produce pigment so the skin and
hair are strikingly white, is an example of a recessive characteristic that is trans-
mitted in this way. Therefore, to be albino you have to have two copies of the
gene, one from each parent. (This was the case with the Reverend Dr. William
Archibald Spooner, who was also—perhaps only by coincidence—prone to a
peculiar form of linguistic confusion whereby, for example, "a well-oiled bicy-
cle" might become "a well-boiled icicle.” Such reversals would come to be
termed "spoonerisms” in his honor.) Your parents, meanwhile, may have shown
no sign of the gene at al. If, as is often the case, each has only one copy, then
they are both carriers. The trait has skipped at least one generation.

Mendel's results implied that things—material objects—were transmitted
from generation to generation. But what was the nature of these things?
At about the time of Mendel's death in 1884, scientists using ever-improving

10
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Thehuman X chromo-
some, asseenwithan
electron microscope

optics to study the minute architecture of cells coined the term "chromosome"
to describe the long stringy bodies in the cell nucleus. But it was not until 1902
that Mendel and chromosomes came together.

A medical student at Columbia University, Walter Sutton, realized that chro-
mosomes had a lot in common with Mendel's mysterious factors. Studying
grasshopper chromosomes, Sutton noticed that most of the time they are dou-
bled up—just like Mendel's paired factors. But Sutton also identified one type
of cell in which chromosomes were not paired: the sex cells. Grasshopper
sperm have only a single set of chromosomes, not a double set. This was exactly
what Mendel had described: his pea plant sperm cells also only carried a single
copy of each of his factors. It was clear that Mendel's factors, now called genes,
must be on the chromosomes.

In Germany Theodor Boveri independently came to the same conclusions as
Sutton, and so the biological revolution their work had precipitated came to be
caled the Sutton-Boveri chromosome theory of inheritance. Suddenly genes
were real. They were on chromosomes, and you could actually see chromo-
somes through the microscope.

N ot everyone bought the Sutton-Boveri theory. One skeptic was Thomas
Hunt Morgan, also at Columbia. Looking down the microscope at those
stringy chromosomes, he could not see how they could account for al the

11



Notoriously camera shy T. H. Morgan was pho-
tographed surreptitiously whileat workinthefly
room.

changes that occur from one generation to
the next. If al the genes were arranged
along chromosomes, and all chromosomes
were transmitted intact from one genera-
tion to the next, then surely many charac-
teristics would be inherited together. But
since empirical evidence showed this not
to be the case, the chromosomal theory
seemed insufficient to explain the variation
observed in nature. Being an astute exper-
imentalist, however, Morgan had an idea
how he might resolve such discrepancies.
He turned to the fruit fly, Drosophila mela-
nogaster, the drab little beast that, ever since Morgan, has been so beloved by
geneticists.

In fact, Morgan was not the first to use the fruit fly in breeding experi-
ments—that distinction belonged to a lab at Harvard that first put the critter to
work in 1901—but it was Morgan's work that put the fly on the scientific map.
Drosophila is a good choice for genetic experiments. It is easy to find (as anyone
who has left out a bunch of overripe bananas during the summer well knows); it
is easy to raise (bananas will do as feed); and you can accommodate hundreds
of flies in a single milk bottle (Morgan's students had no difficulty acquiring
milk bottles, pinching them at dawn from doorsteps in their Manhattan neigh-
borhood); and it breeds and breeds and breeds (a whole generation takes about
ten days, and each female lays several hundred eggs). Starting in 1907 in a
famously squalid, cockroach-infested, banana-stinking lab that came to be
known affectionately as the "fly room," Morgan and his students ("Morgan's
boys" as they were called) set to work on fruit flies.

Unlike Mendel, who could rely on the variant strains isolated over the years
by farmers and gardeners—yellow peas as opposed to green ones, wrinkled skin
as opposed to smooth—Morgan had no menu of established genetic differ-
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ences in the fruit fly to draw upon. And you cannot do genetics until you have
isolated some distinct characteristics to track through the generations. Mor-
gan's first goal therefore was to find "mutants,” the fruit fly equivalents of yellow

or wrinkled peas. He was looking for genetic novelties, random variations
that somehow simply appeared in the population.

One of the first mutants Morgan observed turned out to be one of
the most instructive. While normal fruit flies have red eyes, these had
white ones. And he noticed that the white-eyed flies were typically

male. It was known that the sex of a fruit fly—or, for that matter,
the sex of a human—is determined chromosomally: females have
two copies of the X chromosome, whereas males have one copy of the
X and one copy of the much smaller Y. In light of this information, the
white-eye result suddenly made sense: the eye-color gene is located on
the X chromosome and the white-eye mutation, W, is recessive. Because
males have only a single X chromosome, even recessive genes, in the absence of
a dominant counterpart to suppress them, arc automatically expressed. White-
eyed females were relatively rare because they typically had only one copy of W
so they expressed the dominant red eye color. By correlating a gene—the one
for eye color—with a chromosome, the X, Morgan, despite his initial reserva-
tions, had effectively proved the Sutton-Boveri theory. He had also found an
example of "sex-linkage," in which a particular characteristic is disproportion-
ately represented in one sex.

Like Morgan's fruit flies, Queen Victoria provides a famous example of sex-
linkage. On one of her X chromosomes, she had a mutated gene for hemophilia,
the "bleeding disease” in whose victims proper blood clotting fails to occur.
Because her other copy was normal, and the hemophilia gene is recessive, she
herself did not have the disease. But she was a carrier. Her daughters did not
have the disease either; evidently each possessed at least one copy of the nor-
mal version. But Victoria's sons were not al so lucky. Like al males (fruit fly
males included), each had only one X chromosome; this was necessarily derived
from Victoria (a'Y chromosome could have come only from Prince Albert, Vic-
toria's husband). Because Victoria had one mutated copy and one normal copy,
each of her sons had a 50-50 chance of having the disease. Prince Leopold drew
the short straw: he developed hemophilia, and died at thirty-one, bleeding to
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death after a minor fall. Two of Victorias daughters, Princesses Alice and Beat-
rice, were carriers, having inherited the mutated gene from their mother. They
each produced carrier daughters and sons with hemophilia. Alice's grandson
Alexis, heir to the Russian throne, had hemophilia, and would doubtless have
died young had the Bolsheviks not gotten to him first.

Morgan's fruit flies had other secrets to reveal. In the course of studying
genes located on the same chromosome, Morgan and his students found that
chromosomes actually break apart and re-form during the production of sperm
and egg cells. This meant that Morgan's original objections to the Sutton-Boveri
theory were unwarranted: the breaking and re-forming—"recombination,” in
modern genetic parlance—shuffles gene copies between members of a chro-
mosome pair. This means that, say, the copy of chromosome 12 | got from my
mother (the other, of course, comes from my father) is in fact a mix of my
mother's two copies of chromosome 12, one of which came from her mother
and one from her father. Her two 12s recombined—exchanged material—dur-
ing the production of the egg cell that eventually turned into me. Thus my
maternally derived chromosome 12 can be viewed as a mosaic of my grandpar-
ents' 12s. Of course, my mother's maternally derived 12 was itself a mosaic of
her grandparents' 12s, and so on.

Recombination permitted Morgan and his students to map out the positions
of particular genes along a given chromosome. Recombination involves break-
ing (and re-forming) chromosomes. Because genes are arranged like beads
along a chromosome string, a break is statistically much more likely to occur
between two genes that are far apart (with more potential break points inter-
vening) on the chromosome than between two genes that are close together. If,
therefore, we see a lot of reshuffling for any two genes on a single chromosome,
we can conclude that they are a long way apart; the rarer the reshuffling, the
closer the genes likely are. This basic and immensely powerful principle under-
lies all of genetic mapping. One of the primary tools of scientists involved in the
Human Genome Project and of researchers at the forefront of the battle against
genetic disease was thus developed all those years ago in the filthy, cluttered
Columbia fly room. Each new headline in the science section of the newspaper
these days along the lines of "Gene for Something Located" is a tribute to the
pioneering work of Morgan and his boys.

14



Beginnings of Genetics

The rediscovery of Mendel's work, and the breakthroughs that followed it,
sparked a surge of interest in the social significance of genetics. While
scientists had been grappling with the precise mechanisms of heredity through
the eighteenth and nineteenth centuries, public concern had been mounting
about the burden placed on society by what came to be called the "degenerate
classes'—the inhabitants of poorhouses, workhouses, and insane asylums.
What could be done with these people? It remained a matter of controversy
whether they should be treated charitably—which, the less charitably inclined
claimed, ensured such folk would never exert themselves and would therefore
remain forever dependent on the largesse of the state or of private institu-
tions,—or whether they should be simply ignored, which, accordingto. the char-
itably inclined, would result only in perpetuating the inability of the
unfortunate to extricate themselves from their blighted circumstances.

The publication of Darwin's Origin of Species in 1859 brought these issues
into sharp focus. Although Darwin carefully omitted to mention human evolu-
tion, fearing that to do so would only further inflame an already raging contro-
versy, it required no great leap of imagination to apply his idea of natural
selection to humans. Natural selection is the force that determines the fate of
al genetic variations in nature—mutations like the one Morgan found in the
fruit fly eye-color gene, but also perhaps differences in the abilities of human
individuals to fend for themselves.

Natural populations have an enormous reproductive potential. Take fruit
flies, with their generation time of just ten days, and females that produce some
three hundred eggs apiece (half of which will be female): starting with a single
fruit fly couple, after a month (i.e., three generations later), you will have 150 X
150 X 1 50 fruit flies on your hands—that's more than 3 million flies, all of them
derived from just one pair in just one month. Darwin made the point by choos-
ing a species from the other end of the reproductive spectrum:

The elephant is reckoned to be the slowest breeder of all known animals,
and | have taken some pains to estimate its probable minimum rate of nat-
ural increase: it will be under the mark to assume that it breeds when thirty
years old, and goes on breeding till ninety years old, bringing forth three
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pairs of young in this interval; if this be so, at the end of the fifth century
there would be dive fifteen million elephants, descended from the first pair.

All these calculations assume that al the baby fruit flies and dl the baby ele-
phants make it successfully to adulthood. In theory, therefore, there must be an
infinitely large supply of food and water to sustain this kind of reproductive
overdrive. In reality, of course, those resources are limited, and not all baby fruit
flies or baby elephants make it. There is competition among individuals within
a species for those resources. What determines who wins the struggle for access
to the resources? Darwin pointed out genetic variation means that some indi-
viduals have advantages in what he called "the struggle for existence." To take
the famous example of Darwin's finches from the Galapagos Islands, those indi-
viduals with genetic advantages—like the right size of beak for eating the most
abundant seeds—are more likely to survive and reproduce. So the advantageous
genetic variant—having a bill the right size—tends to be passed on to the next
generation. The result is that natural selection enriches the next generation
with the beneficial mutation so that eventually, over enough generations, every
member of the species ends up with that characteristic.

The Victorians applied the same logic to humans. They looked around and
were alarmed by what they saw. The decent, moral, hardworking middle classes
were being massively outreproduced by the dirty, immoral, lazy lower classes.
The Victorians assumed that the virtues of decency, morality, and hard work ran
in families just as the vices of filth, wantonness, and indolence did. Such char-
acteristics must then be hereditary; thus, to the Victorians, morality and
immorality were merely two of Darwin's genetic variants. And if the great
unwashed were outreproducing the respectable classes, then the "bad" genes
would be increasing in the human population. The species was doomed!
Humans would gradually become more and more depraved as the "immorality"
gene became more and more common.

Francis Galton had good reason to pay special attention to Darwin's book, as
the author was his cousin and friend. Darwin, some thirteen years older, had
provided guidance during Galton's rather rocky college experience. But it was
The Origin of Species that would inspire Galton to start a social and genetic cru-
sade that would ultimately have disastrous consequences. In 1883, ayear after
his cousin's death, Galton gave the movement a name: eugenics.
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Eugenics was only one of Galton's many interests; Galton enthusiasts refer
to him as a polymath, detractors as a dilettante. In fact, he made signifi-
cant contributions to geography, anthropology, psychology, genetics, meteorol-
ogy, statistics, and, by setting fingerprint analysis on a sound scientific footing,

to criminology. Born in 1822 into a prosperous family,
his education—partly in medicine and partly in mathe-
matics—was mostly a chronicle of defeated expecta-
tions. The death of his father when he was twenty-one
simultaneously freed him from paternal restraint and
yielded a handsome inheritance; the young man duly
took advantage of both. After a full six years of being,
what might be described today as a trust-fund dropout,
however, Galton settled down to become a productive
member of the Victorian establishment. He made his
name leading an expedition to a then little known
region of southwest Africa in 1850-52. In his account
of his explorations, we encounter the first instance of
the one strand that connects his many varied interests:
he counted and measured everything. Galton was only
happy when he could reduce a phenomenon to a set of
numbers.

At a missionary station he encountered a striking
specimen of steatopygia—a condition of particularly
protuberant buttocks, common among the indigenous

Nama women of the region—and realized that this
woman was naturally endowed with the figure that was

SARTLEE, 'I‘HE‘ }I'O’P'I‘F;N TOT VENU S,
wvow Bahibilin vg . Lordon.
Drawen fromL {:/ﬂ»
A nineteenth-century exaggerated view of a
Nama woman

then fashionable in Europe. The only difference was that it required enormous
(and costly) ingenuity on the part of European dressmakers to create the

desired "look" lor their clients.

| profess to be a scientific man, and was exceedingly anxious to obtain
accurate measurements of her shape; but there was a difficulty in doing
this. | did not know a word of Hottentot [the Dutch name for the Nama],
and could never therefore have explained to the lady what the object of my
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footrule could be; and | really dared not ask my worthy missionary host to
interpret for me. | therefore felt in a dilemma as | gazed at her form, that
gift of bounteous nature to this favoured race, which no mantua-maker,
with al her crinoline and stuffing, can do otherwise than humbly imitate.
The object of my admiration stood under a tree, and was turning herself
about to all points of the compass, as ladies who wish to be admired usu-
aly do. Of a sudden my eye fell upon my sextant; the bright thought
struck me, and | took a series of observations upon her figure in every
direction, up and down, crossways, diagonaly, and so forth, and 1 regis-
tered them carefully upon an outline drawing for fear of any mistake; this
being done, | boldly pulled out my measuring tape, and measured the
distance from where | was to the place she stood, and having thus
obtained both base and angles, | worked out the results by trigonometry
and logarithms.

Galton's passion for quantification resulted in his developing many of the
fundamental principles of modern statistics. It also yielded some clever obser-
vations. For example, he tested the efficacy of prayer. He figured that if prayer
worked, those most prayed for should be at an advantage; to test the hypothesis
he studied the longevity of British monarchs. Every Sunday, congregations in
the Church of England following the Book of Common Prayer beseeched God to
"Endue the king/queen plenteously with heavenly gifts; Grant him/her in health
and wealth long to live." Surely, Galton reasoned, the cumulative effect of all
those prayers should be beneficial. In fact, prayer seemed ineffectual: he found
that on average the monarchs died somewhat younger than other members of
the British aristocracy.

Because of the Darwin connection—their common grandfather, Erasmus
Darwin, too was one of the intellectual giants of his day—Galton was especially
sensitive to the way in which certain lineages seemed to spawn disproportion-
ately large numbers of prominent and successful people. In 1869 he published
what would become the underpinning of al his ideas on eugenics, a treatise
called Hereditary Genius: An Inquiry into Its Laws and Consequences. In it he
purported to show that talent, like simple genetic traits such as the Hapsburg
Lip, does indeed run in families; he recounted, for example, how some families

18



Beginnings of Genetics

had produced generation after generation of judges. His analysis largely ne-
glected to take into account the effect of the environment: the son of a promi-
nent judge is, after al, rather more likely to become ajudge—by virtue of his
father's connections, it nothing else—than the son of a peasant farmer. Galton
did not, however, completely overlook the effect of the environment, and it was
he who first referred to the "nature/nurture" dichotomy, possibly in reference to
Shakespeare's irredeemable villain, Caliban, "a devil, a born devil, on whose
nature/Nurture can never stick."
The results of his analysis, however, left no doubt in Galton's mind.

| have no patience with the hypothesis occasionally expressed, and often
implied, especially in tales written to teach children to be good, that babies
are born pretty much alike, and that the sole agencies in creating differ-
ences between boy and boy, and man and man, are steady application and
moral effort. It is in the most unqualified manner that | object to preten-
sions of natural equality.

A corollary of his conviction that these traits are genetically determined, he
argued, was that it would be possible to "improve" the human stock by prefer-
entially breeding gifted individuals, and preventing the less gifted from repro-
ducing.

It is easy ... to obtain by careful selection a permanent breed of dogs or
horses gifted with peculiar powers of running, or of doing anything else, so
it would be quite practicable to produce a highly-gifted race of men by
judicious marriages during several consecutive generations.

Galton introduced the terms eugenics (literally "good in birth") to describe
this application of the basic principle of agricultural breeding to humans. In
time, eugenics came to refer to "self-directed human evolution": by making con-
scious choices about who should have children, eugenicists believed that they
could head off the "eugenic crisis" precipitated in the Victorian imagination by
the high rates of reproduction of inferior stock coupled with the typically small
families of the superior middle classes.
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Eugenics asit was perceived during the first fart of the twentieth century: an opportunity
for humans to control their own evolutionary destiny

Eugenics these days is a dirty word, associated with racists and Nazis—a
dark, best-forgotten phase of the history of genetics. It is important to
appreciate, however, that in the closing years of the nineteenth and early years
of the twentieth centuries, eugenics was not tainted in this way, and was seen
by many as offering genuine potential for improving not just society as a whole
but the lot of individuals within society as well. Eugenics was embraced with
particular enthusiasm by those who today would be termed the "liberal left."
Fabian socialists—some the era's most progressive thinkers—flocked to the
cause, including George Bernard Shaw, who wrote that "there is now no rea-
sonable excuse for refusing to face the fact that nothing but a eugenic religion
can save our civilisation." Eugenics seemed to offer a solution to one of society's

20



Beginnings of Genetics

mogt persistent woes: that segment of the population that is incapable of exist-
ing outside an institution.

Whereas Galton had preached what came to be known as "positive eugen-
ics" encouraging genetically superior people to have children, the American
eugenics movement preferred to focus on "negative eugenics,” preventing
genetically inferior people from doing so. The goals of each program were basi-
cdly the same—the improvement of the human genetic stock—but these two
approaches were very different.

The American focus on getting rid of bad genes, as opposed to increasing fre-
guencies of good ones, stemmed from a few influential family studies of
"degeneration” and "feeblemindedness"—two peculiar terms characteristic of
the American obsession with genetic decline. In 1875 Richard Dugdale pub-
lished his account of the Juke clan of upstate New York. Here, according to
Dugdale, were several generations of seriously bad apples—murderers, alco-
holics, and rapists. Apparently in the area near their home in New York State
the very name "Juke" was a term of reproach.

Another highly influential study was published in 1912 by Henry Goddard,
the psychologist who gave us the word "moron,” on what he called "The Kallikak
Family." This is the story of two family lines originating from a single male
ancestor who had a child out of wedlock (with a "feebleminded" wench he met
in a tavern while serving in the military during the American Revolutionary
War), as well as siring a legitimate family. The illegitimate side of the Kallikak
line, according to Goddard, was bad news indeed, "a race of defective degener-
ates," while the legitimate side comprised respectable, upstanding members of
the community. To Goddard, this "natural experiment in heredity" was an exem-
plary tale of good genes versus bad. This view was reflected in the fictitious
name he chose for the family. "Kallikak" is a hybrid of two Greek words, kalos
(beautiful, of good repute) and kakos (bad).

"Rigorous’ new methods for testing mental performance—the first 1Q tests,
which were introduced to the United States from Europe by the same Henry
Goddard—seemed to confirm the general impression that the human species
was gaining downward momentum on a genetic slippery slope. In those early days
of 1Q testing, it was thought that high intelligence and an alert mind inevitably
implied a capacity to absorb large quantities of information. Thus how much you
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knew was considered a sort of index of your 1Q. Following this line of reasoning,
early 1Q tests included lots of general knowledge questions. Here are a few
from a standard test administered to U.S. Army recruits during World War 1:

Pick one of four:

The Wyandotte is a kind of:
1) horse 2) fowl 3) cattle 4) granite

The ampere is used in measuring:
1) wind power 2) electricity 3) water power 4) rainfall

The number of a Zulu's legs is:
1) two 2) four 3) six 4) eight

[Answers are 2, 2, 1]

Some half of the nation's army recruits flunked the test and were deemed
"feebleminded."” These results galvanized the eugenics movement in the United
States: it seemed to concerned Americans that the gene pool really was becom-
ing more and more awash in low-intelligence genes.

Sientists realized that eugenic policies required some understanding
f the genetics underlying characteristics like feeblemindedness. With
the rediscovery of Mendel's work, it seemed that this might actually be pos-
sible. The lead in this endeavor was taken on Long Island by one of my prede-
cessors as director of Cold Spring Harbor Laboratory. His name was Charles
Davenport.

In 1910, with funding from a railroad heiress, Davenport established the
Eugenics Record Office at Cold Spring Harbor. Its mission was to collect basic
information—pedigrees—on the genetics of traits ranging from epilepsy to
criminality It became the nerve center of the American eugenics movement.
Cold Spring Harbor's mission was much the same then as it is now: today we
strive to be at the forefront of genetic research, and Davenport had no less lofty
aspirations—but in those days the forefront was eugenics. However, there is no
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The staff of the Eugenics Record Office, pictured with members of the Cold Spring
Harbor Laboratory. Davenport, seatedinthevery center, hired personnel onthebasisof
hisbelief that women wer e genetically suited to thetask of gathering pedigreedata.

doubt that the research program initiated by Davenport was deeply flawed from
the outset and had horrendous, albeit unintended, consequences.

Eugenic thinking permeated everything Davenport did. He went out of his
way, for instance, to hire women as field researchers because he believed them
to have better observational and social skills than men. But, in keeping with the
central goal of eugenics to reduce the number of bad genes, and increase the
number of good ones, these women were hired for a maximum of three years.
They were smart and educated, and therefore, by definition, the possessors of
good genes. It would hardly be fitting for the Eugenics Record Office to hold
them back too long from their rightful destiny of producing families and passing
on their genetic treasure.

Davenport applied Mendelian analysis to pedigrees he constructed of human
characteristics. Initially, he confined his attentions to a number of simple
traits—like albinism (recessive) and Huntington disease (dominant)—whose
mode of inheritance he identified correctly. After these early successes he
plunged into a study of the genetics of human behavior. Everything was fair
game: all he needed was a pedigree and some information about the family his-
tory (i.e.,, who in the line manifested the particular characteristic in question),
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Sound genetics: Davenport's pedigree showing how albinismisinherited

and he would derive conclusions about the underlying genetics. The most cur-
sory perusal of his 1911 book, Heredity in Relation to Eugenics, reveals just how
wide-ranging Davenport's project was. He shows pedigrees of families with
musical and literary ability, and of a "family with mechanical and inventive abil-
ity, particularly with respect to boat-building." (Apparently Davenport thought
that he was tracking the transmission of the boat-building gene.) Davenport
even claimed that he could identify distinct family types associated with differ-
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ent surnames. Thus people with the surname Twinings have these characteris-
tics: "broad-shouldered, dark hair, prominent nose, nervous temperament, tem-
per usually quick, not revengeful. Heavy eyebrows, humorous vein, and sense
of ludicrous; lovers of music and horses."

The entire exercise was worthless. Today we know all the characteristics in
guestion are readily affected by environmental factors. Davenport, like Galton,
assumed unreasonably that nature unfailingly triumphed over nurture. In addi-
tion, whereas the traits he had studied earlier, albinism and Huntington dis-
ease, have a simple genetic basis—they are caused by a particular mutation in a
particular gene—for most behavioral characteristics, the genetic basis, if any, is
complex. They may be determined by a large number of different genes, each
one contributing just a little to the final outcome. This situation makes the
interpretation of pedigree data like Davenport's virtually impossible. Moreover,
the genetic causes of poorly defined characteristics like "feeblemindedness" in
one individual may be very different from those in another, so that any search
for underlying genetic generalities is futile.

Unsound genetics: Davenport's pedigree showing how boat-building skillsareinherited.
Hefailsto factor in the effect of the environment; a boat-builder'ssonislikely to follow his
father'strade because he hasbeen raised in that environment.



