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 The chromosomes, we declare, are the little things that make us 

what we are.

darlington, “The Chromosomes as We See Them”

I suppose that my real favorites are the chromosomes, 

whose ever- enchanting beauty is addictive to some microscopists, 

including myself.

hsu, “My Favorite Cytological Subject”
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Introduction

In the 1960s and well beyond, pictures of orderly paired chromosomes 

were the most iconic images of genetics. They appeared in clinical 

rec ords, on the pages of newspapers, in courtrooms, and on greeting 

cards, with the chromosomes serving as genetic “portraits” and provid-

ing insights into the inner “self” of individuals.1 By the end of the de-

cade, the prominent British human geneticist Lionel Penrose announced 

that the study of human chromosomes, which, until recently, had been 

almost “completely unexplored territory,” had become “a happy hunting 

ground for thousands of investigators all over the world.”2 In the vision 

of its promoters, the techniques for analyzing chromosomes had wide 

implications for the study of a growing number of genetic diseases and 

mental conditions; for the study of cancer, the biology of sex determina-

tion, infertility, and aging; for epidemiological investigations and com-

parative studies of human populations; in radiation studies and toxicol-

ogy; in the courts; and in the policy arena.

Surprisingly, the microscopic study of human chromosomes took off 

at exactly the time when molecular approaches to heredity were cele-

brating their biggest advances. The suggestion that humans usually have 

forty- six rather than forty- eight chromosomes as had been the ortho-

doxy for many years, followed on the heels of the proposal of the dou-

ble helical structure of DNA. Scientists celebrated the consensus on the 

new number of human chromosomes as the beginning of a “new era” in 

the study of human heredity.3 Yet historical accounts often draw a di-

rect line from the double helix to the genome sequencing projects of the 

1990s, without much reference to the chromosome studies of the inter-

vening decades. What was behind the explosive growth in human chro-

mosome research? And how can we explain its paradoxical place in the 
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2 Introduction

history of human heredity? Heredity under the Microscope sets out to 

answer these questions. Taking as its focal point chromosomes and the 

techniques and images that come packaged with them, it traces the ex-

panding uses of these genetic tools and the questions and concerns that 

propelled them. It aims to provide an integrated account that makes 

space for microscope- based practices next to molecular approaches in 

the quest to study and harness heredity in humans.

Much of the fascination with chromosomes and the persuasive power 

of the work was based on the visual evidence the chromosome prepa-

rations provided. Critics contended that looking at pictures was not 

enough to understand the mechanisms at work. In focusing on the vi-

sual practices that sustained work with chromosomes, this book argues 

that the patient collection of cases and the often bewildering variety of 

observations made by chromosome researchers looking down the micro-

scope were as central to the making of human genetics as was the search 

for molecular mechanisms gleaned from the study of simple organisms 

pursued at the same time.

Chromosomes and the Study of Human Heredity

The study of human chromosomes was not new in the postwar era.4 

Observation under the microscope of the strongly stained bodies (or 

“chromo- somes,” from the Greek for color and bodies) in the cell nu-

cleus and their identifi cation as the hereditary material goes back to the 

late nineteenth and early twentieth centuries. The chromosome theory 

of heredity remained contested, but chromosomes meanwhile became 

the object of extensive research. Armed with much improved compact 

multilens microscopes, botanists and zoologists studied the ordered 

movements, or “dance of chromosomes,” during ordinary cell division 

(mitosis) and in the formation of reproductive cells (meiosis).5 They es-

tablished that each plant and animal species had a fi xed and charac-

teristic number of chromosomes in every cell. They compiled lists and 

produced atlases comparing the number of chromosomes in various spe-

cies throughout the plant and animal kingdoms.6 In the 1920s scientists 

agreed that humans (including “whites” and “Negroes”) had forty- eight 

chromosomes, an observation often confi rmed over the years. The same 

number was counted in Rhesus monkeys, whereas Capuchin monkeys 
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Introduction 3

had fi fty- six chromosomes, giving rise to speculations about the evolu-

tionary mechanism behind the numbers.7 Yet human chromosomes, like 

chromosomes from mammalian cells more generally, were diffi cult to 

work with, not least because there are so many of them. Fruit fl ies have 

only four chromosomes and onions have eight. In addition, access to hu-

man tissue suitable for chromosome analysis was anything but straight-

forward. To fi nd dividing cells in which chromosomes could be studied, 

tissue from testes was the preferred material. As one protagonist laconi-

cally remarked, for “the knights of the dark ages” of cytogenetics, there 

were only two ways to obtain such samples: “waiting outside the oper-

ating rooms and waiting by the gallows.”8 For these reasons— and for 

the potential practical use in crop breeding— most research on chromo-

somes was performed on insect or plant cells.9

The extensive effort in Thomas Hunt Morgan’s laboratory at Colum-

bia in the 1910s and 1920s to map genes in the fruit fl y according to their 

relative position on the chromosomes eventually confi rmed the chromo-

some theory of heredity. The giant chromosomes in the salivary glands 

of the fl y larvae made genetic activity visible under the microscope. To-

gether with the chromosome map that was being generated and the ex-

tensive collection of mutant fl ies that was built up parallel to it, this tool 

established the fruit fl y as the organism of choice for genetic research.10 

For decades the fl y remained a point of reference for much genetic work 

done on other organisms, including humans. Yet after World War II, 

widespread efforts to establish the effects of nuclear radiation in humans 

as well as a continuing interest in the role of chromosomes in the etiol-

ogy of cancer— a disease increasingly linked to the risks of radiation— 

provided new incentives to develop better protocols for studying human 

chromosomes. The close connections between genetics and the atomic 

age have been explored before.11 However, Cold War anxieties about the 

effects of atomic radiation played a particularly salient role in human 

chromosome research, as the new preparation techniques promised to 

make mutations directly visible under the microscope. It was in this con-

text of increased concerns around mutations and human heredity that 

the recount of human chromosomes took place.12

After the new chromosome count was settled in the late 1950s, re-

search on human chromosomes entered the period of explosive growth 

described by Penrose. In the course of a few years, the study of human 

chromosomes became the most dynamic area of chromosome research.13 
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4 Introduction

Skills and observations gained in the study of chromosomes in plants, 

the fruit fl y, and the mouse remained important and traveled to and fro 

among different research communities. Nevertheless, the focus of this 

book is on human chromosomes because heredity in humans raised a 

specifi c set of questions, and its role in the explanation of human behav-

ior remained deeply contested in the middle decades of the twentieth 

century. At the same time, research on human chromosomes contrib-

uted decisively to pushing the study of human heredity to the forefront 

of research. The aim is not a systematic history of human cytogenetics, 

the fi eld concerned with the study of human chromosomes.14 In fact, tak-

ing human chromosomes and the techniques and images that travel with 

them as the focal point of study makes it possible to transcend the bound-

aries of a disciplinary history and trace the many contexts in which the 

techniques were taken up. In this study human chromosomes serve as an 

analytical lens to gain insight into where human heredity mattered and 

genetic knowledge was embraced, debated, or rejected.15

Human chromosome research was just one of many approaches to the 

study of human heredity. In the same text mentioned earlier, Penrose dis-

tinguished cytogenetics (based on microscopic observation) from “clas-

sical human genetics” (based on the construction of pedigrees) and “es-

tablished quantitative and biochemical methodologies.” Cytogenetics, 

he concluded, raised new questions that could not be solved by “precon-

ceived or routine ideas.”16 A World Health Organization technical guide 

listed a battery of methods for the genetic study of human populations, 

including the determination of blood groups and immunological and bio-

chemical markers such as leukocyte antigens and phenylthio carbamide 

(PTC) tasting, whose distributions vary in different populations.17 In 

particular, the study of blood groups had long played a key role in the 

study of human heredity.18 Yet proteins and antigens, including the com-

plex ABO system, provided only indirect proof of variation on the ge-

netic level. Moreover, they offered insights into the genetic variation of 

just one factor. In contrast, chromosome preparations— at a glance— 

offered a picture of the whole genome, a term introduced in the 1920s to 

denote the complete (single) chromosome set of an individual or a spe-

cies. In addition, the same techniques could be used to study hereditary 

or congenital mutations as well as mutations accumulated in the lifetime 

of individuals, in somatic as well as reproductive cells. For these rea-

sons, chromosome analysis promised to be a much more powerful tool 
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Introduction 5

for the study of  human genetics. Following chromosomes, then, makes it 

possible to recover a broad range of preoccupations around human he-

redity and to track the expanding uses of genetic techniques, the visual 

evidence they provided, and their meanings. Today we tend to think of 

chromosome analysis as predominantly a diagnostic tool. Yet this was 

not always so, and we need both to ask how these practices became en-

trenched in the clinic and to tend to the other uses that shaped the tech-

nology and discussions around human heredity more broadly.

Recovering the multiple contexts in which chromosomes were em-

bedded also helps disentangle the study of postwar human heredity from 

the predominant concern about continuities with eugenic practices. The 

exclusive concentration on the “eugenic question,” as important as it is, 

obscures other aspects of the postwar study of human heredity and its 

many ramifi cations in science, medicine, and politics.19 The loaded ques-

tions of “who should and who should not inhabit the world” and who 

decides continued to vex proponents and critics of chromosome tech-

niques. They gained special signifi cance in the context of prenatal di-

agnosis that became more widely available in the 1970s.20 Yet prenatal 

diagnosis was only one of a wide range of issues tackled with the new 

techniques. Chromosome researchers for their part rejoiced that the new 

cytogenetic techniques put the study of human heredity on a “very solid 

basis,” distancing it from the speculative approaches of the past.21

Making Visible and Seeing

The questions remain: What are chromosomes? And what does it mean 

to treat them as visual objects?

Every cell of the human body (with the exception of red blood cells) 

has a full set of chromosomes.22 Yet chromosomes become visible only 

through sustained intervention and skilled observation.23 The tech-

niques employed to render chromosomes visible under the microscope 

have been molded and transformed through time. The exact protocols 

differ locally and depend on the specifi c aims of the analysis, but the 

preparation always demands complex, precisely timed routines, concen-

trated human attention, and skill, even with the advent of increasing au-

tomation. The work involved in producing the pair of “classic” photo-

graphs that accompanied the article in which Joe Hin Tjio and Albert 
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Figure 1. Photomicrograph of human chromosomes published by Tjio and Levan in 1956. 

The authors counted forty- six chromosomes. The photograph showed “the ease with which 

the counting could be made” (p. 2).

Source: Tjio and Levan, “Chromosome Number of Man,” 2, fi g. 1a. Reproduced with permission 

of Hereditas.

Levan, of the Cancer Chromosome Laboratory at the University of 

Lund, fi rst suggested that humans have forty- six rather than forty- eight 

chromosomes provides a useful example (fi g. 1).

To prepare the chromosomes for observation, the two researchers tin-

kered with a set of newly available techniques. Departing from the prac-

tice of using embedded tissue blocks from which thin sections were cut, 

they started from cell cultures of embryonic tissue that grew in a thin 

layer. The cultures were provided to them by a colleague in the  Virus 

Laboratory in Lund who had access to human embryos from legal abor-

tions. Once the cultures had grown, Tjio and Levan treated the cells 

with colchicine, a cell poison that interferes with the formation of the 

cell spindle that pulls sister chromatids apart during cell division to dis-

tribute them into the two daughter cells. As a consequence, cell divi-

sion is interrupted at the stage known as metaphase, when the diffused, 

double- up chromatin fi bers are condensed into compact chromosome 

structures and become visible under the microscope. The characteris-

tic X- shaped form seen on Tjio and Levan’s photos and other chromo-

some images from the time is an artifact of colchicine treatment. Subse-

quently, the two researchers added a hypotonic solution consisting of a 
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Introduction 7

balanced salt solution mixed with distilled water to the culture medium 

to swell the cells and separate the chromosomes. They stained the cells 

with a dye that specifi cally binds to chromosomes, placed the prepara-

tions on a glass slide, and carefully pressed the covers with their thumbs 

in a fi nal attempt to spread the chromosomes into a two- dimensional 

plane. The chromosome preparations could then be viewed under a con-

ventional light microscope and drawn with the help of a camera lucida as 

well as photographed.

The epistemic value of drawing and photography was a matter of dis-

pute between the two authors of the paper. For Levan, seeing was in-

timately connected to the act of drawing. In contrast, Tjio dismissed 

drawing as a subjective way of interpreting what one sees under the mi-

croscope and instead invoked the power of photography to record the 

microscopic image and provide the decisive evidence. Yet far from rely-

ing on the “mechanical objectivity” of photography, he further manip-

ulated the images in the dark room by applying all the tools available 

to produce the high- quality prints that so impressed fellow researchers, 

including Levan, his reservations against photography notwithstand-

ing.24 The dispute between Levan and Tjio underlines the importance 

and contested nature of visual evidence in work on chromosomes. With 

the preparations improving and the chromosomes showing fewer over-

laps that needed to be resolved, photography gained the upper hand 

over drawing in chromosome laboratories. Yet resistance against photo-

graphic techniques persisted, and some laboratories preferred to count 

chromosomes under the microscope rather than from photographs. 

Against the suggestive power of photomicrographs, the philosopher of 

science Ian Hacking reminds us that “the reality in which we believe is 

only a photograph of what came out of the microscope, not any credible 

real, tiny thing.”25 Nevertheless, the visual evidence of chromosome im-

ages relied on the sedimented experience of working with microscopes 

and the researchers’ familiarity with analyzing the subcellular world to 

which microscope preparations provided access.26

Hans- Jörg Rheinberger, refl ecting on the intersection between in-

struments and biological objects— or, in his terms, on “the reciprocal re-

lation between epistemic things and the technical conditions of their ma-

nipulation in experimental systems”— has remarked on how objects must 

be confi gured “in such a way that these instruments can do their job.”27 

Specifi cally with respect to microscopic preparations, the microscope de-

mands that “objects be presented in a fl at, two- dimensional form, since 
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8 Introduction

microscopes produce a sharp image only in the focal plane.”28 A further 

characteristic of microscopic preparations is that “as a rule things tai-

lored to the lens cannot themselves be seen during the process of prepa-

ration. . . . The process of their production escapes the eye: only the gaze 

through the microscope decides after the fact whether it was successfully 

carried out. This requires that the preparer focus on the regularities of 

the production process, which must so to speak function blindly.”29 This 

characterization fi ts perfectly with the routines— from the use of tissue 

cultures that grow in one layer and the fi nal squashing of the cells on 

the slide to the rendering of the microscope image on a two- dimensional 

plane (paper, photograph, or screen) and the minutely followed proto-

cols for the preparation of high- quality chromosome spreads— developed 

around the visualization of chromosomes. Summing up, we can say that 

chromosomes that researchers see through the eyepiece of a microscope, 

on a photograph captured from the visual fi eld of a microscope, or more 

recently on the computer screen are microscopic objects, not just in the 

sense that they can be seen only through a microscope but also in the 

sense that they are prepared in such a way that they can be viewed under 

the microscope.30

Photographs (like drawings in other ways) captured the microscope 

image and preserved the experimental evidence. They provided proof 

and invited other scientists to check the evidence. Discussions of chro-

mosome counts took place around photographic images. Nevertheless, 

chromosomal observation required extensive training, and even such 

a seemingly basic activity as counting chromosomes was anything but 

straightforward.31 Photographs themselves became the object of fur-

ther manipulation. Enlarged prints were cut up and the chromosomes 

ordered according to a standardized scheme agreed on in specially con-

vened standardization conferences.32 Photographic slides could be pro-

jected against a screen, facilitating the measurement of the magnifi ed 

chromosomes. Thus, through photography chromosomes became tan-

gible objects that could be further manipulated, measured, and sorted, 

even if in the service of identifying and counting chromosomes other in-

formation on the place and function of chromosomes in the cell was lost. 

Indeed, during preparation researchers took great care to keep the com-

plete set of chromosomes of each cell together, but the contours of the 

nuclear structure that contained the chromosomes disappeared from the 

photographic images. This aided the perception that chromosomes could 

be studied as independent objects, isolated from their milieu (fi g. 2).
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Figure 2. Cutting out chromosomes.

Source: WHO Archives, Album EURO- RESEARCH, WHO/9258, photo library reference WHO_ 

A_021972. © World Health Organization/Spooner, 1963. Reproduced with permission.

Over the years the protocols for preparing human chromosomes for 

microscopic observation were constantly refi ned and updated. From 

the 1960s, most work was performed on white blood cells, isolated from 

small samples of peripheral blood and grown in culture. The new tech-

nique greatly facilitated access to human material for chromosome 

analy sis. Squashing was replaced by air- drying, which produced a sim-

ilar fl attening effect while requiring less skill to apply. Chromosomes 

were banded with fl uorescent and other stains or variously labeled, fi rst 

with radioactive and later with genetically engineered fl uorescent mark-

ers. The techniques revealed a host of new details and quickly made pre-
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10 Introduction

vious  approaches look “antiquated.”33 Colchicine treatment was adapted 

to produce short or less condensed longer chromosomes, showing more 

bands. The changes went hand in hand with the introduction of ever more 

refi ned light and later fl uorescence microscopes with in- built cameras 

and digital image processing. Analysis moved from counting to close ob-

servation of banding patterns, using visual standards. By the 1970s, au-

tomation started to take over some of the routine tasks of chromosome 

analysis, but even the most recent chromosome- sorting software pro-

grams still rely on extensive checking by highly skilled human observers. 

Today, much work is done on the computer screen, but whenever a doubt 

arises, the slide with the preparation is placed under a microscope for 

direct inspection. Training to read chromosome images takes one year. 

More time is needed to perform the work confi dently. Not everyone has 

the ability to become a skilled observer. Women are generally consid-

ered more adept at this than men, which speaks to the gendered division 

of labor in the laboratory.34

Lorraine Daston has suggested that visualization techniques do not 

just make things visible but also “crystallize” new objects of scientifi c 

inquiry. She speaks of an “ontology wrought by observation.”35 Seeing 

here always means “trained perception” and is a practice that is shared 

by a community of researchers.36 Daston also points to the “aesthetic 

pleasures of skillful perception,” of seeing “at a glance” or the “all- at- 

once- ness” of skillful observation.37 Her examples mostly stem from the 

eighteenth and nineteenth centuries, but she could just as well be speak-

ing of the visual experiences of chromosome researchers in the 1950s. In 

his personal account of human chromosome research, Tao- Chiuh Hsu, 

a pioneer in the fi eld, described chromosomes as “hypnotically beauti-

ful objects,” even comparing them with Rembrandt paintings.38 Forty 

years later, a still- practicing cytogeneticist echoed Hsu’s views when she 

confessed, “Were it not for the esthetic appeal of chromosomes, I would 

have left the fi eld some time ago.” Elaborating on her statement, she 

added: “I wonder what Levan would have thought of the current ‘imag-

ing systems,’ which allow for much more manipulation of ‘captured im-

ages’ (the term used) than photography. I am one of a dying breed of 

cytogeneticists who actually still prefer to look through the microscope 

because so much of the texture and depth of the chromosomes is lost in 

translation to 2D images. Granted, the chromosomes have been manip-

ulated (spread, fi xed, stained etc.) before viewing at high magnifi cation 

but a look through a microscope ocular is very different from a look at a 
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computer screen or sheet of paper.”39 Chromosomes for cytogeneticists 

thus were and still are tightly bound to and indeed inseparable from ar-

tisanal and visual practices, including cell preparation and staining tech-

niques, trained microscopic observation, drawing, photographing, and 

digital displays. Counting, measuring, and mapping chromosomes hap-

pened around visual representations. Chromosomes also became mo-

bile and traveled with these images and the practices on which they de-

pended. Drawings, photographs, or diagrammatic arrangements of 

chromosomes regularly accompanied scientifi c publications. In clinical 

atlases, chromosome pictures with arrows pointing to anomalies in the 

number or form of certain chromosomes were paired with photographs 

of anonymized and objectifi ed patients showing specifi c morphological 

or behavioral characteristics. Projected in lecture halls, the chromosome 

images impressed scientifi c audiences. At the same time, chromosome 

pictures also became recognizable images for a wider public, appearing 

in clinical settings, in media reports, and even providing the pattern for 

a Marimekko fabric print. Following chromosomes, then, means attend-

ing to the wide gamut of visual practices that sustained them and around 

which contentions took shape. The reliance on visual evidence repre-

sented the strength but also the weakness of chromosome research, es-

pecially in the eyes of molecular biologists who spurned images in favor 

of mathematical formulations and causal explanations.

Visualization became the defi ning criterion to demarcate what be-

longed within the fi eld and what fell outside it. Molecular labeling tech-

niques such as fl uorescent in situ hybridization (FISH) were readily inte-

grated into the tool kit of cytogeneticists as long as they served to make 

chromosomal structures visible under the microscope.40 With current 

molecular practices increasingly relying on microscopic imaging, this de-

marcation is becoming less sharp, an issue that will become signifi cant 

for the argument of the book.

New techniques— from the use of blood cultures to the various band-

ing techniques and automation that allowed researchers to simplify and 

speed up or bring more intricate structural details into view— kept inter-

est in chromosome analysis alive. At the same time, chromosome tech-

niques and images were enrolled in an ever- expanding series of projects 

that, in turn, changed what chromosomes were about and where human 

heredity mattered. Mapping their various uses, we see chromosomes be-

coming objects of research, entering the clinic and turning up in patient 

records, becoming instruments for surveillance and tools to measure 
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12 Introduction

 exposure to radiation and other environmental toxins, being employed 

to test gender and defi ne identities, appearing in court records and in de-

liberations on policy and law, becoming a matter of dispute and ethical 

debate. Through these appropriations and contentions the meanings of 

chromosomes and of human heredity expanded and changed.

Following Chromosomes

Heredity under the Microscope traces the history of human chromosome 

research from its rise to prominence in the 1950s to the 1980s, when the 

mapping of the human genome was in full swing and molecular technol-

ogies started to compete directly with cytogenetic approaches. It recon-

structs the political and scientifi c concerns that propelled the study of 

human chromosomes and investigates the many fi elds— from radiobiol-

ogy and cancer research to medical genetics, gender testing, criminol-

ogy, and the genetic study of human populations— where techniques for 

studying chromosomes made an entry, providing new answers to existing 

questions and opening up new areas of investigation and debate.

Historians have written about the strength of the British school of 

human genetics from the 1930s into the postwar years, with the Galton 

Laboratory, headed fi rst by Ronald A. Fisher and then Penrose, forming 

an important hub.41 Partly building on this tradition, in the 1950s, Brit-

ain also became a hotbed for research on human chromosomes. Play-

ing pivotal roles were the Radiobiological Research Unit at the Brit-

ish Atomic Energy Research Establishment in Harwell, one of the two 

key sites of the British atomic bomb project, and the Medical Research 

Council Clinical and Population Cytogenetics Unit, headed by Michael 

Court Brown in Edinburgh, next to other centers in London, Oxford, 

and Glasgow. This is also where research for this study started. Work 

performed at the Edinburgh unit, especially, provided material for var-

ious topics discussed in this book. However, even if the story often cir-

cles back to some of the early work and debates on chromosomes in Brit-

ain, the story told here is not British. The study draws attention to the 

small international group of researchers stemming from Sweden, the 

United Kingdom, France, Japan, and the United States that together pi-

oneered the use of human chromosome analysis in the mid- 1950s and 

early 1960s. It highlights the role of international organizations such as 

the World Health Organization in promoting the use of chromosome 
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techniques for the study of effects of global fallout, for clinical studies, 

and for worldwide population studies. The effort to provide a chromo-

some map of all human genes, a goal that chromosome researchers pur-

sued intensely from the 1970s, also built on international cooperation. 

More generally, chromosome techniques were versatile and mobile, but 

not effortlessly so. Following chromosomes thus requires attending to 

the ways that chromosome techniques and samples traveled and were 

picked up in laboratories and clinics around the world. Mapping the ex-

panding meanings of chromosomes while teasing out their epistemic 

role as visual objects, the book argues that the study of human chromo-

somes and microscopic work were as central to postwar concerns around 

heredity as the biochemical and molecular approaches that fl ourished at 

the same time.

Chapter 1 substantiates the claim that anxieties of the atomic age were 

the driving force for a new interest in human chromosomes. By providing 

a technique to visualize mutations, chromosome analysis emerged as the 

“right tool” at the right time to address a host of urgent political and sci-

entifi c questions raised by the development of atomic radiation for civil-

ian and military uses.42 Concerns surrounding radiation and other pol-

lutants remained at the center of much chromosome research throughout 

the 1950s and 1960s and provided new legitimization for human hered-

ity research that had been discredited by its implication in eugenic and 

racial practices. Yet human chromosome research and, with it, ques-

tions around human heredity also expanded into new areas. These are 

explored in chapters 2 to 4, which highlight three interlocking thematic 

fi elds— the clinical career of chromosomes, the study of sex and crime, 

and the genetic study of human populations. Together the chapters de-

marcate the large territory in which human chromosomes and with them 

genetic explanations came to matter.

Having mapped the scope of human chromosome studies in the post-

war era, chapter 5 addresses the relations between microscope- based 

and molecular approaches to heredity. In particular, it reconsiders what 

is often described as the “molecularization” of chromosome research in 

the light of the simultaneous turn of molecular biology to human and 

medical genetics, a fi eld long occupied by chromosome researchers. This 

chapter also expands the analysis more decidedly into the 1970s and be-

yond. The epilogue refl ects on the current resurgence of interest in the 

architecture, spatial distribution, and regulatory functions of chromo-

somes and further examines the role of visual evidence in staking knowl-
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edge claims. Considering current directions in the life sciences, it makes 

the case that chromosome research was not just “old- fashioned” biology 

that was superseded by molecular approaches but that it made its own 

distinct contributions to the study of the human genome and its contin-

ued, if contested, salience, then and today.
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Chapter One

Radiation and Mutation

The history of human chromosome research has often been told as 

a history of sometimes fortuitous, other times hard- won technical 

improvements in the art of preparing and analyzing chromosomes. In 

the early 1950s, cell- culturing techniques and the pretreatment of tissue 

with hypotonic medium that swelled the cells and spread apart the chro-

mosomes did away with the need to work from serial sections in which 

the chromosomes were clumped together and sliced up. The improved 

preparation techniques inspired new work with human chromosomes. 

Together with the use of colchicine and the development of squash tech-

niques, the number of human chromosomes was revised and modern 

cyto genetics began. The introduction a decade later of staining tech-

niques that made it possible to distinguish every single chromosome by 

its characteristic banding pattern made everything that had come before 

appear “paleolithic,” and cytogenetics came into its own until molecu-

lar technologies and new fl uorescent marking techniques once more dra-

matically increased the resolution of chromosomal observation.1

Yet this story, as close as it brings us to the laboratory bench, begs the 

following questions: What attracted researchers to the study of human 

chromosomes, and what sustained their interest? What gave importance 

to the observations they made?

Postwar genetics was deeply intertwined with the challenges and op-

portunities of the atomic age. This holds true specifi cally for human 

chromosome research. If we search for the atomic connections, they are 

pervasive and deeply mark the history of the fi eld. Efforts to establish 

the effects of radiation in humans, along with renewed interest in the 

role of chromosome mutations in causing cancer— a disease often linked 
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to radiation exposure— provided new incentives to develop methods to 

study human chromosomes at a time when various countries were de-

veloping atomic energy for military and civilian uses. Many of the deci-

sive preparation techniques for human chromosome analysis (or karyo-

typing) were originally devised to study the chromosomes of humans or 

experimental animals with radiation- induced leukemia, a cancer of the 

white blood cells also dubbed the “pestilence of the atomic age.”2 This 

was true for both the bone marrow method developed by Charles Ford 

and Patricia Jacobs at the Radiobiological Research Unit at Harwell, 

Britain’s Atomic Energy Research Establishment, in the mid- 1950s, as 

well as for the peripheral blood method developed by Peter Nowell and 

David Hungerford in Philadelphia that soon replaced it.

Similarly, the researchers involved in developing and promoting hu-

man chromosome analysis in the middle decades of the twentieth cen-

tury were deeply involved in things nuclear. They worked in institutions 

or projects funded to assess the effects of radiation. They visited atomic 

bomb explosion sites in Japan to study the survivors and test sites in the 

Pacifi c to record and plan experiments. They sat on numerous national 

and international committees dealing with the effects of radiation on hu-

mans, wrote reports to their respective governments, suggested “per-

missible doses” of radiation based on what they knew was incomplete 

knowledge, and forcefully argued for the urgent need to expand genetic 

research to increase knowledge on the genetic structure of human popu-

lations and so help assess the effects of radiation.3 The topics they tack-

led included the effects of radiation treatment in the clinic, studies of 

atomic bomb survivors, and the long- term effects of low- dose radiation 

exposure on the workplace or from fallout. Funds were forthcoming, and 

policy makers, the media, and the public eagerly received the results.

This chapter substantiates the claim that concerns of the atomic age 

provided tools, urgency, and visibility to human chromosome research. 

It traces the intimate connection of chromosome research with efforts 

to capture the effects of atomic radiation in humans in the aftermath of 

the atomic bombings in Japan and in the face of the continuing develop-

ment of atomic energy for military and civilian uses. It follows the ca-

reers of key postwar protagonists of human chromosome research and 

refl ects on the sites and resources of their work. The chapter then takes 

a closer look at two lines of research that defi ned cytogenetic research 

agendas while directly responding to atomic age concerns: the chromo-

somal study of various forms of leukemia and the use of chromosomes 
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as a tool to measure exposure to radiation and other workplace and en-

vironmental pollutants. At the basis of both these endeavors was the 

aim to visualize mutations and to study and monitor their effects. The 

term atomic age is here used to denote the fi rst decades following World 

War II— a time when nuclear politics was dominating many aspects of 

public life, from military strategies to foreign policy and the economy, 

from national research agendas to public debates.4

Visualizing Mutations

The mutational effect of radiation literally exploded as an issue with 

the dropping of the two atomic bombs on the populated cities of Hiro-

shima and Nagasaki that marked the end of World War II. As histori-

ans have argued, the atomic bomb was conceived as a super- explosive 

rather than an atomic weapon in the more literal sense.5 People exposed 

to the effects of the bomb were expected to die, not to survive the explo-

sion and continue to suffer from the lingering effects of radiation.6 The 

fi rst images that reached the public showed the material devastation pro-

duced by the bomb but did not refl ect the plight of the survivors. The 

harrowing pictures of the “walking dead” taken by photojournalist Yo-

shito Matsushige on the day the bomb fell on Hiroshima, for instance, 

were published only after the end of the American occupation.7 None-

theless, the radiation effects of the two bombs on the surviving popula-

tion quickly became a medical, diplomatic, political, and ethical problem 

of vast dimensions that was further complicated by the postwar develop-

ment and testing of atomic weapons and rising Cold War tensions.8

Susan Lindee has described how the genetic effects of the bomb 

moved to center stage in the work of the Atomic Bomb Casualty Com-

mission. Apparently, this was largely because of the interest of the lead-

ing scientist on the American team, James Neel. The commission based 

its fi rst assessment of the genetic effects of the atomic bombings on such 

indicators as the rates of stillbirths, sex ratio, congenital anomalies, in-

fant mortality, bodily dimensions, and life span in the children of the 

survivors. All these factors were considered related to the mutational 

effects of radiation. Lindee has discussed the problems with these in-

dicators and the way the choice refl ected political and social concerns. 

Mutation, she argued, was defi ned as a “dangerous, threatening, or so-

cially disturbing trait with implications for future human survival.”9 The 
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studies based on these parameters were declared “inconclusive.”10 Scien-

tists used the results to argue for further investigations into the genetic 

effects of radiation.11 The survivors of the atomic bombings in Japan 

would remain a test population for a long series of new studies and ap-

proaches. Meanwhile, the publication of reassuring reports on the health 

of Japanese children served to pacify alarm over the deleterious effects 

of atomic radiation in the population who had suffered an atomic attack 

and also people back home who were contending with reports of atomic 

fallout from weapons testing.

Also a concern from the beginning and intensively studied were the 

somatic, cancer- inducing effects of the bomb. Little was known about 

the actual mechanisms by which radiation acted on organisms, but so-

matic effects (showing up during the lifetime of people exposed to ra-

diation) and genetic effects (due to mutations in the reproductive cells 

and showing up in the next generation) were treated as separate effects.12 

This separation would eventually break down— not least because both 

effects could be studied at the level of chromosomes— contributing to 

a vastly expanded understanding of the genetic, including reproductive 

and somatic, effects of radiation and its connected risks.

Meanwhile, the decision by the American, British, French, and Rus-

sian governments to pursue the development of atomic energy for mili-

tary and civilian uses was accompanied by vast new programs for radio-

biological research. Radiobiological research centers were established in 

close proximity to nuclear energy research and development sites such 

as the Atomic Energy Research Establishment at Harwell in the United 

Kingdom and Oak Ridge National Laboratory in Tennessee, the ura-

nium enrichment site of the Manhattan Project that later moved to ci-

vilian control.13 At Harwell, the brief of the Radiobiological Research 

Unit, established in 1947 and funded by the Medical Research Council 

(MRC), was “to investigate the toxic actions of radioactive substances 

and to develop methods of protecting workers against them.” This was 

before the fallout debate raised concerns about the effects of radiation 

not just on the workers handling radioactive materials but also on the 

population at large.14

For the MRC, the foremost government funding body for fundamen-

tal medical research in the United Kingdom, this was part of a broader 

commitment to harness the advancements of nuclear physics for biology 

and medicine and to advise the government on safety issues regarding 

the new fi eld of nuclear radiation. This double commitment in many ways 
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reached back to the role of the council in overseeing the development of 

radium therapy in the interwar years. It was substantially strengthened 

by the general advisory functions with respect to medical research mat-

ters the MRC assumed during World War II.15 The MRC was directly re-

sponsible to Parliament (rather than to one of the ministries), and there-

fore regarded itself as independent from political pressures. It became 

responsible for much radiobiological work after 1945. As often noted, 

the situation was different in the United States, where the Atomic En-

ergy Commission both promoted nuclear energy and funded much of the 

research assessing its health risk— a dual role for which it was often vehe-

mently criticized.16

An important program, pursued both at Harwell and at Oak Ridge, 

was the long- term low- dose irradiation of vast populations of mice to es-

tablish safe limits for human radiation exposure.17 Both centers profi ted 

from the on- site availability of nuclear reactors for their experiments. To 

establish mutation rates, researchers set up classic crossing experiments 

using the multiple recessive method, also known as single locus test. The 

fi rst step involved developing a stock of mice that was homozygous for 

several recessive mutations that could be easily identifi ed, thus allowing 

for quick scanning. Seven mutations were chosen, including character-

istics such as brown coat, short ears, and pink eyes. In the experiments, 

sperm from irradiated wild- type male mice was used to fertilize females 

carrying two doses of a recessive mutant gene. If irradiation had pro-

duced mutation in the male, the offspring would show the mutation. If 

no mutation occurred, the offspring would look like wild type.

Despite large investments in the question of the long- term effects 

of low- dose radiation, the answer remained elusive. Irradiation exper-

iments at Harwell and Oak Ridge— using millions of mice and other 

organisms as well as increasingly sophisticated irradiation regimes— 

continued well into the 1990s. Yet concerns about the genetic effects of 

radiation also stimulated parallel efforts to visualize mutations on the 

chromosomal level.18 At Harwell, this aim was pursued in the Cyto-

genetics Section under Charles Ford. Ford became one of the key players 

in the establishment of human chromosome research in the 1950s, in the 

United Kingdom and internationally. His career, much like that of other 

chromosome researchers at the time, illustrates very well the changed 

opportunities for studying human chromosomes in the atomic age. The 

next section introduces Ford and some of the other protagonists of the 

following chapters, pointing to the multiple connections of their work to 
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concerns surrounding radiation. Their career paths also demonstrate the 

close interactions between the select group of human chromosome re-

searchers in the 1950s and early 1960s. The geographic proximity of var-

ious centers in the United Kingdom facilitated exchanges and this may 

well have contributed to the initial British dominance of the fi eld.19 Yet 

attention is also drawn to the participants from other countries who at-

tended the fi rst human chromosome standardization meeting in Den-

ver in 1960. Participation at the conference was restricted to researchers 

who had already published a human karyotype showing forty- six chro-

mosomes. This was a small club of thirteen people. Nuclear issues were 

never far from their endeavors.

Atomic Careers

A trained botanist, Ford moved to the newly established Radiobiologi-

cal Research Unit at Harwell in 1949, after having spent three years at 

the Department of Atomic Energy at Chalk River in Canada, where he 

had studied the biological hazards of radiation using the root tips of the 

broad bean Vicia faba.20 Once at Harwell, Ford and his collaborators 

set out to develop the technologies to study radiation- damaged chromo-

somes in mammalian cells— not without initial reluctance to put the ele-

gant plant chromosome work aside. Plant root tips, with their rapidly di-

viding cells, were a convenient model system for radiation research, yet 

there was an urgent need to study the effects of radiation on chromo-

somes of mammalian organisms such as mice, rats, and rabbits, which 

could be more easily extrapolated to humans. Several technical ad-

vances in mammalian chromosome preparation techniques at the time 

were imported from botany. These included cell culture methods, as well 

as the use of colchicine, hypotonic medium, and squash techniques, all 

of which served to move away from working with embedded and sec-

tioned tissue samples. Ford’s contribution consisted in perfecting the 

squash technique and adapting the whole set of techniques to work with 

the most diffi cult of tissues, such as testis and bone marrow.21

Using his new techniques, Ford identifi ed a specifi c radiation- induced 

mutation in mice based on an unequal translocation between two chro-

mosomes that could be recognized easily under the microscope. At that 

time, the director of the unit, the hematologist John Loutit, was exper-

imenting with bone marrow transfer, another line of research deeply 
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intertwined with Cold War fears of atomic emergencies and the fran-

tic search for an antidote to radiation damage in humans. Researchers 

at the University of Chicago had suggested that injecting bone marrow 

cells from a donor could protect mice from a lethal dose of radiation. 

They attributed the effect to a still- elusive hormonal factor, but Loutit 

postulated that the recovery might be linked to the repopulation of the 

host’s bone marrow with donor cells. Ford recognized that his translo-

cation, named T6, could serve as a suitable cell marker. By injecting the 

mice with T6- marked donor cells, the two researchers could show that 

all bone marrow cells in the surviving mice carried the mutation. The 

fact that foreign tissue could survive and grow in the donor pointed for 

the fi rst time to the immune- repressive effect of radiation. It also showed 

the way to a possible therapeutic use of bone marrow transplantation 

and established the stem cell properties of bone marrow cells.22 Ford de-

cided to make the cytogenetic study of leukemic tumors a main line of 

his future research.

Meanwhile, his cytogenetic skills allowed Ford to be the fi rst, in 1956, 

to confi rm the new chromosome count that Tjio and Levan had sug-

gested.23 The Swedish group had made their observation on fetal lung 

tissue. In their paper, the researchers had stressed that “a renewed, care-

ful control” of the chromosome number in human germ cells was neces-

sary before their own results could be generalized.24 Ford received a re-

print of the paper by Levan, with whom he had corresponded before. As 

he later related to Levan, he was “so shaken by the possibility that man, 

after all, might have 46 chromosomes in somatic cells rather than 48” 

that he immediately got in touch with a surgeon who had offered him 

some human testis material before. A few weeks after that, he was satis-

fi ed that in all samples “there were 23 bivalents in normal fi rst spermato-

cytes.”25 This was an important validation even if more counts were nec-

essary to prove that the count held for all cells of the body and for all 

people around the globe.26

In the following years, Ford’s cytogenetics laboratory in Harwell be-

came a point of passage for other researchers entering the fi eld. Sev-

eral people who later made decisive contributions learned cytogenetic 

techniques from Ford.27 His work also attracted the attention of clini-

cians, who sent him human tissue from patients under their care to be 

analyzed.

The other person in Britain who most energetically promoted human 

chromosome research and had the most expansive vision of its poten-
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tials was Michael Court Brown. Court Brown’s career again emphasizes 

the increasingly close connection of radiation research, cancer research, 

and the study of chromosomes. Unlike Ford, though, Court Brown had 

a medical background and started his career as a radiologist. His clini-

cal work stimulated an interest in research. To pursue this interest, he 

became a member of the scientifi c staff of the Medical Research Coun-

cil in the Department of Medicine at the Postgraduate School in Lon-

don. At fi rst, he was interested in the acute effects of radiation, but soon 

he began studying the long- term effects of exposure to radiation. Re-

ports from Japan indicated that survivors suffered from an increased in-

cidence of leukemia. Court Brown, together with his colleague John D. 

Abbatt, provided evidence that a similar increase occurred in patients 

who had been treated with X- rays for ankylosing spondylitis, a rather 

common arthritic condition. Initial fi gures indicated a deeply concern-

ing 50 percent increase. Court Brown hoped that the fi nal fi gures would 

not appear “so alarmingly high and that statisticians may fi nd some fl aw 

in our fi gures.”28 The work caught the immediate attention of the MRC’s 

secretary Harold Himsworth, and the fi rst preliminary report on the ex-

periments, published in the Lancet, went through various drafts and a 

long vetting process both in the MRC and by a select group of radiother-

apists. Himsworth was particularly concerned that no “alarmist,” not- 

fully- proven data trickle to the public and create a “scare about a new 

hazard of radiotherapy.”29 Beginning the report with a reference to the 

atomic bomb explosions and the study of the survivors, as Court Brown 

had done in his preliminary draft, seemed particularly “unwise,” as it 

“might have suggested a prejudgment of the issue.”30 At the same time, 

a preliminary report recommended itself, “fi rstly, to warn the radio-

therapists, certainly against repeated courses of treatment, and sec-

ondly, to stimulate people to produce information.”31 On Himsworth’s 

urgent suggestion, Court Brown joined forces with the epidemiolo-

gist Richard Doll, who was already well known for his work on the link 

between smoking and lung cancer, to make the evidence “statistically 

water- tight” and “unassailable” and to follow up on the issue.32 Specifi -

cally, the two researchers set out to determine whether they could draw 

up a dose- response relationship between radiation exposure and mor-

tality from leukemia. Their monumental study followed up more than 

fourteen thousand patients who had been treated for the condition be-

tween 1935 and 1954 at eighty- two radiotherapy centers throughout the 

United Kingdom. Seventy- three radiotherapists and forty- fi ve other col-
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leagues helped extract and analyze the data, and the whole task required 

“military- like planning.”33 Doll considered it the “best- designed study” 

he had ever participated in and possibly his “best work.”34 A preliminary 

report appeared in the 1956 white paper The Hazards to Man of Nu-
clear and Allied Radiations, followed by a fuller report in the following 

year.35 The data confi rmed the dramatic rise in leukemia cases following 

radiation treatment and established that no safe threshold existed. To-

gether with the survivor studies in Japan, summarized by Court Brown 

and Doll for the MRC report to Parliament,36 this became the most im-

portant study to establish the carcinogenic effect of low doses of ioniz-

ing radiation.37 The studies provided support to rising concerns about 

the long- term effects of radioactive fallout from the hydrogen bomb test-

ing to which the Cold War powers were committed, although in the short 

run, exposure to radiation in the clinic was regarded as the more seri-

ous problem.

The leukemia study provided Court Brown with decisive experiences 

and contacts in scientifi c and political circles, setting the stage for his fu-

ture career. Following the epidemiological study, he focused his attention 

on the new cytogenetic techniques that were just then being perfected. 

Infl uential in this respect were discussions he had with Ford at Harwell, 

where radiation physicists helped him calculate the radiation dose re-

ceived by the spondylitis patients during X- ray treatment, at exactly the 

time when the new human chromosome count was being settled.38 Court 

Brown’s plan was to study the mechanism of the cancer- inducing effects 

of radiation. He also traveled to Japan to study the incidence of leukemia 

in the survivors and tried to convince the Atomic Bomb Casualty Com-

mission to engage in a large- scale cytogenetic study (which was eventu-

ally conducted, as described later). By that time, Court Brown was head-

ing the MRC Unit for Research on the Clinical Effects of Radiation at 

the Western General Hospital in Edinburgh. The unit later changed its 

name to MRC Clinical and Population Cytogenetics Unit, to better re-

fl ect the work the group was engaged in. The main remit of the unit was 

to achieve a fuller understanding of the development of cancer follow-

ing exposure to radiation against the backdrop of rising concerns about 

the carcinogenic effects of nuclear fallout from atomic bomb testing and 

increased incidences of leukemia through radiation treatment.39 Court 

Brown always mentioned this motivation in subsequent reports. His unit 

followed three lines of attack: epidemiological, cytogenetic (or subcel-

lular), and clinical studies. For the cytogenetic part of the program, he 
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hired Patricia Jacobs, a young geneticist from St. Andrews who he dis-

patched to Harwell to learn cytogenetic techniques from Ford. There, 

Ford and Jacobs, together with hematologist and bone marrow culture 

specialist Lazlo G. Lajtha, developed the bone marrow technique for 

chromosome analysis that formed the basis for much of the work on hu-

man chromosomes in the following few years.40 Later, David Harnden, 

also from Harwell, joined the Edinburgh group.

The reference to the fallout context was not just rhetoric. In 1954 

Court Brown, together with Tobias Carter, who ran the low- dose irradi-

ation experiments at Harwell, was appointed joint technical secretary of 

the high- powered committee set up by the MRC to report to the British 

Parliament on the hazards to humans of nuclear and allied radiations. In 

his role, Court Brown was intimately involved with discussions on all as-

pects of radiation effects and with drafting the report. He himself sub-

mitted evidence in respect to the connection of X- ray treatment and leu-

kemia, as mentioned earlier. The committee submitted a fi rst report in 

1956 and a second in 1960 to take into account further developments in 

the intervening years, including the publication of a United Nations re-

port on the matter.41 In preparation for the second report, Court Brown 

delivered a detailed list of all necessary amendments to the fi rst report 

given new research.42 Signifi cantly, the second report, published just af-

ter the fi rst wave of important fi ndings in human chromosome research, 

contained an appendix that described the new tools and developments 

in human chromosome analysis to which radiobiologists like Ford and 

Court Brown had contributed so decisively. The reports framed the gov-

ernment response to radiation hazards and led to a reduction of the per-

missible limits for radiation exposure of nuclear workers as well as for 

the general population. In the MRC, work on the report stimulated a 

general review and expansion of its genetic program, with funds being 

made available to a variety of existing and new projects. An important 

part of those funds went into radiation- related genetic research at Har-

well and Edinburgh.43

Also on the MRC committee was Lionel Penrose, by then the re-

spected doyen of British human genetics and head of the Galton Lab-

oratory in London. Although mainly involved with the study of mental 

disability, especially Down syndrome, Penrose was concerned with the 

overall mutation rate in humans. He shared the expectation that an in-

creased mutation rate would also increase the incidence of known genetic 

diseases, including cases of mental illness that showed a genetic compo-
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nent.44 This was regarded as “so costly to man and society” that scien-

tists called for a reexamination of the permissible dose of radiation.45

Before joining the MRC committee, Penrose had chaired a subcom-

mittee of the Genetical Society to consider the genetic consequences of 

atomic radiation in response to rising public concerns about atomic fall-

out following the fi rst H- bomb explosions and their repercussions, as 

brought home by the heavy contamination of the Japanese fi shermen 

and their catch on the Lucky Dragon, stationed outside the exclusion 

zone of the US Castle Bravo test on Bikini Island in March 1954. The 

aim was to publish “an authoritative factual report” that at the same 

time was constructive and emphasized the need for more research.46 

The topics the panel proposed tackling were the experimental produc-

tion of radiation, with special reference to thresholds; the quantity of 

radiation produced artifi cially through military, industrial, and clinical 

activities; the relation between sterility and genetic damage due to ir-

radiation; the effects of radiation in population genetics; and mutation 

in humans. In a memorandum “Genetic Mutation in Man” that Penrose 

drafted for the committee, he highlighted the need for an intense study 

of human chromosomes, especially in relation to “abnormal structure.”47 

This was just before the recount of human chromosomes galvanized a 

more general interest in human chromosome research. In fact, Ursula 

Mittwoch, a recent PhD, was already pursuing some cytogenetic obser-

vations at the Galton.48

The subcommittee had only just started its work when the more highly 

powered MRC committee was announced, covering much of the same 

territory and including several of the same members. Some members of 

the society bemoaned the many “busy bodies” who suddenly showed an 

interest in radiation genetics.49 Despite these misgivings, it did not seem 

useful to publish a separate report. Nevertheless, the subcommittee con-

tinued to function as a “clearinghouse” for information that it collected 

and passed on to the MRC.50 Building on his draft paper for the sub-

committee, Penrose’s contribution to the MRC report consisted of three 

brief essays on the spontaneous mutation rate in humans and on the ef-

fects of spontaneous and induced mutations rates on single gene dis-

eases and on mental diseases.51 Penrose remained closely involved in hu-

man chromosome research, and although his own group, somewhat to 

his chagrin, missed identifying the chromosomal trisomy responsible for 

Down syndrome that he had studied so extensively, he was satisfi ed that 

chromosome research had put human genetics on a “very solid basis.”52
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Looking beyond the British scene to other participants in the fi rst hu-

man chromosome standardization conference in Denver in 1960, we fi nd 

similar career paths. Participants came from only a handful of countries, 

namely Britain, France, Sweden, the United States, and Japan. With the 

exception of Sweden, these were all countries committed to the develop-

ment of nuclear energy for military and civilian uses, or, as in the case of 

Japan, deeply scarred by atomic exposure. Clearly missing in the round 

were Soviet representatives. Soviet researchers had made distinctive 

contributions to human cytogenetics in the 1930s, but this work came 

to an abrupt halt with the country’s offi cial support of Lysenkoism and 

the suppression of much genetic work.53 Apparently, the Soviet Union 

was the only country among the many approached that did not publish 

the new chromosome nomenclature the Denver conference agreed on.54 

When cytogenetics resurfaced, it was in the context of biophysics and 

radia tion biology.55

Besides Ford, who originally suggested the meeting, and Jacobs and 

Harnden from the Edinburgh unit, all from Britain, we fi nd three re-

searchers from Sweden, including Albert Levan, who— together with 

Tjio, by then based in America and also present— fi rst suggested the 

new human chromosome count. Just like Ford, Levan had started his ca-

reer as a botanist. Working at the plant- breeding station at Svalöf, where 

there existed a strong tradition in plant chromosome research, and using 

the root tip of the onion as model system, he tested the effect of differ-

ent mutagens, including mustard gas and radiation, on chromosomes.56 

In the early 1950s, following a visit to Jack Schultz’s laboratory at the 

Cancer Research Institute in Philadelphia, Levan started transferring 

his cyto genetic skills to study cancer induction in humans.57 At the time 

of his common work with Tjio, he was heading the Cancer Chromosome 

Laboratory at the Institute of Genetics in Lund, which received fund-

ing from the then recently founded Swedish Cancer Society. The study 

of cancer chromosomes was a project shared by cytogeneticists like 

Ford, Court Brown, and others. Even though it strongly resonated with 

concerns of the atomic age, it is not clear how much these motivations 

weighted on Levan’s decision to shift fi elds. In this respect, Levan is per-

haps the exception to the rule, but his work nevertheless profi ted from 

heightened interest in cancer genetics.58

Jérôme Lejeune, the participant from France, who was invited on 

the strength of his work on the chromosomal basis of Down syndrome, 

had a medical background. At the laboratory of Raymond Turpin at the 
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 Hôpital Trousseau, a pediatric hospital, he studied the mutational ef-

fect of radiation in the clinic by comparing the sex ratio of the offspring 

of irradiated male patients. The French Atomic Energy Commission 

(Commissariat à l’énergie atomique) and the French National Institute 

of Health funded the research. On the basis of their fi ndings, the two 

researchers warned about the risk of the use of radiation in the clinic. 

The research was ongoing when Lejeune, together with laboratory in-

tern Marthe Gautier, who had some previous experience with chromo-

some preparations, on Turpin’s suggestion started the cytogenetic study 

of patients with Down syndrome that set him on a new path.59

On the other side of the Atlantic were Theodore Puck, the conference 

convener, whose work at the Biophysics Department in Denver included 

the study of radiation- induced chromosome damage in somatic cell cul-

tures; Ernest Chu, working on cancer genetics at the Biological Division 

of Oak Ridge National Laboratory, funded by the Atomic Energy Com-

mission; and Hungerford, from the Fox Chase Institute for Cancer Re-

search in Philadelphia.60 Together with Nowell, a pathologist with previ-

ous experience in radiation research from a stint as a US Navy medical 

offi cer, Hungerford, a trained cytogeneticist, had just published the fi rst 

paper linking a specifi c chromosome mutation to a particular form of 

leukemia. Working with leukemic blood cultures, the two researchers 

also developed the peripheral blood method for chromosome analy-

sis. The technique was based on the observation that phyto hemag gluti-

nin, a protein found in bean extract that was routinely used to remove 

red blood cells from blood preparations, also stimulated cell division in 

white blood cells. This made it possible to grow white blood cells (or 

leukocytes) in culture and make them amenable to chromosome analy-

sis.61 By offering a minimally intrusive method to gain human tissue for 

chromosome analysis, the peripheral blood method opened the way for 

karyotyping to be performed on a much larger scale.

Also present at the conference was Tao- Chiuh Hsu— credited with 

having published the fi rst clearly spaced chromosome preparations 

based on the use of hypotonic medium (although still counting forty- 

eight chromosomes)— who was then equally working on chromosomes 

and cancer in his laboratory at M. D. Anderson Hospital in Houston. 

 Sajiro Makino came from an established cytogenetic school in Sapporo, 

Japan, whose work gained new salience with the plight of the atomic 

bomb survivors.62

It is perhaps noteworthy that none of the American researchers men-
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tioned here participated in the “genetic panel” of the National Academy 

of Sciences study on the biological effects of atomic radiation that pub-

lished a report in 1956. The release of the report and its conclusions were 

tightly coordinated with the MRC report on the same issue, to which 

some British counterparts had so actively contributed.63 Of course, these 

were the early days of human chromosome research, and the Denver 

conference itself is sometimes credited with having played a role in stim-

ulating research in this fi eld in North America.64 Only a few years later, 

some of the participants at the Denver meeting would expose the genetic 

risks of the atomic age. Puck made the point, stating: “The current value 

of the maximum allowable dose was adopted in 1959. Since then we have 

become aware of a whole new group of human diseases which appear to 

be capable of being induced by radiation but whose importance and in-

deed very existence was unknown at the time the currently employed 

standards were adopted. These diseases constitute the genetic diseases 

due to chromosomal aberrations. . . . This set of diseases is so costly to 

man and to society that a re- examination of the permissible dose of ra-

diation for large populations must be carried out as soon as possible.”65 

So pervasive was the connection of radiation research, cancer re-

search, human chromosome research, and atomic concerns that it can 

seem even tautological to mention it, yet it was this connection that gave 

human chromosome research impetus, visibility, and urgency in the mid-

dle decades of the twentieth century. The increasingly tight connection 

of leukemia to radiation in the atomic age and its role in defi ning re-

search agendas in cytogenetics as well as the use of chromosomes for ra-

diation dosimetry illuminate these connections further. Together, they 

forged links between radiation, cancer, and chromosomes while also ex-

panding the scope of genetic research to include somatic and reproduc-

tive transmission.

Chromosomes and Leukemia

That cancer cells showed abnormal chromosome pictures with multi-

ple duplications, breakages, and rearrangements had been known since 

the work of Theodor Boveri at the turn of the nineteenth century. How-

ever, accurate description of the anomalies was diffi cult, and it remained 

unclear whether they were the cause or the effect of cancer, and there-
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fore a secondary phenomenon. Access to suitable human material for 

 chromosome studies remained an issue well into the second half of the 

twentieth century. The rapidly dividing cells of cancer tissue represented 

an exception to some extent. For this reason, observations were fre-

quently made in cancer tissue (a fact that may help explain the vastly 

divergent human chromosome counts before the mid- 1920s, when some 

kind of consensus on forty- eight was achieved). By the early 1950s can-

cer cells— before other human tissue cells— could be grown in a single 

layer on petri dishes, which opened up new experimental possibilities 

and provided, for instance, the basis for much of Levan’s work on cancer 

chromosomes when he moved from plants to humans in the early 1950s 

(fi g. 1.1).

By this time, increasing money and efforts were concentrated on the 

“dread disease” whose links with nuclear technologies and the concerns 

and opportunities of the atomic age became ever closer.66 Great hope 

was placed in the use of new radiation therapies for cancer. Radioiso-

topes, produced by the same accelerators built to yield fi ssile material, 

were actively promoted as new therapeutic tools, thereby providing a 

peacetime shine to atomic science.67 Soon hospitals received their own 

small accelerators for therapeutic uses. All these practices were greatly 

enhanced through the Atoms for Peace plan launched by Eisenhower in 

1953, which created big business opportunities for nuclear technologies, 

including in the clinic.68 Yet while nuclear technologies were heralded as 

new therapeutic interventions to treat cancer, radiation was also known 

to produce cancer. The association of radiation with leukemia, an invari-

ably fatal disease at the time, was particularly strong, as it was often the 

fi rst cancer to appear after exposure to radiation.69

Although studies on the genetic effects on the children of the survi-

vors of the atomic bombings in Japan yielded no conclusive results, in-

creased leukemia cases in the survivors were soon reported. The number 

of reported cases varied in accordance to the distance of the survivors 

from the epicenter of the explosions. Among survivors, leukemia be-

came identifi ed as the “atomic bomb disease.”70 Meanwhile, outside of 

Japan numerous studies documented increased leukemia cases in radi-

ologists, in patient groups treated with X- rays, and in children whose 

mothers had undergone X- ray analysis. These results gained particu-

lar salience in view of worrying statistics that showed a steadily increas-

ing rate of leukemia cases in the general population. On the backdrop 
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Figure 1.1. Camera lucida drawings of chromosomes in cancer cells.

Source: Levan, “Chromosome Studies on Some Human Tumors,” 652, fi g. 3. Reproduced with per-

mission of  Wiley Publishers.

of ever more intense atomic bomb testing by the nuclear powers and 

the proliferation of nuclear technologies, these observations focused 

the  attention of  researchers on the disease. Cytogeneticists took up the 

challenge. We have already seen how closely the development of cyto-

genetic techniques was connected to the study of leukemia. But cyto-

geneticists also hoped to contribute to the understanding of the causes 

of the disease.71
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Initially, research focused on the study of bone marrow cells. Bone 

marrow tissue had to be extracted from patients in an invasive and pain-

ful intervention (usually by sternal puncture) before they could be grown 

in culture for cytogenetic analysis. Researchers had to stand close by to 

receive the fresh tissue. Jacobs, who was hired to begin the cytogenetic 

study of leukemia in Edinburgh, described how 50 percent of scientists 

watching the procedure “pass[ed] out cold.” She belonged to the 50 per-

cent that remained unaffected.72 Once the peripheral blood technique 

became available, research conditions changed dramatically.

One of the fi rst chromosome anomalies described after the establish-

ment of the new chromosome count was the observation of an unusu-

ally small chromosome in the cells of patients with a particular form of 

anemia known as chronic myeloid leukemia.73 The chromosome became 

known as Philadelphia chromosome, in line with a convention (other-

wise rarely followed) that named unusual chromosomes according to the 

place where they were fi rst observed. The Philadelphia group interacted 

closely with the Edinburgh group in confi rming and interpreting the 

fi ndings.74 In particular, the Edinburgh group could confi rm that the ab-

normality did not concern the Y chromosome as the Philadelphia group 

had fi rst suggested and that the chromosome involved was not the same 

as the one that had just been shown to be present in an extra copy in 

Down syndrome patients, who also are diagnosed more frequently with 

leukemia.75 The group also showed that the unusually small chromo-

some could be found in blood and marrow cells but not in skin cells, sug-

gesting that it was a somatic rather than congenital condition. The work 

attracted much attention at the time, as it gave support to the thesis that 

cancer originated from one mutated cell that proliferated. It also proved 

the promise of chromosome studies for the fi eld of cancer genetics, ex-

panding the meaning of the term genetics to include horizontal (somatic) 

and vertical (through the germ line) transmission. Cancer development 

and hereditary diseases could all be studied with the same chromosome 

techniques.

Despite this initial euphoria and much subsequent work, Court Brown’s 

assessment of progress in the fi eld of cancer genetics at the end of the de-

cade was rather disheartened:

Some nine years after [the discovery of the Philadelphia chromosome] we 

have not advanced one whit in our understanding of the signifi cance of this 

chromosome, or in our attempts to answer the question whether its produc-
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tion stands in a cause or an effect relationship to the development of the tu-

mour. It is doubtful whether anything has transpired from all the great 

amount of work, done in many centres over the last few years, on the chro-

mosomal constitutions of human tumour cells of one kind or another which 

leads us to be particularly hopeful that this approach will be rewarding in 

furthering our knowledge of carcinogenesis.76

Looking for new approaches, the Edinburgh and other groups stud-

ied cancer viruses, their role in cell transformation, and their effects on 

chromosomes. A few years later, chromosome- banding techniques of-

fered new avenues for the study of cancer chromosomes, just in time for 

human chromosome research to profi t from the “war on cancer” cam-

paigns launched by successive American presidents. As is well known, 

nothing like the American cancer campaign, which played an essential 

role in the formation and consolidation of the biomedical complex, ever 

developed in Britain. Nonetheless, an MRC committee, set up in re-

sponse to the American initiative to review how much money was spent 

on cancer research in the United Kingdom, identifi ed the study of chro-

mosome structure and function as one of two areas (the other being tu-

mor antigens) that looked most promising and therefore merited addi-

tional support.77

Banding was based on special stains that produced a characteris-

tic striped pattern along each chromosome. The technique allowed re-

searchers to distinguish single chromosomes more accurately and to 

identify and locate small changes that had not been visible previously. 

Using the new visual clues, Janet Rowley from the University of Chicago 

was able to show that the small chromosome in patients with chronic 

mye loid leukemia was in fact not a deletion but a translocation or an 

exchange of material between two chromosomes (in this case between 

chromosomes 22 and 9). The observation of translocations in other can-

cer cells followed, which set the stage for the study of specifi c genes and 

their regulation in the etiology of cancer and for the design of new thera-

peutic interventions.78 By this time, cancer research, including leukemia 

research, had become a bandwagon, attracting researchers from many 

different fi elds.79 Yet the close association of atomic age concerns and 

leukemia gave human chromosome research much of its original impe-

tus and many of its tools while at the same time forging links between 

cancer and chromosomes.
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Radiation Dosimetry

With the postwar expansion of the use of atomic energy and the possibil-

ity of major accidents, as had occurred at Britain’s new plutonium factory 

at Windscale in 1957 and the uranium- processing plant in Oak Ridge, 

Tennessee, the following year, nuclear protection services expressed an 

urgent need for a biological monitoring system that could supplement in-

formation from physical devices, such as fi lm badges, which came into 

use in the early 1960s.80 In contrast to the physical devices that merely re-

corded the received radiation dose, biological monitoring was expected 

to provide insight into the physiological effects of radiation. Such infor-

mation was crucial in helping with the treatment and recovery of peo-

ple exposed to radiation. Much effort was spent in trying to develop bio-

chemical assays that would link the breakdown products of nucleic acids 

and proteins excreted in the urine to radiation doses. Yet such indicators 

proved unreliable because of the complexities of the human metabolism. 

Extensive experiments with plant chromosomes had already established 

dose- response relationships between different types of radiation and 

observable chromosome aberrations. The development of better proto-

cols for the preparation of human chromosomes, and especially the pe-

ripheral blood technique, opened the way for human chromosomes to 

be used for the development of a radiodosimetric test. This project in-

terested the Atomic Energy Authority in Britain as well as the National 

Radiological Protection Board (NRPB) located at Harwell, with much 

of the early work happening at the MRC unit in Edinburgh. Parallel in-

vestigations were also pursued at the Biological Division at Oak Ridge.81

In 1964 Court Brown wrote rather excitedly to the secretary of the 

MRC about developments in this direction: “I thought I would write and 

let you know that I think we are on the verge of considerable develop-

ments that could lead to a method of the biological control of low- dose 

radiation damage within about a decade. Basically the method is quite 

simple and is merely one of scoring the frequency of cells with chromo-

some aberrations in cells from blood cultured under standard condi-

tions. The limitation on the method at present is that of the number of 

cells that can be processed by a human being without him or her becom-

ing mental.”82 The work built on Court Brown’s long- standing investi-

gations on patients with ankylosing spondylitis in which he and his col-
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leagues had been able to show chromosome aberrations following X- ray 

treatment. Yet more directly it regarded observations done on three 

workers accidentally exposed to radiation at one of the Atomic Energy 

Authority’s establishments at Dounreay, on the north coast of Scotland. 

Chromo some aberrations could be grouped into two main categories: 

stable aberrations, such as balanced translocations, that led to viable 

daughter cells, and unstable aberrations, consisting of broken- off pieces, 

chromosomes with two restrictions, or ring chromosomes, which of-

ten led to loss of material during cell division and subsequent cell death 

(fi g.  1.2). While chromosomes with stable aberrations were often diffi -

cult to distinguish from normal chromosomes, unstable aberrations were 

generally easier to spot and hence more suited for fast scoring under the 

microscope, as necessary for mass processing. To get signifi cant results, 

many hundred cells in any single blood sample had to be assessed. For 

instance, one way of establishing radiation damage was to count the to-

tal number of rings and dicentric chromosomes per thousand cells per 

individual. For Court Brown, the practicability of the method depended 

critically on the development of automatic techniques for counting and 

analyzing chromosomes. He ended his fi rst and many following letters 

on the issue by making a strong plea to the MRC for a crash program in 

that direction, adding strategically: “It goes without saying that we can 

adduce several other arguments, apart from that of radiation damage, to 

support the necessity for introducing automation.”83

Himsworth showed himself “naturally” interested, but he urged Court 

Brown “to make a vow here and now to drop the word damage in rela-

tion to chromosome changes, and to discourage by every means in your 

power the use of this term by others in this context.” He suggested the 

use of “some unemotive objective word like ‘change’” instead. He ex-

plained: “If now you have got a technique which can pick up the effects 

of a dose of about 5 rads to the trunk from diagnostic radiation, the sub-

ject of the control of radiation is coming into a new dimension. And peo-

ple are scared stiff of being damaged by radiation. Yet we know that 

thousands of people are exposed to these small doses and come to no 

harm. . . . After all, we are not absolutely certain of the signifi cance of 

the changes observed.”84 Court Brown agreed to drop the word damage 

in relation to effects of low- dose radiation, but it does not seem that he 

managed to keep that promise. A few months later he reported to Hims-

worth about an unexpected, potentially explosive further development. 
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Figure 1.2. Schematic representation of different types of chromosome aberrations: (A) in 

single chromosomes; (B) between chromosomes.

Source: Lloyd and Dolphin, “Radiation- Induced Chromosome Damage,” 262, fi g. 1, and 263, fi g. 2. 

Copyright 1977. Reproduced with permission of BMJ Publishing Group Ltd.
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There were indications that compounds like benzene were  producing 

the same kind of chromosome “damage” as radiation. The work started 

from the observation of a man who was included as a control in the study 

of the radiation workers who were exposed at Dounreay. Nothing in the 

man’s record suggested that he had been exposed to radiation, but his 

chromosomes consistently showed a high degree of abnormality. Even-

tually it emerged that twenty years earlier he had worked for several 

years as an electrical fi tter in a coal- tar distillation plant. There he had 

been exposed to large quantities of benzene kept “at hand by the open 

bucketful for cleaning purposes.”85

Independent of this observation, indications that benzene exposure 

could produce leukemia were mounting. Braced with this knowledge, 

Court Brown contacted the Ministry of Labour, which agreed to start 

chromosome studies of a number of workers in a rubber factory where 

an acute incident with benzene had occurred a few years earlier. Pre-

liminary results indicated that some of the men from the factory showed 

“very gross chromosome damage.” Keeping Himsworth abreast of his 

work, Court Brown pointed out that they could well have discovered 

“the tip of a very large iceberg.” He added that if, indeed, chromosome 

analysis became an important tool for monitoring chemical exposure at 

the workplace, the need for the development of automated techniques 

would be even more pressing.86 A brief article on the benzene work that 

he published in the Lancet received wide publicity.87 The example indi-

cates how cytogenetic investigations linked to atomic age concerns ex-

panded in unexpected directions, continuously increasing the reach and 

relevance of human chromosome techniques.

A few years later, researchers at the NRPB could declare that “most 

scientists concerned with radiological protection have accepted that 

the yield of chromosome aberrations in peripheral blood lymphocytes 

is the best available parameter for biological dosimetry” (fi g. 1.3).88 The 

method and the NRPB monitoring service were originally set up in ex-

pectation of the need to assess radiation exposure in major radiation ac-

cidents. Given the fortunate absence of such events, the biological do-

simetry service was used instead to check up on cases where fi lm badges 

showed high or unexpected results or when workers failed to carry their 

badges. In contrast to fi lm badges that monitored the cumulative expo-

sure of ionizing radiation through the blackening of a photographic fi lm, 

cytogenetic monitoring provided insight into the biological effects of ra-

diation exposure, often before any other signs were visible. Chromosome 
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Figure 1.3. Photomicrograph of metaphase chromosomes in a human white blood cell 

showing various types of chromosome aberrations. The letters stand for the following: 

d = dicentric, t = tricentric, q = quadricentric, f = fragment (terminal deletion), m = minute 

(interstitial deletion), c = centric ring.

Source: Lloyd and Dolphin, “Radiation- Induced Chromosome Damage,” 264, fi g. 3. Copyright 

1977. Reproduced with permission of BMJ Publishing Group Ltd.

aberration studies were also used to assess the radiobiological  impact of 

various radiation treatments and the received dose of radiation in dis-

puted clinical cases.

However, the relationship between the observed chromosome aberra-

tions and their (longtime) biological effects remained more speculative. 

As Court Brown pointed out, there was “still no evidence one way or an-

other” to interpret the chromosome aberrations as the initiating factor 

for the onset of leukemia. A possible interpretation that integrated cyto-

genetic observations and contemporary ideas about cancer viruses was 

that chromosome damage could produce cell clones that were unusually 

sensitive to cancer- inducing viruses.89
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Meanwhile, reports from Japan showed that chromosome aberrations 

could be seen twenty years after exposure in the survivors of the Hiro-

shima and Nagasaki bombings.90 These and other results in the then rap-

idly developing fi eld of human radiation cytogenetics were discussed at 

an international conference convened at Edinburgh in 1966.91 At the end 

of the 1970s, the Edinburgh unit published the results of a ten- year cyto-

genetic study of dockyard workers at the local Rosyth naval base who 

were charged with the servicing and refueling of nuclear submarines. 

For the fi rst time, the data showed a signifi cant dose- response relation-

ship at radiation exposure within the maximum permissible limits.92

By providing a tool for monitoring radiation exposure, techniques for 

observing chromosomes accompanied radiation wherever nuclear tech-

nologies expanded to and people were exposed to its effects. Karyotyp-

ing made the biological effects of radiation (and other pollutants) visible 

in interpretable chromosome pictures often before other effects showed 

up and revealed traces of radiation exposure decades after the event. In 

this way genetics became part of cancer research and radiation protec-

tion. It entered the workspace, and— with global fallout peaking in the 

early 1960s— concerned the world population. The challenges and op-

portunities of the atomic age shaped careers and guided research agen-

das in human chromosome research even as its fi ndings exposed, and 

sometimes pacifi ed, anxieties about the otherwise often invisible and 

therefore so dreaded effects of nuclear technologies, with far- ranging 

implications for the policy arena. At the same time, human chromosome 

research developed a life of its own, detached from nuclear concerns. 

The next chapters deal with these developments and their implications. 

Chapter 2 starts by asking how human chromosomes found their place 

in the clinic far beyond the radiation context.
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Chromosomes and the Clinic

The year 1959 was “the wonderful year” in human cytogenetics.1 

Building on the new consensus that humans have forty- six rather 

than forty- eight chromosomes, a string of papers reported unusual 

chromo some counts in patients with several known medical syndromes. 

In January of that year, three medical researchers based at the Hôpi-

tal Trousseau in Paris reported in a brief note in the Comptes rendus of 

the Academy of Sciences that three “mongol” boys they had tested car-

ried forty- seven instead of the usual forty- six chromosomes. This was 

the very fi rst time a specifi c karyotype was connected to a congenital 

condition.2 Hardly a week later, researchers from the MRC Group for 

Research into the General Effects of Radiation at the Western Gen-

eral Hospital in Edinburgh published a paper in Nature suggesting that 

a male patient with feminized features, a condition also known as Kline-

felter syndrome, had an XXY karyotype (instead of the expected XY 

karyotype for men or XX karyotype for women).3 Besides providing an-

other example of a chromosome anomaly, the fi ndings challenged es-

tablished views about the role of X and Y chromosomes in sex determi-

nation. In March and April of 1959, the Paris group followed up their 

original note with two additional reports on their observations of “mon-

gol children” with forty- seven chromosomes.4 Before the second of these 

reports, the Lancet— the leading British medical journal with a wide 

international readership— ran a set of three articles on chromosomal 

anomalies, fl agged by an editorial that commented on the apparent revo-

lution in course in human genetics.

The most novel of the three Lancet articles, based on a collabora-

tion between researchers at Guy’s Hospital in London and the Radio-
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biological Research Unit at Harwell, described the case of a young 

girl with gonadal dysgenesis, or Turner syndrome, who had forty- fi ve 

chromo somes. She was missing one of the usual two X chromosomes. 

A second paper, emanating from another Harwell and London collab-

oration, reported the case of a patient showing both “mongolism” and 

Kline felter syndrome and counting forty- eight chromosomes instead 

of the then- regarded- as- usual forty- six. Finally, an article by the Edin-

burgh group confi rmed the additional chromosome in nine further cases 

of “mongolism” and identifi ed it as a case of trisomy regarding one of 

the small somatic chromosomes (thus excluding the Y chromosome as 

a candidate). In September 1959, the Edinburgh group announced evi-

dence for the existence of a “superfemale,” or a woman with a triple- X 

chromo some.5 Participants described this as a “wonderland of new dis-

coveries.” As the commentary in the Lancet remarked, “What next?” 

was the least- necessary question to be asked in this new fi eld. There was 

an “enormous new territory awaiting exploitation.”6 In the following 

years, the Lancet would lend its pages to many more reports on chromo-

some anomalies, drawing clinicians’ attention to the implications of the 

new fi ndings. The commissioned essay “Chromosomes for Beginners,” 

published in the journal in 1961, explicitly encouraged physicians to ac-

quaint themselves with the new specialty and its techniques. The place 

to start, the essay suggested, was from “the exasperating pictures with 

which the pages of The Lancet have been so freely littered recently, and 

which are said to look like masses of squashed spiders.”7

The possibility of tracing complex clinical syndromes to a change in 

shape or number of chromosomes that was detectable under the micro-

scope very much impressed researchers and clinicians at the time. Pen-

rose famously found “the photograph of the cell from the man with two 

extra chromosomes from which the intelligence level, the behavior and 

sexual character can be confi dently predicted, just about as astonishing 

as a photograph of the back of the moon.”8 This was at a time when the 

fi rst grainy images of the “far” side of the moon, taken by a Soviet satel-

lite, had just appeared in the press. Hereditary considerations had a long 

tradition in medicine and had been central to the formulation of a bio-

logical concept of heredity in the latter part of the nineteenth century.9 

Nevertheless, chromosome anomalies were widely perceived as a com-

pletely “new group of human diseases” that opened the door for new di-

agnostic categories and clinical interventions.10

Historians who have taken up human chromosome research as a topic 
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have made the clinical career of chromosome analysis and its role in the 

making of medical genetics the prevailing theme. They have considered 

the role of chromosome analysis, together with other technical, social, 

and institutional developments and constraints, in the construction of 

genetic disease categories; they have investigated the establishment of 

clinical cytogenetics and the contested shift of expertise from pediatri-

cians to genetic specialists in the diagnosis of congenital diseases; above 

all, they have probed the social and emotional effects of chromosome 

analysis in the context of prenatal diagnosis and genetic counseling prac-

tices. In this context, the vexing question of persistent links with eugenic 

practices continues to loom large.11

The close and continuing association of human karyotyping with pre-

natal diagnosis provides support for the dominant clinical history of 

chromosome analysis. Yet as we have seen, the concerns and opportu-

nities of the nuclear age (including its clinical ramifi cations but not re-

stricted to them) provided much of the original stimulus for the postwar 

development of human chromosome research. These connections con-

tinued to play out in the clinical career of cytogenetics, not just in the 

fi eld of cancer research. This was evident at the time. As the Lancet edi-

torial on the fi rst extraordinary crop of observations regarding chromo-

some anomalies from two key British laboratories pointed out, “It is not 

entirely accidentally that both the Harwell and Edinburgh laboratories 

are at least nominally concerned primarily with irradiation effects.”12 

Yet despite the continuing debates that surrounded it, undoubtedly the 

clinical story provided a better public image for a fi eld in formation than 

did the close association with concerns of the atomic age. These consid-

erations aside, it is certainly true that the clinical story developed its own 

dynamic, with chromosome analysis not just making an impact on pre-

natal diagnosis and pediatrics but also holding promise for a broad range 

of fi elds, including cancer research, sex research, the study of mental dis-

ability, gerontology, and toxicology, to name a few. In an effort to map 

the expanding uses of chromosome analysis and the discussions that 

accompanied it, the early clinical career of the technique is an impor-

tant chapter.

How, then, did chromosome analysis fi nd its place in the clinic? To an-

swer this question, we start with a closer analysis of the fi rst descriptions 

of chromosomal diseases. In particular, the chapter shows how chromo-

some analysis inserted itself into ongoing discussions on the causes of 

mental disabilities and human sexual differences. Furthermore, it high-
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lights the central role of clinical researchers, who functioned as media-

tors between the clinic and the research laboratory. Raymond Turpin in 

Paris, Penrose and Paul Polani in London, and Court Brown and John 

Strong in Edinburgh were instrumental in framing the questions and 

providing the link between doctors and patients in clinical wards or spe-

cial institutions and biological researchers who were mastering the latest 

genetic techniques. At the same time, tissue samples, microscopic slides, 

photomicrographs, expertise, personnel, skills, and tools moved between 

the various settings where chromosomes were being established as a new 

site of clinical interrogation.

Yet more was needed than the description of chromosome anoma-

lies for chromosome analysis to become a medical technology and for 

chromosomes, and genetics, to become entrenched in the clinic. To fur-

ther probe this process, the chapter investigates contrasting projects pur-

sued in hospitals and laboratories in Paris, London, and Edinburgh, 

where several of the fi rst chromosome syndromes were described, to ex-

ploit— or in some cases counteract— the new karyotyping technologies 

while enrolling researchers, clinicians, actual and would- be patients, and 

health services in the effort. It also explores some of the key tools, in-

cluding surveys, registries, and screening services that were put in place 

to mobilize chromosomes for clinical research and practice. Underpin-

ning all these efforts was the development of a standard nomenclature 

that provided the basis for more detailed and comparable chromosomal 

descriptions and diagnostic categories, including a standard visual repre-

sentation of human chromosomes. Delving into the process of agreeing 

on such standards draws our attention once more to the local, artisanal, 

and visual practices that sustain work with chromosomes. Throughout, 

the chapter highlights the complex and contested practices that turned 

chromosome pictures into a diagnostic tool, encountered by an increas-

ing number of people.

Chromosome Diseases

It was no accident that the fi rst observed chromosome anomalies con-

cerned mongolism or Down, Turner, and Klinefelter syndromes.13 All 

three conditions and, more generally, the genetic basis of mental dis-

ability and sex determination had been the subject of extensive  clinical 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chromosomes and the Clinic 43

obser va tion, theoretical speculation, and biological experimentation. In 

the various attempts to answer the intricate questions posed by these 

complex phenomena, chromosome anomalies were implicated, hypo-

thetically, early on. The specifi c chromosome anomalies that were even-

tually found were nonetheless surprising. They turned known syndromes 

into chromosome diseases and redirected clinical practice and research 

in unexpected ways. At the same time, human chromosomes and the 

techniques to visualize them entered new territories, raising expec ta-

tions and sparking debates about their meaning and their uses.

The observation of chromosome anomalies in individuals with Down, 

Turner, and Klinefelter syndromes saw several of the same people in-

volved, and the investigations were closely interlinked. It is nonetheless 

useful to start by following the three stories separately. When Penrose, 

in a letter to John Burdon Sanderson Haldane, his longtime colleague at 

the Galton who had recently left Britain to settle and work in India, tried 

to retrace the dense sequence of events that led to the “new knowledge 

on human chromosomes,” his main message was that human genetics 

“now cannot be a one man show,” but rather involved complex networks 

of researchers, clinicians, patients, samples, and technologies.14 The con-

centration of researchers and clinicians in a rather small geographical 

radius, together with substantial funding for genetic research from the 

MRC, allowed investigators in Britain to establish the networks and ex-

change of tissue samples, technical skills, and knowledge that Penrose 

regarded as essential for developments in the fi eld.15 Yet other research-

ers also made decisive contributions to the new knowledge on chromo-

somes, and international exchanges and networks, including a series of 

international standardization conferences, became equally impor tant 

features of the rapidly developing fi eld.

The fi rst suggestion that Down syndrome, then still known as “mon-

golism,” was due to a chromosomal abnormality was in the early 1930s, 

when it was put forward nearly simultaneously by the Dutch eye doctor 

and geneticist Petrus Johannes Waardenburg and by the American ge-

neticist Charles Davenport. Such abnormalities had been found in plants 

and animals as well as in human cancer cells, thus making it seem plau-

sible that the phenomenon could also occur in humans. Davenport fol-

lowed up on his suggestion by assisting the zoologist Theophilus Painter, 

a frequent visitor to his laboratory who, some years earlier, had helped 

establish the number of human chromosomes, “to get some perfectly 
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fresh testicular material of a mongoloid dwarf” for testing. Painter could 

not fi nd any irregularity, but Davenport did not give up on the idea that 

eventually some abnormalities would be discovered.16

Penrose, who had made his name with an in- depth clinical and ge-

netic study of mental disability, also considered a chromosomal basis for 

Down syndrome.17 He conjectured that individuals with the condition 

might have a triple (instead of the usual double) set of chromosomes. 

Several years later, he asked his colleague Ursula Mittwoch to test the 

hypothesis. She counted forty- seven or forty- eight chromosomes at a 

time when forty- eight was still considered the norm and defi nitely ex-

cluded a triploidy.18 Following this result, Penrose apparently did not 

pursue the idea any further, although he continued to regard Down syn-

drome as one of the “most baffl ing” medical problems.19

A few years later, with the revision of the number of human chromo-

somes and the development of better protocols for chromosome prep-

arations, the possibility that Down syndrome was based on a chromo-

some abnormality was once more put to the test. By 1958 at least four 

groups— one in Paris, one in Harwell (in collaboration with colleagues 

in London), one in Edinburgh, and one in Uppsala— were studying the 

chromosomes of individuals with Down syndrome, if with slightly differ-

ent motivations.

In Paris, the initiative to study the karyotype of patients with Down 

syndrome came from Turpin, the head of the pediatric service at the 

Hôpital Trousseau and professor of therapeutics in the Medical Fac-

ulty. In the 1930s, Turpin, like Davenport and others, had pointed to the 

possibility that Down syndrome was based on a chromosomal anom-

aly (“une anomalie chromosomique”), brought about by environmen-

tal infl uences during the formation of the fetus. Turpin based his sug-

gestion on an extensive clinical and familial study of Down syndrome 

births and cited the Bar eye mutation in the fruit fl y, based on an “inver-

sion” of a chromosomal region, as a model.20 In the 1950s, Turpin, with 

the assistance of Lejeune, then a young medical researcher in his labora-

tory, continued his studies of patients with Down, investigating such as-

pects as sex ratio and palm prints, while running the consultation clinic 

at the hospital. Inspired by Tjio’s display of his chromosome images, he 

encouraged Marthe Gautier, a medical resident (chef de clinique) in his 

laboratory with previous experience in cell- culturing techniques, and 

Lejeune to study the chromosomes of Down patients (fi g. 2.1).21

At the MRC unit in Edinburgh, Jacobs was involved in a broad study 
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Figure 2.1. Tjio next to his chromosome display at the First International Congress of Hu-

man Genetics in Copenhagen in 1956.

Source: Aula Dei Experimental Station’s Photographic Library. Reproduced with permission of 

Estación Experi mental de Aula Dei (EEAD- CSIC), Zaragoza.

comparing the chromosomes of radiation-  and non- radiation- induced 

leukemia. She started looking at chromosome preparations of Down pa-

tients, as they were known to be more susceptible to leukemia. Jacobs 

was also studying cases of Klinefelter syndrome. Some of the patients 

suffered from mental disability. This provided a further reason to ex-

pand the study to Down syndrome. The endocrinologist John Strong, 

who would soon join the MRC unit at Western General Hospital with 

the title of “honorary physician,” contributed his clinical expertise and 

negotiated access to individuals with Down (then still mostly cared for 

in state- run institutions) by establishing contact with the local service 

 responsible for mental disability. It should also be remembered that 

at this time most work on chromosomes was still performed on bone 

marrow cells that had to be extracted from the patient through ster-

nal puncture. The chromosome analysis of a patient was thus anything 

but routine.22

At Guy’s Hospital in London, Italian émigré Paul Polani had also 
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 become intrigued with the chromosomal theory of Down syndrome and 

supplied Harwell’s Ford, with whom he was already in touch for other 

chromosome studies, with some samples. As a clinician he was partic-

ularly interested in Down syndrome children born to younger mothers. 

These cases were less common but showed a familial disposition, indi-

cating that they might form a separate group.

Finally, Marco Fraccaro, together with Jan Lindsten, working at the 

Human Genetic Institute in Uppsala, was also studying the chromo-

somes of Down syndrome. Fraccaro, a young doctor from Italy, had 

spent a year at the Galton Laboratory in London before Penrose pro-

posed him for a position at the new Institute of Human Genetics under 

Jan A. Böök, where he built up a cytogenetic laboratory.

That the Paris group, with no previous experience in human chromo-

some work, became the fi rst to suggest that children with Down syn-

drome had forty- seven chromosomes took some of the British research-

ers by surprise. It speaks to the skills, especially of Gautier, in setting 

up a cell culture and cytological laboratory from scratch and with mini-

mal resources.23 The direct access to patients at the children clinic where 

Turpin had long been studying patients with “mongolism”— as well as 

the fast publication time of the Comptes rendus (submission to the right 

hands on Sunday could allow for a short report to be read at the acad-

emy’s meeting on Monday and published a week later)— also favored 

the French group.24 Following the preliminary note in Comptes rendus, 

the group published a second brief note on additional cases of the ob-

served trisomy.25 By that time, other groups were reporting similar ob-

servations. Emboldened, the French researchers presented “mongolism” 

as the fi rst demonstrated “chromosome disease” (maladie chromoso-
mique) and affi rmed the opening of “chromosome pathology” as a new 

fi eld of human genetics.26

The Edinburgh group was the fi rst to confi rm the Paris fi ndings. Ja-

cobs’s more extended experience with karyotyping allowed her to con-

clude that the additional chromosome was a small somatic chromosome 

rather than a Y chromosome. Crucial help came from Penrose, who, 

with his unparalleled experience, was able to sort out the “mongols” 

from the “non mongols,” which had confused Jacobs’s counts. In a later 

interview Jacobs gave a vivid description of Penrose’s visit to Edinburgh 

and the way he interacted with patients to assess their condition, often 

correcting the labels that had been attached to them in the institution 

that looked after them.27 Surprisingly, but possibly in line with Penrose’s 
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more general attitude with respect to publications, his contribution was 

not mentioned in the published article. At this point, clinical judgment 

was still essential in sorting out Down cases from other mental disabil-

ities and in guiding research, yet chromosome technologies would soon 

challenge this order of things.

Confi rmation for the count of forty- seven chromosomes for individu-

als with Down syndrome also came from Uppsala, while Ford, analyz-

ing a sample sent to him by Penrose, published the fi rst case of a Kline-

felter Down patient carrying two additional chromosomes.28 It remained 

to Polani and Ford to unsettle the new consensus on the number of chro-

mosomes in Down syndrome by publishing the fi rst case of “a mongol 

girl with 46 chromosomes.”29 They suggested that the additional chro-

mosome was attached to one of the larger chromosomes and therefore 

“hidden,” a condition that was heritable through asymptomatic carriers 

of the translocation. Polani’s decision to focus on the Down children of 

younger women had paid off, leading to the identifi cation of a separate 

group of translocation Down. Other cases of Down patients with an ap-

parent chromosome count of forty- six were found to be mosaics, that is, 

carrying some cells with forty- six and others with forty- seven chromo-

somes. This opened a completely new line of research. Together, the 

fi ndings transformed what for a short time looked like a strikingly sim-

ple diagnostic test for a complex syndrome into a newly complex array of 

related but different conditions that could be distinguished only by look-

ing at the chromosomes.

Like for the causes of mental disability, the mechanisms underlying 

sex determination had long attracted the attention of researchers and cli-

nicians. The role of hormones, genes, and psychology were actively de-

bated since the 1920s. The introduction of the Barr body or chromatin 

test in the 1940s, specifi cally directed the debate toward the role of chro-

mosomes in sex determination. Named after its inventor, the Canadian 

anatomist Murray Barr, the test checked for the presence of so- called 

Barr bodies, small dark- stained round structures in the cell nucleus that 

were visible under the microscope. Barr and the PhD student Ewart 

Bertram had fi rst noticed the bodies when, in an effort to investigate fa-

tigue among pilots, they were studying the effects of prolonged activity 

on nerve cells in cats. The structure that was closely associated with the 

cell nucleolus, the large dark body at the center of the nucleus, showed 

up in some cells but not in others. Going back to their notes, they dis-

covered that the structure was visible only in cells of female cats and 
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 absent in male cats. The same structure and the same sex correlation 

were found in nerve cells of other mammals, including humans, and in 

other tissues. The exact nature of the nuclear body remained unclear, 

but as it was present only in cells of females, Barr and Bertram suggested 

that it formed when two X chromosomes were present.30 The research-

ers promoted the test as a technique to establish the sex of a person in 

cases where it was ambiguous, but it opened up as many questions as it 

managed to answer, and its interpretation stimulated a great deal of de-

bate among cell biologists, geneticists, and clinicians. In the mid- 1950s, 

the demonstration that the Barr body test, originally performed on skin 

biopsies, could be done on buccal smears— gathered by simply scraping 

some cells with a spatula from the inner lining of the cheek— brought the 

test within easy reach for many researchers.31

The Barr body test had dramatic consequences for individuals diag-

nosed with Turner or Klinefelter syndrome. Turner patients were viewed 

as girls who had failed to develop during puberty and showed a range of 

other physical characteristics, such as small stature and a webbed neck. 

In the Barr body test, though, they appeared as chromosomal males, 

leading to the suggestion that they be characterized more accurately as 

male hermaphrodites. Similarly, Klinefelter patients were regarded as 

males with underdeveloped sexual organs, including a series of other 

morphological and clinical features, but the Barr body test showed them 

to be genetic females.

Polani fi rst became interested in the genetics of Turner syndrome 

when, in his ongoing study of congenital heart disease, he noted that 

some patients diagnosed with the condition showed a defect in the aorta 

that was much more common in men than in women.32 The Barr body 

test seemed to support the idea that Turner patients were in fact males. 

Yet instead of taking the test at face value, Polani remained troubled by 

the “discrepancy between apparent and genetic sex” and started to en-

tertain the unorthodox idea that Turner patients might have only one 

X  chromosome.33 The suggestion implied that the X and Y chromo-

somes played a different role in human sex differentiation than in the 

fruit fl y, where unusual sex- chromosome distributions were found, but 

XO (i.e., the presence of a single X and no other sex chromosome) rep-

resented a male karyotype. At the time, what was true for the fl y was 

very much taken to be true for humans. Not surprisingly, then, Polani’s 

suggestion was dismissed as “fanciful and unacceptable” by the editor 

of the Lancet and as a “stupid idea” by Penrose, his teacher and men-
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tor.34 Yet  Polani was not ready to give up. Enlisting the help of a col-

league anatomist at Guy’s Hospital who ran a cell culture laboratory, he 

fi rst tried his hand at chromosome preparations to test his hypothesis di-

rectly. However, the technique did not prove “easy in execution and in-

terpretation.”35 It should be noted that these attempts took place before 

Tjio and Levan’s revision of the number of human chromosomes and be-

fore new protocols for chromosome preparations became more gener-

ally available.

Consulting with Penrose, he decided to revert to a classic genetic test 

instead by studying the occurrence of color blindness in Turner patients. 

Color blindness was an X- linked recessive condition that occurred more 

frequently in males than females. With the help of other clinicians,  Polani 

managed to gather together twenty- fi ve patients with what was, after all, 

a rare condition— to achieve statistically signifi cant results. The fi ndings 

were compatible with the presence of one X chromosome. This left open 

the question of whether a Y chromosome was present. By this time, Po-

lani had made contact with Ford, who, on Polani’s suggestion, had also 

participated at a conference on nuclear sex at King’s College London. 

Apparently, the “plot” on that occasion was to get Ford more fully in-

volved with human chromosomes.36 Polani convinced him to perform the 

necessary chromosome analysis for him. The results confi rmed his sus-

picion: the Turner patient analyzed had forty- fi ve chromosomes, with an 

XO sex- chromosome complement. Given that the patient was “anatomi-

cally and psychologically” female, there seemed to be no reason to clas-

sify her as male. Rather, Polani and his coauthors suggested that the term 

nuclear sexing be dropped from the vocabulary and “more accurate if 

less striking terms” like “chromosome negativity” and “positivity” be in-

troduced instead.37

Following these results, Polani was keen for Ford to also analyze the 

chromosomes of a Klinefelter patient.38 Ford, together with Lajtha and 

Jacobs, then on her training course in Harwell, had already analyzed 

the chromosomes of a Klinefelter case in marrow cells supplied to them 

by the clinical pathologists William M. Davidson and David Robertson 

Smith, the creators of a variation of the Barr body test and conveners of 

the conference on nuclear sex at King’s College Hospital Medical School 

in London. Submitting the marrow cells to their newly developed short- 

term cell- culturing technique that minimized the accumulation of in 

vitro artifacts, Ford and his colleagues had found a female karyotype, 

in apparent confi rmation of the Barr body test.39 However, the prepa-
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rations had not been brilliant, to say the least, and there was scope to 

double- check the results.40 Jacobs, by that time back in Edinburgh, re-

ceived bone marrow cells of a Klinefelter patient from Strong, and some-

what to Ford’s chagrin, they came out with their result fi rst.41 This time, 

the Klinefelter sample appeared as XXY. As an endocrinologist, Strong 

was undoubtedly aware of discussions around the chromosomal inter-

pretation of the Barr body test and its implications for explaining sex-

ual development, but unfortunately we know much less about his side of 

the story. In their joint article, Jacobs and Strong thanked the patholo-

gist Bernard Lennox of the Department of Pathology at the Western In-

fi rmary in Glasgow for performing the nuclear- sexing test. Lennox had 

moved to Glasgow from London, where he had assisted Polani in the 

nuclear- sexing test of patients with Turner syndrome. Yet in the follow-

ing months, Neil MacLean, from the Pathology Department at Western 

General Hospital, would keenly take on this role, collaborating closely 

with the MRC unit on many future projects.

As the Lancet editorial of 1959 had predicted, the fi rst chromosome 

anomalies were followed quickly by other striking observations. Among 

these, the association, in 1960, of an unusually small chromosome in 

white blood cells of patients with chronic myeloid leukemia raised partic-

ularly high hopes that chromosome research might provide new insights 

into the study of cancer (see chapter 1). The fl ood of case reports on 

chromosome anomalies in the Lancet was such that some  readers com-

plained, obliging the editor to start rejecting such manuscripts (fi g. 2.2).42 

Around this time, cytogeneticists established their own journals, notably 

Cytogenetics (later renamed Cytogenetics and Cell Genetics and more 

recently Cytogenetic and Genome Research), which started publication 

in 1962 and became a leading journal in the fi eld.

As the complex trajectories leading to the descriptions of Down, 

Turner, and Klinefelter syndromes as chromosomal anomalies in the 

late 1950s indicate, the techniques of human karyotyping developed by 

Tjio, Levan, and Ford inserted themselves into ongoing debates about 

the chromosomal basis of mental disabilities, human sexual differences, 

and the etiology of cancer. The Barr body test and its chromosomal in-

terpretation in particular opened up a series of questions that seemed 

answerable only through direct inspection of chromosomes. The new 

techniques were eagerly picked up by researchers like Polani and Tur-

pin, who had an intimate knowledge of clinical cases but also closely fol-

lowed the research literature, including on the fruit fl y. In many ways, 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chromosomes and the Clinic 51

Figure 2.2. Number of articles reporting chromosome fi ndings published in the Lancet 
between 1950 and 1975. Note the steep increase in articles in the late 1950s and early 1960s. 

The later decline refl ects the existence of dedicated publications for chromosome research.

Source: Compiled by searching for articles where the search term chromosome occurs in  title, ab-

stract, or keyword using the Elsevier Science Direct Backfi le online archive of the Lancet.

clinical researchers worked as mediators between the clinic and the lab-

oratory. Clinical research received a boost in the postwar expansion of 

hospital- based medicine in the context of national health- care provi-

sions in countries like Britain, France, and Sweden. This also allowed 

for the introduction of laboratory- based technologies like human karyo-

typing and medical specialties such as medical genetics into the clinic.43 

For their part, research workers like Ford and Jacobs, who themselves 

did not have a medical background, were keen to, and dependent on, en-

tertaining close links with clinicians who were open to their endeavors 

and were prepared to provide access to patients in their care or human 

tissue samples from the operating room. This dependence created links 

that became productive in other ways. The new chromosome techniques 

did not require big apparatus, but they did require skills and expertise 

that took time and dedication to acquire. This led to a fl ow of human tis-

sue, knowledge, skills, and personnel between the different sites, from 

which all sides profi ted in their own way.

News about the fi ndings on chromosome diseases quickly moved be-

yond professional circles. In many cases the scientists themselves took 

up the pen to present their work and their implications to larger audi-
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ences by writing in popular science journals, newspapers, or magazines. 

For instance, Lejeune wrote an article on “mongolism” as a chromo-

some disease in the French popular science magazine La Nature.44 The 

same topic was picked up by science writer Jean Rostand in an article 

for the Saturday edition of Le Figaro litteraire with the headline “Will 

We Soon Be Able to Heal Children Affected by Mongolism?”45 In Italy, 

Fraccaro wrote several popular articles on the various chromosome fi nd-

ings, as did his landsman, the well- known geneticist Adriano Buzzati- 

Traverso.46 According to Fraccaro, Buzzati- Traverso’s articles, published 

in major media outlets like the weekly political magazine L’Espresso, 

made a “tremendous impact.”47 A few years on, guides for people who 

had been recommended to see a geneticist for chromosome analysis ex-

plained the “complex subject” of cytogenetics in lay terms.48 The news 

about the chromosomal basis of Down syndrome raised special hopes 

for a new handle on the problem of mental illness and mental disabil-

ity. Launching his special health initiative on this twin issue, in a 1962 

awards ceremony in the White House, President Kennedy recognized 

Barr, Tjio, and Lejeune for their contributions. Among the other prize 

recipients was the Norwegian Ivar Asbjørn Følling, who in the 1930s had 

described phenylketonuria (PKU) as an inborn metabolic disorder. Left 

untreated, PKU led to mental disability in children. By the early 1960s, 

newborn screening for the condition and early dietary intervention had 

shown dramatic effects, inspiring hopes for cures for other mental condi-

tions as well (fi g. 2.3).49

Yet for karyotyping to become part of clinical practice, more was 

needed than just correlating chromosomal anomalies to specifi c syn-

dromes. The step from chromosome analysis to clinical diagnosis and 

other types of clinical and public health interventions remained fraught 

with complications and was all but straightforward. The different av-

enues pursued by Lejeune in Paris, Polani in London, and Jacobs and 

others in Edinburgh are indicative of the various and contested ways in 

which karyotyping became a medical technology and chromosomes— 

and with them, genetics— entered the clinic.

Contrasting Trajectories

In Paris, Gautier, who felt that her work was not fully appreciated, left 

behind Turpin’s laboratory and chromosomes to follow her career in 
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Figure 2.3. Prize recipients of the First International Award of the Joseph P. Kennedy Jr. 

Foundation in 1962. From left to right: Murray L. Barr, Samuel Kirk, John Fittinger, Presi-

dent John F. Kennedy, Ivar Asbjørn Følling, Jérôme Lejeune, Joe Hin Tjio.

Source: White House Photographs, John F. Kennedy Presidential Library and Museum Boston. 

Photograph by Abbie Rowe. 

pediatric cardiology.50 Turpin and Lejeune expanded their cytogenetic 

studies to include other conditions besides Down. In the following years, 

they contributed to the description of several new chromosomal syn-

dromes. From the Paris unit also came new technical developments, in-

cluding cell- culturing and later banding techniques. Throughout the 

1960s, the laboratory under Lejeune’s leadership was widely regarded 

as among the leading centers in the burgeoning new fi eld of human cyto-

genetics. Lejeune himself took up public roles in connection with his ex-

pertise in cytogenetics. For instance, he sat on the expert panel that eval-

uated the fi rst use of cytogenetic evidence in the courts and, on a French 

government grant, traveled to various countries to give courses in cell 

culture and karyotyping.51 Yet increasingly Lejeune felt at odds with the 

direction in which the fi eld was developing.

His unit profi ted from direct access to patients in the clinical wards. 

However, the particular clinical setting in which Lejeune worked, fi rst at 
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the Hôpital Trousseau and then at the Hospital for Sick Children, where 

he had followed Turpin after his appointment to head of pediatrics there, 

also meant that his chromosome work did not directly affect his clinical 

practice. At the Centre de progénèse, founded by Turpin, as well as in the 

consultation service for parents with Down children for which Lejeune 

was responsible, the focus was on the medical care of pregnant women 

and their newborns. In this context, Lejeune did not use the study of 

chromosomes to improve diagnostic categories or to inform counseling 

on genetic risk and reproductive choices. Rather, chromosomal diagno-

sis remained adjunct to clinical assessment, and Lejeune’s all- absorbing 

aim became to develop a cure for Down syndrome. From the early 1960s 

he passionately advocated for a treatment of the condition based on a 

metabolic anomaly that he considered characteristic of the syndrome— 

presumably following the model of treatment for PKU.52 He also inves-

tigated the factors responsible for non- disjunction of the chromosomes 

in development that triggered the trisomy, hoping to fi nd ways to pre-

vent the problem from occurring. He became strongly critical of early 

discussions on prenatal diagnosis, which had started to seem feasible 

in the mid- 1960s with the development of amniocentesis and the abil-

ity to grow cells from amniotic fl uid in culture.53 This attitude brought 

him into confl ict with other cytogeneticists who were at the forefront of 

such efforts. Things came to a head in the French debate on the legaliza-

tion of abortion in the early 1970s, in which Lejeune took a strong public 

stance against it. Abortion confl icted not only with his strong Catholic 

beliefs but also with his medical commitment to treat, rather than dis-

criminate against, individuals with Down syndrome.54

Among all the participants in the early chromosome observations in 

the London region, Polani was to make the biggest impact on the estab-

lishment of clinical cytogenetics and medical genetics more generally.55 

The contrast of Polani to Ford, working in relative isolation in Harwell, 

is instructive. Ford, in contributing what at the time was virtually un-

matched expertise in mammalian chromosome preparations and in col-

laborating closely with clinically based researchers like Penrose,  Polani, 

and Lajtha, had played a central role in establishing the new human 

chromosome count and later in many key early observations on human 

chromosome anomalies. For a few years, his laboratory was an “oblig-

atory passage point” for work on human chromosomes.56 Researchers 

and physicians from around the country sent samples to be analyzed or 

came to visit to learn the techniques themselves. Ford fi elded a large vol-
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ume of letters and accepted invitations to speak at meetings about the 

fl ood of results coming from his laboratory.57 Yet once the initial excite-

ment had settled, Ford reverted to applying his cytogenetic techniques, 

including several new technical developments, to the study of chromo-

somes in other animal species and to the exploration of more fundamen-

tal principles of cytogenetics. He continued this direction of work when, 

in the late 1960s, his group moved from Harwell to the Dunn School of 

Pathology in Oxford.58

In contrast, Polani set out to build on his cytogenetic incursions by 

hiring Ford’s former junior colleague, John Hamerton, to his unit at 

Guy’s Hospital to set up a chromosome laboratory there. With a gener-

ous endowment from the National Spastics Society he built up a Pedi-

at ric Research Unit at Guy’s that combined cytogenetical, biochemi-

cal, immunological, developmental, and epidemiological research with 

clinical and genetic counseling services.59 Polani had worked as pediat-

ric research director for the society before. For the young society, whose 

main mission to that point was to care for individuals with cerebral 

palsy, the decision to provide substantial funds (an endowment of £2 mil-

lion) for general research into congenital diseases was a bold and some-

what controversial step, but it refl ected the rising expectation that ge-

netic research could help solve medical problems. At the same time, the 

initiative highlights the important role of patient organizations in em-

bracing and promoting certain lines of research, including chromosome 

research. Guy’s Hospital, one of the oldest teaching hospitals in London 

and where Polani was already established as a researcher, offered a con-

genial institutional home for the expanding unit.

Polani’s research focused on the study of mammalian female cells 

during meiosis (or germ cell division), with the aim of understanding the 

causes of chromosomal anomalies. However, early on he saw the need to 

integrate research with clinical service, which was delivered by the Na-

tional Health Service. He orchestrated a fi rst move in this direction by 

hiring John A. Fraser Roberts upon his retirement from the London In-

stitute of Child Health at Great Ormond Street to continue his genetic 

counseling service at Guy’s.60 The unit was also at the forefront in offer-

ing a prenatal diagnostic service.

Polani’s interest in this area might well have been stimulated by his 

collaboration, in 1959 and 1960, in a US- based research study group on 

“pregnancy wastage,” initiated by the Obstetric Department at Johns 

Hopkins. The goal of the large- scale prospective study, involving forty 
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thousand women and their (surviving and nonsurviving) offspring born 

in fourteen university hospitals around the country, was to identify the 

factors responsible for abnormal development that led to mental and 

physical disabilities. To this end, women were closely monitored through-

out their pregnancy in a series of standardized clinical and biological in-

vestigations. The study was prompted by research into cerebral palsy, 

which explains Polani’s participation. Yet it also followed on the heels 

of the thalidomide tragedy that saw thousands of babies born with con-

genital malformation of the limbs and other medical problems, and fo-

cused attention on fetal development.61 Polani’s participation was as an 

envoy of the European Headquarters of the World Health Organization 

(WHO). His special brief was to decide whether a parallel study should 

be started in Europe and more specifi cally in Ireland, the United King-

dom, and the Scandinavian countries— a plan that in the end was consid-

ered too costly and impractical.62

Cytogenetic studies were not part of the American study, but in his 

unit Polani initiated one of the fi rst large- scale studies of chromosomal 

anomalies in miscarriages.63 Miscarried fetuses were a “population 

cyto geneticist’s dream” because of the sheer number of chromosomal 

anomalies that could be found.64 As became clear, a large proportion 

of spontaneous abortions was due to chromosomal anomalies. Reported 

frequencies of chromosome anomalies in different test populations var-

ied. This led to the possibility to study correlations between spontaneous 

abortion rates and exposures to environmental factors, such as drugs, ra-

diation, and viruses, and parental age. The WHO published extensive 

guidelines to standardize data collection for comparative studies.65

From miscarried fetuses cytogeneticists turned to the chromosomal 

study of fetal cells that became available with the introduction of amnio-

centesis.66 Polani’s unit was at the forefront of these developments and 

in the later provision of a prenatal diagnostic service. It started offering 

prenatal diagnosis for chromosome anomalies in 1969— just two years 

after chromosomal analysis of fetal cells was fi rst reported and two years 

after the passing of the Abortion Act in the United Kingdom expanded 

women’s rights for legal abortion.67 Other biochemical tests, most nota-

bly the measurement of alpha fetoprotein for the detection of neural- 

tube defects— a major research area in Polani’s unit— were added later, 

with the diagnosis growing to forty different metabolic markers by the 

late 1970s.68 In Polani’s view, prenatal diagnosis allowed genetic counsel-

ing to move on from “crystal ball gazing” to concrete data on individual 
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cases.69 However, he also emphatically regarded prenatal diagnosis and 

selective abortions as only a “temporary expedient” until “primary pre-

vention” of “inborn errors” became feasible. Research into the causes 

of cytogenetic anomalies— as Polani himself was pursuing with his stud-

ies of mammalian female cells during meiosis— was seen as a step in this 

direction.70

Polani actively sought the support of the National Health Service for 

providing a comprehensive genetic service, including testing and coun-

seling, for the whole South East Thames region, which served as a model 

for other such services in Britain and internationally.71 The unit also en-

gaged in making the services more widely known, which was refl ected in 

a steep rise in the number of cases referred. Data collected through the 

different screening services fed back into research by providing a contin-

uous fl ow of material that could be mined for unusual cases and for epi-

demiological research, which found its way into scientifi c papers.72

With research and service closely integrated, tissue samples, chromo-

some preparations, photomicrographs, and karyograms could  circulate 

relatively easily between the consultation room, the service laboratory 

and the bench. In the prenatal analysis of fetal cells, the cytogenetic 

test of necessity replaced any more comprehensive clinical analysis to 

which it could be related.73 Although amniocentesis was always done to-

gether with ultrasound imaging, the chromosome pictures (or biochem-

ical markers) rather than visual inspection of the fetus would clinch the 

diagnosis. This could sometimes be followed up when either the aborted 

fetus became available for analysis or the child was born.74 In the con-

sultation room the karyogram was shown to pregnant women and their 

partners to underline the point about an anomaly. It provided a “power-

ful visual diagnosis” that allowed the concerned party “to see”— even if 

perhaps not fully comprehend— the cellular manifestation of a genetic 

syndrome that was otherwise invisible.75

If in Polani’s unit cytogenetics was put into the service of medical di-

agnosis and prenatal testing, the Edinburgh unit, under the directorship 

of Court Brown, was an early adopter of a population- based approach 

to the study of human chromosomes.76 In Court Brown’s vision, the rel-

evance of chromosomes for medicine lay in the fi eld of epidemiology. 

The unit, set up by the Medical Research Council in 1957 to study the 

clinical effects of radiation, was not just located on the site but also was 

closely integrated into Western General Hospital. A detailed agreement, 

based on the general principles laid down in the white paper on clini-
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cal research approved by the MRC, the Ministry of Health, and the De-

partment of Health for Scotland in 1953, regulated the relations between 

hospital ward and research laboratory. One key request was that “clini-

cal research cannot be dependent upon access to patients under the care 

of others. Senior clinical research workers must, therefore, have the full 

status of consultants or specialists.”77 Thus, Court Brown, a qualifi ed 

radiologist, was appointed as consultant and put in charge of a ward— 

starting with six beds— in the radiotherapy department. He also had an 

outpatient and follow- up clinic geared toward the special research needs 

of his group. Consent rules for any patient intervention were in place. In 

addition, it was stipulated that “the primary concern in every case would 

be the effective and proper treatment of the patient.”78 As head of an 

independent clinical unit, Court Brown was also a member of the hos-

pital’s medical committee. The position of consultant gave him access 

to all other hospital services, including the Pathology Department, with 

which the unit collaborated closely, in particular with MacLean. The 

unit strengthened these links by appointing the endocrinologist Strong 

as honorary physician. Most researchers in the unit, including Jacobs, 

who was hired specifi cally to pursue the cytogenetic research program, 

did not have a medical degree, but they could rely on Court Brown for 

access to patients and medical expertise. Very quickly, cytogenetics— 

fi rst of leukemia, then more broadly— became the driving research focus 

of the unit, and Court Brown had an ever- expanding vision of the areas 

in which chromosomes mattered. Many of the projects Court Brown ini-

tiated relied on clinical resources, and he actively sought the collabora-

tion of medical personnel in and out of the hospital. Using these links, 

he started a set of infrastructure projects to support the unit’s work.

The fi rst descriptions of chromosome anomalies had only just been 

published when Court Brown presented the MRC with a proposal to set 

up a registry for abnormal chromosomes at the Edinburgh unit.79 The idea 

behind this was to collect data on individuals with an abnormal karyo-

type and to compare their mortality patterns with those of individuals 

from the general population. More specifi cally, the aim was to study, fi rst, 

the relation of karyotype abnormalities and cancer and, second, the rela-

tions of sex- chromosome complement, sexual phenotype, and cardiovas-

cular disease. Yet very soon Court Brown saw a much- expanded use of 

the information collected in the registry.80 The registry quickly grew into 

a central tool for population- based epidemiological studies in the unit. 

What is signifi cant here is that the registry as envisioned by Court Brown 
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relied on clinicians to submit cases for inclusion in the data set. In this 

way, the registry became an effective tool to recruit clinicians and phy-

sicians in the Edinburgh area to learn about the new karyotyping tech-

niques and to collaborate on chromosome projects. The letter presenting 

the project and inviting participation that Court Brown sent out to fel-

low clinicians in pediatric, gynecological, and psychiatric departments, 

to general practitioners and physicians in mental institutions in Scotland 

and beyond, elicited positive to enthusiastic reactions. Respondents ex-

plained that they had been “fascinated by some of the recent discover-

ies made in the fi eld of cytogenetics” and that they were “extremely inter-

ested in the whole question of chromosome counts.” They ventured that 

there was “little doubt” that chromosome abnormalities would become 

“much larger a fi eld than we are likely to suspect at present” and con-

fi rmed that they were “delighted” to participate in the project. One re-

spondent hoped that Court Brown would make use of the “undoubted 

good will of the Association of Parents of Handicapped Children.” Over-

all, about fi fty clinicians expressed their interest in participating in the 

venture.81 Asked to support the project after data collection had already 

started, the MRC fully backed the initiative even though it fell well out-

side the unit’s original remit to study the general effects of radiation. Only 

one lone voice in the MRC found the whole project “premature.”82 Thus, 

the registry became a point of liaison between clinicians and researchers. 

Clinicians, most of whom did not yet have karyotyping facilities in their 

institutions, gained access to a new set of diagnostic tools while supplying 

researchers with cases of patients for inclusion in the registry.

Also in 1959, the unit set up a neonatal genetic- screening project. The 

fi rst screening program, set up in collaboration with MacLean from the 

Pathology Department, was based on buccal smears followed by full 

karyotype analysis when an unusual picture was found.83 The aim of the 

neonatal studies was to establish the frequency of abnormalities in the 

general population and thus provide a point of reference for other pop-

ulation studies, including the study of radiation- induced mutations that 

continued unabated. In addition, the newborn- screening program was 

meant to identify individuals who might need special attention and to 

provide data for genetic counseling. The long- term goal was to correlate 

anomalies in the children with parental age, social class, and ethnicity, 

and thus study the causes of the anomalies.

A new screening program based on full karyotype analyses was 

started in the mid- 1960s. This second screening program was aimed spe-
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cifi cally at identifying newborns with sex- chromosome anomalies for en-

rollment in increasingly contested prospective medical, psychological, 

and behavioral studies performed by clinically qualifi ed personnel.84

The neonatal studies at Edinburgh were the largest of their kind con-

ducted at the time, including tens of thousands of babies. They crucially 

depended on the close collaboration with the hospital ward. Jacobs has 

given a vivid description of the sampling involved, which relied on daily 

rounds in the neonatal wards: “These babies were lying in their cots. . . . 

And we just went in and pricked the heels. We just did it into a little tube 

wash and the babies didn’t even wake up. . . . [We did this] every single 

day including Christmas day.”85 Early on, Court Brown, like Polani, saw 

the need to expand karyotyping to serve medical practice more gener-

ally. In 1960 he approached the Department of Health for Scotland on 

the matter. A couple of years later he drew up a memorandum on the 

current demands for cytogenetic studies and the requirements for a rou-

tine service to be forwarded to the Ministry of Health. On the basis of 

the number of routine requests directed at his own unit, he estimated a 

rate of requests of 150 per million population per year, a fi gure he ex-

pected to increase.86 A few years later— and in view of what he depicted 

as the growing relevance of cytogenetics in such diverse fi elds as pediat-

rics, endocrinology, reproductive medicine, psychiatry, oncology, geron-

tology, criminology, and industrial toxicology— Court Brown called for 

the establishment of special facilities for cytogenetics within the frame-

work of the National Health Service, backed by the “necessary advisory 

service from top class human cytogeneticists.”87 In Court Brown’s view, 

the Edinburgh unit, which counted among the “three world centres of 

cytogenetics” (next to Paris and Philadelphia), could “naturally” serve 

as such a center, offering the whole range of cytogenetic techniques and 

the full expertise necessary to interpret complex cases. As Court Brown 

explained elsewhere, to fulfi ll such a function, a center had to have facil-

ities for lymphocyte, fi broblast, and bone marrow cell cultures; for auto-

radiography; and for the study of both mitotic and meiotic chromosomes. 

It also had to have clinicians, pedigree researchers, and statisticians on 

staff, as well as access to computer facilities and the ability to consult 

with biochemical geneticists and blood group serologists.88

By offering to serve as the central reference center, the unit hoped 

to obtain information on additional cases for the registry. Through in-

clusion in the registry, single patients, whose chromosome variant might 

have been discovered through individual diagnosis in a clinical context, 
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were enrolled in epidemiological studies that served to assess the public 

health dimensions of the new set of genetic conditions. Epidemiological 

studies based on chromosome surveys and the collection of data in the 

registry became the trademark of the Edinburgh unit.

Court Brown outlined the contributions of cytogenetics for clinical 

medicine and the need to provide cytogenetic service facilities for med-

ical practice in a series of memoranda prepared for the MRC and in a 

well- received lecture before the Clinical Research Board at MRC head-

quarters. He also corresponded with the Ministry of Health on the mat-

ter.89 As an indefatigable promoter of cytogenetics, Court Brown argued 

equally passionately for the relevance of the results and methods of chro-

mosome research for radiation protection, the workplace, the courts, 

and the sports arena. Yet he never lost sight of the clinical dimensions. 

He also recognized that the clinical links provided a broad basis and 

strong public recognition for the emerging fi eld of human cytogenetics.

Court Brown’s sudden death in 1968 brought to an end some of his 

expansive projects that built on close collaboration with clinicians, al-

though the unit continued its broad- based cytogenetic research pro-

gram, spanning radiation and clinical research as well as the registry and 

neonatal screening program, well into the 1990s. The unit became the 

MRC Human Genetics Unit in 1988. Most recently, it merged with the 

University of Edinburgh Centre for Molecular Medicine and the Ed-

inburgh Cancer Research Centre to form the new Institute of Genet-

ics and Molecular Medicine, still (or again?) collaborating closely with 

clinical departments at Western General Hospital to gain access to key 

 patient  cohorts and clinical expertise.

With Lejeune, Polani, and Court Brown, we have followed different 

trajectories of chromosomes at the clinic. Lejeune’s pursuit of a thera-

peutic agenda for chromosome diseases brought him into confl ict with 

other cytogeneticists and the consequences of his own research on chro-

mosomes, notably the establishment of prenatal diagnosis. The inte-

gration of cytogenetics into a broader agenda of medical genetics and 

the close integration of research and service turned Polani’s unit into a 

model for developments elsewhere. The Edinburgh experience marked 

yet another trajectory, with chromosomes being enrolled in surveys, 

combined with other data in registries, and serving as an epidemiolog-

ical tool that moved beyond the clinic and embraced variously defi ned 

populations as part of a larger strategy to expand the scope of chromo-

some research.
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By the time chromosome diseases appeared as a new category, med-

ical and clinical genetics departments already existed in several medi-

cal schools and hospitals in the United States, including at Johns Hop-

kins, the University of Washington, and the University of Wisconsin.90 

With time, these institutions also capitalized on the new developments, 

setting up cytogenetic laboratories, often with recruits from Europe. A 

leading example here is Victor McKusick, who, from the mid- 1950s and 

with considerable institutional acumen, built up the thriving Medical 

Genetics Division at the Moore Clinic at Johns Hopkins Hospital in Bal-

timore. He embraced cytogenetics early on, hiring Malcolm Ferguson- 

Smith from Glasgow University in 1959— one of many postdoctoral re-

searchers from Britain who would spend time in Baltimore— to build 

up a cytogenetics laboratory there. Trained as a pathologist, Ferguson- 

Smith had studied Klinefelter patients and, looking at testis biopsies, had 

become skeptical of the hypothesis that they were sex- reversed females, 

as suggested by the Barr body test.91 Encouraged by Ford, who had just 

confi rmed the new chromosome count reported by Tjio and Levan, he 

taught himself cell culture and chromosome techniques. Yet the cultures 

were poor, and he could not prove his point. The move to Baltimore of-

fered him the opportunity to pursue the project further while building 

up facilities for chromosome analysis at the Moore Clinic. The begin-

nings, as often, were heroic— especially in hindsight. First assigned to 

a small cupboard off a secretarial offi ce, Ferguson- Smith soon received 

permission to convert a nearby men’s lavatory into a cytogenetics labo-

ratory and a photographic darkroom. Grants from the US Public Health 

Service, and later the National Institutes of Health, provided funds for 

microscopes and other equipment as well as the hiring of research assis-

tants. Ferguson- Smith himself had perfected his cytogenetic skills visit-

ing Hsu and Levan (then on a sabbatical leave from Sweden) in Hous-

ton. Within a few months, “an active production line” was in place at the 

Moore Clinic to prepare, photograph, and analyze chromosomes. With 

the introduction in 1960 of the peripheral blood technique, the num-

ber of samples sent for analysis, both from the hospital and from farther 

afi eld, grew steadily. Thus, the “clinical cytogenetic diagnostic service 

[was] born.”92 Yet as in other cytogenetic units at the time, service and 

research remained closely aligned, as clinicians depended on research-

ers for the diagnoses, and researchers needed clinical cases and samples 

for their research.

In 1961, Ferguson- Smith returned to Glasgow, where, a few years 
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later, besides running a research laboratory, he established a clinical di-

agnostic service at the newly opened Queen Mother’s Maternity Hospi-

tal. The service, funded by the National Health Service, became one of 

the fi rst to offer prenatal diagnosis in the United Kingdom, and— not un-

like Polani’s service in London— eventually it served the whole Glasgow 

area and beyond. Marie Ferguson- Smith, who had been doing much of 

the photographic work, was in charge of all cell cultures and also partici-

pated in research.93

For a while, McKusick had problems fi lling the vacancy in his labo-

ratory left by the Ferguson- Smiths’ departure. When he inquired with 

Court Brown in Edinburgh whether one of his experienced research-

ers would be interested in taking up the post at his clinic, he received 

a rather irritated rebuke.94 The episode highlights the scarcity of se-

nior cytogeneticists at the time. Eventually, Digamber Borgaonkar, who 

had been a research fellow in the laboratory with Ferguson- Smith, took 

up the post. Cytogenetic units were also set up in other departments at 

Johns Hopkins, notably under Barbara Migeon in the Department of 

Pediatrics, who had also been trained by Ferguson- Smith.95 Cytogenet-

ics was only one of several approaches pursued in the Moore Clinic, but 

McKusick recognized the scientifi c “glamor” that cytogenetics provided 

to medical genetics.96 He himself made his mark as original author and 

chief editor of Mendelian Inheritance in Man, a continuously updated 

(eventually online) catalog of human genetic diseases and their genes, as 

well as an early and strong promoter of a full map of the human genome. 

Cytogenetics was only one tool among others that served these aims.97

Different practices sustained chromosomes and their analysis in clin-

ics in Paris, London, Edinburgh, and Baltimore. Yet all enterprises built 

on a common ground: the standardization of the normal human karyo-

type and the creation of visual standards for work with chromosomes.

The Normal Human Karyotype

In April 1960, just over a year after the fi rst descriptions of chromo-

some anomalies, several of the protagonists gathered in Denver for a 

three- day intense discussion on chromosome nomenclature. The object 

of discussion was the normal human karyotype, yet the need for con-

formity in the description of the normal karyotype was driven by the 

search for a standard against which to identify anomalies. What counted 
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as normal and abnormal in the world of chromosomes was itself under 

construction.

Georges Canguilhem has drawn attention to the moment in West-

ern history— epitomized by Claude Bernard’s experimental physiology 

and its application to the clinic— when the pathological was viewed as 

an altered state of the normal rather than a different state altogether.98 

More recently, historians of science have linked the distinction between 

the normal and the pathological to specifi c, historically contingent prac-

tices of producing and communicating knowledge.99 Thus, analyzing 

the processes through which standards and nomenclatures are agreed 

on can tell us much about the respective practices and objects at play. 

In the case of chromosome analysis, the establishment of standards was 

grounded in, and supposed to serve, hands- on visual practices of pre-

paring, seeing, sorting, and describing subcellular structures under the 

micro scope that underlay all work in the cytogenetic laboratory.100

Tjio and Levan were studying cancer chromosomes when they set out 

to investigate the normal human karyotype against which to compare 

the bewildering changes observed in the chromosomes of cancer cells. 

They were mainly concerned with the number of chromosomes, but they 

also made an effort to group and distinguish single chromosomes. In 

 Levan’s neat india- ink drawing in his 1956 article with Tjio, the chromo-

somes were subdivided into three groups— M, S, and T— according to 

the position of the centromere and the relation of the long arm to the 

short arm, or the arm ratio (fi g. 2.4). This was a departure from earlier 

works in which chromosomes were lined up in one row from longest to 

shortest.101 The authors recognized that the subdivision was “arbitrary, 

of course,” as the arm relations varied continuously, but it was a fi rst step 

in distinguishing single chromosomes and guided microscopic observa-

tion.102 In later years, Levan defended hand drawing against the increas-

ing practice of using photomicrographs in chromosome analysis on the 

grounds that, “in drawing, the worker cannot avoid focusing his atten-

tion in turn to every particular chromosome segment and thus to detect 

and estimate deviations from normality.”103

By the time of his submission to the Denver conference, Levan pro-

posed a subdivision of the forty- six human chromosomes into seven 

groups.104 Others proposed similar subdivisions but with some  variations. 

The groupings were guided by practical considerations. For instance, it 

was useful to make small groups with chromosomes that were diffi cult to 

distinguish visually.
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Figure 2.4. India- ink drawing of four human karyotypes (a– d), 1956. Note the arrange-

ment of the chromosomes of each set into three groups (top, middle, and bottom row).

Source: Tjio and Levan, “Chromosome Number of Man,” 4, fi g. 2. Reproduced with permission of 

Hereditas.

The call for a standardization conference followed on the heels of the 

fi rst string of observations of anomalous chromosome pictures. Agree-

ment on a standard nomenclature was to facilitate  communication 

 between laboratories and thus bring order to the world of chromosomal 

disorders. The plan for the meeting is generally attributed to Ford.105 
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However, this does not explain why Theodore Puck hosted it in Den-

ver. Puck, together with Tjio, whom he had invited to join him in Den-

ver, had published an important paper confi rming the new chromosome 

number, but by the time of the Denver meeting, Tjio had already moved 

on to Washington (fi g. 2.5). In a biographical piece Puck gave the fol-

lowing account of the events leading to the meeting: “While ours was 

the fi rst complete identifi cation and classifi cation system for the hu-

man chromosomes to be published, other papers appeared later propos-

ing alternative numbering systems for chromosomes. This led to con-

fusion in the literature. I corresponded with Charles Ford in England 

about what to do. He suggested that we attempt to straighten out the 

confusion by writing to all the people involved and suggesting a com-

mon human chromosome classifi cation system. I decided, however, to 

call a conference to develop an effective system of classifi cation of the 

human chromosomes.”106 As already mentioned, the decision was made 

to keep the meeting small and invite only cytogeneticists who had al-

ready published a human karyotype. This brought the number of par-

ticipants to thirteen, twelve men and one woman. Puck introduced his 

colleague Arthur Robinson as an additional member to the group. Rob-

inson, a pediatrician and later himself an accomplished medical geneti-

cist, had recently joined Puck’s laboratory in a transition to a career in 

research. He served as secretary of the group. Also invited were three 

“wise men” who were to act as arbiters if disputes occurred. They were 

David Catche side from Birmingham, England; Hermann Muller from 

Indiana University; and Curt Stern from the University of California, 

Berkeley. All three were distinguished geneticists, but none had direct 

experience with human chromosome analysis. Puck thought this would 

make them impartial arbitrators (fi g. 2.6). Puck applied for funding 

to the National Institutes of Health, but at the last minute the Amer-

ican Cancer Society stepped in. Puck credited the society with “hav-

ing under stood and supported the need for fundamental genetics in the 

coming era of medicine.”107

The participants set their task as agreeing on a nomenclature that was 

simple, free of ambiguities, and fl exible to accommodate future changes. 

The work accomplished by the group was condensed in three tables 

 included in the rather brief fi nal report. First, chromosomes— with the 

excep tion of the X and Y chromosomes, which kept their names— were 

serially numbered, as “nearly as possible” in descending order of length, 

“consistent with operational conveniences of identifi cation by other 
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 criteria.”108 The chromosomes were then subdivided into seven groups 

into which single chromosomes could be readily assigned following ba-

sic visual cues. The fi rst table provided a “conspectus” of the groups. 

Each group was characterized by the serial number of the chromosomes 

it contained (e.g., group 1– 3, group 4– 5, group 6– 12) and a brief  verbal 

Figure 2.5. Cut- and- paste karyotype of a human female published by Tjio and Puck in 

1958, before the Denver meeting. Possibly this (together with a male counterpart) was the 

fi rst human karyotype constructed from single chromosomes cut out from an enlarged 

photomicrograph to appear in print. Note the numbering of chromosomes and their ar-

rangement in different rows and groups.

Source: Tjio and Puck, “Somatic Chromosomes,” 1232, fi g. 4. Reproduced with kind permission of 

Jennifer Puck, daughter of Theodore Puck.
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Figure 2.6. The three impartial observers at the Denver standardization meeting. From 

left to right: David Catcheside, Hermann Muller (with camera), and Curt Stern.

Source: Curt Stern Papers, APSL. Reproduced with permission of the Library of the American 

Philosophical Society.

 description of their main characteristics, including some additional 

practical hints for distinguishing them. For example, the description 

for group 4– 5 read: “Large chromosomes with submedian centromere. 

The two chromosomes are diffi cult to distinguish, but chromosome 4 is 

slightly longer.”109 While visual categorizations guided the construction 
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of the groups, these in turn were intended to facilitate microscopic ob-

servation and the visual distinction of chromosomes.

A second table displayed the actual work that had gone into defi n-

ing the normal karyotype. It also shows the diffi culty of the task the con-

ference participants had set for themselves. In neatly arranged columns, 

the table listed the measurements of every single chromosome made 

from cells of “normal individuals” (except in one case) by the groups in 

Denver, Oak Ridge, Lund, Uppsala, Paris, and Edinburgh, all of which 

were represented by at least one participant at the meeting. Each chro-

mosome was characterized by three parameters: relative length, cal-

culated with respect to total length of all chromosomes contained in a 

normal haploid set with an X chromosome; the arm ratio, expressed as 

the length of the longer arm relative to the shorter arm; and the centro-

mere index, indicating the relation of the length of the shorter arm to the 

length of the whole chromosome. A fi nal column of the table gave the 

range for each measurement provided by the various groups. It revealed 

substantial variation. This was explained by the intrinsic diffi culties in 

measuring small objects with fuzzy contours and by differences in prep-

aration method, as it was noted that for every individual worker, mea-

surements were more consistent.

Finally, a third table provided an overview about the correspondence 

of each chromosome in the new nomenclature with the numbering or 

naming proposed in previously published work. It made clear that all 

participants had to accept quite substantial changes to their own order-

ing schemes. Especially Lejeune, as representative of the French group, 

had to agree to rename every single chromosome, using Arabic num-

bers instead of a mixed system of letters and numbers. In his reminis-

cences about the meeting Hsu recorded his amazement at witnessing 

“the emotional involvement over minute details.”110 Yet at stake were not 

just questions of nomenclature but also questions of working practices 

that would have to change accordingly. Discussions were “often acrimo-

nious” but apparently never to the point that the “wise men” had to in-

tervene.111 The fi nal report acknowledged that the choice between dif-

ferent systems of nomenclature was “arbitrary,” but that “uniformity for 

ease of reference is essential.” For this reason “individual preferences” 

had been subordinated to the “common good.”112

The study group also considered the usefulness of agreeing on a uni-

form way for presenting karyotypes or idiograms.113 Yet in this case, “in-

dividual variation in taste” made “rigidity of design” seem “undesir-
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able.”114 This decision may seem surprising given the importance of the 

visual display of chromosomes in analysis and in communication of re-

sults. Perhaps exactly for that reason, the matter was too contentious to 

fi ght out. The group nevertheless recommended that the chromosomes 

be arranged in numerical order, with the sex chromosomes near to but 

separated from the other chromosomes they resembled in shape and 

length. Similar chromosomes were to be grouped together and aligned 

at the centromeres, like being pegged to a clothesline. Despite consensus 

on these general rules, the fi nal report as drafted by the study group and 

sent out for publication to journals around the world did not contain any 

visual representations of chromosomes. However, at least some people 

felt there was something missing.

Among the journals that reprinted the report with the proposed stan-

dard nomenclature was Annals of Human Genetics, published at the 

Galton Laboratory under Penrose’s editorship. The actual report was 

prefaced by an editorial comment signed by Penrose. “For practical in-

terest” it supplied its readers with a diagram of a set of chromosomes 

drawn using the means of the six sets of values published in the reports 

(fi g. 2.7).115 The idiogram followed most of the rules suggested by the re-

port for pictorial representation, except for the fact that groups 1 and 2 

were represented as one group and chromosomes were lined up at the 

bottom rather than the centromere. Penrose (who was not present in 

Denver) had gone through all the chromosome measurements submit-

ted for inclusion in the report and found various arithmetic mistakes. 

These were also noted in the editorial.116 Although Penrose was capti-

vated by the visual evidence provided by the chromosome pictures, he 

consistently argued for the need for accurate measurements as a means 

to characterize and identify individual chromosomes and advance the 

fi eld.117 The chromosome diagram he provided combined the mathe-

matical and pictorial elements that, in his view, sustained the work on 

chromosomes.

Researchers clearly welcomed the diagrammatic rendering of the new 

standard nomenclature. An enlarged version of the diagram, slightly 

corrected, titled “Average Measurements of Human Chromosomes— 

Denver System, Galton Laboratory 1960,” with multiple pinholes in the 

corners clearly visible, was among the treasured papers of a former post-

doctoral researcher in the laboratory.118 The well- used chart had evi-

dently served as a reference against which other measurements could be 

compared. The editorial comment containing the diagram was included 
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Figure 2.7. Diagram of human chromosomes drawn from average measurement values.

Source: Penrose, “A Proposed Standard System,” 319. Reproduced with permission of Wiley 

Publishers.

as an addendum to the report of the next standardization conference in 

Chicago in 1966, and so found even wider circulation.

The Cerebral Palsy Bulletin, published at Guy’s Hospital in London, 

reproduced the Denver report in a special supplement but went one step 

further by including a photomicrograph of a normal male chromosome 

spread, followed by a karyotype with cut and paired chromosomes.119 

This time the layout of the group followed more closely the Denver con-

vention, although again the clothesline was missing. At least one Denver 

participant strongly believed that including the images was a “mistake,” 

as it seemed to “canonize” one particular way of ordering the chromo-

somes on the page.120 Clearly, this was a contentious issue.

These squabbles notwithstanding, the Denver agreement was gen-

erally met with a “sense of relief” and accomplishment.121 Even critics 

agreed that, although problems remained, the agreement was a step in 

the right direction.122 The common nomenclature not only facilitated 

more effective communication across different settings. By defi ning 

the “normal karyotype,” it also provided a basis against which to assess 

anomalies. With hindsight it became even clearer how timely this de-

velopment was. At the Denver meeting, Hungerford fi rst presented his 

method that allowed blood cultures to be used for chromosome analy-
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sis.123 The technique would allow karyotyping to be performed in many 

more centers and on a much larger scale, leading to an abundance of new 

observations and making common nomenclature even more essential. 

The initiative to publish a newsletter to circulate information on chro-

mosome fi ndings and technical developments also originated at Denver, 

evidencing the increased sense of community. The fi rst issue of the news-

letter, titled 46— The Human Chromosome Newsletter and compiled by 

Jacobs and Harnden in Edinburgh, appeared in October 1960 and was 

circulated to about 150 individuals. Two years later the number of copies 

sent out had grown to seven hundred, an indication of the increasing in-

terest in human chromosome research.124 Although standardization has 

often been viewed as a hallmark of modern science, it is instructive to 

note that a fi eld not too distant from human karyotyping, blood group 

genetics, never achieved a standardized nomenclature.125

The Denver meeting set the pattern for later standardization meet-

ings. In 1963 cytogeneticists convened for a Ciba Foundation guest sym-

posium, “The Normal Human Karyotype,” sponsored by the Associa-

tion for the Aid of Crippled Children and hosted by Penrose in London. 

The aim was to assess how the Denver nomenclature had stood the test 

of time. The verdict was: surprisingly well. One change adopted at this 

meeting was that the chromosome groups were identifi ed by the letters 

A– G rather than by the numbers of chromosomes they supposedly con-

tained.126 The change acknowledged the diffi culty of assigning a defi nite 

number to each chromosome, as critics had pointed out. At a conference 

convened three years later during the Third International Congress of 

Human Genetics held at Chicago and sponsored by the National Foun-

dation (originally the National Foundation for Infantile Paralysis, later 

renamed March of Dimes Birth Defects Foundation), the nomenclature 

of numerical and structural alterations, together with preoccupations 

about best practice in collecting and disseminating data, stood at the 

center of deliberations. Thirty- seven participants representing all major 

cytogenetic laboratories were present. At the time of the Denver confer-

ence, nobody would have foreseen “the wealth of variation which would 

soon be discovered,” Penrose enthused in his introductory address. “Al-

most every day some new aberration is seen.”127 The introduction of com-

puterized methods for various steps in the analysis of chromosomes fur-

ther emphasized the need for a uniform and easily coded way to describe 

chromosome data. The suggested way to do this was a notation that in-

dicated the total number of chromosomes, followed by a list of all the 
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sex chromosomes present and the designation of the group or the chro-

mosomes where an anomaly had been found. For instance, the notation 

for a girl with Turner syndrome would be 45,X and for a boy with Down 

it would be 47,XY,21+ (the plus sign indicating an additional chromo-

some was later moved in front of the chromosome number). More elabo-

rate rules followed for the description of structural rearrangements, such 

as translocations, inversions, and fusions. This included choosing an ab-

breviation for the short and long arm of the chromosomes. To appease 

Lejeune, who objected to the fact that the nomenclature was all in En-

glish, the group settled on the letter p for petit (small) for the short arm. 

Following the next letter in the French and English alphabet alike, the 

long arm received the letter q.128 The proposals of the Chicago confer-

ence also extended to the recording and storage of clinical and family 

data. Such data was considered “essential in all human cytogenetic stud-

ies,” and the value of such studies depended on the completeness of the 

data collected.129

Complicating the distinction between normal and abnormal was the 

increasing awareness that not all chromosome anomalies corresponded 

to a (detectable) clinical symptom and that there was considerable chro-

mosome variation in “phenotypically normal individuals.” Such data 

emerged from the newborn- screening programs and other surveys. The 

assessment of the “normal range of variability” for various populations 

was seen as an important task, notably in view of determining the ef-

fect of radiation and other mutagens on the chromosomes.130 Overall, the 

Chicago conference revealed the increasingly large apparatus building 

up around human karyotyping and its multiple relations to the clinic. It 

included new procedures such as the use of radioactive markers to distin-

guish chromosomes, an explosion of data, and a growing user community.

By the time of the Paris conference fi ve years later, chromosome 

banding called for a vastly extended repertoire of rules for describing 

the human karyotype. In contrast to previous reports, the Paris report 

contained numerous representations of banded chromosomes, ranging 

from a series of cut- and- paste karyotypes to a complete chromosome- 

banding diagram.131 With the verbal descriptions and notations neces-

sary to describe chromosomes becoming ever more complex and un-

wieldy, visual representations that could be annotated in various ways 

gained new value. They corresponded more directly to the observational 

practice of cytogeneticists and allowed for direct visual comparison of 

banding patterns in the search for anomalies or in comparative studies 
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of various species that attracted much attention at the time.132 The di-

agrammatic representations of banded chromosomes published in the 

Paris conference report came to serve as increasingly taken for granted 

“visual standards” that guided research and structured communication 

while providing a common point of reference for a growing community 

of chromosome researchers.133

At the Paris conference the appointment of the Standing Committee 

for Chromosome Nomenclature was decided. One reason for this was 

that the number of workers in the fi eld was now too big for a focused 

standardization meeting. The committee, chaired by Hamerton, would 

hence meet regularly. Later, the committee developed into an elected 

International Standing Committee on Human Cytogenetic Nomencla-

ture. The fi rst task of the new committee was to combine all available 

nomenclature recommendations into one international system for hu-

man cyto genetic nomenclature, and this has been updated and in circu-

lation ever since.134

Although from the 1970s more attention was paid to representational 

aspects, it should be noted that the visual representation of karyotypes 

and idiograms was never completely standardized. Especially the spa-

tial distribution of the groups (number of groups per line), the position 

of the X and Y chromosomes, and the alignment of the chromosomes 

(on the clothesline or the bottom line) continued to show variations.135 

Yet the karyotype as a genre certainly became iconic. Lined- up and or-

dered chromosomes served as supporting evidence in genetic consulta-

tion rooms, appeared in guidebooks for patients and doctors, and be-

came a fi xture in media reports on the new chromosome fi ndings that 

often made the headlines. The X and Y chromosomes in particular be-

came household names. Chromosome abnormalities like trisomies, 

monosomies, and translocations were conventionally highlighted with 

arrows in photomicrographs, karyograms, and idiograms (fi g. 2.8).

When, in 1958, two of the key researchers involved in the new wave 

of work on human chromosomes reviewed the reasons for studying hu-

man chromosomes, they listed the establishment of ethnic differences, 

the etiology of cancers and leukemias, the identifi cation of the “genetic 

sex” of intersex individuals, and a possible revival of comparative studies 

of animals and humans as questions to which karyotyping could make 

a contribution.136 Only a few years later, human chromosome studies, 

backed by a standardized nomenclature, claimed growing relevance in a 

range of diagnostic categories and clinical services. If in the late 1950s, 
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Figure 2.8. Lejeune preparing a karyotype for a publication of the WHO.

Source: WHO Archives, WHO/12451, photo library reference WHO_A_008124. © World Health 

Organization/Paul Almasy, 1966. Reproduced with permission.

cytogenetics was still “a sleepy subspecialty of no interest to physicians,” 

only a few years later the same discipline was hailed for having provided 

genetic medicine with “their organ” and a “sense of identity.”137 With the 

new organ came a new set of diseases, diagnostic categories, and tools to 

investigate the mechanisms that gave rise to unusual chromosome pic-

tures and their effects. A growing apparatus of tissue collections, reg-

istries, diagnostic laboratories, and counseling services increased the 

space for chromosomes in the clinic, thereby spearheading the develop-

ment of medical and clinical genetics. Implicit in this process was an ex-

pansion of the meaning of the term genetic in medicine: from relating 

to a hereditary condition running in families and traditionally studied 

by pedigree analysis it came to refer to all changes— hereditary, devel-

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



76 Chapter Two

opmental and somatic— concerning chromosomes and genes.138 Starting 

from a handful of rare syndromes, the list of genetic conditions soon ex-

panded, eventually leading to the expectation that all forms of disease 

have a genetic component. In the words of one participant, cytogenet-

ics not only provided an experimental foundation for human genetics but 

also “convinced medicine itself that genetics had a place in the very foun-

dations of medicine, along with anatomy, physiology and biochemistry.” 

By doing so, “it expanded our understanding of disease, and even more 

of health, . . . and created a new vision and new ways of prophylaxis.”139 

Treatment remained a more elusive aim but continued to guide research. 

Penrose, for instance, greeted the description of Down syndrome as a 

chromosome anomaly by declaring that the problem was “on the way 

to a solution”— although the journey would still be long.140 Practitioners 

recognized that genetic technologies had social consequences and came 

with a moral and fi nancial price that ultimately had to be carried “by a 

consenting public from whom the rapid advances demand quite sophisti-

cated biological literacy and moral insight.”141 However, not always were 

genetic explanations easily accepted. Nowhere did these issues come to 

the fore more explicitly than in the polarizing debates raised by the sug-

gested connection between the XYY karyotype and “criminal” behav-

ior in the mid- 1960s, which is discussed in the next chapter. To start with, 

we need to consider the special status accorded to sex chromosomes and 

their role in setting research agendas and defi ning identity, social behav-

ior, and social policies.
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X and Y

Following cytogeneticists in assigning a “personality” to each chro-

mosome, we are perhaps justifi ed in claiming that the X and Y chro-

mosomes are by far the most famous of the lot.1 They are the only ones 

carrying a letter for a name— albeit a letter that points to their unre-

solved nature. In ordered arrangements of the human karyotype they are 

set apart from the other chromosomes to which they correspond in size 

and shape, signaling their special status. People with a general education 

in biology may be unsure about the overall number of human chromo-

somes or whether every cell holds the same number, but they most likely 

know that females carry two X chromosomes and males an X and Y— 

even if the reality is more complex. The notation has become iconic and 

is used in scientifi c, medical, literary, artistic, and everyday contexts to 

defi ne people and their sex (fi g. 3.1). Several books have been dedicated 

exclusively to the X and Y chromosomes.2 The X chromosome even has 

a poem written in its honor.3 General cytogenetic treatises and textbooks 

regularly include separate chapters on sex chromosomes, and often sex 

chromosomes and their anomalies occupy a substantial amount of avail-

able space. For example, in his widely cited textbook on cytogenetics, 

John Hamerton, one of the early protagonists of human cytogenetics, 

dedicated a large part of one of two volumes to sex chromosomes and 

their pathologies.4

As this chapter presents, a specifi c constellation of technical, biomed-

ical, and cultural reasons were responsible for the continuing focus on 

sex chromosomes. Following the X and Y chromosomes not only pro-

vides insights into a central set of questions and practices that propelled 

and shaped the study of human heredity in the middle decades of the 

twentieth century. It also leads to two of the most contested areas in 
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Figure 3.1. Female and male restroom signs.

Source: Photograph by the author (Berlin, 2015).

which human karyotyping played a role: fi rst, the discussion of “crim-

inal chromosomes” and its potential impact on criminal justice cases 

and, second, the use of karyotyping in gender verifi cation practices in 

the competitive sports context of the Olympic Games. The fi rst case has 

become especially notorious in the history of human genetics and is of-

ten cited as an example of biased science.5 The controversy started in 

the mid- 1960s, when a short paper in Nature reported an increased in-

cidence of men with an XYY karyotype in high- security hospitals and 

suggested a connection between Y chromosomes and aggressivity and 

violence. This stretched well into the 1990s, when the last longitudinal 

studies set up to clarify the issue ended. Here, the main aim is to ex-
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plain the length and vehemence of the debate while also investigating 

its impact on the emerging fi eld of human chromosome research.6 Also 

on display are the role of the controversy in an incipient ethical discus-

sion on clinical research and genetic screening in particular. The discus-

sion leads us back to the cytogenetics research unit in Edinburgh where 

the controversial paper originated and where the longest- standing fol-

low- up studies on the implications of the XYY karyotype took place. 

Chromo some testing for female athletes in the Olympic context was fi rst 

introduced at the games in Mexico City in 1968 and became immedi-

ately controversial. Both cases serve to gauge the weight given to biology 

and human heredity to explain social behavior and inform social policies 

in the long 1960s.

“Pace Setters” of Research

At the turn of the nineteenth century cytologists trained their eyes on 

two chromosomes of unequal size that they observed in the cells of var-

ious insects. In a series of independent papers published between 1905 

and 1912, Nettie Maria Stevens, working as a research and teaching as-

sociate at Bryn Mawr, a women’s college in Pennsylvania, and Colum-

bia zoologist Edmund B. Wilson, systematized these observations. They 

designated the unequal chromosomes as X and Y and identifi ed them as 

sex chromosomes on the basis of their role in sex determination.7 Even 

before then, the observation of the unusual chromosomes that could be 

followed through the formation of the germ cells and into the progeny 

provided evidence for the continuity and individuality of these cellular 

bodies.8 For a long time, the X and Y chromosomes remained the only 

chromosomes that could be individually distinguished, and for this rea-

son, they guided much research on chromosomes and their function.

The observation of the sex chromosomes in human cells remained 

diffi cult, and particularly the existence of the Y chromosome in human 

germ cells was contested. Counts for the human chromosome set varied 

widely, but in the 1910s the respected Belgian embryologist and cytolo-

gist Hans von Winiwarter suggested that females have forty- eight chro-

mosomes (including two X chromosomes) and males forty- seven (show-

ing an XO karyotype). In the mid- 1920s, zoologist Theophilus Painter 

at the University of Texas at Austin based his effort to fi x the number of 
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human chromosomes for both sexes to forty- eight on his evidence for the 

existence of the small (Y) sex chromosome.

Painter had studied sex determination in insects and marsupials be-

fore getting hold of some testicular human material from so- called ther-

apeutic castrations in a local mental hospital. Once he had convinced 

himself that humans, like insects, showed an XX- XY sex- chromosome 

pattern for females and males respectively, he argued for a count of 

forty- eight chromosomes in both men and women.9 The count remained 

in place for over thirty years.

After his foray into mammalian chromosomes, Painter went back to 

study the chromosomes of insects. Together with Hermann Muller, his 

colleague at Austin, he studied radiation- induced chromosome translo-

cations and deletions in Drosophila. This work eventually led him to the 

description of the giant chromosomes in the salivary glands of the fruit fl y 

and to the publication of an early map of the giant X chromosome, based 

on cytological observations rather than crossing- over rates.10 Because X- 

linked recessive characteristics show up differently in males (who carry 

one copy of the genes) and in females (who carry two alleles of the same 

gene), the X chromosome has long remained a primary target for gene 

mapping in the fruit fl y as well as in other organisms, including humans.

If initially work on human sex chromosomes lagged in comparison 

to chromosome studies in plants and insects, the situation had changed 

by midcentury when human sex chromosome research was setting the 

pace.11 An important stimulus for the renewed interest in human sex 

chromosomes came from the development of the Barr body test in the 

late 1940s and early 1950s. Barr and his colleagues, who were responsi-

ble for developing the test, set the stage.

Realizing the potential importance of the test for “sexing” cells and 

tissues, Barr reoriented his laboratory. Joined by the PhD student and 

later collaborator Keith Moore, he focused his research effort on clari-

fying the relation between the “sex chromatin” and the postulated link 

with the X chromosomes. Barr also engaged with sex researchers, med-

ical clinicians, geneticists, and individuals affected by unclear or con-

tested sex assignment to explore the potential and limitations of the 

nuclear- sexing test. The term sex chromatin was introduced early on, al-

though Barr and Moore soon suggested that the term X- chromatin was 

more “appropriate.” As Moore explained, the term “omits the word ‘sex’ 

which sometimes has disturbing effects on patients with abnormalities of 

sex development, physical or psychological.” In contrast to sex chroma-
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tin, the term X- chromatin was “an informative term because it correctly 

indicates its X- chromosomal origin.”12

In the mid- 1950s, Moore, in collaboration with Barr, introduced the 

buccal smear technique for chromatin testing (the same procedure is still 

used for genomic testing today). Instead of working with skin or other bi-

opsies that had to be extracted in intrusive procedures by qualifi ed med-

ical personnel, the new technique simply consisted of using a spatula to 

scrape off a few cells from the inner lining of the cheek. Transferred to 

a glass slide, fi xed, and stained, the probe could be directly analyzed un-

der the oil- immersion lens of a light microscope. For clinical diagno-

sis, about a hundred cells were examined, and the result was expressed 

in the percentage of cells carrying a Barr body (fi g. 3.2). The quick and 

painless procedure was eagerly picked up by researchers and clinicians 

around the globe who were wrestling with a broad array of questions re-

garding sex assignment. Because of its simplicity, the test also lent itself 

to large- scale population surveys and screening programs, which began 

to be performed on selected populations, especially newborns, prison-

ers, and people in mental institutions.13 As we saw in the preceding chap-

ter, a conference on nuclear sexing convened at King’s College Hospi-

tal Medical School in London, on the occasion of Barr’s visit to Britain 

in 1957, proved an important occasion for bringing together people in-

volved in these various endeavors and for forging new links between cli-

nicians and human chromosome researchers.

The direct examination of the chromosomes was expected to answer 

many questions that the chromatin test had opened up, including the 

very nature of the Barr body. At the same time, the chromatin test pro-

pelled much of the early work on human sex chromosomes. The chro-

matin test became available when human karyotyping was still a time- 

Figure 3.2. Barr body test on human buccal smears (two females, one male). Arrows point 

to Barr bodies in the preparations.

Source: Moore and Barr, “Smears,” 57, fi gs. 1– 3. Reproduced with permission of Elsevier.
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consuming and laborious affair, most often performed on bone marrow 

tissue extracted by sternal puncture. Apart from the effort involved, re-

searchers considered it unethical to ask healthy individuals to submit 

to the procedure, which was not devoid of risk.14 Often a full karyotype 

would be performed only in cases when the chromatin test showed un-

clear or unexpected results. The questions raised by the test always con-

cerned the sex chromosomes.

Clearly, the existence of the test alone does not explain the explosion 

of work on sex chromosomes. Rather, the chromatin test, as the work on 

sex chromosomes it initiated, found its place in an already- burgeoning 

fi eld of sex research that saw the involvement of scientists, clinicians, and 

sex researchers of various stripes.15 The research had immediate practi-

cal implications, as the eugenic movement as well as the feminist and gay 

rights movements were equally invested in knowledge of sex and ways 

to intervene in and regulate (or not) sexual processes. By the 1940s the 

chromosomal theory of sex was fi rmly established, but next to genes, 

hormones and psychological processes were considered to play an im-

portant role in the way sex and gender were articulated, thus defying any 

simple take on the issue.16 Individuals who did not fi t established gender 

categories were often caught in the middle of these scholarly debates, as 

made clear in an anguished letter penned by an anonymous correspon-

dent signing with the pseudonym “Anomaly” and addressed to Barr.17 

Anomaly wrote to Barr in the hope that his test might prove that “sex-

ual inversion” has a physiological rather than a psychological cause. Yet 

more often than not, the chromatin test did not bring the desired clar-

ifi cation. In the case of Anomaly, the test showed a male sex chromo-

some. How Anomaly might have received this information we do not 

know, as he died of an apparently unrelated heart attack before the re-

sult was available. In other cases the test certainly complicated matters. 

Most disturbing, perhaps, Klinefelter and Turner patients saw their sex 

reversed twice in the course of a few years.

The various cases later described as Klinefelter syndrome were 

grouped together and regarded as forming a distinct clinical picture 

only in the early 1940s.18 The male patients associated with the syn-

drome had small testes and a variable set of other symptoms relating 

to incomplete male sexual development. The syndrome attracted little 

attention  until, in 1956, several groups of researchers reported a posi-

tive chromatin test in Klinefelter patients, indicating that they were 

“ genetic females.”  Researchers surmised that Klinefelter patients were 
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in fact sex- reversed  females or female pseudohermaphrodites.  Follow- up 

studies showed that the cells of only some patients classifi ed as Kline-

felter showed a Barr body, leading to the distinction between “chroma-

tin positive” and “chromatin negative” cases. A few years later, analysis 

of the chromosomes of Klinefelter patients vastly complicated the pic-

ture, dramatically changed entrenched ideas about the role of the X and 

Y chromo somes in sex determination, and fi nally reassigned individuals 

with Klinefelter a male sex.

A fi rst published test reported an XX karyotype in a chromatin- 

positive Klinefelter patient, apparently confi rming the interpretation 

suggested by the chromatin test.19 Yet only a few months later, fi rst re-

searchers at Edinburgh and later other groups corrected the observa-

tion, announcing that Klinefelter patients had an XXY karyotype and 

describing the case as “human intersex.”20

Interest in these results led to extended testing programs. Besides 

the most common XXY karyotype, researchers found a wide variety of 

other combinations of sex chromosomes in chromatin- positive Kline-

felter patients, including up to four X chromosomes combined with 

up to two Ys (at least one Y was always present). Another striking re-

sult was the observation of cases of mosaicism, in which different cells 

in the body showed two and sometimes three different complements of 

sex chromosomes. Of these most often one was a usual XY male chro-

mosome complement combined with an XXY one, but single cases also 

showed varying numbers of sex chromosomes in two or three distinct 

cell populations.21 Researchers explained the presence of more than two 

sex chromosomes with the incomplete separation of the chromosomes in 

germ cell formation and mosaicism with non- disjunction of the chromo-

somes in early embryonic development.

Individuals with Turner syndrome experienced a similar double sex 

reassignment, showing up as “male” in the chromatin test but later be-

ing reclassifi ed as female with an XO karyotype (see chapter 2). Seizing 

on these results, the testing of a young woman with early menopausal 

symptoms revealed an XXX karyotype. Somewhat paradoxically and 

apparently without much regard to the message sent to the patient, the 

case was referred to as “superfemale,” in analogy to the corresponding 

case described for the fruit fl y.22 As in other early reports on chromo-

some anomalies, the case of the woman in her midthirties seeking med-

ical help for her condition was described in some detail, providing in-

formation on her family history, the circumstances of her birth, and her 
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clinical history, complete with a photograph of her naked body in front 

and side view, the eyes covered with a black strip in a conventional but 

clumsy attempt to guard her anonymity.23 Yet in the case description 

there is enough detail to make today’s reader ponder the medical odys-

sey of the woman and her personal experience of undergoing the test.

Following the new consensus on the normal number of human chro-

mosomes, changes in chromosome numbers such as trisomies or mono-

somies were the easiest anomalies to fi nd with the techniques avail-

able in the late 1950s. Theoretically, a whole array of different trisomies 

could be expected. Yet only a handful of such variations, besides those 

concerning the sex chromosomes, were found. These regarded trisomies 

of chromosome 13, 18, and 21— all of which were described between 1959 

and 1960. Of these, Down syndrome, which concerns the small chro-

mosome 21 (more correctly even the smallest of all chromosomes), was 

found to be the most frequent anomaly of all; the other two, known as 

Patau and Edwards syndromes, are very rare and lead to severe and com-

plex developmental problems.24 As became clear, only trisomies of gene- 

poor chromosomes— like the sex chromosomes and chromosomes 13, 18, 

and 21— were viable. Many more trisomies (including the known ones) 

were found in miscarried fetuses. Also this biological fact, then, contrib-

uted to a concentration on anomalies in sex chromosomes in the early 

“heyday” of human chromosome research.

The early fi ndings on sex- chromosome anomalies deeply unsettled 

then- current ideas about the function of the X and Y chromosomes in 

sex determination. Until 1959 the model for understanding sex determi-

nation in humans was the fruit fl y, Drosophila melanogaster. As in hu-

mans, female fl ies have an XX karyotype and males an XY karyotype. 

Calvin Bridges, studying fl ies with abnormal sex chromosomes, includ-

ing XXY, XO, and XXX karyotypes, in Morgan’s laboratory at Caltech 

in the 1930s, had determined that the Y chromosome in fl ies was inert. 

He postulated that male sex was determined by autosomal genes that in 

females were counterbalanced by the two X chromosomes.25 Research-

ers assumed that the same mechanism was in place in humans, but con-

tradicting this expectation, chromatin test notwithstanding, individu-

als with an XXY karyotype showed male characteristics and individuals 

with an XO karyotype were females. The fi ndings suggested that the 

presence or absence of the Y chromosome rather than the relative dose 

of X chromosomes to autosomes defi ned sex in humans. The discovery 

of an XO female mouse in 1959 and an XXY male mouse a few years 
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later indicated that all mammals shared the same mechanism. The new 

mechanism of sex determination was perceived as a striking revelation 

at the time and added to the excitement about human chromosome re-

search. Reviewing the crop of new chromosome fi ndings in 1959, a Lan-
cet editorial declared: “Perhaps most important of all  .  .  . is the clear 

evidence that Y is after all no mere useless vestige.”26 The secretary of 

the MRC, which had funded much of the research, considered the fi nd-

ing of the sex- determining role of the Y chromosome “a fact of striking 

signifi cance.”27

Interestingly, the conclusions regarding the new role of the Y chro-

mosome in sex determination were not drawn in the fi rst paper on the 

XXY karyotype. Rather, Jacobs and Strong in their fi rst communica-

tion on the case speculated on the mechanism that might have led to the 

presence of two X chromosomes and considered the possibility that the 

second X might in fact be “an autosome carrying feminizing genes.”28 

Yet once the “masculinizing properties” of the Y chromosome were es-

tablished, “the drive was on to fi nd the [male] determinant,” later iden-

tifi ed in the sex- determining region Y (or the SRY gene).29 Once consid-

ered of little biological importance, the presence, number, and length of 

the Y chromosome gained increasing importance in clinical diagnosis, 

in comparative studies of human populations, and as a marker of “male-

ness” in both scientifi c and popular discourse.30 Refl ecting on the experi-

ence of looking down at his own chromosomes in 1960, the British cyto-

geneticist David Harnden, perhaps the fi rst person who had ever done 

this, recalled the “reassuring experience” that he had “a Y chromo some 

and only one.”31

While initially the chromatin test had stimulated the chromosome 

analysis of the Klinefelter and Turner patients, subsequently these and 

other chromosomal fi ndings helped clarify the nature of the Barr body. 

The fi rst person to suggest that the condensed structure visible in the 

cells of various female mammals consisted of one (in the presence of 

a second) rather than two X chromosomes was Susumu Ohno, a young 

Japanese researcher working at the City of Hope Medical Center near 

Los Angeles. Ohno based his suggestion on meticulous observations he 

made under the microscope, where he followed the condensation of one 

of the two chromosomes present in a female cell through a complete cell 

cycle, fi rst in the rat, then in a series of other mammals, and fi nally in 

humans.32 His hypothesis predicted that there would be one Barr body 

less than the number of X chromosomes present in the cell. This better 
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 explained some of the chromatin test results found in individuals with 

sex- chromosome anomalies, especially the presence of two chromatin 

bodies in cells of women with a triple- X karyotype. Mary Lyon, a col-

league of Ford at the Radiobiological Research Unit at Harwell, working 

on the genetics of radiation- induced mutations in mice, eventually for-

mulated the hypothesis that one of the two X chromosomes in females 

is permanently inactivated, leading to the condensation seen in the Barr 

body test. Inactivation was considered to happen randomly, affect ing one 

or the other chromosomes in different cells. Given the different origins 

of the two chromosomes— one stemming from the father, the other from 

the mother— this meant that women were genetic mosaics.33 This hypoth-

esis, together with the special mechanism of X- chromosome- linked in-

heritance, kept the X chromosome fi rmly in the center of further exten-

sive studies directed at mapping the genes, understanding their role in 

development, and illuminating the mechanisms by which their functions 

were regulated. All the fi rst genes mapped were on the X chromosome. 

By the time the fi rst human gene— the Duffy blood group gene— was as-

signed to an autosomal (not sex) chromosome in 1968, the X chromo-

some map already counted sixty- eight loci. Among the genes found to be 

positioned on the X chromosome were important disease markers, such 

as those for muscular dystrophy, hemophilia, and glucose- 6- phosphate 

dehydrogenase defi ciency, the latter of which can lead to hemolytic ane-

mia. Yet despite the attention lavished on the X chromosome, it was the 

Y chromosome and its newly acquired role as male deter mi nant that fi rst 

hit the headlines.

Chromosomes and Crime

On 25 December 1965, a brief paper with the title “Aggressive Behav-

iour, Mental Sub- Normality and the XYY Male” appeared in the jour-

nal Nature. It reported the results of a survey performed on inmates of 

the Scottish State Hospital (a hospital for mentally ill serious offend-

ers) in Carstairs by researchers of the MRC Clinical Effects of Radia-

tion Research Unit at Edinburgh in collaboration with hospital person-

nel. The survey showed a signifi cantly increased incidence of individuals 

with an XYY karyotype among the inmates as compared to various ran-

domly selected male populations. The authors interpreted this fi nding to 
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suggest that the additional Y chromosome, whose “masculinizing prop-

erties” had only just been established, predisposed its carrier to “unusu-

ally aggressive” and violent behavior.34 In the words of its main author, 

the paper “immediately caused a mayhem.”35 What was the issue?

The 1965 Nature article was not the fi rst report of unusual chromo-

some fi ndings in inmates of special mental and criminal institutions. Since 

a connection had been established between chromosome anomalies and 

mental disabilities in Klinefelter and Down syndromes in the late 1950s, 

researchers were out to fi nd more such links. Armed with the chroma-

tin test, researchers in Canada, Sweden, France, and Britain performed 

large- scale surveys of patients in mental hospitals. Following a Swed-

ish study on 760 male patients in institutions for “criminal and ‘hard- to- 

manage’ males of subnormal intelligence,” M. D. Casey, a geneticist at 

Sheffi eld University, surveyed 942 males in “two comparable institutions” 

in England. He not only found an increased incidence of chromatin- 

positive cases— twenty- one overall— but also studied their chromosomes. 

He found seven who had an XXYY karyotype.36 This result, which Casey 

communicated to Jacobs before publication, contrasted sharply with com-

parative fi gures found in a survey of 2,607 “ordinary mentally subnor-

mal males” performed in Edinburgh; there only two XXYY males were 

found among the twenty- eight patients who had tested positive in the 

chromatin test (overall the survey comprised the study of 4,514 males and 

females in fi fteen institutions, one in England and the rest in Scotland).37 

The discrepancy made Jacobs and her colleagues at Edinburgh wonder 

“whether an extra chromosome predisposes its carriers to unusually ag-

gressive behavior.”38 It should be noted that this hypothesis included at 

least two interpretive leaps: fi rst, that the Y chromosome, recognized as 

the “male” chromosome, was responsible for male aggression and, sec-

ond, that an additional chromosome led to overperformance rather than 

instability (as, for instance, in Down syndrome).39

Carstairs was in easy reach of Edinburgh and was among the insti-

tutions already included in previous surveys. Built as a mental hospital 

in the late 1930s, Carstairs was fi rst used as an army hospital before it 

was returned to its original designation in the late 1940s. From the late 

1950s, it was run as a maximum- security psychiatric hospital for patients 

with a criminal record, the only institution of this kind in Scotland. The 

hospital had two wings, one for “mentally subnormal” patients and the 

other for “those with mental illness.” Securing the collaboration of per-
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sonnel at the institution, Jacobs and her colleagues obtained blood sam-

ples from 197 patients for karyotyping. Jacobs recalled:

We were not allowed to see the patients, for reasons I simply don’t know; the 

medical service for these patients was done by the local GP. He was a lovely 

man, and he would be in one room with the patients, while we were next door 

with our bottles. We would give him one and he would bring us back the bot-

tle and a tiny piece of paper that had a coded number on it, the patient’s date 

of birth and, for no reason I can think of, the patient’s height. We didn’t want 

the patient’s height. We never asked for it, but it was there.40

In fact, in addition to height, weight, an estimate of the patients’ intelli-

gence, and reasons for admission were recorded.41 Six patients declined 

to participate, suggesting that a consent procedure was in place. All who 

declined to cooperate were visited again after a few weeks. If they de-

clined again, they were classifi ed as “refusals.”42 In performing chro-

mosome analysis on all participants, the Edinburgh researchers caught 

anomalies like the XYY karyotype that remained undetected in surveys 

that looked only at the chromosomes in cases that showed an unusual 

chromatin test.

Little was known about the XYY karyotype. A fi rst case was de-

scribed in 1961 by a group of researchers in Buffalo, New York.43 It 

was found in a forty- four- year- old man who was tested because he had 

a child with Down syndrome. The father showed no apparent symp-

toms, although further examination showed a complex reproductive 

history. Of ten children the man had fathered with two different wives, 

two died before birth and, in addition to the one child with Down syn-

drome, two others also showed developmental problems, suggesting 

possible chromosome anomalies. Other children had been given up for 

adoption anonymously and could not be chromosome tested. Overall 

the results suggested a “possible familial predisposition to chromosomal 

non- disjunction.”44

A few other XYY cases were reported in the following years, but no 

distinctive symptomatic picture emerged. The Carstairs survey for the 

fi rst time indicated that individuals with an XYY karyotype were on 

 average signifi cantly taller than males with an XY karyotype. Instead 

of the usual mean height of 170 centimeters, the Carstairs patients with 

an XYY karyotype had a mean height of 186 centimeters. In the text— 

unlike in the title of the article— the link with aggressive behavior re-
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mained somewhat more hypothetical. As the authors stated in their con-

clusion: “At present it is not clear whether the increased frequency of 

XYY males found in this institution is related to their aggressive behav-

iour or to their mental defi ciency or to a combination of those factors. 

We are attempting to elucidate this problem.”45 Despite Jacobs’s recol-

lections that her article and those that followed “immediately” caused 

“mayhem,” it is actually diffi cult to fi nd direct evidence for this in the 

surviving records. Indeed, in the following two years further studies 

seemed to corroborate the initial fi ndings. Casey and his colleagues, 

studying a cohort of tall men in two maximum- security hospitals in En-

gland, where they had collected samples before, also found an unusually 

high number of XYY men. While originally Casey had thought that the 

increased frequency of XXYY males he and his colleagues had found 

was “just chance,” he now agreed with the Edinburgh researchers that 

an extra Y chromosome had clearly “a part to play in increased stature 

and antisocial behavior.”46 Meanwhile, a clinical follow- up study by Wil-

liam Price and Peter Whatmore, a psychiatrist and a pathologist associ-

ated with the Edinburgh unit, in collaboration with medical personnel 

from the Carstairs hospital, added two further XYY cases to those pre-

viously reported. A preliminary comparison of their records with nine 

control cases of the same institution did not suggest a difference in the 

kind of crimes committed but confi rmed their overall “aggressive and 

violent” behavior.47 An editorial in the same issue of the Lancet high-

lighted the “considerable psychiatric importance” of the XYY fi ndings 

as well as their “immense interest” from a “chromosomological” point 

of view.48 A letter to the editor a few months later expressed hope that 

the studies would be known to all experts in prison affairs and crim-

inal law.49 An editorial in the British Medical Journal hailed the link 

between XYY sex- chromosome complement and criminal behavior as 

a major discovery and expressed the hope that it may lead to more ap-

propriate treatment of the affected individuals.50 Similarly, in an arti-

cle titled “Genetics and Crime” published in the Journal of the Royal 
College of Physicians, Court Brown, the highly respected head of the 

Edinburgh unit, dubbed the fi nding of the XYY males “the most impor-

tant discovery yet made in human cytogenetics” and potentially “a pow-

erful lever to open up the study of human behavioral genetics.”51 Other 

contributions in the special section dealt with societal, legal, and psychi-

atric  aspects of crime and the criminal.

Somewhat more than a year after the original note in Nature, the con-
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tinuing clinical studies of the XYY males of the hospital in Carstairs 

provided data that seemed to contradict at least partly the original fi nd-

ings. Going against the original claims, the studies indicated that XYY 

males were signifi cantly less prone to violent crimes than the control 

cases chosen from their XY fellow inmates. This made the postulated 

link between the XYY karyotype and increased aggression seem unten-

able. Yet the comparison between the XYY males and the control group 

also indicated that XYY males, who all showed a “severely disturbed 

personality,” were likely to get into trouble with the law at a much earlier 

age; that there was much less criminal background in their families; and 

that the usual corrective measures were largely ineffective. Price and 

Whatmore took this to confi rm that the antisocial behavior of the cohort 

“was due to the extra Y chromosome,” a congenital condition that was 

not transmissible, although they did not exclude the possibility that this 

was a “selected group” and that other individuals with the same chromo-

some set could show different features.52 A full report of the cytogenetic 

and clinical studies of the inmates of the State Hospital in Carstairs, 

complete with detailed case descriptions of all the males identifi ed as 

carrying an XYY karyotype, appeared in the following year.53 The case 

reports presented a bleak picture of the life histories of the men that 

had been pieced together from family reports and institutional and pe-

nal records. They showed diffi cult- to- handle young children who under-

performed at school and moved in and out of corrective institutions from 

a young age. Very often they were the “black sheep” in their families.

In December 1968 a comprehensive review titled “Males with an XYY 

Sex Chromosome Complement,” compiled by Court Brown, shortly be-

fore his untimely death in that same month, appeared in the Journal of 
Medical Genetics. Carefully reviewing a growing body of literature on 

the XYY case, much of it from his own laboratory, Court Brown diplo-

matically hinted at some controversial aspects of the available studies 

and offered some careful qualifi cations.54 The declared aim of the review 

was to gather all the information available to put together “a conspectus” 

of the “nature and identity” of the “XYY male.”55 Court Brown adopted 

a “historical approach” for his exposition. He distinguished three phases 

in the development of knowledge on the XYY man. The fi rst phase 

was characterized by the apparently fortuitous accumulation of XYY 

cases. The second phase, initiated by the study of Jacobs and her col-

leagues, consisted of the systematic study of XYY males in maximum- 

security prisons and mental institutions, mostly in Britain. This phase 
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revealed that there was also an increased frequency of women with an 

XXX karyotype in “hospitals for the mentally subnormal.” Yet as Court 

Brown remarked laconically elsewhere, “nothing like the attention has 

been paid to them that has been given to abnormal males”— presumably 

because of the attention- grabbing XYY link with criminality.56 The 

third phase, one that had only just started and was “likely to last for a 

long time,”  regarded the study of the “nature” of the XYY male.57

Discussing the fi rst publication on the issue that had come out of his 

own unit, Court Brown, somewhat cryptically, considered that its fi nd-

ing “could have been unusual.” Hence, looking at it retrospectively, it 

could be that “the reason for suggesting that 47,XYY males might be un-

usually frequent in maximum security hospitals was wrong.”58 This re-

assessment was based on the observation that the studies of Casey and 

others, which had prompted Jacobs’s own study and on which her argu-

ment partly relied, did not in fact deal with groups of patients mainly 

defi ned by criminal activity but rather with groups of “hard- to- manage 

mentally subnormal” males who only occasionally got into trouble with 

law enforcement. If adjusted by IQ, these studies showed the same fre-

quency of XYY individuals as in other mental institutions. Considering 

the psychological and psychiatric follow- up studies of the XYY males 

identifi ed through the Carstairs survey, Court Brown also conceded 

that, “contrary to the impression given by the title of the preliminary 

paper by Jacobs et al. (1965) aggression was not an important feature of 

these men.” He swiftly qualifi ed this retraction by adding that it none-

theless appeared that “some XYY males may be extremely aggressive.”59 

More generally, Court Brown was careful not to dismiss Jacobs’s study 

as a whole. Indeed, in contrast to many of the following studies, it did 

not suffer from ascertainment bias by focusing only on tall individuals, 

which had skewed the frequencies in many later studies. Also, “whether 

right or wrong,” the presumed link between the Y chromosome and 

criminality led to the survey of men in maximum- security hospitals and 

“to the build- up of knowledge about the XYY male.”60

Looking ahead, Court Brown suggested that only newborn- screening 

programs that did not suffer from the ascertainment biases of studies 

of institutionalized populations and prospective longitudinal studies of 

infants found to carry the XYY karyotype could determine the devel-

opmental and behavioral implications of the extra Y chromosome. As-

suming a frequency of one XYY karyotype per thousand male births, 

Court Brown calculated that there could be as many as eighteen hun-
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dred XYY males in Scotland, but the studies carried out to that point 

had revealed only about 2 percent of that expected number. This seemed 

to indicate that most XYY individuals were leading an unaffected life. 

Once the risk involved in developing “extreme behavioral aberrations” 

was known, routine screening would allow preventive measures such as 

surveillance and “adequate training” to be put in place at an early age 

when they were likely to be most effective.61

Court Brown’s review article remained a point of reference for many 

years to come, and newborn- screening programs and longitudinal stud-

ies started in Edinburgh and several other centers around the world. Yet 

by the time the review appeared, news about the XYY male and his al-

leged criminal propensities had long left the realm of academic discus-

sion and was hotly debated by expert legal panels, in the courts, and in 

the media, propelling chromosomes and their role in human behavior 

into the limelight.

Chromosomes on Trial

In 1968, Daniel Hugon, a thirty- three- year- old stable boy once in the 

service of the Aga Khan, was awaiting trial in Paris for the brutal mur-

der of a prostitute in a hotel on the city’s famed Place Pigalle three years 

earlier. After his suicide attempt, the court ordered a full medical ex-

amination, during which his chromosomes were tested. On whose sug-

gestion this happened remains unclear, as no records relating to the 

decision have apparently been kept.62 The test result showed an XYY 

karyotype. Confronted with this result, the court appointed an expert 

panel consisting of a psychiatrist, the cytogeneticist Lejeune, and a spe-

cialist in legal medicine to consider the scientifi c and legal implications 

of the XYY karyotype. The event was prominently reported in the in-

ternational press, with the New York Times running a front- page article 

complete with a picture of Hugon’s karyotype fl anked by a photograph 

of the defendant (fi g. 3.3).63 At the trial in October, Hugon was found 

guilty but received a reduced sentence of seven years. At this point, the 

leading French daily Le Monde also dedicated a whole page to the case 

with two substantial articles, one by the paper’s legal correspondent, re-

porting on the trial, and the other one, by the medical correspondent, 

providing detailed background information (complete with explanatory 

chromosome images) on the new genetic evidence presented to the court 
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Figure 3.3. New York Times front- page article on the trial of Daniel Hugon.

Source: Lyons, “Genetic Abnormality,” 1. Reproduced with permission of the New York Times 

Company.

and the scientifi c, medical, and legal dilemmas it presented. As reported 

in the press, the expert panel agreed that “there is no born criminal” and 

that the social environment mattered greatly. Nevertheless, the carrier 

of an XYY karyotype had to be considered a “sick person” (malade).64

While the French expert committee was still deliberating, the Ameri-

can public learned that the Chicago mass murderer Richard Speck, who 

was on trial for the rape and brutal murder of eight nurses in one night, 

had been karyotyped. Newspapers (erroneously, as it later emerged) re-

ported that Speck, too, had been found to carry an XYY chromosome 

set. Press reports about high- profi le murder trials in Australia, Germany, 

and California in which cytogenetic evidence was presented followed 

suit. Despite various qualifi cations in these reports, the stereotype of the 
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tall, violent, brutal, and not correctable XYY male, defi ned by his genetic 

makeup, started to take form (acne became an additional characteristic). 

Under such headlines as “Hidden Perils for Some Tall Men,” “Genet-

ics of Criminals,” “The Sons of Cain,” “Of Chromosomes and Crime,” 

“Born Bad?,” “Nature or Nurture?,” “The XYY and the Criminal,” and 

“The A- B- C of the X- Y Factor,” dailies and weeklies in many countries 

presented the science of chromosomes and debated legal, penal, and 

philosophical questions of responsibility and free will, nature and cul-

ture, giving space to experts and scientists to voice their opinions.65

Flipping through the newspaper reports and the other articles ap-

pearing in the same pages, it becomes evident that, beyond the public 

interest in some of the most bizarre murder cases of the time, anxieties 

about public unrest and rising violence in the public sphere stood high 

on the agenda, especially in the United States, where the year 1968 was 

marked by student unrest, civil rights protests, anti– Vietnam War dem-

onstrations, and the assassinations of Martin Luther King Jr. and Robert 

Kennedy.66 These events increased the newsworthiness of a possible as-

sociation of “bad genes” and aggression and propelled chromosome re-

search into the limelight. Indeed, the chromosome studies found their 

place in a burgeoning fi eld of research on the biology of aggressive be-

havior that was fueled by public interest in the matter. The topic stood 

high on the agenda of ethologists, psychologists, psychiatrists, and be-

havioral scientists, among others. The connection between brain func-

tion, brain disease, and aggressive behavior was under especially in-

tensive investigation. Researchers explicitly defended the view that the 

problem of violence was not just a social but also (if not more so) a bi-

ological problem, and that new approaches to deal with the problem 

would come from biology as much as from social programs.67

Cytogenetic researchers would hardly have been surprised by or 

would have objected to the presentation of chromosome evidence in the 

courts. Well before the XYY karyotype became an issue, Court Brown, 

in a note in the Lancet, suggested that legal authorities should consider 

the fi ndings of cytogenetics. He noted the fi vefold increased frequency 

of males with sex- chromosome anomalies in “mental defective institu-

tions” as compared to the newborn population and raised the question 

of the legal responsibility of people whose genotype might predispose 

them to delinquent behavior. He also considered the consequences of 

sex- chromosome anomalies for the legal status of certain marriages, as 

in the case of “phenotypic women” with a male karyotype.68 In the con-
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text of the debate about the impact of the XYY karyotype, these consid-

erations gained new valence and were picked up in various news paper 

reports that provided background to the presentation of cytogenetic 

fi ndings in the Hugon and Speck murder trials.69

Yet in their later recollections, researchers regularly complained 

about the way the media hyped up the reports on the XYY karyotype. 

For instance, in her speech accepting the William Allan Memorial 

Award of the American Society of Human Genetics in 1982, Jacobs ex-

pressed her anger about the “irresponsible attitude of the press”: “There 

was the enormous amount of publicity given to our fi ndings in the lay 

press. In common with many other individuals working in this area, I 

was quite unprepared for, and unable to adequately deal with, the me-

dia’s sensationalist attitudes and blatant disregard for the facts. Unfor-

tunately, this resulted in a great many people, both scientifi c and lay 

alike, receiving their fi rst information about the possible association of 

an additional Y chromosome and antisocial behavior from these sensa-

tionalist and untrue accounts in the media.”70 Her critique echoed the 

one by Eric Engel, professor of medicine and chief of the Cytogenet-

ics Division at Vanderbilt University’s School of Medicine. Engel had 

been impressed by the fi rst reports on the XYY individuals coming from 

Edin burgh. On hearing news of the “Chicago carnage,” he wondered 

“whether the notorious suspect did not naturally fall into the YY class of 

‘supermales’ described only months earlier in the British publications.”71 

To further examine the problem, he wrote a letter to Speck’s attorney, 

Mr. Gerald Getty, proposing a confi dential chromosome test of his cli-

ent. This was agreed and the test resulted negative. Quite independently, 

reports started to circulate in the press that six- foot- tall Speck was in-

deed a “YY super male.” Engel recalled, “The persistent dissemina-

tion of this information, with such a fl ow of details, bated my breath.”72 

 Despite evidence to the contrary, the story was tenaciously kept alive.

There is, though, another side to the story. Having examined in de-

tail the media reports on the “criminal chromosomes,” science studies 

scholar Jeremy Green concluded that scientists contributed to the “false 

image” and the “myth” of the XYY male. According to Green, “The 

media have given wider circulation to this image, but it was not created 

by them.”73 Indeed, the idea of the link between XYY and criminality 

predated the trials and sensationalist media reports and made it possible 

for chromosome testing to enter the courtroom in the fi rst place. Scien-

tists also contributed to the media reporting. For instance, Lejeune— a 
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member of the expert panel appointed to advise the court in the  Hugon 

trial— is on record declaring that “everything about Hugon’s life his-

tory  .  .  . indicated that he was doomed to be a sick man from the mo-

ment of birth and that his hereditary affl iction prevented him from exer-

cising normal responsibility.”74 This statement fi t neatly with his plea to 

lower the penalty for Hugon, but it also depicted a bleak picture of the 

genetic predicament of individuals with an XYY karyotype. Only one 

year later, accepting the William Allan Memorial Award of the Ameri-

can Society of Human Genetics, Lejeune argued passionately against a 

new cytogenetic- based eugenics that might rid society of XYY and other 

individuals with anomalous chromosomes.75

Green also cited the biologist Mary Tefl er from the Elwyn Institute 

in Philadelphia, the author of a cytogenetic study in local prisons, who 

told a New York Times journalist that she could identify Speck as an 

XYY man just from his picture in the press.76 Scientists did not just rely 

on journalists to intervene in the public debate but often took up the 

pen themselves. The British- American anthropologist and writer Ash-

ley Montagu, who had been a rapporteur on the UNESCO Statement 

on Race and had written extensively against race as a biological con-

cept, contributed a piece titled “Chromosomes and Crime” to the popu-

lar magazine Psychology Today that appeared in the midst of the Hugon 

and Speck trials. The article carried as a frontispiece a dramatic picture 

of an anguished young man whose shirt was pulled back to reveal a large 

tattoo lettered across his chest that read “Born to raise hell,” as Speck 

apparently sported (fi g. 3.4).77 Consistent with his general position, Mon-

tagu argued that “genes do not determine anything.” Yet there seemed 

to be exceptions: “Some individuals, however, seem to be driven to their 

aggressive behavior as if they were possessed by a demon. The demon, 

it would seem, lies in the peculiar nature of the double- Y chromosome 

complement.”78 Montagu went on to acknowledge that there was a “wide 

spectrum of behavioral possibilities from totally normal to persistent an-

tisocial behavior” for the XYY individual. Nevertheless, society had to 

consider how to deal with such individuals. Montagu advocated for the 

chromosome testing of all infants at birth and “a program of social ther-

apy” that would prevent children with an XYY karyotype from develop-

ing antisocial behavior.

Later correspondence adds a twist to the story. Apparently, the dra-

matic picture that accompanied the article was added by the publisher, 

without Montagu’s knowledge. The picture, said Montagu, suggested the 
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Figure 3.4. Photograph accompanying Ashley Montagu’s article “Chromosomes and 

Crime” in Psychology Today (1968). The photograph, credited to staff photographer John 

Oldenkamp, became an issue of contention between the author and the publisher.

Source: Montagu, “Chromosomes and Crime,” 42.

opposite of what the article did and sent the wrong message. When the 

illustration was used in a reprint of the article, he threatened to sue the 

journal for damaging his reputation, but in the end he refrained from 

such action, given the wide success of the piece with lawyers, students, 

and teachers.79

According to Green, entrepreneurial cytogeneticists in the late 1960s 

sought a broader audience for their research. The XYY connection with 

crime seemed to offer such a chance, and at least initially, cytogeneticists 

welcomed the interest of the press. Only once public opinion became a 

hindrance to research did they fi nd the media to be the culprit. These 
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 issues came to a head in the newborn- screening programs and longitu-

dinal studies that Court Brown and others had advocated and that were 

being put in place from the late 1960s.

Longitudinal Studies and the Ethics of Research

Newborn- screening programs, under the lead of pathologist Neil Mac-

Lean, had been going on at Western General Hospital and other Edin-

burgh hospitals for some time. By the mid- 1960s, MacLean and his col-

leagues, using the buccal smear technique for X- chromatin testing, had 

screened thousands of newborns. When the program was in full swing, 

about twelve hundred newborns in ten maternity units were being exam-

ined every month.80 The studies were aimed to establish the frequency of 

sex- chromosome abnormalities in the general population. In cases when 

an unusual Barr body test was found, a full chromosome analysis was 

performed. A full case history was collected and the data stored in the 

Registry of Abnormal Karyotypes in the Edinburgh MRC unit for fu-

ture epidemiological studies. A set of over 250 case reports of (anony-

mized) patients with sex- chromosome anomalies was also published in a 

special report series of the MRC, to  allow other researchers to draw on 

the data.81

However, to identify the newborns with an XYY karyotype, a new 

approach was needed. Building on existing links with hospital staff 

and the uniquely equipped laboratory, the cytogenetics research unit 

at Edinburgh started a new screening program based on full chromo-

some analysis of all newborns tested. All babies found to carry an XYY, 

XXY, or XXX chromosome complement, together with a control group, 

were enrolled in a longitudinal study to follow their development. Shir-

ley Ratcliffe, an MD with a pediatrics specialization, was hired to di-

rect the study. She was introduced to the new fi ndings in human chromo-

some research early in her career when, in the 1960s, as a junior doctor 

at the Hospital for Sick Children in London, she participated in a re-

search project on cytogenetics and congenital heart disease. The longitu-

dinal study in Edinburgh that she took up in 1968 and pursued until her 

retirement in 1994 became her life’s work.

Between 1967 and 1979, when screening stopped, 34,380 babies were 

screened as part of the project. In the “blood laboratory” at the unit, 

half a dozen trained technicians, mainly women, were devoted to karyo-
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typing full- time. Among the babies screened, eighteen boys with an 

XYY chromosome complement were found and entered in the longitu-

dinal study. Babies with an XXY and XXX chromosome set or other 

sex- chromosome anomalies were also enrolled in the study. The controls 

were recruited over a four- year period by asking the mother of the fi rst 

child born each Monday morning to join the study with her infant. In to-

tal 271 children, including controls, were enrolled into the study.82 Ini-

tially, parents were not informed about the reasons for the study other 

than its being a longitudinal study of growth and development. In the 

case of the XYY boys, however, the children’s family practitioners 

were informed about the chromosomal fi ndings. This arrangement was 

agreed to with the MRC, which funded the research. When the children 

were about four years old, parents were informed about the karyotype 

analysis, as it was thought that by that age they would have developed 

strong positive bonds with the children and could deal better with the in-

formation. From the beginning, the plan was to follow the children un-

til adulthood. The babies and, later, the children and young adults were 

invited back to the clinic for checkups every six months. Ratcliffe and 

her team— consisting of an assistant pediatrician, a psychologist, and a 

nurse— recorded the growth of the children, their physical and sexual 

development, their speech development and cognitive ability (using the 

Wechsler Intelligence Scale for Children), and their psychological and 

social behavior as well as relevant life events. “Follow up was at a stag-

geringly high level,” Ratcliffe remembered in a later interview:

We tried very hard to feed back. The children came to the clinic, we fi xed 

the time when they would come. Not like a hospital outpatient where always 

about one third of the patients didn’t turn up. But we had the secretary to or-

ganize the attendance at the clinic. We provided transport if they needed it. 

We said no X- rays or blood tests unless they would be required in the ordi-

nary way. And the child came in, we spoke to the mother and the child to-

gether. And then the child went and got measured and then they would see 

the psychologist and do the routine tests. And then we would sit all together 

and talk— anything. If the parents had any worries. And sometimes the wor-

ries were much stronger in the controls than in the cases.83

Ratcliffe deliberately avoided “publicity or premature publication of 

unwarranted assumptions,” yet results of the study were regularly pub-

lished in the scientifi c press.84 Similar longitudinal studies started in 
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other centers, notably in Denver under Arthur Robinson, and in New 

Haven, Toronto, Boston, Aarhus, and Winnipeg.85 Some of these started 

a few years before the Edinburgh program, but none lasted as long or 

involved as many newborns. However, controversy quickly ensued. The 

Boston study in particular was singled out for critique, and this had last-

ing impact on the other projects as well. The arguments and counter-

arguments raised provide insights into emerging ethical discussions 

on clinical research and resistance to hereditary approaches to human 

behavior.

Stanley Walzer, a Harvard child psychiatrist, together with Park Ger-

ald, a geneticist at the Boston Hospital for Women, one of the Harvard 

teaching hospitals, started a chromosome- screening project in 1968. The 

project was partially funded by grants from the National Institute of 

Mental Health (NIMH) Center for Studies of Crime and Delinquency. 

Unlike the Edinburgh study, the Harvard study screened only boys, par-

ents were informed about the chromosomal fi ndings from the very be-

ginning, and no controls were included. Possible therapeutic interven-

tions like psychological counseling and hormone treatment were also 

part of the program.86

From the early 1970s, apparently following the lead of child psychi-

atrist Herbert Schreier at Children’s Hospital Boston, the study was 

strongly criticized by Science for the People, a group of science activ-

ists that had formed around protesting the use of science and technology 

in the Vietnam War.87 The group was particularly strong in the Boston 

area, where, besides the XYY longitudinal study, it took a stand against 

plans to construct a high- security laboratory for work with recombinant 

DNA at Harvard’s Molecular Biology Department, which led to a show-

down at Cambridge City Council and a subsequent (short- lived) mora-

torium on research in the area.88 Members of the group were also cen-

tral to the defense of an environmentalist position in the race and IQ 

debate, which had been rekindled by the publication in 1969 of Arthur 

Jensen’s controversial article on the topic.89 Race issues were less central 

to the XYY debate, but race was the elephant in the room in the XYY- 

screening programs of institutionalized people, especially in the United 

States, where a large part of the prison population was black. A chro-

mosome survey in institutions for “juvenile delinquents” in Maryland 

started in 1969 by cytogeneticist Digamber Borgaonkar, of Johns Hop-

kins Hospital, with a grant from the NIMH Center for Studies of Crime 
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and Delinquency, was brought to a temporary halt by a press campaign 

and a lawsuit fi led by the American Civil Liberties Union that exposed 

the unfair stigmatization of African Americans and the lack of informed 

consent.90 More generally, the XYY debate raised similar issues as the 

perhaps more publicized IQ debate.

In 1974, Harvard microbiologist Jon Beckwith and MIT biologist Jon-

athan King, both members of Science for the People, published an arti-

cle in the New Scientist, a magazine for general audiences, that exposed 

the “XYY syndrome” as a “dangerous myth” and singled out the Bos-

ton longitudinal study for critique. The article pointed to the problem 

of stigmatizing people and the dangerous use of doubtful “genetic infor-

mation,” for instance to provide evidence for continued incarceration or 

unsuccessful “therapy” attempts. Here the authors were most likely re-

ferring to the problematic attempts of Johns Hopkins psychologist John 

Money to treat XYY boys with anti- androgen drugs.91 They criticized 

so- called research on the XYY syndrome as being “replete with biased, 

uncontrolled studies and extensive publicity for unfounded statements.” 

Regarding the Boston study more specifi cally, the authors criticized 

the consent procedure, the “subtle coercion” of parents of XYY boys 

to enter the study, and the danger of “self- fulfi lling prophesy” produced 

by telling parents of the XYY karyotype and its connected risks. This 

meant that the study was not just fl awed and “worthless” but also “pos-

itively harmful” for the children involved. It also provided “the open-

ing wedge for programs with much more serious eugenic implications.” 

Beckwith and King cited the former president of the American Associa-

tion of the Advancement of Science, Bentley Glass, who had expressed 

the hope that one day a combination of amniocentesis and abortion will 

“rid us of . . . sex deviants such as the XYY type.”92

At the request of Science for the People, the Committee on Medical 

Research of Harvard Medical School convened a hearing on the XYY 

study. The question was also taken up by the then recently established 

Committee on Human Studies and the medical school faculty, and an 

informal opinion was solicited from the chief judge of the US Court of 

Appeals for the District of Columbia. Despite considerable debate, all 

three Harvard bodies voted in favor of the study’s continuation.93 The 

NIH also reviewed the study and renewed its funding for further three 

years.94 Yet strained by the one- and- a- half- year battle, Walzer and his 

colleagues in 1975 ended the screening program (though not the longi-
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tudinal study). As reason for his decision, Walzer cited “the emotionally 

exhausting atmosphere” that included threatening phone calls and per-

sonal harassment, an accusation fl atly denied by Science for the People.95

The debate around the Boston XYY studies coincided with federal 

efforts in the United States to strengthen regulations on human protec-

tion in research settings in the wake of the exposure of the infamous 

Tuskegee syphilis study— a forty- year study conducted by the US Pub-

lic Health Service in which, even after penicillin was validated as a cure, 

treatment was withheld from nearly four hundred black men infected 

with syphilis to study the natural course of the disease.96 The issue of in-

terest in the XYY studies was that consent was at the heart of the de-

bate, but at the same time meaningful consent was seen as rendering the 

studies useless. That the issue of patients’ rights was played up against 

any form of experimentation and that “experimentation” was turning 

into a “dirty word” made even some patients’ rights advocates wonder 

whether the pendulum had swung too far.97

The debate had raised intricate ethical questions on consent proce-

dures, the right of parents to consent for their children, and the obliga-

tions to disclose chromosome fi ndings. Yet Beckwith’s main bone of con-

tention was the attempt “to distinguish between the behavior of groups 

of people on the basis of genetics” and to focus “the blame for supposed 

antisocial behavior on the genes of the individual rather than on social, 

economic and familial conditions.”98 The stigmatizing and sensational-

izing of the XYY genotype may have made this a special case and may 

have jeopardized the possibility of an unbiased study, but the “environ-

mentalist” critique applied more generally.99

Critique in Britain was more subdued and late. However, by 1979, 

twelve years into the study, a series of damaging articles appeared in 

Scottish newspapers. “The Secret Guinea Pigs: Parents Not Told of XYY 

Tests” accused the Evening Times, “Scotland’s greatest evening pa-

per.”100 “Secret Tests on 14 Children with ‘Criminal Chromosomes,’” the 

Glasgow Herald joined in.101 Apparently “the story broke” when three 

parents were accidentally shown some doctors’ notes revealing that their 

children were involved in the XYY survey. By this time the thirteen- part 

television series The XYY Man, adapted from a thriller series featuring 

the same main character by English writer Kenneth Royce, had turned 

the XYY karyotype into a household name, alarming parents about its 

possible implications.102

Ratcliffe and her colleagues tried to calm the waters, explaining the 
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legally backed decision not to tell the parents of the chromosome fi nd-

ings of their children, to protect the children and to not invalidate the 

study. They also tried to dispel the false idea of a causal link between the 

XYY karyotype, violence, and criminality, drawing on the preliminary 

results of their own study and those of others. Reportedly, after talking 

to Ratcliffe and her colleagues, the three parents who found out about 

the purpose of the study agreed it would have been better for the project 

if they had not known, and they consented for the project to continue. 

Nevertheless, the issue was critically discussed in the Scottish commons, 

and demands for new consent laws were raised. Under these circum-

stances, Ratcliffe and her colleagues felt compelled to end the screening. 

The longitudinal studies at Edinburgh and a handful of other places con-

tinued well into the late 1990s, even if under more diffi cult conditions. 

A series of workshops under the auspices of the March of Dimes Birth 

Defects Foundation offered the most important forum for the groups to 

meet and discuss methods and fi ndings.103 The studies were kept going 

by the people who had initiated them and still believed in their impor-

tance, but they generally ended with their retirement or death.

Geneticists and physicians involved in the studies deeply deplored the 

negative campaigns that brought the XYY- screening studies and most 

longitudinal studies to a halt, especially in the United States, where 

only the studies in Denver under Arthur Robinson continued. Besides 

the specifi c tactics, including demonstrations and personal harassment, 

that brought the Boston studies to a stop, they denounced the “genetico-

phobia” of the critics.104 Jacobs elaborated: “It was inconceivable to me 

and my colleagues .  .  . that there was a large body of professional peo-

ple who did not and could not accept that both genes and environment 

played an integral role in every aspect of biology, including human be-

havior.  .  .  . None of the criticism came from human geneticists who 

seemed genuinely shocked by the outrage being perpetuated on some of 

their colleagues.”105 

The researchers involved in the investigations regarded the ending of 

the XYY studies as a “tragedy,” a disservice to those carrying the geno-

type, and an opportunity lost to achieve a better understanding of the re-

lationships between genes and environment.106 Indeed, the longitudinal 

studies were producing results that helped counterbalance some of the 

stereotypes of the XYY karyotype. For instance, Ratcliffe’s initial stud-

ies pointed to some behavioral problems in some of the young boys with 

an XYY karyotype. Yet with the fi rst XYY boys  entering puberty , the 
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studies highlighted the rather minor differences with the control group. 

Ratcliffe recalled: “Sometimes the worries were much stronger in the 

controls than in the cases. And, in actual fact, as you see from the last 

paper, they [the parents] weren’t talking about criminality. The worst 

crimes were carried out by the controls. Not by the XYYs. . . . And this 

gradually became apparent.”107 Ratcliffe continued: “The fi ndings were, 

in fact, very important for prenatal diagnosis. Because, originally  .  .  . 

the attitude was— XYY, eliminate it. We cannot have these criminals 

around the place when we know they’re going to be criminals. And that 

wasn’t the case at all. . . . And in that respect, gradually, the obstetricians 

changed their attitude and said, you know, he’ll be taller than the aver-

age boy. And he may have a little diffi culty in school. But it’s not to be 

severe and it can be handled in the same way as it is for a boy with ordi-

nary chromosomes.”108 The question “What is to be done with the XYY 

fetus?” loomed large and was evidently of eminent importance at a time 

when more women made use of amniocentesis for pre natal diagnosis and 

new laws made abortion a legal option in Britain and elsewhere.109 Rat-

cliffe took on an increasingly active role in combating what she saw as 

prejudice against individuals with an XYY karyotype. By the late 1970s, 

she made it clear that the rather slight differences in IQ scores found in 

her study did not provide grounds for selective abortion.110 An educa-

tional leafl et for parents and families on the XYY condition, based on 

her work, was issued by Guy’s Hospital Clinical Genetics Department 

and later updated by the Genetics Interest Group Scotland. It stressed 

that “men with XYY get married and have children just like men with 

XY chromosomes. . . . The majority of men with XYY live normal ful-

fi lling lives and are completely unaware that they have an unusual chro-

mosome pattern.”111

A persistent problem remained that although the longitudinal stud-

ies did not show a signifi cant association of the XYY karyotype with an-

tisocial behavior in comparison with the controls, the studies in men-

tal penal institutions did. The problem was discussed by Ernest Hook 

from the Birth Defect Institute in the New York State Department of 

Health who regularly compiled all available fi gures relating to the XYY 

karyotype.112 A possible explanation was that the follow- up studies and 

early behavioral interventions in fact helped the children enrolled in the 

studies to not develop more serious behavioral problems. Another expla-

nation was the small number of children enrolled in longitudinal stud-

ies, and consequently their low statistical force.113 The discrepancy in 
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the data nonetheless led to a division among practitioners according to 

their attitude toward the XYY fetus, with those looking at the adults 

with behavioral problems or learning diffi culties having a more critical 

attitude than those following the longitudinal studies.114

Yet the XYY karyotype was not only linked with negative attributes. 

Researchers surmised that tallness and increased aggression connected 

to the extra Y could perhaps also have a positive impact on the com-

petitive performance of XYY men. To investigate the hypothesis, re-

searchers at Ohio University tested thirty- six basketball players for the 

presence of a double Y chromosome. None was found.115 Unperturbed, 

researchers pursued the plan to screen athletes at the 1968 Olympics in 

Mexico City for the XYY karyotype. Apart from the interest in test-

ing for the presence of individuals with an XYY karyotype among the 

highly selected group of athletes, the question was also raised of whether 

such a karyotype could provide an unfair competitive advantage.

The testing of the hypothesis became part of a broader genetic and 

anthropological study of the athletes launched by a group of local ge-

neticists headed by Alfonso de Garay, the founder of the Radiobiology 

and Genetics Department at the National Institute of Nuclear Energy 

in Mexico City.116 The project met with wide interest, and 1,265 athletes 

(30 percent of all those present) from 92 of 115 countries represented at 

the games volunteered to participate. The organizers hailed it “a study 

in human diversity.”117 Support came from the Organizing Committee 

of the Olympic Games, which included the genetic and anthropological 

study in the cultural program of the games, and from the National Com-

mission of Nuclear Energy, which provided the Genetic and Human Biol-

ogy Laboratory at the Olympic Village. Ford— from the Radiobiological 

Research Unit in Harwell— was in charge of the XYY- testing project and 

participated in two of the three preparatory meetings and at the games 

themselves, as reported in the British press.118 Next to chromosome stud-

ies, the genetic program included the analysis of blood groups, blood 

proteins, PTC taste sensitivity, and fi ngerprints and palm prints.

No unusual sex- chromosome numbers were found among the male 

athletes. The Y chromosomes showed extreme variation in length, yet 

the differences could not be correlated to any sports specialty. It appears 

that the study ended there. No results were ever published, and the neg-

ative image of the men with an XYY karyotype prevailed, fueled at ex-

actly the same time by the media interest in the Hugon and Speck trials 

and the murderers’ presumed XYY karyotype. Although public atten-
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tion around the XYY karyotype receded starting in the late 1970s, the 

negative image, once established, proved diffi cult to stamp out.

The XYY karyotype undoubtedly represented a particularly conten-

tious case. Yet sex chromosomes were involved in other controversial 

practices. The same Olympic Games at which men were tested for the 

XYY karyotype also saw the introduction of compulsory gender verifi -

cation for all women athletes based on chromatin testing followed by full 

chromosome analysis in unclear cases. The practice once more exposed 

the hopes placed in new genetic technologies and the challenges of rely-

ing on genetic explanations. This time, cytogeneticists were among the 

strongest critics.

Chromosomes at the Olympics

Compulsory gender verifi cation in female athletes was introduced by 

the International Association of Athletics Federations at the European 

Championships in Budapest in 1966. The decision was driven by Cold 

War tensions between East and West that increasingly played out in the 

competitive sports arena. The tensions produced growing suspicions in 

the West that Eastern European female athletes were outperforming 

their Western counterparts because they were, in fact, men.119 Drug con-

trols were introduced at the same time to stop all presumed forms of 

cheating.120 The gender test introduced in 1966 required female athletes 

to parade naked in front of a panel of physicians. From this practice it 

seemed a step forward when chromatin testing was fi rst introduced on a 

small scale at the 1967 European track- and- fi eld championship in Kiev. 

The International Olympic Committee followed suit in 1968.121 At the 

Winter Games at Grenoble in France, only every fi fth women was tested, 

but at Mexico City, all female athletes present, 781 overall, were tested. 

While this practice perhaps dispelled mistrust about the gender of certain 

athletes, it also led to deeply distressing experiences, as in the case of the 

Polish Olympic champion Ewa Klobukowska, who was the fi rst athlete to 

fail the chromatin test in Kiev when she was found to have “one chromo-

some too many” to qualify as a woman.122 Later reports suggested that 

she was an XX/XXY mosaic.123 The occurrence of androgen insensitiv-

ity syndrome— women with an XY karyotype who are insensitive to tes-

tosterone levels in the body and thus do not have a competitive advan-

tage over other women— further compounded the problems of rely ing on 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



X and Y 107

the chromatin test and karyotyping for gender identifi cation.124 Rather 

than representing a simple and straightforward test, it opened up new 

questions about who was to count as a woman, which criterion to apply, 

and what represented an unfair advantage in sport. At the same time, 

and somewhat paradoxically, the effort to defi ne the possible competitive 

advantage that any of the known sex- chromosome anomalies might pro-

vide to female competitors reaffi rmed the division of the sexes that gov-

erned the organization of competitive sports events.

From the very beginning, cytogeneticists criticized the use of chro-

matin and chromosome testing for gender verifi cation and helped mount 

an increasingly determined campaign to abolish it. Among the earliest 

critics was Moore, who had worked with Barr on the development of the 

chromatin test. Addressing the issue in an editorial of the Journal of the 
American Medical Association before the Olympics, he pointed out that 

“buccal smears, refl ecting chromatin or nuclear sex, or chromosomal 

analyses, indicating chromosomal sex, cannot be used as indicators of 

‘true sex’” and thus should not be relied on for gender verifi cation at the 

Olympics.125 As he noted, the test had long been abandoned in the clini-

cal context for gender determination. Another early critic was Malcolm 

Ferguson- Smith from Glasgow University. Invited by the British Olym-

pic Committee to administer the tests for athletes participating at the 

Commonwealth Games in Edinburgh in 1970, he declined, arguing that 

the chromatin test was “not the appropriate test.” On the contrary, it 

would be more likely to detect and unfairly exclude female athletes with 

androgen insensitivity than males masquerading as females. The respon-

sible medical adviser countered that, though “not infallible,” the test was 

generally regarded as “suffi ciently accurate” for the purpose.126 As it 

turned out, androgen insensitivity syndrome affected about one in  every 

fi ve hundred athletes, whereas thirty years of testing did not  uncover a 

single genuine male impostor.127

Confronted with the decision of the International Olympic Commit-

tee to continue the practice of chromatin testing, Ferguson- Smith and 

others critical of the system later agreed to carry out the test, to ensure 

that athletes who failed it were promptly and adequately informed of its 

possible pitfalls as well as of their right to compete regardless of the test 

result, as in cases where an androgen insensitivity syndrome was con-

fi rmed. Other cytogeneticists, including, for instance, Jacobs, fl atly re-

fused to be involved in any way in gender verifi cation.128 Women ath-

letes on the whole supported the practice as in their eyes it deterred 
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cheating. Critics argued that the refusal of the International Olympic 

Committee to release any data about the testing program meant that 

most athletes were not aware of the serious problems produced by the 

testing regime.129

Ferguson- Smith, who became a member of the International Amateur 

Athletic Federation’s Working Group on Gender Verifi cation, founded 

in 1991, and other critics became convinced that all sex testing in inter-

national sport events should be abolished because it was demeaning to 

women, unreliable, and, in a few cases, seriously damaging, apart from 

being expensive. They also argued that the existing antidoping tests, es-

pecially the requirement to provide a urine sample under direct visual 

observation, made a gender test redundant.130

Despite this sustained critique, compulsory gender verifi cation in the 

form of buccal smear testing followed by full chromosome analysis and 

measurement of blood hormone levels in negative or inconclusive cases, 

remained in place until 1991, when increasing pressure led to the dis-

continuation of the practice in the Olympics. It was reintroduced at the 

1996 Olympics in Atlanta, using the polymerase chain reaction to test 

for Y- chromosome material rather than the chromatin test. It was again 

suspended shortly before the games in Sydney in 2000. The reasons for 

eliminating the screening rested on changing sensibilities as well as the 

increasing realization of the limitations of the genetic test. Nevertheless, 

chromosome tests still play a role in the battery of gender verifi cation 

tests applied in specifi c cases. As recent examples show, humiliating and 

damaging situations persists for women whose gender is called into ques-

tion, and individuals not falling into one or the other gender category 

accord ing to present criteria are still banned from competing.131

A Genetic- Testing Culture

Following the X and Y chromosomes through mental hospitals and pris-

ons, the courts, maternity wards, genetic counseling clinics, and the 

Olympics, this chapter has traced how specifi c technical approaches 

and their widespread use, multiple interests, and debates propelled and 

kept sex chromosomes at the center of attention. Researchers studying 

sex chromosomes and people who were picking up the techniques pur-

sued questions that reached far beyond issues of gender identifi cation 

and gender differences. They examined the genetic basis of mental dis-
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ability, the role of genetic predispositions to socially deviant and crimi-

nal behavior, and the role of sex chromosomes in competitive sports per-

formance. They moved from fundamental questions about the structure 

and functions of genes and the interaction of genes and environment to 

eminently practical questions of clinical diagnosis that could guide inter-

ventions and treatment and shape patients’ identity. Yet rather than pro-

viding straightforward answers or solutions to long- standing questions, 

practices around human sex chromosomes remained entangled with ex-

isting attitudes about sex and gender and unfailingly opened up more 

questions than they set out to answer. They met with wide scientifi c and 

political resistance to privileging biological over social determinants of 

human behavior and increasingly came under ethical scrutiny.

The long controversy around the XYY karyotype, spanning from the 

mid- 1960s into the 1990s, when the last longitudinal studies ended, pro-

vided a particularly useful window for capturing the multiple practices, 

changing attitudes, and social and ethical concerns in which research 

and practices around sex chromosomes and human heredity became en-

meshed, and so kept alive the controversy around the XYY karyotype. 

The original observations that focused attention on the XYY karyo-

type resulted from the expanding screening programs under way from 

the late 1950s that traditionally targeted institutionalized populations 

like prisoners and patients in mental institutions as well as, increasingly, 

newborns. The fi ndings around the XYY karyotype, in turn, stimulated 

new large- scale screening programs involving tens of thousands of indi-

viduals. The presumed association of the XYY karyotype with aggres-

sion and crime resonated with ongoing debates and anxieties over in-

creasing violence in the public sphere and, in the context of spectacular 

murder trials, catapulted sex chromosomes onto the front pages of var-

ious media outlets. The subsequent neonatal screening and prospective 

studies set in place to clarify questions raised by the early fi ndings be-

came a testing ground for the incipient bioethical debates of the early 

1970s. New requirements for informed consent challenged the design 

of screening and follow- up studies, while genetic testing, especially in 

the new context of prenatal diagnosis, led to troubling questions about 

which information should or could be communicated to would- be pa-

tients or pregnant women, given that its meaning was unclear and a wide 

spectrum of outcomes was possible. These and other issues were taken 

up by new advocacy groups such as Science for the People that more gen-

erally challenged the search for biological determinants of social ills. 
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 Together these aspects go some way toward explaining the length and 

vehemence of the debate around the XYY karyotype.

Yet despite the complications of and resistance to sex- chromosome 

research, the continuing focus on these issues meant that more people 

became accustomed to genetic testing, chromosome images, and the 

possible meanings of the results, setting the stage for an increasingly 

widespread and accepted genetic- testing culture.132 The prevailing nega-

tive attitude against genetic explanations of human behavior also shifted 

considerably in the following decades, not least because of the expand-

ing use of karyotyping technologies. The debate around “criminal chro-

mosomes” is now mostly relegated to a bygone dark era of genetics, yet 

the search for biological determinants of criminal behavior, situated in 

genes or the brain, is an ongoing concern.133 Similarly, many of the ques-

tions posed in the course of the debate around the XYY karyotype are 

being raised again today in the context of new technologies for genome- 

wide DNA sequencing of individuals.134

The following chapter more closely considers the population- based 

chromosome- screening studies undertaken from the 1960s that under-

pinned some of the sex- chromosome studies but also tackled other ques-

tions, such as the study of genetic variation in human populations. These 

efforts were supported by international organizations such as the WHO 

and marked yet another fi eld in which chromosome researchers hoped 

to make an impact. The fi fth and last chapter ponders in more detail the 

long- term legacies of the human chromosome studies of the 1960s and 

1970s and their relation to the molecular studies of human heredity in 

light of more recent developments.
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Scaling Up

The fascination with chromosome pictures very much relied on the 

fact that each preparation represented the genetic makeup of one 

individual. Again and again, scientists, physicians, patients, artists, and 

“sitters” recognized the pictures as individual “portraits.” They were 

pasted into clinical records, functioned as personal business cards, and, 

in artistic variations, went on display in portrait galleries.1 Yet the same 

techniques of karyotyping were also employed in large- scale population 

studies of newborns, prisoners, and patients in mental institutions and, in 

principle, if not in practice, served to surveil a world population exposed 

to nuclear radiation. This prompts the following questions: What facil-

itated the scale- up of the technology? How were populations defi ned? 

Why did they become the focus of sustained investigation? This chapter 

addresses these questions by introducing populations as a central topic 

for a broad range of scientifi c and political concerns in the postwar era. It 

then analyzes a series of tools and infrastructures, including blood prep-

aration techniques, registries, and efforts to develop pattern- recognition 

software that facilitated the scaling up of human chromosome research. 

Finally, it investigates in more detail some of the chromosome studies of 

clinically and geographically or culturally defi ned populations and their 

continuing legacies.

The efforts to automate chromosome analysis point to the diffi culty 

of replacing the human observer and thus once more highlight the visual 

skills needed to sustain the microscope- based study of chromosomes. 

Intriguingly, the most detailed descriptions of the steps involved in ana-

lyzing chromosomes under the microscope can be found in the literature 

on automation. At the same time, not all population studies undertaken 

with the karyotyping techniques involved big numbers, although they 
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always  referred back to larger data collections for comparison. In some 

cases, the scaling up could be geographical and bridge temporal scales, 

as in the effort to test people in the most remote and isolated commu-

nities in the world, who were expected to hold the key to the deep evo-

lutionary history of humans. International organizations, including the 

WHO and the International Biological Program (IBP), organized by the 

International Council of Scientifi c Unions, provided the necessary infra-

structural support for these projects.

Focusing on the population studies undertaken with the new karyo-

typing techniques, the chapter explores a further broad set of techni-

cal, methodological, ethical, and political questions and contentions that 

shaped the fi eld of human heredity in the long 1960s. It emphasizes the 

continuing role of concerns and opportunities around nuclear radiation, 

the buildup of large data sets and other infrastructures, the relentless 

search for genetic differences in human populations, and the role of in-

ternational organizations in sustaining research agendas and carving out 

a space for human heredity in the postwar era.

Moving Populations Center Stage

Since the 1920s human populations had been a focus of study and in-

tervention for a wide range of fi elds, including demography, anthropol-

ogy, epidemiology, and public health.2 Heredity played a role in many 

of these efforts. Anthropologists were seeking to establish heritable bi-

ological differences between human populations, while eugenic think-

ing made heredity a central concern for researchers, administrators, and 

politicians engaged with epidemiology, public health, demography, and 

economics. At the same time, population geneticists were developing 

the statistical tools necessary to study the distribution and transmission 

of heritable traits in animal and human populations. After 1945 these 

efforts continued but under changed scientifi c and political constella-

tions. In particular, the focus on human populations was heralded as a 

way to disengage from the racial thinking of the prewar era, even if re-

cent scholarship points to considerable overlaps between typological and 

population- based thinking, both before and after the war, in Germany 

and more generally.3

To study human populations, chromosome researchers combined their 

karyotyping techniques with epidemiological approaches. Their aim was 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scaling Up 113

to establish the “normal” frequency of chromosome variation in the gen-

eral population as well as the association of chromosomes with disease 

patterns or environmental risks. A population thus could be defi ned epi-

demiologically, including control cases to avoid ascertainment bias, or it 

could be taken to be representative of the “population at large.”4 Chro-

mosome studies also piggybacked on anthropological investigations that 

studied human variation and established evolutionary patterns in human 

populations. Yet before looking into some of these studies in more detail, 

it is necessary to consider the tools that made it possible to scale up the 

study of human chromosomes.

Collecting Data

In the late 1950s and early 1960s only a handful of centers around the 

world had the necessary skills and equipment for human karyotyping. 

Among these, the institution that most vigorously pursued the use of 

karyotyping techniques for large- scale epidemiological studies was the 

MRC Clinical and Population Cytogenetics Unit in Edinburgh, headed 

by Court Brown. Embracing the study of human populations, Court 

Brown combined new cytogenetic techniques with the epidemiological 

approaches that had characterized his earlier work on the relation of ra-

diation treatment and leukemia, as well as other studies he pursued in 

collaboration with the epidemiologist Richard Doll.

As already mentioned, human chromosomes became amenable to 

large- scale epidemiological studies only after Nowell and Hungerford 

had shown that white blood cells extracted from a blood sample could 

be used for karyotyping. Before then, chromosomes were mostly pre-

pared from testicular or bone marrow samples, both of which had to be 

operatively extracted. These were hardly procedures that could be sug-

gested to healthy individuals for unbiased epidemiological studies. But 

even before a less intrusive skin culture method and then the peripheral 

blood method came into use, Court Brown, setting up a human karyo-

typing laboratory at his unit at Edinburgh, was thinking in epidemiolog-

ical terms.

Already in 1959— directly following the fi rst reported chromosome- 

linked developmental disorders and well before the announcement of 

the new blood culturing techniques for chromosome studies— he started 

the Registry of Abnormal Karyotypes to gather data on a large scale 
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and open it up for epidemiological studies. We have already considered 

the registry as a tool to engage clinicians in the new project of studying 

chromosome diseases.5 Here I would like to highlight the immense work 

that went into gathering the data and maintaining the database that be-

came an essential tool for the epidemiological work in the unit and be-

yond. Data collection and record management, notably in asylums and 

later in specialized institutions such as the Eugenic Record Offi ce at 

Cold Spring Harbor, lay at the heart of much early work on human he-

redity and continue to play a role in the genomic era.6 These tools have 

their history and their own materiality. They are revealing for the kind 

of data they combine, as well as for the practices that sustain them and 

the questions they generate. Furthermore, the controversies that occa-

sionally fl are up around the apparently rarefi ed data open a window on 

evolving ethical discussions regarding work with human subjects.7

Data collection for the Registry of Abnormal Karyotypes in Edin-

burgh was extensive. Each entry in the registry consisted of a large in-

dex card and linked fi les that combined karyotype and comprehensive 

clinical data, supplemented by family data. The clinical information was 

compiled from a four- page form that asked for personal data; medical 

history; a detailed description of physical characteristics, such as body 

measurements, weight, hair, voice, and sexual traits; physiological data 

ranging from blood counts to color vision; intelligence tests results; fam-

ily data; and reproductive history.8

Various people contributed to data collection. Most cases were identi-

fi ed through surveys performed by researchers in the unit. Collaborating 

physicians supplied additional cases. Clinical specialists provided exten-

sive case descriptions as well as tissue samples. Researchers and tech-

nical personnel performed the chromosome analyses. Finally, scientifi -

cally trained assistants initiated contact with the families and collected 

family histories of diseases. They constructed pedigrees and checked 

information on birth, death, and marriages against the records of the 

General Register Offi ce, the Central Offi ce for National Health Service 

Records, and census data. Their work also included annual follow- ups 

with individuals in the registry through their attending physicians and 

record management. The unit hired a statistically trained epidemiologist 

to advise on how to implement the data to facilitate statistical analysis. 

Researchers at the Galton Laboratory in London helped with the pedi-

grees and linkage studies.9 Data collection focused on Scotland, with the 
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expec ta tion that it could be expanded to cover the national territory. Yet 

there was an advantage to work in Scotland, as public records there in-

cluded information that greatly facilitated genetic research. For instance, 

unlike in England, the birth certifi cate listed the date and place of the 

parents’ marriage. This information could be used to trace the parents 

and grandparents and their records.10 At least initially, the registry was 

accompanied by a sample collection, although reference to it is scarce.

By 1962 the registry contained over two hundred cases. Court Brown 

reckoned that it was “not an exaggeration to say that the data already 

in the registry was unique in terms of their amount, their quality and, 

for sex chromosome abnormalities, their scope.” He was convinced that 

the information “could well be of the greatest value to geneticists, other 

cyto geneticists, endocrinologists and human biologists.”11 The entries do 

not seem to have been anonymized. Nevertheless, the registry was open 

to everyone in the unit and other bona fi de researchers. Court Brown, al-

ways eager to advance the cause of cytogenetics, was keen to share the 

collected data even more widely and convinced the MRC of his plan. A 

volume published in the MRC Special Report Series in 1964 introduced 

its readers to karyotyping, the newly identifi ed genetic diseases, and the 

registry and presented full case reports of 266 anonymized patients with 

sex- chromosome abnormalities extracted from the registry. In the pref-

ace, MRC offi cials expressed the hope that the volume would “serve not 

only as a useful handbook for workers in many different fi elds, but also 

as a source book of data for study and analysis and as a stimulus to spec-

ulation and further inquiry.”12

By 1965 the registry contained the data of more than eight hundred 

individuals. It continued to grow at a rate of 100 to 150 cases a year and 

soon occupied two small rooms in the unit. At the peak of activity two 

full- time and two half- time assistants worked on the records. Anna Frac-

kiewicz was in charge until 1968, then Susan Collyer, and later Rhona 

De Mey took over. They developed great skill in using public rec ords for 

genetic research and effi ciently ran the registry.13

Through inclusion in the registry, single patients, whose chromo-

some variant might have been discovered through individual diagnosis 

in a clinical context, were enrolled in population- based epidemiologi-

cal studies. Court Brown envisioned that cytogenetic facilities would 

be made available within the framework of the recently established Na-

tional Health Service in Britain and that the data acquired would be 
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centrally pooled to study the public health dimension of the new set of 

genetic diseases. Indeed, he anticipated that Edinburgh could become 

the data- processing center for this endeavor.14

By the early 1970s, several cytogenetic registries existed in various 

countries. At a meeting in Edinburgh, organized by the Standing Com-

mittee of the Paris Conference on the Standardization in Human Cyto-

genetics, the possibility was discussed of merging these into one cen-

tral registry. In the end the committee decided that the time was not 

quite ripe, but it highlighted the need to standardize the way information 

was collected and recorded. The committee also solicited cooperation 

between the different institutions and the international support of the 

WHO in the endeavor. By this time, the registries were expected to serve 

vastly expanded aims, ranging from morbidity and mortality studies to 

recurrence risk and reproductive fi tness studies, estimates of mutation 

rates, etiological studies, determination of karyotype- phenotype corre-

lations, linkage studies, the determination of breakpoints in structural 

rearrangements, and the determination of health- care needs of  patients 

with chromosome anomalies.15

Data were added to the Edinburgh registry well into the 1990s, but 

by the end of the decade, the registry closed down. Exactly what caused 

the decision and the actual fate of the records remain unclear. Although 

people are reluctant to speak, it appears that it was not a specifi c inci-

dent but rather changing scientifi c priorities and especially new ethical 

guidelines that made the registry seem not only outdated but also out-

right problematic.

From the 1980s molecular biologists started being hired in increasing 

numbers into the unit. The data collected in the registry proved supple 

enough to offer useful starting points for molecular research. This was 

especially true for the genetic data on families and the extensive infor-

mation on chromosomal translocations that could be exploited to iden-

tify and locate genes with the new molecular mapping technologies (see 

chapter 5). Nevertheless, it soon appeared that the most promising case 

histories had been skimmed off the top, and the registry increasingly 

 appeared a relic from a bygone era.

More decisively, perhaps, in the wake of public uproar following the 

discovery of the unauthorized removal and retention of children’s organs 

at two hospitals in Britain in the mid- 1990s, the MRC tightened its eth-

ical guidelines on the collection and use of human tissue and personal 

medical information. Above all, it affi rmed the need for patients’ con-
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sent and the principle of confi dentiality. The new guidelines were cir-

culated to all MRC- funded researchers.16 The whole affair was widely 

reported in the press. This will undoubtedly have raised concerns re-

garding the information held in the registry. It may explain why people 

in the unit reportedly “wanted to bury” the registry and why, until to-

day, they are reluctant to speak about it or acknowledge their connection 

with it in any way.17

What actually happened with the registry remains unclear. Most peo-

ple seem to believe that the registry is still kept somewhere in long- term 

storage, although nobody seems to know where. One well- informed per-

son knew positively that the registry had been digitized for archival rea-

sons, a possibility denied by everyone else. Most tantalizing, one person 

produced a few index cards apparently from the original paper regis-

try, fi lled out in a neat hand, but was nervous to show them for longer 

than a few seconds. The problem was a lack of consent, but even destroy-

ing the records would require approval from an ethics committee. For 

this reason, the registry, according to this informant, was in limbo. Re- 

consenting it did not seem worthwhile, although it still contained useful 

information that could not be gained from molecular technologies alone. 

The same person also volunteered the information that an anonymized 

Trisomy Registry started by Patricia Jacobs at a later date was active un-

til 2004. Describing that registry as a “fantastic resource,” the researcher 

confi rmed that chromosome registries contained much information that 

could be of interest to molecular biologists. To show that “one never 

knows what might turn out useful,” the researcher cited the example of 

the “beautifully documented” Scottish Mental Survey, an educational 

survey of 1947 that built on an earlier such survey of 1932. The surveys 

were “stuck in the archive” and forgotten until a researcher found them, 

contacted the individuals, and retested them, creating a unique long- term 

data set for the study of cognitive development. Against this reasoned 

version of events, another equally well- informed source in the same in-

stitute assured me that the index cards had been given to a commercial 

fi rm for shredding. Only the medical records were kept as the regulations 

demanded.18 Of course, these stories are not necessarily mutu ally exclu-

sive and a combination of various aspects might be true.

The fact that the records are not available limits our understanding 

of how the registry worked. How was the information organized? Who 

fi lled out the cards? Were they annotated? Which fi nding aids existed? 

How could statistical information be retrieved? Even if it is not possible 
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to answer any of these questions, the fact that the registry remained in 

operation for over forty years points to its central role for the unit’s work 

on human population cytogenetics.

Given its importance, it may be surprising that the registry, unlike, 

for instance, McKusick’s catalog of Mendelian Inheritance in Man, was 

never digitized. This may have contributed to it becoming outdated as 

a research tool.19 And yet a lot of effort in the same research establish-

ment went into harnessing computers to automate the analysis of chro-

mosome pictures.

Automating Karyotyping

Early on, Court Brown realized that the time needed to count and an-

alyze chromosomes posed the most serious restriction on the develop-

ment of population cytogenetics as he envisaged it. To cope with the 

ever- larger number of samples in the studies pursued in his unit and to 

alleviate the tediousness of karyotyping, he placed high hopes in an am-

bitious project to automate karyotyping. He presented the plan to the 

MRC thus: It takes more than one year to train a technician to the point 

that he or she— in most cases the technicians were women— can count 

and analyze one karyotype in about four minutes. A trained technician 

could analyze a maximum of fi fty cells per day. A second observer had 

to check the results. Automation would speed up karyotyping to one 

minute per cell count and hence increase the overall number of cells 

counted from seventy- fi ve thousand to fi ve hundred thousand per year.20 

This would allow for a considerable scaling up of the screening projects. 

In addition to speeding up karyotyping, researchers hoped that comput-

erized methods for measuring the optical density of the chromosomes 

might be applied to fi nd aberrations that could not be observed with the 

light microscope. The method would quasi “weigh” chromosomes rather 

than measure their length. In short, there was hope that the machine 

could add accuracy as well as speed.

Discussion on the automation project in Edinburgh started in the 

early 1960s, in connection with Court Brown’s work on a chromosome- 

based biological monitoring system for radiation exposure (chapter 1). 

The prospect of setting up such a system was as exciting as it was daunt-

ing. There was little doubt that monitoring for radiation as well as for 

workplace pollutants like benzene was “critically dependent” on auto-
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mated techniques for counting and analyzing chromosomes. As Court 

Brown explained to the secretary of the MRC, with whom he was in 

close contact about the radiation work, “We want to be in a position rap-

idly to count and analyze 500 cells per person, and this is altogether too 

much for the human being [looking] down a microscope.”21 In theory, 

the problem could be solved by employing a large number of people, but 

this only exacerbated the problem of having to deal with personal dif-

ferences in scoring cells. Moreover, Court Brown was categorically op-

posed to setting up a “sweat shop” for karyotyping.22 The only way for-

ward was automation, and Court Brown was already in conversation 

about possible solutions with the British electric engineering and com-

puter fi rm Ferranti; the electronic division of the Atomic Energy Au-

thority, which was keenly interested in the problem; and the University 

Computer Unit. Everyone seemed to agree that automating karyotyping 

should be possible, even if writing the computer program would be chal-

lenging. “Needless to say,” Court Brown warned his interlocutor, “this is 

all going to be very expensive, and fi gures in excess of £100,000 are now 

quietly but casually being mentioned.”23 Other population studies pur-

sued by researchers in Edinburgh added to the strain on resources and 

made automation seem not just desirable but imperative.

On the other side of the Atlantic, in Washington, DC, the physicist 

and computer enthusiast Robert Ledley at the National Biomedical Re-

search Foundation, a nonprofi t organization he had founded, had al-

ready made headway in that direction. Dedicated to the problem of de-

veloping automated devices for pattern recognition in the laboratory, 

Ledley had assembled a fi lm input to digital automatic computer, known 

by the acronym FIDAC (fi g. 4.1). The machine was designed to scan a 

photomicrograph at high speed and high resolution and to feed the in-

formation to a large computer that would recognize patterns. Ledley 

saw many possible applications for his fi lm- reading device. Chromosome 

analysis was “one of the most important” ones— presumably because of 

its broad applications but perhaps also because, as another pioneer of 

computer- oriented image analysis put it, “the highly stereotyped, simple, 

stick- fi gured chromosome was ideally suited to the fl edging capability of 

this young technology” (fi g. 4.2).24 Collaborating with the cell geneticist 

Frank Ruddle from Yale, Ledley developed the software FIDACSYS, 

which was able to analyze chromosome images fed into a computer by 

FIDAC. The software distinguished single chromosomes with a system 

based on boundary recognition and calculation of the centromere index 
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Figure 4.1. The FIDAC scanner for automatic pattern recognition developed by Robert 

Ledley, hooked to an IBM 7094 computer (foreground) at the Goddard Space Flight Cen-

ter outside Washington.

Source: Ledley and Ruddle, “Chromosome Analysis,” 43. Reproduced with permission of  Scientifi c 

American.

Figure 4.2. Photomicrograph of chromosomes displayed on the FIDAC monitor.

Source: R. Ledley et al., “Progress Report on Biomedical Picture Data Processor,” NIH Grant No. 

GM 10797, 1 August 1964. NBR Report No. 64081/10797, Silver Spring, MD: National Biomedical 

Research Foundation; Ledley Papers (uncataloged), box 43, fi le Biomedical Pictures Data Process-

ing. NIH GM10797, 8/1/1964, NLM. Reproduced with kind permission of Fred Ledley.
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(relation of length of the short arm to full length of the chromosome) 

(fi gs. 4.3 and 4.4).25

Ledley presented his apparatus, including the software, at the 1964 

conference “Mathematics and Computer Science in Biology and Medi-

cine” organized by the Medical Research Council in association with the 

Figure 4.3. Francis H. Ruddle (center) and Herbert A. Lubs in conversation with a tech-

nician using FIDAC.

Source: “Spotting Flaws in Genes,” 23. Photograph by Gene Daniels, further credited to A. Robert 

Street. Courtesy of the McGovern Historical Center, Texas Medical Center Library, IC077 Medical 

World News Photograph Collection, IC077- 7063- 001. Reproduced with permission of McGovern 

Historical Center, Texas Medical Center Library.
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Figure 4.4. Printout of chromosomes as stored in computer memory.

Source: Bauer, “A Letter from the Publisher,” 19. Courtesy of the McGovern Historical Cen-

ter, Texas Medical Center Library, IC077 Medical World News Photograph Collection, IC077- 

7063- 002. Reproduced with permission of McGovern Historical Center, Texas Medical Center 

Library.
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British health departments in Oxford, where it produced some buzz.26 

A few months later, Patricia Jacobs from the Edinburgh group, together 

with a representative from the Atomic Energy Authority, traveled to 

Washington to inspect the scanner. They were suffi ciently impressed 

with the machine to recommend acquisition of a FIDAC. They saw some 

drawbacks— that the machine was reading from fi lm rather than directly 

from the microscope and that it needed to be hooked up to a powerful 

computer for operation. Few institutions could afford to have their own 

computer, and negotiating access to other computers for any length of 

time was diffi cult and costly.27 Yet the British researchers hoped either 

that the machine could be adapted to their needs or that experience with 

FIDAC could help design and build a better machine. The MRC, which 

was open to investments in the fi eld, as evidenced by its sponsorship of 

the conference that had brought Ledley to Britain, approved the pro-

posal, and arrangements were made for a FIDAC to be shipped to the 

United Kingdom.28 The machine was installed at Imperial College Lon-

don, one of the few institutions in the country that housed an IBM 7090 

computer. Denis Rutovitz, who was trained in pure mathematics but also 

had some background in computing, was hired to do the development 

work. He headed a small team known as the Pattern Recognition Group. 

Though located in London, the group formally belonged to the Edin-

burgh unit. Eventually it moved to Edinburgh, where people and hard-

ware fi lled a whole fl oor of the new three- fl oor institute building.

Court Brown remained restless. It would be two or three years, he 

complained, before it would be clear whether FIDAC did the work they 

expected from it. Giving the importance and demand for chromosome 

work, was there not scope for a grander scheme, he asked, in which the 

automation of chromosome analysis would function as a “prestige oper-

ation” in the application of pattern recognition in biology more gener-

ally? Court Brown envisaged the creation of a dedicated computer cytol-

ogy unit, staffed with computer scientists and statisticians who worked 

in close collaboration with biologists and clinicians.29 At minimum he 

wanted to see a “crash programme” in place to perfect automation us-

ing FIDAC.30 Yet to his chagrin, things did not move quite as fast as he 

would have liked.

In the 1960s there was considerable momentum with regard to the in-

troduction of computers in biology and medicine, and specifi cally in the 

study of heredity. The conference in Oxford to which Ledley was invited 

was just one of a series of conferences and workshops dedicated to the 
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topic, and various institutions, notably the NIH but also the WHO, ac-

tively promoted the introduction of computers to biomedical research 

and medical practice.31 In human genetics computers were harnessed to 

collect and organize data on genetic diseases, to calculate genetic link-

age, and to simulate gene fl ow through populations. Pattern recognition, 

too, was a busy fi eld, with several groups making contributions. How-

ever, pattern recognition proved a diffi cult problem to tackle with a 

machine.

Experimenting with FIDAC provided Rutovitz and his team with 

“invaluable” experience.32 Yet even before the researchers had tested 

 FIDAC’s effectiveness for population screening, they decided that using 

a fi lm scanner was not practical, as working from fi lm not only was “su-

perfl uous and time consuming” but also restricted the analysis. An ob-

vious drawback, but by far not the only one, was that it meant losing the 

capacity to alter the focus of the microscopic image. This, in turn, led to 

a considerable loss of information.33 To gain higher defi nition, it was nec-

essary to work directly down the microscope. This was consistent with 

the established practice in the Edinburgh unit to analyze chromosomes 

under the microscope rather than working with photographs, a method 

that Jacobs described as “incredibly tedious and time consuming” with 

“little to recommend it other than the production of a large number of 

pictures suitable for mural decoration.”34 More generally, Rutovitz and 

his team found that many of the claims Ledley had made about his appa-

ratus at the Oxford conference were “misleading” and that FIDAC was 

not able “to do anything like a complete job.”35 To move forward, Ruto-

vitz sought support for the acquisition of a “Computer Eye,” a sophisti-

cated if costly computer scanning and display system produced by In-

formation International Inc. of Los Angeles that could be used to work 

straight from the microscope image, as well as a small dedicated IBM 

computer. Although positively impressed by Rutovitz’s work, the MRC 

became concerned about the risks involved in a “large scale venture in 

the automation fi eld.”36 To make sure that “the magnitude of the fi nan-

cial outlay” was matched by the “possible scientifi c dividend,” MRC of-

fi cers looked for assurance that automation was a practical proposition 

and that the potential of chromosome analysis was not overrated.37 The 

question became entangled with discussions on the long- term future of 

the Edinburgh group that looked into expanding and getting new accom-

modation. Having convinced itself that “the fi eld [of chromosome anal-
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ysis] would not ‘dry up’ in the foreseeable future” and that “even if the 

whole chromosome story were to fall down, there would still be a need 

for large- scale pattern recognition techniques” in other medical fi elds, 

the MRC gave Rutovitz the go- ahead.38 Work on FIDAC continued, 

but much of the development work shifted to the Computer Eye system, 

which was installed in a space close to the MRC’s own new Computer 

Centre in London until new space would become available in Edinburgh 

and the group could acquire its own computer.39 Rutovitz expected that 

progress with the Computer Eye would soon overtake that made with 

 FIDAC. Yet the path proved “long, very long.”40

The idea was fi rst to work at low resolution to fi nd metaphases or 

dividing cells in the samples with the automated scanner and then to 

 focus down and perform an automatic chromosome analysis (fi g.  4.5). 

This procedure closely followed the working practice of the human ob-

server. To accomplish the task, the group collaborated with an engineer-

ing fi rm in Royston (Metals Research Ltd.) to develop a mechanically 

driven scanning microscope that could be used in conjunction with the 

Computer Eye. Hooked up to the computer, the microscope would move 

along the microscopic slide, search for metaphases, and center and fo-

cus the preparations for analysis. Chromosome analysis was translated 

into the following steps: digitization of the visual image, fi eld segmenta-

tion, feature extraction, and classifi cation (fi g. 4.6).41 Instead of the usual 

pixel- by- pixel scanning of the image, the machine used an interval- 

coding scheme developed in Edinburgh, which slimmed down the data 

signifi cantly. All the other steps also required innovative solutions.

Pattern recognition for chromosomes related to several other prob-

lems that computer scientists were tackling at the time. Prominent 

among these was the challenge of character recognition for both type-

script and handwriting. This was of interest, for instance, for digital 

copying, and there were commercial interests involved. The connection 

between character and chromosome reading is intriguing, as chromo-

somes were often compared to letters, metaphorically and otherwise. 

Yet chromosome recognition turned out to pose even bigger problems 

than character recognition. Chromosomes could overlap and lie in dif-

ferent orientations, and their distribution seemed random. There was no 

measuring involved in character recognition and no interest in the den-

sity of letters or in translocations, as was crucial in chromosome analy-

sis. Different algorithms were developed to overcome these   problems, 
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Figure 4.5. Microscope slide with chromosome preparation. Some cells are fi xed during 

cell division when chromosomes are visible and amenable to chromosome analysis. Other 

cell nuclei are in the resting stage.

Source: Piper et al., “Automation,” 204, fi g. 2. Reproduced with permission of Elsevier and of Jim 

Piper.
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Figure 4.6. The stages of automated chromosome analysis.

Source: Piper et al., “Automation,” 207, fi g. 4. Reproduced with permission of Elsevier and of Jim 

Piper.

yet despite large investments in the fi eld, humans continued to outper-

form machines. As Rutovitz put it in a later interview, “Human eyes can 

do tricks that are damn diffi cult to mimic with machines.”42

The solution to this problem was sought in an “interactive system” 

that combined the scanning and measuring capacity of the computer with 

the pattern- recognition ability of the human operator. The  machine the 
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group eventually developed and successfully commercialized did exactly 

that. It was a self- contained machine with a small interactive (computer- 

controlled) microscope and a screen- based editor (fi g. 4.7). It used a scan-

ning camera and a motorized microscope stage to scan the slide and iden-

tify metaphases. Using pattern- recognition software, the machine then 

sorted the chromosomes and presented them to the human operator in 

a paired display on the screen (fi g. 4.8).43 The human operator “assisted” 

the machine in “tricky” tasks, such as sorting out chromosome clusters 

and overlaps and checking the machine classifi cation. An innovative sys-

tem allowed the user to point to a chromosome and move it away. Cyto-

Figure 4.7. The Cytoscan for computer- aided chromosome analysis developed by the Pat-

tern Recognition Group in Edinburgh. The machine included a computer- linked micro-

scope and a computer screen for editing.

Source: Piper, “Cytoscan,” 27, fi g. 3. Reproduced with permission of the Medical Research Coun-

cil and of Jim Piper.
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scan, commercialized by Image Recognition Systems, a UK fi rm, be-

came the most successful machine of its kind. By the early 1990s, more 

than one hundred laboratories in twenty countries used the machine.44

The original problem that Court Brown was hoping to solve— the au-

tomation of karyotyping for radiation and environmental monitoring— 

needed to wait a little longer to see a solution. In this type of work, the 

incidence of mutagenic events was so low and the number of metaphases 

to be analyzed so high that it was not feasible for a human operator to in-

teract continuously with the machine. For this task the Edinburgh group 

developed a system that detected the rare events and presented them 

collectively to the operator for evaluation. Even if the system was not 

completely automated, it led to a “massive reduction” of “human time” 

that needed to be devoted to the analysis.45

Despite this eventual success, Rutovitz came to quite a sober assess-

ment of his life’s work. He conceded that, “had Court Brown lived, we 

Figure 4.8. A karyotype of banded chromosomes automatically produced from a digi-

tized cell image. Two abnormal chromosomes resulting from a translocation between chro-

mosomes 5 and 12 are presented in the bottom- right corner of the display.

Source: Piper et al., “Automation,” 205, fi g. 3. Reproduced with permission of Elsevier and of Jim 

Piper.
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would have disappointed him,” although “perhaps with his direction the 

work would have developed differently.”46 The problem was that devel-

opment never quite kept up with the scientists’ computing needs, and 

researchers found other ways of doing what they wanted. One such de-

velopment was the introduction of chromosome- banding techniques that 

made many existing automated systems “obsolete overnight” while giv-

ing cytogeneticists new tools that much diminished their dependency on 

machines.47 There was also some ambivalence in the way things were set 

up in the Pattern Recognition Group in Edinburgh, as “the masters were 

research people but the clinical applications offered a bigger economic 

return.” At a time when the MRC became increasingly interested in 

technology transfer, this was an important consideration.48 Nevertheless, 

throughout the period there was constant development and much excite-

ment in the fi eld of automated pattern recognition and the continuing 

expectation that an automated system would become available allowed 

the Edinburgh unit to entertain an ever- expanding program of popula-

tion studies.49

Normal and Clinical Populations

The fi rst and in many ways most fundamental population study the Edin-

burgh unit embarked on was the newborn- screening program. The unit 

started screening newborns in 1959, very shortly after the announce-

ment of the fi rst chromosome anomalies. The project was based on the 

conscious decision to link the study of chromosomes to epidemiological 

techniques.50 While initially screening was based on Barr body testing, 

from the mid- 1960s a new testing program started including full chro-

mosome analysis for all babies who were tested. This later project went 

on for over a decade and involved tens of thousands of newborns. At the 

height of the project, all babies born in the two major maternity wards in 

the city, situated in Western General Hospital and Eastern General Hos-

pital, were tested.

The screening of newborns, one of the fi rst of its kind,51 was meant 

to establish a baseline for the incidence of chromosome mutations in 

the general population. This was of crucial importance for the calibra-

tion of other studies performed on selected populations. In addition, the 

newborn- screening program was aimed at identifying infants that might 
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need special attention and at providing data for genetic counseling. The 

long- term goal was to correlate the chromosome anomalies with paren-

tal age, social class, and ethnicity and thus to identify the causes of the 

anomalies.52

A fi rst report on the Edinburgh study published in 1961 presented the 

results from six thousand newborn babies.53 It should be remembered 

that in all surveys researchers tested multiple cells of each individual. In 

this study they chose one hundred cells per individual for analysis. When 

discrepancies appeared, a new set of one hundred cells was tested. The 

procedure highlights the sheer amount of work involved in such surveys.

This fi rst and later screening programs revealed an unexpected large 

number of chromosomal anomalies, pointing to a potentially explosive 

public health issue. Findings indicated that about 1 percent of infants 

showed a chromosome anomaly in their somatic cells. One- quarter of 

those regarded a sex- chromosome anomaly; one- quarter showed other 

kinds of trisomies, most of which were “mongols” shown to carry an ex-

tra chromosome 21; and the rest showed detectable structural rearrange-

ments. This quite certainly represented an underestimation of the chro-

mosomal anomalies present in the general population because of the 

diffi culties of visualizing such changes with the available methods.54 At 

the same time, not all anomalies observed under the microscope corre-

sponded to known clinical symptoms, confounding the distinction be-

tween normal and abnormal or pathological and compounding the prob-

lem of how to interpret the new fi ndings.

In the following years, and taking full advantage of the peripheral 

blood technique for karyotyping, the Edinburgh unit embarked on an 

ever- expanding series of population studies. The newborns were consid-

ered representative of the population at large— with the caveat that ba-

bies born in hospitals at the time represented a somewhat skewed rep-

resentation of the general population in regard to socioeconomic status. 

Other groups the unit studied were defi ned by a particular condition, 

such as infertility, or by some other common marker, like being a patient 

in a psychiatric hospital or having been exposed to a workplace hazard 

such as radiation or benzene. The aim of these and other epidemiologi-

cal studies was to identify the causes or, in this case, the genetic basis of 

a certain condition or behavior or the effects of an exposure. To avoid 

ascertainment biases, all studies also included control cases. The popu-

lations studied at the Edinburgh unit comprised patients in psychiatric 
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institutions, inmates in high- security hospitals, prison populations, stu-

dents in special schools, infertile or subfertile men and women, women 

who suffered multiple miscarriages, and individuals exposed to ionizing 

radiation, such as cancer patients, industrial workers, people involved 

in the refueling of depleted uranium, and people exposed to radiation 

leaks at the Windscale accident of 1957, when a fi re broke out at Britain’s 

fi rst plutonium factory. Subjects exposed to other toxic substances like 

aromatic hydrocarbons, herbicides, and pesticides were also screened.

The choice of these populations was driven by the research interests 

pursued in the unit, which in turn very much depended on the possibili-

ties opened up by the new tools of human chromosome analysis. Next to 

the study of the hazards from radiation that remained an enduring inter-

est of the Edinburgh group, the genetic basis of mental disability and the 

biological determinants of sex seemed amenable to chromosome stud-

ies. Nevertheless, the study of human heredity had long availed itself of 

institutions like schools, hospitals, and prisons (next to the military) to 

provide access to test populations. Chromosome studies followed in that 

mold, bringing new tools to an old quest.55

The number of individuals tested in some of the studies was stagger-

ing. Chromosome surveys of the prison population or of patients of men-

tal institutions often included thousands of individuals. For example, a 

survey of sex chromatin abnormalities in patients of mental hospitals in 

Scotland conducted by the Edinburgh group in the late 1960s included 

over thirteen thousand individuals.56 A chromosome study in penal in-

stitutions and approved schools conducted by other researchers of the 

same group some years later included over twenty- fi ve hundred individ-

uals.57 Each study made reference to other studies conducted in Scot-

land or further afi eld including equally high numbers.58 In some studies 

the numbers were not as high but were still exhaustive. For example, the 

chromosome study conducted at Carstairs, Scotland’s high- security hos-

pital, that resulted in the controversial claims about the XYY karyotype, 

included all 342 patients then held in the institution, except for 27 who 

“refused to collaborate.”59 Access here, as in many other cases, was reg-

ulated through the in- house physician, who provided researchers with 

blood samples obtained in what was described as “routine medical ex-

amination.”60 When researchers were medically trained, they sometimes 

received permission to do their own sampling.61

In the early 1960s, Court Brown submitted a memorandum to the 
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WHO, one of a series of international organizations that became con-

cerned with the public health aspects of radiation exposure, suggest-

ing various ways in which chromosome studies could be used as biolog-

ical indicators of radiation damage in large- scale population studies.62 

When, ten years later, the WHO issued a manual on chromosome aber-

ration analysis for the measurement of radiation damage and environ-

mental mutagenic effects, including a vastly expanded array of cytoge-

netic methods and applications, Karen Buckton from the Edinburgh unit 

had the leading hand. The plans envisaged “mass screening” of the gen-

eral public.63

In addition to these extended screening projects, small, isolated pop-

ulations attracted the attention of genetic researchers. In 1966, a team of 

scientists from Edinburgh descended on the island of Barra, the south-

ernmost island of the Outer Hebrides off the western coast of Scotland, 

to carry out chromosome studies on all members of the population that 

were over sixty- fi ve years old. The island was a remote place. The inhab-

itants had a record of longevity, and extensive genealogical records were 

available for all members of the community. All this made the island 

 inhabitants in the eyes of the researchers an ideal population to study 

the effects of aging on chromosomes. Once chromosome banding be-

came available, the island samples and the chromosomes of newborns 

were compared, and certain differences in the distribution of banding 

variants were observed.64

The investigation of the inhabitants of the island of Barra can be 

viewed as an extension of the epidemiological studies pursued so ener-

getically at Edinburgh. Yet geographically and culturally isolated popu-

lations had long attracted intense interest for the study of human varia-

tion and human evolution.65 In the fractured postwar era, characterized 

by nuclear concerns and projects of modernization and development, 

that interest was picked up and fostered by international organizations, 

most prominently the WHO and the IBP. There certainly were overlaps 

between the epidemiological and population- based studies of human 

variation, for instance when epidemiological studies included ethnic dif-

ferences as a criterion.66 Yet the use of genetic technologies, including 

karyotyping, for the study of “racial variations” carried different cul-

tural baggage. The issue had preoccupied chromosome researchers for 

a long time. The scale of the early studies was rather modest, but their 

scope not less far reaching.
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Figure 4.9. Comparative numbers of chromosomes in humans and other mammals (1925). 

The chromosome numbers of “whites” and “Negroes” were recorded separately (with the 

one for “whites” always listed fi rst). The count for both was forty-eight.

Source: Painter, “A Comparative Study,” 392, plate 1. Reproduced with permission conveyed 

through Copyright Clearance Center Inc. of University of Chicago Press Journals.

The Study of Human Variation

In early studies on human chromosomes in the 1910s and 1920s, the pos-

sibility was entertained that “whites” and “Negroes” had a  different 

number of chromosomes. Thomas Hunt Morgan, head of the celebrated 

Fly Room at Columbia University and a staunch anti- eugenicist, sug-

gested this possibility as a way to harmonize the counts presented by 

Belgian cytologist Hans von Winiwarter, who had been working on tis-

sue of men of European descent, and Michael F. Guyer, a zoologist at 

the University of Wisconsin who had been using samples from African 

Americans.67 Guyer later supported this claim by reporting higher chro-

mosome counts in samples of “two Caucasians.”68

By the mid- 1920s the possibility aired by Morgan was laid to rest, and 

it was generally accepted that “whites” and “Negroes” as well as “Jap-

anese” and women and men all had the same number of chromosomes 

(fi g. 4.9).69 The consensus was part of the effort to stabilize the human 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scaling Up 135

chromosome count, which was set at forty- eight. Scientists agreed on 

this point at the height of the eugenic movement and Jim Crow segrega-

tion. Indeed, the Texas- based zoologist Theophilus Painter, who was in-

strumental in closing the debate on the number of human chromosomes, 

later in his career as interim president of the University of Texas at Aus-

tin, became the defendant in the high- profi le court case Sweatt v. Painter 

challenging segregation at the school. Painter did not play this role in-

advertently. Rather, the previous president, who thought segregation 

should end, lost the confi dence of the trustees, and Painter was seen as a 

choice who would support the school’s segregationist position.70 Clearly, 

it was possible to argue for the same number of chromosomes for all peo-

ple and still support segregation. Nevertheless, the idea that there might 

be chromosomal differences between various populations was never 

quite abandoned. When in the mid- 1950s the number of human chromo-

somes was revised from forty- eight to forty- six, the question was again 

put to the test.

An early challenge to the still- tenuous consensus on the new chromo-

some count came from Masuo Kodani, a Japanese émigré who worked 

both in the United States and with the Atomic Bomb Casualty Com-

mission in Japan. Kodani reported counts of forty- six, forty- seven, and 

forty- eight chromosomes in samples of Japanese males. The higher 

counts depended on the presence of either a single or a pair of what the 

author described as small inert “supernumerary” chromosomes.  Kodani 

expected— and later confi rmed— that the same three counts also existed 

in “whites.” He suggested that these observations could explain the diver-

gent chromosome numbers reported in the literature. Moreover, his stud-

ies indicated that the proportion of the three possible chromosome num-

bers could vary in different ethnic groups, with a forty- eight- chromosome 

count being more likely in Japanese people than in “whites.”71

Kodani was an experienced cytogeneticist. Nevertheless, Ford, an au-

thority in the fi eld who had the opportunity to study Kodani’s photo-

graphs, quickly decided that a count of twenty- three bivalents (or paired 

chromosomes) was the more “plausible” interpretation in all prepara-

tions.72 The case seems to have rested there, but in fact Ford did not dis-

miss Kodani’s project altogether. An exhibit on human chromosomes in 

the living- cell section of the exhibition at the International Science Pa-

vilion at the Brussels World Fair in 1958, for which Ford signed as re-

sponsible, explained to the millions of visitors fl ocking to the fair that 

“it is now known that 46 is the correct number [of chromosomes in the 
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body cells of human beings], at least in Europeans.”73 In a review arti-

cle on the status of the fi eld a few years later, Ford encouraged further 

studies of chromosomal variation, contending that “comparison of the 

chromosome sets of different ethnic groups immediately suggests itself 

as the most likely method of revealing polymorphism if it exists. It is un-

necessary to stress the interest for anthropology if any form of chromo-

some polymorphism should be revealed.”74 In a careful study drawing 

on a large sample, Sajiro Makino from Hokkaido University in Sapporo, 

on visit at Hsu’s laboratory in Texas, confi rmed that Japanese people in-

deed had forty- six chromosomes, as did their Western counterparts, but 

not before another study suggested that Chinese people also had more 

than forty- six chromosomes.75 Remote populations that were geographi-

cally, culturally, or reproductively isolated often were the preferred sub-

jects of study for the continued search for possible variations in chromo-

some number and shape. The following episode, taking place in Ford’s 

laboratory, is telling.

Shortly after Kodani’s challenge had been settled, Harnden, then a 

postdoctoral student in Ford’s laboratory at Harwell, developed a new 

technique for growing a skin biopsy from his own arm to be used for 

karyotyping.76 Harnden maintained that he was probably the fi rst person 

in the world who looked at his own chromosomes. He later recalled the 

exhilarating experience and the feeling that he was “able to explore ar-

eas not reachable by anyone else.”77 One of the fi rst projects he pursued 

with his new technique was to test the hypothesis that different human 

populations carried different numbers of chromosomes. If such varia-

tion existed, he reasoned, it was most likely that it would occur in popu-

lations that had been geographically isolated for a long time.78 With the 

help of a colleague in Adelaide, he organized for a skin biopsy of an “as-

suredly ‘full- blooded’ aborigine” to be fl own to him for testing via the 

Royal Flying Doctor Service.79 As he reported, the culture “grew beau-

tifully but the chromosomes were quite normal.” Harnden recalled that 

this was a “disappointment, I suppose, but still fun to do.”80

Harnden does not seem to have pursued this line of research any 

further, although he considered his foray into the study of the biology 

of indigenous people signifi cant enough to mention it in his brief auto-

biographical essay published in the fi ftieth anniversary year of the re-

count of human chromosomes. Undoubtedly, his study resonated with, 

and profi ted from, broader concerns in postwar anthropology and hu-

man population genetics that maintained an interest in populations that 
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were geographically, culturally, or reproductively isolated. Many of these 

populations were already subjects of intense study and exploitation in co-

lonial and postcolonial settings.81 Harnden took the category of “aborig-

ines” as given, and in effect tested a single sample as if it were represen-

tative of a type, neglecting the assumptions that went into constructing 

such categories.82

Others followed in Harnden’s tracks. Among cytogeneticists, Hunger-

ford, the co- discoverer of the peripheral blood method that had opened 

up chromosome analysis to wider use, teamed up with physical anthro-

pologists to collect and study samples of indigenous people in eastern 

New Guinea, the Todas of southern India, and the Ainu on the island 

of Hokkaido in Japan.83 He credited the British anthropologist Nigel A. 

Barnicot and his associates at University College London with having 

initiated the systematic search for chromosomal variation in human pop-

ulations. The London team had compared chromosomes from people 

in West Africa, Greenland, and Europe, largely drawing on London’s 

cosmopolitan population.84 As Barnicot’s earlier studies also Hunger-

ford’s, stretching over several years, showed no recognizable differences. 

And yet Hungerford remained optimistic that “microscopically visible 

karyotype variability” could be found, and he encouraged physical an-

thropologists and chromosome researchers to collaborate to fi nd such 

variations, as long as “discrete isolates” still existed.85 Among those 

who heeded the call was the Italian population geneticist Luca Cavalli- 

Sforza. In the mid- 1960s, while undertaking his extensive population ge-

netic study of the “Babinga Pygmies” in western Africa, he sent blood 

samples back to  Pavia,  Italy, for chromosome analysis. Once more the 

chromosomes were found to be “normal.”86

We should remember that obtaining the samples for such studies 

was all but straightforward. Expeditions such as the one conducted by 

Cavalli- Sforza required extensive preparation. First, pilot studies were 

undertaken in which conditions on the ground were explored, personal 

contacts with local administrators and chiefs established, study areas 

and villages chosen, and transport routes for people and samples tested. 

If the preliminary investigations were encouraging, then full- scale expe-

ditions with multidisciplinary teams of demographers, anthropologists, 

geneticists, physicians, and technicians were planned. The studies often 

required two or more years of presence in the fi eld and follow- up visits. 

Cavalli- Sforza listed a Jeep, a Land Rover, an electric generator, two re-

frigerators, a walkie- talkie system, and two lightweight tents with spe-
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cial netting, as well as an ample supply of sterile vacuum test tubes, ster-

ile blood sets, and plastic syringes for blood collection, as essential items 

for the safety and success of his expedition to West Africa.87 The other 

biggest and most important additional cost to avert “disaster” concerned 

the organization of safe and swift transport of refrigerated blood sam-

ples from remote fi eld sites to laboratories in major centers where they 

could be analyzed.88 Not explicitly mentioned in this list was the collab-

oration of the study subjects, on whose participation the investigation 

crucially depended. Support for Cavalli- Sforza’s study and other genetic 

studies of “vanishing” or “primitive people” came from the WHO and 

the IBP, both of which included large programs in human heredity.

Genetic Surveys on a World Scale

The WHO program in human heredity developed out of the organiza-

tion’s interest in the public health implications of atomic radiation.89 In-

terest in this fi eld started in the mid- 1950s, at a time of increasing politi-

cal and public concerns about global radioactive fallout from hydrogen 

bomb testing and the simultaneous expansion of programs for “peace-

ful” and commercial uses of atomic energy.90 In view of accumulating 

data on worldwide contamination of radioactive strontium and other el-

ements and their carcinogenic effects, in 1956 the World Health Assem-

bly recognized protection against radiation as a global public health is-

sue and a new area of responsibility for the WHO. The genetic effects of 

radiation soon emerged as the WHO’s main focus.91 A few years later, 

offi cers of the organization affi rmed that the WHO’s interest in human 

heredity was “by no means confi ned to radiation genetics,” but rather 

covered the broad fi eld of human genetics.92 By 1959 WHO- sponsored 

projects in human genetics included genetic studies of human popula-

tions exposed to high natural radiation; a study on the distribution, 

treatment, and prevention of heritable blood diseases, including thalas-

semias and other forms of anemias; a large- scale survey of congenital 

malformations in newborn babies in twenty countries around the world, 

coordinated by Alan Stevenson, director of the Population Genetics Re-

search Unit in Oxford; and a study of populations of “particular genetic 

interest,” including especially “isolated” and “socially primitive groups,” 

spearheaded by the American geneticist James Neel. Neel had made his 

name as chief scientist of the Atomic Bomb Casualty Commission and 
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its genetic project in Japan and was building up a Department of Human 

Genetics at the University of Michigan in Ann Arbor, one of the fi rst of 

its kind in the United States.93 Here and elsewhere, “primitive” groups 

were defi ned as communities that “still obtain food by means that were 

prevalent in the early phase of human history, such as hunting and food 

gathering, nomadic pastoralism, and digging- stick- and- hoe type of agri-

culture.”94 While the comparative birth study was expected to provide 

important insights into the distributions of various mutations and mal-

formations and the respective role of genes and environment in disease 

formation, the study of “unusual” populations was meant to provide 

 information on natural selection and the role of biological and social fac-

tors in mating patterns, fertility, morbidity, and life expectancy, among 

other things.95 All projects required the coordination of international 

teams of researchers and the management of large data sets. The WHO 

offered legitimization, infrastructural support, and limited funds.96

Neel, whose project is of most interest to us here, soon embarked on 

a study of the Xavante Indians in Brazil that he hoped would serve as a 

model for studies to be carried out in other parts of the world.97 He also 

threw himself into the organization of what he presented to the WHO 

offi cials as a “milestone” conference, named “Population Genetics of 

Primitive People.”98 The conference agenda included a discussion of the 

concepts of population genetics, of the rationale and need for studies 

of “primitive populations,” of standard protocols for such studies, and 

a survey of populations suitable for study. Anthropologists, demogra-

phers, and geneticists were to be among the participants. Whenever pos-

sible, they were to be recruited from countries where the target popu-

lations lived. The fi nal aim of the meeting was to produce a “standard 

reference manual” that could serve as a basis for a series of studies.99

The project on the study of “primitive” people at the WHO pro-

ceeded despite strong reservations by some of its offi cials. For instance, 

when asked to approve a grant to Cavalli- Sforza’s study on the Babinga 

under the project title, the WHO’s assistant director general Dr. John 

Karefa- Smart, of Sierra Leone, expressed his strong objection against 

this kind of “anthropological excursion” in view of other “urgent pri-

orities” in Africa and elsewhere. Other offi cers agreed that the study 

would help genetical research rather than public health issues in Africa 

but nevertheless regarded it as important to have “data on at least one 

interesting group in Africa” in the broader context of the project.100 In 

response to all objections, the promoters of this and other such studies 
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 always argued that the “primitive populations” were quickly “vanishing” 

because of advancing civilization and that studying them was urgent to 

gain insights into the deep history of humanity and to understand the 

evolutionary pressures and reproductive patterns that had determined 

the “genetic attributes of civilized man.”101

The trope of vanishing populations was fi rst introduced by the Swiss 

zoologist, ethnographer, and nature conservancy advocate Paul Sara-

sin in the 1910s. Whereas in an evolutionary framework the extinction 

of “primitive people” would seem inevitable, Sarasin had argued that 

“primitive people” (or Naturvölker) needed to be protected because of 

their scientifi c value.102 As Neel and others argued, studying the genetic 

structure of these populations was all the more urgent at a time when 

human populations around the world were exposed to new genetic risks. 

Understanding the impact of these changes required extended knowl-

edge of the selective pressures to which humans were exposed during 

their history. Hence, studying the past as preserved in the few surviving 

populations still untouched by modern civilization provided an essential 

key to understanding the present and future of humankind.103

In addition to the scientifi c value of the “salvage” operation, the re-

searchers stressed the benefi ts the studies brought to the local popu-

lations.104 Every study subject received medical and dental treatment. 

Moreover, the health and demographic assessment helped local ad-

ministrators identify the problems that required most urgent attention. 

The WHO guidelines for research on human population genetics also 

highlighted the ethical obligations of the researchers toward the people 

 under study, as well as the needs to seek consent, to respect the “privacy 

and dignity” of the individuals, to guarantee their “comfort,” to main-

tain their anonymity, and to respect the “cultural integrity” of  every 

group.105 The need to draw up these guidelines points to the precarious 

conditions of genetic fi eldwork.

The population studies combined anthropological, genetic,  medical, 

and demographic approaches, all of which were seen as  instrumental 

to a “comprehensive study” of the genetic structure of a population. 

The more strictly genetic studies at the time were mainly based on the 

analysis of developmental malformations and on the study of variants 

and frequencies of hemoglobins or other serum proteins. They also in-

cluded pedigree analyses and consanguinity studies. Yet karyotyping in-

creasingly became part of the tool kit of human population studies.106 

Already in 1960, the WHO offered an international training course in 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



Scaling Up 141

chromosome techniques. Hosted by the Anatomical Institute in Basel 

and gathering together twenty participants from nineteen European and 

neighboring countries, who had been selected from a much broader pool 

of applicants channeled through local governments, the course was seen 

as an effective way to disseminate the new techniques. WHO offi cers an-

ticipated that further such courses would be arranged in other regions.107 

The study of chromosomes also featured prominently in WHO publica-

tions that dealt with the relations of genetics and public health. For in-

stance, the 1966 summer issue of its widely circulated glossy magazine 

World Health was dedicated to the theme “Genetics and Your Health.”108 

In a series of sharp black- and- white photographs by the documentary 

photographer Paul Almasy, Lejeune, pictured in his Paris laboratory, 

demonstrated the various steps involved in constructing a karyotype (see 

fi g. 2.8).109 More generally, an important role of the WHO was promot-

ing the standardization of procedures and terminology and setting up 

international reference centers for specialized identifi cation of genetic 

variants. It also supported the development of computer technologies to 

help with various aspects of genetic research, including statistical analy-

sis, modeling techniques, data linking, and storage. For instance, in the 

mid- 1960s the WHO supported the Human Genetics Computer Project 

at the University of Aberdeen, where the British population geneticist 

Anthony W. F. Edwards, after having spent several years working with 

Cavalli- Sforza fi rst in Pavia and then at Stanford, developed computer 

programs for constructing pedigrees from genetic information and sim-

ulating gene fl ow through a given pedigree. This was useful for calcu-

lating consanguinity and gene linkage, and the hope was that the meth-

ods could be expanded to study large complex populations.110 WHO also 

made its own computer facilities available to researchers. From 1965, the 

WHO participated in the human heredity component of the IBP.

Discussions for an IBP, modeled on the highly successful Interna-

tional Geophysical Year of 1957– 1958, started in 1959. Italian geneticist 

Giuseppe Montalenti, then president of the International Union of Bio-

logical Sciences, who was involved in the discussion, proposed includ-

ing a human genetics program. He was particularly keen to map gene 

frequencies of “isolated populations.”111 When the British embryolo-

gist Conrad Waddington took over the presidency of the International 

Union, and hence the planning for the IBP, he strongly advised against 

the human genetics part to avoid politically controversial issues, nota-

bly the question of racial differences, which lacked an adequate scien-
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tifi c understanding. It was nonetheless considered important to include 

a “human part” in a program oriented toward the conservation of bio-

logical resources and environmental change. This happened under the 

rubric of the “human adaptability program,” which took the adaptation 

of humans to changing environments as its topic. Exactly what form this 

project should take was not quite clear initially.112

In 1964, a meeting with the title “The Biology of Populations of An-

thropological Importance” was convened under the auspices of the IBP 

at Burg Wartenstein near Vienna, the European conference center of 

the Wenner- Gren Foundation for Anthropological Research. Its aim 

was to review the present state of knowledge in the general fi eld of “hu-

man adaptability.”113 The meeting revealed “a staggering state of igno-

rance about the human race.”114 Genetic surveys were suggested as a way 

to fi ll that vacuum. It was noted that genetic studies of “primitive peo-

ple” or “vanishing populations” were already going on under the aus-

pices of the WHO. Neel, together with his Brazilian colleague Francisco 

M. Salzano, presented “A Prospectus for Genetic Studies on the Ameri-

can Indians,” based on their study initiated under the aegis of the WHO 

that they hoped could serve as a model for other such studies.115 In their 

talk they succinctly summarized the three main research interests that 

guided their investigation: the question of the genetic divergence of hu-

man populations and the tempo of human evolution, the study of biolog-

ical parameters of people in the “pre- Columbian state,” and the study of 

disease patterns “when these primitive groups make the transition from 

a near- Stone Age to an Atomic Age existence.”116

The meeting at Burg Wartenstein was regarded as an important plan-

ning meeting for the IBP. A last- ditch plea by noted social anthropolo-

gist Margaret Mead to substitute the human adaptability proposal with 

a program based on the social sciences was not successful.117 Although 

what we might today consider “racial” questions were not absent in the 

human adaptability program, the fi nal report drew a clear distinction be-

tween the “old- fashioned and static subject of physical anthropology” 

and an “ecologically and genetically based” approach to human popu-

lation studies that informed the investigations undertaken as part of the 

IBP.118 The new approach was also captured under the label of “human 

biology,” a term in circulation since the 1930s but gaining new currency 

at the time. An introductory volume with that title, published under the 

auspices of the IBP, was hailed as “the fi rst to treat it as a subject of 

study in its own right.”119
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Data collection was vast. A Guide to Field Methods, compiled by the 

convener, London- based human biologist Joseph S. Weiner, in collab-

oration with the scientifi c coordinator of the human adaptability pro-

gram, provided detailed descriptions of about fi fty procedures that were 

presented as “essential to the biological study of human populations.”120 

These included blood collecting and a gamut of physiological tests, as 

well as techniques of medical examination and demographic assessment. 

Cytogenetics found its place alongside a variety of other genetic tests, 

such as blood typing, color vision testing, skin color measurements, and 

the analysis of fi ngerprints and palm prints. The collection of data on 

the frequency of chromosome anomalies in different populations was re-

garded as of “considerable value.” The respective techniques were con-

sidered “simple” and easily adaptable to fi eld conditions. Buccal smears 

could offer insights into sex- chromosome anomalies “within an hour 

or so of collection,” provided that a microscope and simple laboratory 

facilities were available. Blood smears for chromo some analysis were 

perhaps even easier to prepare by the “average technician.” Analysis, 

however, required skilled personnel and had to be performed in a collab-

orating cytogenetic laboratory. Skin biopsies, when collected in sterile 

culture medium and kept cool, had the advantage of resisting transport 

periods of more than seven days (the maximum allowable for blood sam-

ples). They were thus “the method of choice in the more remote areas.” 

Results with necessary identifi cations were to be recorded on a stan-

dardized data- collecting sheet for further evaluation.121

Ten years later, the fi nal report of the Human Adaptability Program 

listed several cytogenetics projects or projects with a cytogenetic com-

ponent. The list included a study of chromosome mosaicism in carriers 

of Down syndrome as well as a series of other studies of clinical pop-

ulations in Brazil;122 studies of the “Eskimos,” conducted over a fi ve- 

year period by Canadian researchers;123 Cavalli- Sforza’s genetic study of 

the Babinga; studies of several indigenous South African populations, 

including the “Hottentots, Bushmen, Damara and the Rehoboth Bas-

tards”;124 and of the islanders of Tristan da Cunha.125 The thinly popu-

lated island in the Atlantic was presented as the “most  remote inhab-

ited location on Earth.” In 1961, following a volcano eruption on the 

 island, the whole population of 264 people was evacuated to Britain. In 

the two years the people spent in Britain, they became the subject of 

extensive medical and scientifi c investigations. Over fi fty researchers 

participated in the studies. The results of the cytogenetic studies were 
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 published in a paper in Nature under the title “Chromosome Investiga-

tions of a Small Isolated Human Population.” Despite widespread con-

genital  malformations present in the population, no chromosome anom-

aly was found.126

Neel also included a cytogenetic study in his fi eldwork among the 

Yano mama. The goal was to establish a baseline for chromosome images 

of “a truly primitive population, with no known exposure to medical ra-

diation, food preservatives, pesticides etc.”127 Blood samples were col-

lected from forty- nine Yanomama Indians living in two villages near the 

Venezuelan- Brazilian border. The samples were immediately chilled in 

a portable refrigerator and fl own to a temporary cytogenetics laboratory 

established at the Venezuelan Institute of Scientifi c Investigation near 

Caracas. Expedition members supplied control samples. Cultures were 

grown and slides prepared that were sent to Ann Arbor for analysis. To 

their surprise, researchers found a signifi cantly larger percentage of cells 

with severely damaged chromosomes in the “Indian samples” than in the 

controls and even in controls of Japanese survivors of the atomic bomb. 

The researchers speculated that measles immunization, a virus infection, 

or toxic plants could have induced the damage. Follow- up studies did not 

show the same phenomenon, throwing the fi rst fi ndings into doubt. Only 

much later did it emerge that the shower of abnormal cells observed in 

the fi rst study was a phenomenon that occurred periodically in people 

all around the world. The causes were unclear, but the rearrangements 

could well be the starting point for the formation of a cancer. In retro-

spect, Neel considered the observation of the “rogue cells” that he also 

described as the “cytogenetic surprise” as “potentially the most exciting 

discovery to come out of the ‘Indian Program.’”128

The Edinburgh group was not involved in the studies conducted un-

der the IBP, although the fi eld guide prominently referred to data on 

the frequency of chromosome anomalies in the general population pub-

lished by the group. The recognition of the expertise of the group can 

also be gauged by the fact that, in the early 1970s, the unit at Edin-

burgh was designated as the WHO International Reference Center for 

Chromo some Aberration Evaluation in Populations.

In the same year the fi nal IBP report was published, Jacobs— who 

by that time had moved to a new position at the University of Hawai‘i 

School of Medicine but was still in close contact with her Edinburgh 

colleagues— published a review article, “Human Chromosome Hetero-

morphisms,” in which she reviewed the potential of karyotyping for 
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studies of human variation.129 In a later biographical essay, Jacobs 

pointed out the “fortunate” circumstance that Hawaii offered an ethni-

cally highly diverse study population that comprised people of Chinese, 

Japanese, Filipino, Hawaiian, and Caucasian ancestry. This enabled her 

to study the different prevalence of various conditions among the ethnic 

groups.130 The same circumstance may explain her interest in chromo-

some heteromorphisms in various population groups.

Jacobs started her article stating that since the “rebirth” of human 

cytogenetics in the late 1950s, it had been recognized that morpholog-

ical differences existed on chromosomes of single individuals. These 

variations did not have an obvious clinical effect but were inherited in 

a Mendelian fashion. Banding techniques introduced in the early 1970s 

had made more such differences visible. The observed heterochro-

matic bands differed in size, position, staining intensity, or a combina-

tion of these variables.131 Yet the distinctions were at the limits of reso-

lution of the light microscope and were extremely diffi cult to quantify. 

For this reason, results between laboratories could not easily be com-

pared, and differences attributed to ethnic background of the popula-

tions studied “cannot be taken seriously at this time.”132 However, the 

situation changed if the studies were done by the same laboratory and 

scored blindly.

Under the heading of “racial variation,” Jacobs then listed various re-

ported differences in chromosome heterochromatin. The fi rst such case, 

published in the mid- 1960s, described variations in the length of the 

Y chromosome in “Japanese,” “Jews,” “non- Jewish Caucasians,” “Ne-

groes,” and “American Indians” (with Japanese having the longest and 

American Indians the shortest Y chromosome). Further studies reported 

similar variations in the length of the Y chromosome in Australian Ab-

origines (shorter than in Caucasians) and between two Indian popula-

tions, the Rajputs and the Punjabis.133 The variation in length was found 

to rely entirely on differences in length of the heterochromatic distal seg-

ment, the remaining chromosome being identical in all cases (fi g. 4.10). 

The focus on the Y chromosome was at least partly due to a clear fl uo-

rescent band on the long (gene- poor) arm of the chromosome that reli-

ably showed up and was easy to measure. There was no evidence  that 

the heritable variation in length was associated with any observable ef-

fect on development or behavior. Exactly for this reason it was a useful 

marker. Jacobs moved on to review various studies showing heterochro-

matic differences between “Negroes” and “Caucasians” (with  African 
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Figure 4.10. Variation in the length of the Y chromosomes in “Aboriginal” and “white 

Australian” groups. (A) Partial karyotype of chromosomes 19 and 20 and the Y chromo-

somes of fi ve “Aborigines” and four “white Australians” showing the shortest and longest 

Y chromosomes in each group; (B) diagrammatic representation of the variation in length 

of the fl uorescent segment in the Y chromosome of “Aborigines” and “white Australians.”

Source: Angell, “The Chromosomes of Australian Aborigines,” 106, fi g. 1, and 107, fi g. 3. Repro-

duced with permission of Aboriginal Studies Press.

Americans showing more such bands). The review of all these cases once 

more highlights the number of population studies that were undertaken. 

Jacobs concluded that there was “considerable variation in chromo-

some heteromorphisms among different racial groups” and that further 

investigation of the phenomenon would provide valuable information 

“on the origin, migration and kinship” of these groups.134 In addition, 

heterochromatin was useful for identifying and tracking chromosomes 

(for instance, to trace the origin of the extra chromosome in Down syn-

drome), cells (to establish paternity), and individuals, and it was playing 

an important role in linkage studies of particular genes. For instance, 

the fi rst assignment of a gene to an autosome— that is, not an X or Y 

 A
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 chromosome— in humans, that of the Duffy blood group to chromo-

some 1, was made by showing that the Duffy blood group gene and a 

large heteromorphic region on chromosome 1 were linked. Jacobs con-

cluded that when “objective methods of mensuration” would become 

available, “heteromorphisms will take their place alongside conventional 

blood group and enzyme polymorphisms as tool in formal and popula-

tion cytogenetics.”135 Other researchers echoed her view.136

Old Wine in New Bottles?

Following the use of human karyotyping has brought into focus a broad 

range of genetic studies of human populations carried out between the 

late 1950s and the mid- 1970s that are rarely mentioned in postwar his-

tories of genetics. We already saw karyotyping playing a key role in ef-

forts to investigate and monitor the effects of radiation in an era of vastly 

expanded military, industrial, and medical uses of atomic energy. With 

rising concerns about the hazards of nuclear and chemical  mutagens, 

 B

Figure 4.10. (continued)
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karyotyping was also presented as an effective tool for “population sur-

veillance.”137 Human chromosome diseases, fi rst described in the late 

1950s, were regarded as a new public health issue, giving rise to mul-

tiple screening programs to study and control the problem. Karyotyp-

ing piggybacked on ongoing medico- anthropological- genetic studies of 

indigenous people and other populations around the world that were 

sponsored by the WHO and the IBP. Cytogeneticists kept up the expec-

tation that chromosome analysis would eventually develop into a more 

powerful tool for the study of human variation and for gene mapping 

than blood groups and serum proteins— a promise eventually fulfi lled 

by somatic cell genetics and genomics. Meanwhile cytogeneticists par-

ticipated in the sampling and collecting of genetic data on a large scale, 

in the creation of central resources such as registries and tissue repos-

itories, and in efforts to harness modern computers to help with the 

scale and complexities of their projects. The WHO facilitated interna-

tional collaboration by hosting meetings, encouraging the standardiza-

tion of techniques and nomenclatures, publishing technical manuals and 

reports, and setting up a series of reference laboratories. We also saw 

the WHO embracing genetics as part of its global public health agenda 

in the Cold War era. Propelled by state funding, radiation and public 

health concerns, the development of common standards, and interna-

tional cooperation, these efforts helped make space for and expand the 

reach of human genetics in the scientifi c, public, and political discourse. 

Chromosomes emerged as the central objects that pushed forward and 

refl ected these changes.

Since the 1960s ethical guidelines have changed, and many aspects 

of the genetic population studies of earlier decades have become prob-

lematic or seem obsolete. Whole genetic data or sample collections were 

thrown into limbo. Yet in the post- genomic era, high hopes are again 

pinned on human population studies. Population geneticists using power-

ful new- generation sequencing techniques and statistical software pack-

ages promise to offer new insights into human evolution and history and 

to provide the basis for a new genomic medicine tailored to individuals. 

The strongly contested Human Genome Diversity Project, initiated by 

Cavalli- Sforza in the early 1990s, clearly followed in the footsteps of the 

“Study of Primitive People” supported by the WHO and the IBP in the 

1960s. Employing some of the same rhetoric, Cavalli- Sforza and his col-

leagues, in their call for action, pointed to the “vanishing opportunity” 

to collect blood samples from quickly disappearing “isolated human 
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populations” around the world who held the key to the study of human 

diversity. They also called on the WHO, as well as the Human Genome 

Organization and other institutions, to support the urgent inter national 

effort.138 The project encountered resistance and eventually fl oundered. 

Among those who contested the project were the indigenous populations 

included in the study who protested their description as vanishing iso-

lates of historical interest and opposed the scientifi c exploitation of their 

genetic heritage.139 A signifi cant outcome of these debates has been the 

elaboration of new protocols for the use of existing and new human tissue 

collections that better respect the sensibilities, rights, and needs of indig-

enous people involved in the studies.140 Nevertheless, the HapMap Proj-

ect, which catalogs common genetic variants and their distribution, and 

more recently, the 1000 Genomes Project launched by an international 

consortium, have pursued the project of recording human genetic diver-

sity. Similarly, the UK Biobank, started in 2007, collects genetic, medi-

cal, and lifestyle information for fi ve hundred thousand UK citizens, and 

the Deciphering Developmental Disorders project, led by the Sanger In-

stitute at Hinxton, which studies copy variations in one hundred thou-

sand children, can be viewed as the “logical follow- ups” of the Edin-

burgh Registry of Abnormal Karyotypes and the newborn- screening 

programs.141 The BabySeq Project, launched in 2015 and funded by the 

US National Institute of Child Health and Human Development and 

the National Human Genome Research Institute, also explores the inte-

gration of sequencing data into the care of newborns. Racial and ethnic 

variations are regularly recorded in many of these studies, especially in 

the United States, where this was federally mandated.142 Only by taking 

into account the whole spectrum of genetic projects— from chromosome 

surveys to studies of molecular structure and function that were pursued 

side by side— is it possible to start understanding the contours and scope 

of postwar genetics, including especially human genetics, and its more 

recent genomic developments. The sometimes- fraught relations between 

microscope- based studies of chromo somes and molecular approaches to 

heredity are the subject of the last chapter.
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Of Chromosomes and DNA

In the late 1970s, considering the future of cell genetics, Hsu, a doyen 

of the fi eld, mused that “probably the most pressing problem in chro-

mosome research is the understanding of the molecular architecture of 

the chromosome.”1 A few years earlier, Francis Crick, of DNA fame, had 

declared the structure of the chromosomes of higher organisms to be 

“probably the major unresolved problem in biology today.”2 Around the 

same time, James Watson organized the Cold Spring Harbor Sympo-

sium on Chromosome Structure and Function, at which Crick and other 

leading molecular biologists presented papers. In the foreword to the 

conference proceedings, Watson confi dently predicted that “the essen-

tial structural features of chromosomes may be resolved over the next 

decade.”3 Hsu was glad to note that the “glaring gap” that had existed 

until recently between the biologists studying the molecular components 

of chromosomes and those studying the chromosomes themselves was 

beginning to narrow. This, he enthused, may indeed “realize the dream 

of all cytologists from the last century to the present day: knowledge of 

the structure and function of chromosomes.”4

Hsu’s position on this issue may well have been unusual among cell 

geneticists. Hsu himself considered it “sad that many cytogeneticists 

have not even made an attempt to learn a little about molecular biology.” 

If they had, he reasoned, they would discover the pleasure of “deepening 

their fi eld of inquiry.”5 Moreover, Hsu’s remarks prompt a series of ques-

tions: How can we account, historically and epistemically, for both the 

“gap” between molecular biologists and chromosome researchers and 

the supposed narrowing of that gap between the two research commu-

nities? What exactly was involved in the “molecularization” of cytoge-

netics implied by Hsu, and what can we learn from it in regard to the his-
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tory of chromosomes and DNA and their respective place in the history 

of postwar heredity?6

In his Image and Logic the historian and philosopher of science  Peter 

Galison presented the postwar history of particle physics in terms of two 

competing instrumental and epistemic traditions— one bound to imaging 

technologies, the other to analytic techniques of calculation. Accord ing 

to Galison, these two traditions came together with the advent of elec-

tronically produced images. At this point, imaging was dissolved into 

quantifi able pixels, a transformation that allowed for a “fusion” of the 

techniques of imaging and calculation.7

A similar account could hold for the history of postwar genetics with 

the microscope- based tradition of cytogenetics running on a separate 

track from the analytical tradition of molecular biology.8 Not unlike the 

case of particle physics, cytogenetics and molecular biology are some-

times presented as eventually “fusing” with the advent of fl uorescent in 

situ hybridization, or FISH, techniques.9 The procedure uses fl uorescent 

probes, produced by recombinant DNA techniques, to detect and local-

ize specifi c sites on the chromosomes. The result can be viewed under a 

fl uorescence microscope and in practice allows for a molecular resolu-

tion of the chromosome image. First developed in the early 1990s, this 

technique is often regarded as marking the beginning of molecular cyto-

genetics.10 Yet such a label on its own does not give away enough about 

the dynamics and complexities of the changes involved. Indeed, some 

cytogeneticists, including Hsu, writing even before the advent of FISH, 

predicted a glorious future for their discipline. More commonly, though, 

cytogenetics is seen at best as a prelude to the triumphant development 

of molecular genetics.11 In their foreword to the proceedings of the elev-

enth International Chromosome Conference in 1992, the editors, two 

cytogeneticists, hinted at the confl icted nature of the changes in course: 

“A few years ago it may have seemed to some that chromosome studies 

were being superseded by molecular biology, but the molecular biolo-

gists have now realized that they need to know about chromosomes, and 

indeed an important, if ill- defi ned discipline of ‘molecular cytogenetics’ 

has grown up in recent years. We are pleased that in planning this Con-

ference and this book, so much of the work presented is at the interface 

between cytogenetics and molecular biology. This will surely continue in 

the future, as boundaries between disciplines are largely artifi cial, and 

each has much to learn from the others.”12

This chapter aims to make space for an interconnected history of 
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micro scope-  and test- tube- based approaches to chromosomes and DNA 

by exploring the multiple intersections, dependencies, and continuities 

of the two research traditions. In particular, it pushes back against the 

perception that chromosome research was just “old- fashioned” biology 

that was eventually superseded by molecular approaches.

In the formative years of the new discipline, molecular biologists of-

ten celebrated their distinction from “old time” biologists. Committed 

to a molecular approach to explaining all biological processes, they held 

a certain disdain for any approach that engaged other levels of analy-

sis. Cytogeneticists peering down the microscope certainly fi t into this 

category. When Crick, who started his biological career under the guid-

ance of the cell biologist Arthur Hughes, was asked about his teacher, he 

summed up his response: “Well, you see, he was a microscopist.”13 Crick’s 

biographer suggested that, coming from Crick, this was a rather “damn-

ing remark.”14 Crick was certainly not alone in pitting “old” and “new” 

biology against each other. Historians have followed suit, giving much 

more attention to molecular research practices in post– World War  II 

 biology than to supposedly outdated observational research traditions.15

Yet Crick, never one to be dogmatic, also held that biological systems 

were made up of “a hierarchy of levels of organization, the ‘wholes’ of 

one level being the parts of the next.” Starting the analysis from the bot-

tom or molecular level was not always the best tactic. Rather, Crick be-

lieved that a “simultaneous attack at more than one level will in the long 

run pay off better than an attack at a single level.”16

Molecular biologists themselves often followed this intuition. For in-

stance, when in the mid- 1960s, Sydney Brenner, Crick’s closest collab-

orator for over twenty years, approached the problem of development 

with the aim of bringing molecular precision to it, he started off by trac-

ing cell lineages and providing a full nerve cell connectivity diagram 

of  his chosen organism, the nematode C. elegans. These approaches 

were well known to “classical embryologists.”17 Echoing Crick, Brenner 

remarked: “Biological systems encompass many levels and there are 

many approaches which are valid in their own right without having to be 

molecular.”18

Following these more conciliatory tones, and looking more closely 

at the molecular biologists’ concern with the structure and function of 

chromosomes and the cytologists’ focus on gene mapping, a practice now 

often associated with genomic science, it is perhaps possible to better 

under stand the differences and the intersections of the two research tra-
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ditions that were fl ourishing at the same time. Here, the spotlight is also 

on the changing visual practices employed to study chromosomes and 

molecules. In so doing, the analysis expands more decidedly from the 

1960s into the 1970s and well beyond. Yet as is so often the case, it is nec-

essary to take a step back before we can move forward.

The Structure and Function of Chromosomes

In the mid- twentieth century the study of chromosomes was not the ex-

clusive province of cytogeneticists. In addition to continuing efforts to 

improve preparation techniques and study chromosomes under the mi-

croscope, chromosomes were subjected to a battery of other techniques 

for assessing their biochemical and physicochemical properties. Bio-

physicists in particular were interested in applying physical methods to 

study the structure of chromosomes. John Randall, who built up a large 

Biophysics Laboratory at King’s College London just after the war, pro-

posed focusing research on chromosomes. Maurice Wilkins, joining him 

in this venture, applied X- ray crystallography to study the packaging of 

chromosomes in sperm cells before applying the same technique to study 

the structure of extracted DNA fi bers. The rest, as it is said, is history.

The elucidation of the helical structure of DNA, with its two com-

plementary strands, focused attention on the molecular mechanism of 

replication and the complex mechanism by which the genetic informa-

tion is translated into proteins. Biochemists and physical chemists be-

sides newly styled molecular biologists entered the fray. Yet the question 

of how DNA was packed up in chromosomes remained unresolved, and 

the advances in preparation techniques for studying chromosomes under 

the microscope in the mid- 1950s did not pass unnoticed.

Hugh Huxley, working fi rst at Cambridge and then in Randall’s unit at 

King’s College London, used electron microscopy to study the fi ne struc-

ture and mechanism of muscle fi bers. Teaming up with Barnicot from 

the Department of Anthropology at King’s College London, who had 

a keen interest in the comparative study of human chromosomes, he set 

out to apply the same technique to the threadlike genetic structures in 

the cell nucleus. Before joining forces, Barnicot had coauthored a couple 

of articles on the electron microscopy of human hair pigments— a sub-

ject of interest for the anthropological study of human populations— 

whereas Huxley had published articles on the fi xation and staining of 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



154 Chapter Five

nucleic acids for electron microscopy.19 For their common project, the 

two researchers cultured cells from skin biopsies, a technique that had 

only just become available for chromosome analysis. They followed most 

of the established steps for chromosome preparations but omitted us-

ing colchicine to keep chromosomes in a more elongated condition. Af-

ter fi xing the cells, they transferred them to an electron- microscope grid, 

stained them, washed and dried them, and examined the preparations. 

In their investigations they paid special attention to the small chromo-

somes 21, 22, and the Y chromosome, as well as to the centromere region 

of the larger chromosomes. Prompted by the publications from Paris and 

Edinburgh describing the presence of an extra chromosome in patients 

with Down syndrome, Barnicot and Huxley also included probes from 

a person with Down that they received from Penrose and his colleague 

J. R. Ellis at the Galton Laboratory. On the basis of their observations, 

they suggested that the trisomy concerned chromosome 22 rather than 

21— as would later prove correct.20 However, on the whole, the proce-

dure did not give away many more details than could be seen under the 

light microscope. Barnicot and Huxley were disappointed. Nevertheless, 

their work inspired other researchers to try their own hand at using elec-

tron microscopy to reveal fi ner details of the structure of chromosomes.21

In the following years, the move of molecular biologists to more com-

plex model organisms to study problems of development and nerve func-

tion intensifi ed the interest in questions of chromosome structure. In 

contrast to phages, viruses, and bacteria (also known as prokaryotes), 

multicellular organisms (or eukaryotes) have a nucleus that contains 

more than one linear chromatin fi ber. The packaging of DNA in eukary-

ote chromosomes is different and considerably more complex from that 

in prokaryotes and undergoes changes during the cell cycle.

By the end of the decade, enough data on chromosome structure in 

higher organisms had accumulated for Crick to attempt to synthesize 

it and propose a model. The style of his article, a brief note in Nature, 

is reminiscent of Watson and Crick’s famous note in the same journal 

nearly twenty years earlier, and it appears that Crick felt he was up to a 

similar feat.22 The article boldly proposed “a general model for the struc-

ture of chromosomes of higher organisms.” It suggested that intricately 

folded regions containing the large regulating portions of the DNA mol-

ecule were followed by extended stretches containing the shorter cod-

ing regions (fi g. 5.1). Extended and folded regions corresponded to the 

interband and band regions that were visible in the giant chromosomes 
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Figure 5.1. Crick’s “extremely schematic drawing” of the proposed structure of chromatin.

Source: Crick, “General Model,” 26, fi g. 1. Reproduced with permission of Springer Nature.

of the fruit fl y. Crick went into much further detail regarding the pairing 

and unpairing of DNA, the role of proteins attached to the DNA, and 

the mechanism by which transcription is regulated. He used diagram-

matic sketches accompanied by page- long captions to explain the vari-

ous aspects of the model, which he described as “speculative” but “log-

ically coherent” and “compatible with a large amount of experimental 

data obtained using very different techniques.” In a more modest mode, 

he suggested that it “raises at least as many questions as it attempts 

to answer.”23

Yet the chromosome structure was not to be revealed “with a fl our-

ish” like that of DNA.24 Others quickly found fl aws with Crick’s model. 

Nevertheless, the paper did stimulate Roger Kornberg, an American 

postdoctoral student who would come to the Laboratory of Molecular 

Biology in Cambridge in 1972, to pick up the problem. He was looking 

for a “messy subject” to work on and the problem of chromosome struc-

ture appealed to him straightaway.25 After trying unsuccessfully to gain 

clearer X- ray diffraction pictures of chromatin fi bers, he reverted to his 

biochemical skills. Using calf thymus, he isolated the four different his-

tone molecules that were known to exist and studied their binding prop-

erties with DNA. The decisive insight came when he realized that the 

DNA double helix would wind around a histone core rather than the 

other way round. Such core units, or nucleosomes, followed each other 

like beads on a string— not unlike in Crick’s model, only in Kornberg’s 
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Figure 5.2. Electron micrograph of chromatin showing bead- like structure.

Source: Olins and Olins, “Chromatin History,” 811, fi g. 3. Reproduced with permission of Springer 

Nature.

model the beads contained the coding regions. Being located on the sur-

face of the beads, the coding DNA was directly accessible for transcrip-

tion.26 The bead- like structure had been confi rmed by electron micros-

copy and biochemical methods before, but Kornberg’s model added new 

biochemical and structural information (fi g. 5.2). Crick conceded quickly 

that Kornberg’s model fi t the available data better, and he joined Korn-

berg and others in the laboratory to work out the further details of the 

structure, using X- ray crystallography, electron microscopy, and other 

methods. Other groups also worked on the problem.27

Cytogenetic observations of banding patterns and their physiolog-

ical functions had helped molecular biologists develop their molecular 

model of chromosome structure. Can we expect that, in turn, the model 

had a direct impact on the way cytogeneticists looked at the key object 

of their endeavors and that it brought chromosome researchers and mo-

lecular biologists closer together? Like molecular biologists, cytoge-

neticists were intrigued by the nature of the bands. The British medi-

cal geneticist John Edwards, who had described trisomy 18, also known 

as Edwards syndrome, defi ned it as “the biggest mystery in cytogenet-
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ics” at the time.28 Picking up on molecular studies, some cyto geneticists 

intensely studied the dynamics of the banding patterns and their con-

nections to DNA replication.29 Yet rather than in the general structure 

and function of chromosomes, cytogeneticists were above all interested 

in distinguishing individual chromosomes and chromosome variants.30 

Korn berg’s model did not speak to these issues and so was not directly 

relevant to most cytogeneticists. In contrast, the work of Kornberg’s 

team indicated that molecular tools had developed to a stage that they 

could be used to successfully tackle large and complex cell structures 

like chromosomes. This emboldened molecular biologists to claim the 

superiority of their tools. Crick, invited to comment on the proceed-

ings of the International Chromosome Conference he attended in 1977, 

declared himself surprised about “how little was said about the many 

promising recent developments in molecular biology,” including insights 

into the molecular structure of chromosomes, genetic engineering, and 

DNA sequencing. He threw down the gauntlet, declaring: “I feel that 

chromosome workers will ignore the coming advances in molecular bi-

ology at their peril. It’s not enough, in order to understand the Book of 

Nature, to turn over the pages looking at the pictures. Painful though it 

may be, it will also be necessary to learn to read the text. Only with the 

assistance of molecular biology will this be possible.”31 Cytogeneticists 

resented the attack. Without denying the usefulness of a molecular ap-

proach, they defended the view that a “radical reductionism” would pro-

duce a “distorted view of chromosome structure and function.”32

Molecular technologies were to gain increasing importance in the 

cyto geneticists’ quest of mapping human genes. Here the interactions 

between cytogeneticists and molecular biologists became more direct 

and the stakes higher.

Mapping Genes

Mapping stood at the beginning of the chromosomal theory of hered-

ity. Robert Kohler, in his book on Morgan’s fl y group, has shown in de-

tail how the move from organizing mutants according to the affected or-

gan systems to describing mutants through linkage mapping introduced 

a radical shift in the research aims and culture of the group.33 Link-

age mapping was based on large- scale systematic crossing experiments. 

Genes transmitted together (or “linked”) were considered to lie on the 
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same chromosome while the segregation of genes usually transmitted to-

gether was explained through the occurrence of rare “crossing over” (or 

recombination) events between homologous chromosomes. The lower 

the recombination rate, the closer the genes were expected to lie to-

gether. The establishment of four linkage groups of genes, correspond-

ing to the four chromosomes of the fl y, and the additive distance between 

genes stabilized the notion that chromosomes contained genes and that 

these were lined up on chromosomes like beads on a string. The discov-

ery of giant chromosomes in the salivary glands of the fl y gave the map-

ping project of the “fl y people” further momentum. Of special help was 

that the giant chromosomes, when stained with orcein, showed a banded 

pattern. Whereas recombination rates were mathematical entities, in the 

banded giant chromosomes, variations associated with changes in mor-

phology or behavior could be seen under the microscope and physically 

mapped. As Kohler has pointed out, the Drosophila mapping culture 

rested on a set of distinct literary, technical, epistemic, and social prac-

tices. Importantly, fl y workers were held together by a “moral economy” 

based on sharing research tools and results. The work of the fl y group 

established Drosophila as a model organism and genetic maps, con-

structed in a cooperative manner, as the keystone of genetic research.34

Other “mapping cultures” also played a role in the formation of the 

discipline.35 In the Drosophila community itself, geographical mapping 

was deployed to trace the evolutionary development of fruit fl ies in the 

fi eld.

Mapping played an equally important role in the establishment of mo-

lecular genetics. In the 1950s and 1960s molecular biologists embraced 

linkage mapping to study the fi ne structure of genes and to understand 

how genes were linked to proteins. Seymour Benzer’s fi ne- scale muta-

tion map of a chromosomal region of bacteriophage T4, one of molec-

ular biologists’ preferred model organisms, was hailed as a milestone 

in understanding the molecular structure of genes and the relations of 

DNA and proteins. The map was based on classical linkage studies per-

formed on thousands of crosses with T4 phages that carried different 

mutations in the same gene.36 The resolution of Benzer’s map was on 

the level of single nucleotides, although the actual DNA sequence re-

mained unresolved. When moving to the study of more complex organ-

isms in the mid- 1960s, molecular biologists continued to rely on genetic 

linkage studies to sort out mutants and the genetic basis of development 

and behavior.37 Yet the mapping of human chromosomes remained the 
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province of a growing number of human and medical geneticists who ap-

proached the question with classical genetic linkage studies and cytoge-

netic tools long before molecular biologists joined the bandwagon. The 

debates surrounding the entry of molecular biologists into the human 

mapping arena provide fertile ground for the quest of the historical rela-

tions between microscope- based and molecular approaches in genetics.

The fi rst mapping of a gene to a human chromosome was in 1911, 

when Edmund Wilson, after establishing the X and Y chromosomes as 

the sex chromosomes, suggested that the gene for color blindness must 

be on the X chromosome, given the sex- specifi c inheritance pattern of 

the condition. This was before the fl y group started drawing up chromo-

some maps for their model organism. Through linkage studies of large 

family pedigrees, a few more genes responsible for the inheritance of 

diseases, including hemophilia, were located on the X chromosome, re-

sulting in a “provisional map” of the chromosome.38 In the early 1930s, 

the idea of using the mass of data accumulated around blood groups as 

markers for establishing linkage with other genes provided new impe-

tus for the mapping of human genes. Lancelot Hogben, professor of so-

cial biology at the London School of Economics, announced that it was 

“now legitimate to entertain the possibility that the human chromo-

somes can be mapped.”39 He and others regarded the heavily mathemat-

ical approach of mapping human genes through linkage studies as a way 

of turning genetics into an exact science and distancing it from specula-

tive eugenic generalizations. At the same time, linkage mapping opened 

the possibility of identifying carriers of deleterious genes, a problem that 

had long vexed eugenicists.40

Although progress remained slow, the mapping of human genes re-

mained an abiding interest for a dedicated group of human geneticists.41 

J.  B.  S. Haldane, evolutionary biologist, statistician, and “the  moving 

scientifi c spirit” in genetic research at the time, most energetically pro-

moted the project.42 Delivering the Croonian Lecture at the Royal So-

ciety in 1946, he suggested that the “fi nal aim [of human genetics], per-

haps asymptotic, should be the enumeration and location of all the genes 

found in normal human beings.”43 On the other side of the Atlantic, 

McKusick, studying the Amish people, collected large pedigrees, espe-

cially including information on the distribution of hereditary diseases, 

which he submitted to elaborate statistical analysis in order to extract 

linkage information. In the late 1950s, he started using IBM comput-

ers at the Glen L. Martin Company, an aerospace fi rm (later known as 
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Lockheed Martin) with headquarters in the city, for the otherwise in-

tractable calculations. Eventually Johns Hopkins Hospital acquired its 

own IBM computer. The programs for the linkage analysis were writ-

ten by Jane Schulze at Johns Hopkins, in collaboration with James Ren-

wick, who shuttled to and from London. McKusick also deployed the 

computers to store and handle the information on genetic diseases he 

was amassing for his Mendelian Inheritance in Man.44 Despite his excep-

tional contributions to human gene mapping, McKusick once remarked, 

“I am not certain why, in the late 1950s, I became enthralled with map-

ping genes on human chromosomes.”45

Meanwhile the new work on human chromosomes provided hope that 

genes could eventually be located on chromosomes through cytogenetic 

techniques. The association of chronic myeloid leukemia with an un-

usually small chromosome (later identifi ed as chromosome 22 that had 

undergone a reciprocal translocation with chromosome 9) in 1960 can 

be viewed as a fi rst step in this direction, although it remained unclear 

which genes were involved in causing the cell transformation. In 1968 the 

linkage study between a chromosomal mutation (an uncoiled region of 

chromosome 1) and the Duffy blood group, already known to be linked 

to a congenital form of cataract, led to the fi rst assignment of a human 

gene to an autosomal chromosome. The feat was achieved in Mc Kusick’s 

group.46 By that time, sixty- eight human genes had been assigned to 

the X chromosome through genetic linkage studies. Around the same 

time, the development of two new cytogenetic techniques— chromosome 

banding and a technique based on the construction of mouse- human cell 

hybrids— opened the way for the mapping of human genes to proceed at 

a much faster pace. Although banding techniques have been mentioned 

before in various connections, their importance for mapping genes war-

rants a more detailed introduction here.

“Giemsa Magic” and Cell Fusion

Experimenting with DNA damaging (alkylating) drugs to study gene 

activity during development, Lore Zech, working at Torbjörn Caspers-

son’s laboratory at the Karolinska Institute in Stockholm, observed that 

the antimalarial drug quinacrine mustard produced a fl uorescent band-

ing pattern along plant and other chromosomes. The pattern was repro-

ducible and characteristic for each chromosome. Zech and Caspersson 
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published a paper describing the banding pattern for all twenty- four hu-

man chromosomes, showing that the technique could be used to unam-

biguously identify chromosomes that so far had been diffi cult to distin-

guish.47 Quickly, other groups achieved similar banding patterns using 

Giemsa stain, a mixture of methylene blue and other dyes. The mixture, 

named after the turn- of- the- century German chemist David  Giemsa, 

was originally devised to stain malaria parasites in blood preparations, 

but it also became widely used for staining chromosomes. The differen-

tial staining showed up when the preparations were previously treated 

with denaturing agents like heat, alkali, or detergents. Later, pretreat-

ment with trypsin was found to be effective. Q- bands (produced by quin-

acrine) and G- bands (produced by Giemsa staining) were shown to 

match each other closely. However, Giemsa staining had the advantage 

that it was more stable than quinacrine fl uorescence, which faded fast, 

and that the bands could be seen with a standard light microscope rather 

than requiring a more costly ultraviolet microscope. It quickly became 

the standard technique for banding, although other mostly fl uorescent 

staining techniques soon joined the tool kit of cytogeneticists (fi g. 5.3).48 

With a nod toward molecular biology, darkly stained or brightly fl uores-

cent regions in G- banding were interpreted as indicating regions of the 

chromosomes with high adenine- thymine content, while less intensely 

stained regions contained higher cytosine- guanine content. The four 

bases were associated with the four nucleotides and their characteristic 

pairing that made up DNA.

Besides facilitating the identifi cation of chromosomes, the “Giemsa 

magic” provided a number of landmarks along the chromosomes.49 This 

allowed researchers to detect and physically locate minor deletions, 

translocations, and inversions that had gone previously unnoticed. The 

new technique also fueled the study of chromosome organization, espe-

cially regarding the structure and function of the centromere region and 

the distal ends of chromosomes that often showed the most characteristic 

banding patterns. As one participant put it, “conventional cytogenetics” 

became “obsolete almost overnight.”50 A standardization conference, 

convened in Paris in 1971, provided elaborate guidelines for describ-

ing the newly observed chromosomal regions in an exact and reproduc-

ible way. It also provided standard diagrammatic representations of each 

chromosome to facilitate comparisons (fi g. 5.4).51 The standard banding 

chart offered human geneticists what drosophilists had all along: a phys-

ical map of the chromosomes on which genes could be  located. In com-
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Figure 5.3. Giemsa- banded chromosomes.

Source: Hsu, Human and Mammalian Cytogenetics, 127, fi g. 19.2. Reproduced with permission of 

Springer Nature.

bination with somatic cell hybridization, it provided a powerful tool for 

gene mapping.

Somatic cell hybridization relied on cell fusion, a technique that had 

been attracting wide interest since the 1960s.52 Cancer cells grew particu-

larly well in culture, and cancer geneticists at the Pasteur Institute in Paris 

tried to fuse malignant with nonmalignant mouse cells in an attempt to 

study DNA transformation and prove the chromosome theory of cancer. 

The researchers observed that fused cells grown in culture progressively 

lost chromosomes. Other researchers experimented with human- mouse 

hybrids (fi g. 5.5). Using different stains for human and mouse chromo-

somes, they established that in such hybrids, human (rather than mouse) 

chromosomes were gradually lost. Chromosome banding made it possi-

ble to establish precisely which chromosomes or chromosome fragments 

were lost. Correlating these microscopic  observations with the presence 
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Figure 5.5. Chromosomes in a hybrid produced by the fusion of two human and one 

mouse tumor cells. The fused cell contains human and mouse chromosomes, 181 overall.

Source: Harris et al. “Mitosis in Hybrid Cells,” 607, fi g. 3. Reproduced with permission of Springer 

Nature.

or absence of specifi c cell functions, it was possible to map the relevant 

genes on specifi c sites of the chromosomes. The method was fi rst used 

successfully in 1971, when a group of researchers from Columbia Univer-

sity, Yale University, and Johns Hopkins School of Medicine managed to 

map the gene for thymidine kinase, an enzyme involved in the synthe-

sis of DNA, on chromosome 17. The mouse cell line used lacked the en-

zyme, and the hybrids were grown in a selective medium that required 

the enzyme for survival.53 In the same year, Ruddle, who had been in-

troduced to the concept of asexual genetic analysis— for which he later 

coined the term somatic cell genetics— by Guido Pontecorvo during a 

postdoctoral year at Glasgow University, published the chromosome as-

signment for the genes of seventeen human enzymes in a single article.54 

A “torrent of papers” reporting many more gene assignments using the 
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same method followed in the next few years.55 Theoretically, the locus of 

any biochemical product in the cell that could be (electrophoretically) 

distinguished from its mouse counterpart could be mapped in this way. 

Though cumbersome, the method circumvented sexual reproduction and 

genetic- crossing experiments and did away with the complex statistics 

of linkage studies. For all these reasons, it soon became the method of 

choice for human gene mapping. With the wealth of clinical data avail-

able, progress on the human gene map soon outstripped the mapping 

projects of traditional model organisms.

A Complete Map of Human Chromosomes

With the number of gene assignments growing rapidly, Ruddle convened 

the fi rst International Workshop on Human Gene Mapping in New Ha-

ven in 1973. The workshop gathered sixty- eight participants. Many came 

from nearby North American institutions— indicating a shift of activity 

from Europe to the United States— but representatives also came from 

Canada, the United Kingdom, the Netherlands, and France. Apparently 

the number of participants was considered too high, as those present 

agreed that future participation would be by invitation only. Moreover, 

it was stipulated that not more than two people from any center were al-

lowed to attend future meetings. Only the host institution could have 

more delegates. The overall number of participants was not to exceed 

forty, with fi fty as the “absolute limit.”56 Funding for the fi rst and all fol-

lowing meetings came from the National Foundation, which by this time 

had redefi ned its mission as the study and prevention of birth defects as 

refl ected in the name change, in 1976, to March of Dimes Birth Defects 

Foundation.

In the introduction of the fi rst meeting report, published in the Birth 
Defects Original Article Series, funded by the National Foundation, and 

reprinted in Cytogenetics and Cell Genetics, the editors underlined the 

promises of somatic cell genetics for the compilation of a human gene 

map. In conjunction with family studies, “the acquisition of new data 

has been rapid— and promises to become explosive.” From the begin-

ning the aim was to make the workshops an annual event (later a bi-

ennial one) to “evaluate progress and chart new directions.” A distinc-

tive feature of the workshops was that the meetings were used for actual 

work on the map. Committees assigned to review particular areas of the 
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 genome confi rmed valid gene assignments and fl agged those that needed 

further confi rmation. Participants also agreed on a standard terminol-

ogy. In addition, there were discussions on new concepts and methodolo-

gies. Overall the meetings were designed to contribute to “the more or-

derly advance of human gene mapping.”57 From the beginning the aim 

was “to map all the genes,” a goal to be achieved by the year 2000.58

Subsequent meetings took place in Rotterdam (1974), Baltimore (1975), 

Winnipeg (1977), Edinburgh (1979), Oslo (1981), Los Angeles (1983), Hel-

sinki (1985), Paris (1987), New Haven (1988 and 1989), Oxford (1990), and 

London (1991). The meeting reports document the rising number of gene 

assignments and the growing scale of the overall enterprise. The num-

ber of assigned genes rose from just over 200 at the fi rst meeting to more 

than 2,300 genes at the last meeting, when the human genome sequenc-

ing project started to take off, with the increase of assignments doubling 

every year.59 Special committees were responsible for reviewing the gene 

assignments to specifi c chromosomes. Initially, only the X chromosome 

and chromosome 1 had their own committee, while another committee 

was responsible for “all autosomes other than chromosome 1.”60 With the 

growing number of genes attached to each chromosome, the number of 

chromosome committees expanded.

Along with the assigned loci on the chromosome map, the reports 

listed the method used for mapping. Initially, somatic cell hybridiza-

tion and family linkage studies provided the bulk of new assignments. 

However, already at the fi rst meeting, participants discussed the poten-

tial contribution of in situ DNA- RNA or DNA- DNA hybridization for 

gene mapping. Just a few years earlier, Mary- Lou Pardue and Joseph 

Gall from Yale University had reported the hybridization of a radioac-

tively marked DNA probe to a cytogenetic preparation of the toad Xen-
opus.61 The scientists convened at Yale agreed that if the method became 

“practical,” it could develop into a “powerful tool” for the localization of 

genes on chromosomes.62 Every method that promised to contribute to 

the cartography of human genes was welcomed.

Pardue and Gall had prepared the test DNA for their experiment by 

isolating it from a tissue culture. The development of methods for cut-

ting, pasting, and cloning DNA gave in situ hybridization new scope. The 

Oslo meeting in 1981 “left very little doubt that recombinant DNA tech-

niques will have an unprecedented impact on human gene mapping.”63 A 

new committee was created to review progress in that area. At the same 

meeting McKusick, who had taken on a leading role in compiling the 
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map, in his intervention stressed the advantage of using multiple meth-

ods in a cooperative way.64 In particular, classical linkage studies were 

attracting new attention as part of the “recombinant DNA revolution” as 

linkage groups could now be mapped to concrete locations on the chro-

mosomes and molecular markers provided additional factors for link-

age analysis.65 Similarly, recombinant DNA techniques could be used in 

combination with or parallel to somatic cell genetic techniques.

Young molecular biologists who were at the meeting took a more 

confrontational stance. Edwin Southern from Edinburgh, the inventor 

of “Southern blots,” a key technique for separating and selecting spe-

cifi c DNA fragments through hybridization, regarded the introduction 

of molecular technologies as a “break with the traditional methods of 

genetics.” He also pointed to the “gap” in terms of scale between the 

lengths and positions of DNA fragments on the “molecular map” and 

“the chromosomal map,” with its banding pattern.66

At the same meeting, a new mapping method was presented to ad-

dress that problem. The idea, fi rst launched by David Botstein and his 

team at the Massachusetts Institute of Technology, was to use arbitrary 

reference points, like DNA markers, rather than a band or a gene, for 

linkage and DNA mapping, and in this way to bridge the gap between 

map positions based on cytogenetics and mapping at the DNA level.67 

The provision of new markers along the chromosomes was seen as per-

haps the most important contribution of molecular biology to mapping. 

The markers were especially useful for map- based gene discovery. Using 

this method, the gene for Huntington’s disease, a dominant hereditary 

condition, was located in the early 1980s.68 For clinicians like McKusick, 

the aim of being able to detect genes associated with diseases before 

clinical symptoms were apparent was integral to the mapping effort. It 

gave clinical signifi cance to the map as well as the catalog of human dis-

eases he was compiling. By the same token, the advancement of medical 

genetics was predicated on the advancement of mapping.

Meanwhile, the increasing volume of data made the computerization 

of the map a pressing issue. With the map growing from a one- page list 

of gene assignments to a densely written text of over one hundred pages, 

the text format was increasingly viewed as “unsatisfying” for updating 

or searching the document. For several years, Ruddle, the initiator of 

the mapping conferences, received funding, fi rst from the NIH and later 

from the Howard Hughes Medical Institute, to digitize the mapping in-

formation he was collating and build up a database. If, at the fi rst meeting 
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in 1973, “informatics was a science of pencil and paper notation,” fi fteen 

years later, mappers— convened again under Ruddle’s chairmanship at 

Yale for an “interim meeting”— relied for their work of editing the map 

on “complex computer programs and fi fty computer workstations inter-

connected with a main frame computer.”69 One year on, workshop par-

ticipants could built on a “truly interactive, on- line database” that they 

could “modify directly as well as browse.”70 The database was also acces-

sible remotely by telephone, by Telenet line, and through personal com-

puter terminals across the United States and, with some success, in Can-

ada and Europe.71 In the late 1980s, the Human Gene Mapping  Library, 

housed at Yale, was the world’s largest human gene mapping database, 

with a staff of about nine people working on it full- time.72 At about the 

same time, the database of genetic diseases that McKusick had been 

building up since the mid- 1960s also became available online. The data-

base, known as Online Mendelian Inheritance in Man, or OMIM, came 

equipped with enhanced search capabilities. Pointers provided links 

 between the two databases.

However, the meeting in New Haven in 1989 marked an even more 

radical transition point for chromosome mappers. The growing impor-

tance of molecular techniques for mapping attracted new participants. 

More important still, scientists had come to agree that the “complete 

mapping and sequencing of the human genome,” in a period comparable 

to that between the fi rst and the tenth Human Gene Mapping Workshop, 

or about fi fteen years, was “both feasible and desirable.”73 The plan was 

not without its critics, but the US government had committed itself to 

the project. The expanded effort required a new organization and a full- 

time permanent offi ce that would be supported by the Human Genome 

Organization (HUGO). The Human Gene Mapping Workshops would 

be replaced by single chromosome workshops and an annual chromo-

some coordinating meeting, associated with a Human Genome Mapping 

Workshop. A new database, the Genome Data Base, housed at Johns 

Hopkins, would serve the new project.

The transition to the new organization under HUGO was completed 

at the next meeting in London two years later. At the preparatory meet-

ing in Oxford the year before and again in London, efforts were centered 

on the launch of the database. Genome Data Base allowed for both 

physical and cytogenetic mapping information to be entered. It could not 

only be accessed but also edited remotely— a major technical improve-

ment over the earlier model. A separate program was able to prepare 
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“publication- quality idiograms” that accurately refl ected the relevant 

gene- mapping information. A further advantage was that the data-

base could be linked to other databases, in particular to OMIM and the 

mouse- mapping database. It is noteworthy that several software com-

panies mounted exhibitions or otherwise advertised their services and 

products at the meeting. This was the fi rst time such activity was men-

tioned in the reports, possibly the beginning of a new trend.74

At least initially, Ruddle, McKusick, and other cytogeneticists who 

had been active in convening the gene- mapping conferences, welcomed 

the new plans that they saw as a continuation of their own efforts.75 Rud-

dle especially was centrally involved in early discussions on the plan to 

map and sequence the human genome. He acted as an effective chair-

person of the Genome Sequencing Workshop in Santa Fe, New Mex-

ico, in 1986, a key planning meeting convened by the Department of En-

ergy and the Life Sciences Division of Los Alamos National Laboratory. 

He also participated in related meetings organized by the NIH and the 

Howard Hughes Medical Institute, and, with McKusick, he was part of 

the National Research Council Committee on Mapping and Sequencing 

the Human Genome, which recommended that Congress allocate $1 bil-

lion in new funds to the mapping project.76 In 1987, together with Mc-

Kusick, he founded the journal Genomics, dedicated to the publication 

of work on the mapping and sequencing of (human and other) genomes. 

“Genomics” was presented as a new discipline, but the editors did not 

fail to highlight the connection with the earlier gene- mapping effort they 

had actively pursued since the early 1970s. The “nucleotide sequence” 

was presented as “the ultimate map” and a useful step toward gene map-

ping, a goal to which they remained committed.77 With the sequencing 

project gaining steam, Ruddle, together with a small handful of other 

candidates, was informally considered as possible director of the new 

project, while McKusick became the founding president of HUGO, the 

coordinating agency of the international effort to sequence the human 

genome.78 Ruddle supported the construction of a physical map of the 

whole genome and the sequencing of clinically relevant regions as well as 

comparative sequencing. He also argued for a distributed structure with 

centralized funding and management. Although some of these ideas be-

came an integral part of the publicly funded Human Genome Project, by 

the late 1980s, Ruddle’s infl uence started to wane and card- carrying mo-

lecular biologists and directors of designated sequencing centers gained 

increasing infl uence. The decisive blow was the move of the mapping 
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data base from Yale. Following critiques regarding the way the database 

was constructed— on a hierarchical rather than a relational model, as 

was becoming the norm— and its inadequacy for the tasks ahead, fund-

ing by the Howard Hughes Medical Institute stopped abruptly.79 Efforts 

to rebuild and continue the database at Johns Hopkins were short- lived, 

and the whole project “vanished” while GenBank at Los Alamos Na-

tional Laboratory and other databases in Europe and Japan took over as 

information repositories for the Human Genome Project.80

Despite the diminishing infl uence of cytogeneticists and somatic cell 

geneticists, the continuities between the Human Gene Mapping Work-

shops and the later organization supporting the international Human 

Genome Project were evident— down to the use of the same abbrevi-

ation, HGM, for the workshops supporting both initiatives. The two 

projects also shared the international collaborative structure, the data- 

sharing arrangements, and the noncommercial aspect. In the view of the 

“gene mappers,” the whole genome project depended— technically and 

politically— on the previous chromosome- mapping efforts. As Ruddle 

put it in a later interview, “I don’t think Congress or anyone would have 

accepted [the genome project] without the realization that many genes 

had already been mapped and that there was progress.”81

Nevertheless, invited to deliver a keynote lecture at the 1998 human 

genome meeting, McKusick complained rather bitterly that the promot-

ers of the project were “not familiar with what had gone on in the fi eld 

of gene mapping.” Like others, he remained critical that the Human Ge-

nome Project, as proposed by a handful of leading molecular biologists, 

was purely based on sequencing, without any reference to gene mapping, 

which had been the focus of activity before. To underline his point, Mc-

Kusick declared that, while James Watson wanted the Human Genome 

Project to be fi nished by April 2003, or fi fty years after he and Crick fi rst 

proposed the double helical model of DNA, he personally would be sat-

isfi ed if the project were not completed until 2006, or exactly fi fty years 

after the correct chromosome number was established.82

As it turned out, the available genetic map proved essential to con-

structing the physical map of the human genome and aligning the many 

DNA fragments that composed it, an essential step in producing the full 

sequence. Sequence annotation, including gene assignments— with all 

the complications attached to defi ning what a gene is— became a central 

preoccupation in the post- genomic era.83 In this endeavor, the chromo-
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somal maps created by cytogeneticists continued to serve as visual refer-

ence tools for genomic researchers and medical geneticists alike.84

Whose Turn?

Discussions between molecular biologists and gene mappers at the work-

shops refl ected more general tensions that were playing out in various 

research groups. Genetic engineering, together with DNA sequencing 

techniques, offered molecular biologists a new set of tools that made it 

possible to tackle questions of human heredity in the test tube. The in-

vention, in the mid- 1980s, of the polymerase chain reaction (PCR), a 

powerful biochemical technique to amplify DNA probes, further ex-

panded the technical possibilities. Funding opportunities and hopes for 

medical returns further encouraged molecular biologists to move from 

their entrenched work on model organisms to work on humans.85

A new generation of medical students also became increasingly in-

terested in genetics as a medical specialty. Gene mapping especially 

seemed to hold promise for diagnostic tests and eventually therapy. The 

promises of the new DNA techniques attracted young people to the 

fi eld. Yet there were obstacles to choosing such a career. Medical stu-

dents were discouraged from following that route. They were told no-

body needed clinical geneticists and that it was “a bad choice.”86 Only a 

few places offered training possibilities. McKusick’s clinic in Baltimore 

was one of the attractive options. It received a constant fl ow of research-

ers from the United Kingdom and elsewhere.87 In contrast, the Univer-

sity of Cambridge in England, for instance, long resisted introducing hu-

man genetics in its teaching curriculum or supporting research in the 

fi eld. The clinical genetics service in the area, too, remained patchy well 

into the 1980s, when a new effort was made to build up medical genetics 

at the new clinical school and expand the service.88

Nevertheless, what is often described as cytogenetics “going molec-

ular” could just as well be described as the turn of molecular biologists 

(and clinicians) to human and medical genetics. Historians have pointed 

to the diffi culties molecular biologists encountered in their quest to ex-

pand their investigations from viruses and bacteria to higher organ-

isms.89 Yet the often- contested turn of molecular biologists to human 

and medical genetics is generally not articulated or is made to appear 
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as the next logical step, as in the move from the worm genome to the 

human genome sequencing project.90 And yet the study of the human 

genome was a fi eld long occupied by human chromosome researchers. 

In the 1980s, the pressure on molecular biologists to deliver on long- 

promised medical payoffs was mounting, and studying the human ge-

nome could be viewed as moving toward that goal.91 Not surprisingly, 

then, the human genome sequencing project was presented as a decisive 

step toward conquering cancer and other genetic diseases, even though 

arguably it was above all a large technological project, meant to speed 

up sequencing rather than putting clinical concerns fi rst.92

How did cytogeneticists react to the new incursions into their fi eld? 

As noted at the beginning of this chapter, some cytogeneticists embraced 

the new molecular technologies. Among them was Malcolm Ferguson- 

Smith. A pathologist by training, he became fascinated with human 

chromosome research in the late 1950s. After a stint at Mc  Kusick’s clinic 

in Baltimore, he returned to Glasgow to build up medical genetics at the 

university there.93 Recognizing the potential of recombinant DNA tech-

nologies for mapping genes, he collaborated with other scientists, hired 

young people trained in the techniques, and learned them himself. A 

trainee in his department remembered: “When I arrived,  Ferguson-Smith 

was running a blood grouping laboratory, a protein polymorphisms lab-

oratory, a cytogenetic laboratory and a clinical service. Around 1983, he 

shut down the former two and opened a DNA lab.”94 Although Ferguson- 

Smith embraced molecular technologies, he insisted that cytogenetics 

was “at the heart of modern genetics” and that this would continue to be 

so. As he saw it, “molecular biologists and others who ignore cytogenet-

ics do so at their peril as, without it, they are likely to have an incomplete 

understanding of the fundamentals of genetics.”95

The need to “go molecular” was generally recognized, but the tran-

sition often produced tensions.96 For instance, at the MRC Clinical and 

Population Cytogenetics Unit at Western General Hospital in Edin-

burgh, a new Molecular Genetics Section, headed by Southern, was in-

stituted in 1980.97 Scientists in the section used molecular techniques to 

study the structure of chromosome bands; they used DNA hybridization 

techniques to locate specifi c sequences on the human genome, and in 

collaboration with the MRC Mammalian Genome Unit at Edinburgh, 

they worked on the construction of a restriction site or molecular (rather 

than a chromosomal) map of the human genome.98 They also worked on 

the identifi cation of disease markers. In addition, scientists in the Molec-
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ular Genetics Section were encouraged to interact with the other groups 

in the unit and help them “go molecular.”99 The pressure to move more 

quickly in this direction mounted with subsequent site visits by MRC re-

view committees. Cytogeneticists pursuing long- established studies on a 

wide variety of clinical populations felt increasingly sidelined and “made 

to feel like people from a bygone era.”100 For some it was indeed diffi -

cult to understand the “new language” of molecular biologists and to see 

how they could integrate the new techniques into their work. They never-

theless saw value in continuing their studies on sometimes unique data 

sets or patient groups. Yet when they applied for postdoctoral research-

ers trained in the new techniques to collaborate on gene assignments in 

their family data, the projects were more likely to be simply passed on 

to newly hired molecular biologists, who often preferred working on an-

imal models rather than human data sets. This inevitably led to resent-

ment. Cytogeneticists would have liked to see “lower order” techniques 

combined with “higher order” knowledge and expertise they had accu-

mulated over decades of painstaking work. Instead, cytogeneticists were 

encouraged to leave or take early retirement: “One by one the micro-

scopes were put down in the stores.”101 The registry with the patient data, 

once the backbone of the work in the unit, fi rst moved into  a  smaller 

room and eventually (possibly around 1998) was closed down.

Nevertheless, some molecular biologists did recognize how important 

the work on chromosomes was for molecular studies. Nicholas Hastie, 

who joined the unit as a young group leader in the molecular biology sec-

tion in the early 1980s and later became director of the newly renamed 

Human Genetics Unit, acknowledged: “The linkage maps, the physical 

map and genomics would never have happened without the prior work 

on chromosomes. Equally, much of the work on deletions and transloca-

tions that were used to identify diseases started from observations of the 

chromosomes. The cases and the data were taken directly from the reg-

istry started by Court Brown who thought ahead of his time. . . . Later 

work relied on the registry in respect to both the data and conceptu-

ally.”102 The last comments related to the fact that the genetic, medical, 

and family data collected in the registry helped to identify various genes, 

including, for instance, a series of genes responsible for the development 

of the eye (the PAX6 gene and other members of the PAX gene family), 

for the susceptibility to bowel cancer, and DISC1, a gene responsible for 

brain development and brain synapses.103

For some of the young molecular biologists sent out to fi nd a new 
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workspace among the cytogeneticists, the view through the microscope 

came as a revelation and set the course of their future research. Wendy 

Bickmore joined the MRC Clinical and Population Cytogenetics Unit 

as part of the new intake of molecular biologists. She had been work-

ing with DNA maps and gel electrophoresis trying to fi nd variations 

in DNA fragments and locating genes. When invited by her new col-

leagues to look at a chromosome preparation through the microscope, 

she was captivated. She found that observation through the microscope 

provided an “immediacy” and “a feel for processes in the cell” that no 

other technique offered. She became interested in studying the molec-

ular signature of banding patterns as well as the spatial organization of 

chromosomes in the nucleus and its connection to gene expression in de-

velopment and disease. Both research areas were directly inspired by 

looking at cells through the microscope, yet, especially the spatial ar-

rangement of chromosomes in the cell, had long been neglected in re-

search.104 The studies became part of a more general renewed interest in 

the structure and regulatory functions of chromosomes and their role in 

health and disease.105

A cartoon circulating among cytogeneticists shows a molecular biol-

ogist declaring from a lectern in 1977, “As a renowned scientist I can 

safely say that the fi eld of cytogenetics is dead.” The same pronounce-

ment is repeated in 1987 in front of a display of Southern and other 

(imaginary) blots, and again in 1997. This time the clearly aging molecu-

lar biologist, speaking at the “Molecular Human Molecular Association 

of Molecular Genetics,” stands in front of a display of polymerase chain 

reaction (PCR), restriction fragment length polymorphism (RFLP), and 

other diagrams. In the fi nal vignette for 2007, the Journal of Applied 
Cytogenetics announces the death of the renowned molecular scientist 

(fi g. 5.6). As this comic strip, penned by Richard Sherman, a cytotech-

nician with a sense of humor, suggests and other cytogeneticists con-

fi rmed, cytogenetics not only has survived but also is celebrating some-

thing of a comeback in the post- genomic era, most notably in cancer 

diagnostics and the highly lucrative fi eld of cancer drug development.106 

The DNA changes in cancer chromosomes are too complicated and un-

stable to be studied with standard molecular techniques. This leads to 

the seemingly ironic consequence that, in clinical practice today, molec-

ular geneticists perform routine genetic diagnoses while cyto geneticists 

are entrusted with the complicated analysis of somatic cancer cells. Sim-

ilarly, drug companies ask to see the targets of cancer drugs that are 
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being  developed, which again requires cytogenetic techniques. FISH 

 techniques, the fl uorescent marking techniques mentioned at the begin-

ning of the chapter, are among the tools cytogeneticists employ for this 

work. Interestingly, the key case here was Gleevec, a drug developed by 

Novartis for the treatment of chronic myeloid leukemia in the 1990s that 

was celebrated as heralding a new era of therapeutic cancer agents pro-

duced using molecular biological tools. For cytogeneticists, the story 

marked an altogether different turning point. “Cytogenetics seemed on 

the way out,” a still- practicing cytogeneticist contended, “when in the 

late 1980s the producers of Gleevec asked to see where the target was. 

This forced people to see that cytogenetics was still needed.”107 At the 

time, chronic myeloid leukemia was considered the result of a single 

chromosome translocation between chromosome 22 and chromosome 9, 

leading to an unusually short chromosome 22, known as the Philadel-

phia chromosome. During the development of the drug, cytogeneticists 

demonstrated several translocations that gave rise to different protein 

products. This explained the different effect of Gleevec on different pa-

tient groups, and it again became important to understand resistance to 

the drug.108

The Triumph of the Microscope

Disciplinary disputes like the ones documented here between chromo-

some researchers and molecular biologists are widespread in the sci-

ences. Intellectual claims, funding streams, and career patterns are at 

stake. Is it possible to move beyond these disputes by simply focusing 

on chromosomes as the object of inquiry? This can hardly be a solution, 

as “epistemic objects” do not exist independently from the experimental 

systems in which they are embedded.109 Chromosomes therefore always 

point us back to the technical conditions of their respective represen-

tations and to the same disciplinary disputes. Thus, we see Crick bluntly 

defi ning the metaphase chromosomes, the classical object of cytogenet-

icists, as the “dullest form of chromosome: an inert package needed to 

make orderly mitosis possible,” while recognizing only a molecular de-

scription of genetic information.110 Cytogeneticists rebutted, subsum-

ing much of the twentieth- century history of genetics, from orcein chro-

mosome staining to DNA sequencing, under the rubric of “chromosome 

research” and, thus, “cytogenetics.” Antonio Lima- de- Faria,  professor 
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emeritus of molecular cytogenetics at Lund University and author of the 

encompassing volume on cytogenetics, followed suit with another book 

in which the chromosomes tell their own convoluted story.111 Cytogenet-

icists interpreted the book as making their case. Wrote Ferguson- Smith: 

“I fi rmly believe that molecular biologists need an understanding of the 

nature and behaviour of chromosomes if they are to fully advance in 

their discipline. I believe that your book will give them the necessary 

direction.”112

However, the story of chromosome structure and mapping told in this 

chapter also points to the epistemic and historical commonalities be-

tween the two contending approaches that developed at the same time. 

Chromosome researchers and molecular biologists shared an interest 

in the material basis and the mechanism of heredity as well as in the 

nature of mutations, a vital concern in the nuclear age. Together they 

established genetics as a key issue in biology and biomedical research. 

Both the chromosomes and the letters composing the DNA code are 

presented as the “alphabet” of life, the language in which the book of na-

ture is written and that in the end defi nes “us,” as a species and individu-

ally.113 Thus, when the artist Suzanne Anker and the sociologist Dorothy 

Nelkin discussed the scriptural metaphors of genetic information and 

their artistic renderings, they could draw indiscriminately on DNA and 

chromosomes as examples.114 Similarly, the compact disc that DNA se-

quencing pioneer and enthusiast Walter Gilbert pulled out of his pocket 

to demonstrate how people will carry their personal genetic information 

with them is matched by the personal karyotypes exchanged by chro-

mosome researchers as “self- portraits,” visiting and greeting cards thirty 

years earlier.115

Furthermore, chromosome researchers and molecular biologists 

shared the assumption that the study of structure would explain func-

tion. Pattern recognition, mapping, and the harnessing of computers as 

both memory and calculating machines played a role in both endeav-

ors.116 Indeed, imaging techniques like X- ray diffraction and electron 

microscopy, including recent advances in cryo- electron microscopy, 

have been at the center of much research in molecular biology. Simi-

larly, both cytogeneticists and molecular biologists seized fi rst on radio-

active markers and later on fl uorescent tagging to visualize structures 

and functions. Intriguingly, cytogenetic observations with radioactive 

labeling provided the fi rst evidence for a semiconservative mechanism 

for the replication of the genetic material, a fi nding usually attributed 
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to the experi ments, using molecular techniques combined with radio-

active tracers, of  Matthew Meselson and Frank Stahl.117 On their part, 

molecular life scientists compared the signifi cance of radioactive tracer 

techniques to the introduction of microscopes.118 Fluorescent labeling 

perhaps more than any other technique has confounded the usual dis-

tinctions between the two endeavors. If FISH and comparative genomic 

hybridization techniques, both based on fl uorescent markers, allowed 

chromosome researchers to “go molecular,” fl uorescent tagging in con-

junction with vastly refi ned and digitally supported microscopic tech-

niques have been changing the working practices and research objects of 

molecular biologists.

Since the 1950s molecular biologists had relied on the fractionation 

of cells, radioactive marking, photographic techniques, and model build-

ing to visualize, track, and localize molecular processes. The possibility 

of specifi cally tagging molecules with fl uorescence-marked antibodies— 

and, even more, the introduction of fl uorescent proteins produced by the 

cell itself, like the green fl uorescent protein fi rst described by Martin 

Lee Chalfi e from Columbia as a marker for gene expression— in com-

bination with the development of a new generation of microscopes that 

greatly enhanced the contrast and resolution of fl uorescent imaging pro-

vided a powerful new approach to study molecular processes.119

Important effects were achieved using laser as a light source. In the 

confocal laser- scanning microscope widely used in biology, light is fo-

cused on the specimen in one spot at a time and recorded point by point. 

A pinhole in front of the detector allows only light from the focus point to 

be recorded. This reduces out- of- focus glare and produces much sharper 

images than traditional wide- fi eld fl uorescence microscopes. The object 

can be optically sectioned and scanned layer by layer at different focus 

positions. Computer software reconstructs the images in two and three 

dimensions. Colors are added to the black- and- white fl uorescent images 

via computer algorithms, which allows for the creation of the colorful 

pictures that now fi ll the pages of molecular biology journals.

The principle of the confocal microscope was already understood in 

the 1950s, but it was only in the mid- 1980s, with growing demand for fl u-

orescence microscopes for biological research and considerable devel-

opments in computer hardware and software, that a prototype adapted 

to the study of biological specimens was developed and commercial-

ized.120 Although the electron microscope reaches higher resolution, the 

confocal microscope has the advantage that it allows for live- cell imag-
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ing. More recently, wide- fi eld fl uorescence microscopes using computer- 

enhanced imaging processing offer an alternative to the confocal micro-

scope. Meanwhile, super- resolving fl uorescence microscopes that have 

broken the theoretical limit of image resolution make it possible to visu-

alize molecular processes like DNA transcription as they happen.121 By 

being able to visualize genetic processes in single cells rather than study-

ing average processes in a population of cells, molecular biologists now 

do what chromosome researchers have always been doing: they look at 

the genome of one cell at a time.122

As chromosome researchers all along, molecular biologists now also 

study microscope images, while fractionation techniques, analytical cen-

trifuges, and scintillation counters that— together with X- ray diffraction 

and electron microscopy— dominated molecular research in the 1950s to 

1980, have moved out of favor.123 Even the Illumina sequencer, widely 

used for genomic sequencing, is based on the principle of a fl uorescence 

microscope. The instrument tracks the addition of labeled nucleotides 

as the DNA chain that is being sequenced is copied in multiple paral-

lel processes. More generally, the new visualization techniques inspire a 

new “fl uorescent aesthetic” of biology that spills over in the public visual 

culture of science.124

In the historiography of the postwar life sciences and biomedicine, 

molecular biology has taken the limelight. The argument presented 

here is that the microscopic techniques of cytogeneticists and the mo-

lecular techniques both contributed to the study of the human genome. 

Or, to paraphrase Crick, looking at pictures and reading texts were both 

essential.
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In the late 1950s chromosome analysis emerged as a powerful tool to 

study heredity in humans. Unlike any other technique, the improved 

chromosome preparations offered a direct glimpse of the complete ge-

nome of an individual, opening up endless possibilities of observation 

and intervention. To the scientists who, for the fi rst time, were able to 

look at their own chromosomes, this felt like “walking on the moon.”1 

And just as space exploration opened up a new view of planet Earth, 

the study of human chromosomes promised new insights into how he-

redity works and how genes make us “who we are.”2 Chromosome anal-

ysis quickly supplanted other genetic techniques, notably pedigrees and 

blood groups, as the key technology for the study of human heredity and 

provided much of the impetus for transforming human genetics from a 

“backwater” to a dynamic “research frontier.”3 As radiobiologists, pa-

thologists, clinicians, cancer researchers, patients and patient advocacy 

groups, anthropologists, lawyers, Olympic committees, athletes, pol-

icy makers, and activists embraced and contested the technologies and 

the genetic explanations that came with them, the meanings of chromo-

somes and of human heredity expanded and changed.

Chromosome analysis provided insights into the structure, duplica-

tion, and transmission of the genetic material. Spurred by the obser-

vation of chromosome anomalies such as trisomies, scientists probed 

the mechanisms by which chromosomes are distributed into germ and 

daughter cells and how this process can go wrong. Observations of the 

distal ends of chromosomes provided insights into satellite formation 

and the loss of chromosome material through aging. Centromeres, too, 

were studied in detail. Most notably, chromosome techniques, in con-

junction with somatic cell fusion techniques, were employed to map 
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 human genes, circumventing the need for cycles of sexual reproduction 

that were diffi cult to observe in humans. At the same time, chromosome 

analysis could be used to track heritable changes running in families as 

well as changes that occurred during development or later in life through 

various exposures or disease events— in all cells of the body. This en-

tailed a considerable expansion of the reach of the techniques of human 

genetics, now covering horizontal (as, for instance, in cancer cells) as 

well as vertical transmission (through the generations).

Mutations of all kinds could be made directly visible. On the basis of 

this principle, chromosomes were turned into biological dosimeters for 

atomic radiation and other mutagenic workplace or environmental tox-

ins at a time of rising public concerns about atomic weapons testing and 

environmental pollution. Chromosome observations led to the establish-

ment of a new class of diseases— the chromosome diseases, fi rst so named 

by Lejeune and his colleagues in Paris in their publication on trisomy 

21 in 1959. Chromosome diseases could affect mental abilities and be-

havior, morphological traits, and sexual development. Specifi c forms of 

cancer, too, were reclassifi ed as genetic diseases. Chromosome diseases 

could be diagnosed in adulthood or at birth as well as prenatally, shift-

ing the diagnosis from clinical symptoms to interpretable chromosome 

images and suggesting a new set of interventions made possible through 

changes in reproductive rights legislation. Yet chromosome analysis also 

made an impact outside the clinic. It was employed for gender identifi -

cation in the competitive sports context, and in the courts to argue for 

mitigating circumstances in murder trials. Traveling relatively easily, the 

techniques, often in tandem with other approaches, were employed in 

surveys of defi ned human groups and worldwide population studies in 

elusive attempts to trace common evolutionary mechanisms as well as 

biological markers that distinguish specifi c groups. Navigating the com-

plex and fraught terrain of human heredity, chromosome researchers, 

peering down the microscope while employing ever- refi ned techniques 

for visualizing differences, established networks and infrastructures that 

could later be redeployed for genomic studies, once molecular scientists 

turned their attention from the study of simple organisms to the study of 

human heredity. Such transitions, however, were always contested and 

had to contend with changing criteria of value and justifi cation.

Researchers celebrated that chromosome analysis provided a fi rm ba-

sis for the study of human heredity. Yet the expansion of genetic tech-

nologies around chromosomes and the increasing reach of genetic expla-
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na tions were resisted at every step. The use of chromosome analysis for 

prenatal diagnosis was vehemently denounced by some of the very re-

searchers who contributed to developing the techniques that made it 

possible. Despite its broad adoption, prenatal diagnosis and the indica-

tions for abortion it provided remained controversial for ethical and re-

ligious reasons and for the principle of defi ning the worth of human life 

on the basis of biological differences. This raised concerns that eugen-

ics would return through the “backdoor.”4 The prospective studies of 

children with defi ned chromosome anomalies, though well intentioned, 

were denounced as “bad science,” biased and dangerous. In the heady 

days of the 1960s, the same critics exposed and protested the attempts to 

search for biological explanations of social problems and to take this as 

a basis for any kind of social intervention. Similarly, chromosome testing 

for gender identifi cation was widely regarded as inappropriate. Applied 

to only female athletes, it remained controversial for the very results it 

produced as well as for the expectation that gender could be defi ned by 

a “simple” biological marker. Indigenous people, who were so widely 

bled in the large- scale screening projects of the postwar years, also in-

creasingly protested these practices and claimed “genetic sovereignty.”5 

Apart from questions of identity and sovereignty, commercial interests 

intervened in these debates. By the 1990s, the collecting of blood sam-

ples and genetic data as practiced in the preceding decades was widely 

regarded as unethical, leaving the status of entire collections in limbo.6 

The controversies highlight the many ramifi cations of chromosome re-

search and the contested nature of human heredity in the long 1960s and 

well beyond.

Much of the excitement and fascination with chromosomes was based 

on the visual evidence the chromosome preparations provided. Re-

searchers and technicians studying chromosomes under the microscope 

were as impressed by what they saw as other professionals, individuals, 

patients, and artists looking at chromosomes— in squash preparations 

or lined- up order, on photographs, projected in lecture halls, in medi-

cal reports, or in the media. Appropriately pointed out and explained, 

the specifi c characteristics concerning the number, shape, and staining 

of the chromosomes were there for all to see, even if their original ob-

servation required skill and expertise. Exposure to radiation or other 

mutagenic toxins including viruses resulted in an array of visible and 

quantifi able changes in the number and shape of chromosomes. Com-

plex disease syndromes could be reduced to the visible loss or the addi-
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tion of specifi c chromosomes or pieces of it. In more recent experiments 

or diagnostic tests, fl uorescent probes mark the presence or absence of 

specifi c molecular sequences along the chromosomes on the computer 

screen. The visual representation of banded chromosomes continues to 

guide genomic assignments.7

Yet the reliance on visual evidence also marked the weakness of chro-

mosome analysis— at least in the eyes of its detractors. Observations un-

der the microscope, even if guided by theory and experiment, have of-

ten been dismissed as being “merely” descriptive.8 There is an equally 

long tradition, especially in the physical sciences, of spurning images in 

favor of fi gures, mathematical formulations, and causal explanations.9 

When Crick admonished cytogeneticists to not just look at “pictures,” 

he revived that view. Without any doubt, molecular biologists, too, re-

lied on visual evidence in their work— or so it appears. It suffi ces here to 

recall the role that the X- ray diffraction image of DNA (now known as 

photograph 51) taken by Rosalind Franklin and her assistant Raymond 

Gosling played in the work that led to Watson and Crick’s proposal of 

the double helical structure of DNA. The two researchers’ (unacknowl-

edged) use of the photograph has been widely condemned. Such a po-

lemic would not have ensued had the picture not provided useful evi-

dence. Indeed, to the trained crystallographer, the picture pointed to a 

helical conformation. Yet Crick was quick to note that Watson, the only 

one of the two to see the picture, did not have suffi cient mathematical 

and crystallographic knowledge to fully grasp its meaning.10 This points 

to an important difference in the way molecular biologists and cytoge-

neticists viewed images. For molecular biologists, what counted were 

the numbers that could be deduced from the images. The intensities of 

the diffraction spots were measured and the fi gures used for crystallo-

graphic calculations. Epistemically, cytogeneticists honed observational 

skills while crystallographers focused their attention on the amount of 

calculations required to move from one step of their analysis to the next. 

Molecular biologists appealed to images only when supported by exten-

sive measurements and calculations. Although fascinated by the chro-

mosome pictures and the meaning they conveyed, Penrose, trained 

in mathematical genetics and strongly committed to raising the scien-

tifi c status of human genetics, also insisted on measuring chromosomes 

rather than just relying on visual evidence for their identifi cation. Yet his 

approach met with resistance from other chromosome researchers who 

disputed the usefulness of measurements in the study of chromosomes.11
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The appeal to numbers to justify visual evidence has not abated— 

evidence to the contrary notwithstanding. Publications in molecular bi-

ology today are awash with colorful illustrations, and new microscopes 

that enable researchers to visualize molecular structures and processes 

are creating a buzz in the fi eld. Current experimental work that probes 

the three- dimensional molecular structure of chromosomes and its reg-

ulatory functions relies on the same imaging techniques. Yet the images 

these instruments produce are the product of much number crunching. 

In the new generation of microscopes, software algorithms that analyze 

and recompose the images from vast amounts of data are crucial for in-

creasing the optical resolution of the instruments. Colors, too, are added 

to the black- and- white fl uorescent images via computer algorithms. Fur-

thermore, what counts is the quantitative information, the graphs and 

fi gures that can be pulled out from the imaging information. In many re-

spects, microscopes become “quantitative tools.”12 A publication with-

out fi gures and graphs would be diffi cult to publish. The colorful im-

ages have a rhetorical function and provide proof of the experimental 

procedure but are not essential for the communication of the results.13 

Bio informatics, too, increasingly relies on images to visualize data and 

make them amenable to examination and manipulation. Yet despite the 

reliance on images, database research is considered theoretical work.14

The different meaning attached to visual evidence can explain the 

sidelining of human chromosome research in historical accounts of 

twentieth- century genetics, especially as these have been written pre-

dominantly from the vantage point of the triumphs of molecular biology. 

The closer inspection of the history reveals the assumptions that guide 

such interpretations and makes it possible to explain how, despite all the 

friction, the microscopic study of chromosomes and the analysis of DNA 

could develop and expand at the same time and share some common 

ground.15 The observation of fi xed individual chromosomes under the 

microscope, detached from their in vivo context, can be regarded as hav-

ing prepared the ground for their description in molecular terms. The 

focus on structures and processes in the cell; the attention to questions 

of human and medical genetics; the expectation that many diseases, in-

cluding cancer, have a genetic basis; the importance attributed to popu-

lation studies and large data collection projects; together with some of 

the pushbacks and ethical debates that characterized the work of human 

chromosome researchers all along continue to play a central role in to-

day’s biomedicine. The study of chromosomes like that of DNA both 
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participated in the triumphs and darker sides of the (past) “century of 

the gene.”16 In the post- genomic era, heredity has again become a more 

fl uid concept.17 As biology, helped by new visualization techniques, an-

alyzes more integrated and dynamic processes in the cell and the wider 

milieu, the understanding of what makes us who we are is changing 

again. The genome is seen as multidimensional and adaptive, as reac-

tive rather than as agent.18 Yet in the current search for new understand-

ings, the dynamic three- dimensional structure of chromatin fi bers (be-

fore they are packed into chromosomes) and their role in regulating gene 

function, answering to environmental stimuli written down in epigene-

tic marks, once more promises to hold the key. Then and now, chromo-

somes stand at the crossroads of a cellular and a molecular understand-

ing of life.
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1. Harnden, “Early Studies.”

2. Penrose, introduction to “New Aspects.”

3. Hsu, Human and Mammalian Cytogenetics, 24. Historians are rightly wary 

of beginnings and origin accounts that are often retrospectively created and al-

ways have their own histories. Nevertheless, here they serve to point to estab-

lished accounts of postwar genetics that are themselves meaningful. The consol-

idation of the new chromosome count was a protracted process and as much an 

expression as the start of a renewed interest in human chromosome research; see 

de Chadarevian, “Chromosome Photography.”

4. Hsu, Human and Mammalian Cytogenetics; Lima- de- Faria, One Hundred 
Years; Harper, First Years.

5. On the impact of the new generation of light microscopes on cell biology, 

including the observation of chromosomes, in the 1880s, see Coleman, Biology 
in the Nineteenth Century, 22– 41. For a visual rendering of the “dance of chro-

mosomes,” see the illustrations in Auerbach, Genetics in the Atomic Age. In her 

brief tract, Charlotte Auerbach, a scientist and activist working in Edinburgh, 

aimed to introduce a general public to the principles of genetics to help peo-

ple understand the deleterious effects of atomic radiation. On the publication, 

including the illustrations, and Auerbach’s role as a female public scientist, see 

Richmond, “Women as Public Scientists.”

6. For examples, see Darlington and Ammal, Chromosome Atlas; Makino, 

Atlas. For a later multivolume example in this same tradition, see Benirschke 

and Hsu, Atlas. See also fi gure 4.9 on p. 134 in this volume.

7. Painter, “Comparative Study.” On speculations about different chromo-

some numbers in different groups of people, see chapter 4 in this volume.

8. Hsu, Human and Mammalian Cytogenetics, 8. With new sterilization laws 

that were put into place in various American states in the 1920, testes material 
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became somewhat more readily available. Tissue of women amenable for chro-

mosome counts remained diffi cult to obtain; see Kevles, In the Name of Eugen-
ics, 238– 39.

9. Harman, Man Who Invented the Chromosome; Santesmases, “Cereals, 

Chromosomes and Colchicine”; Campos, Radium; Curry, Evolution Made to 
Order.

10. Kohler, Lords of the Fly.

11. Beatty, “Genetics in the Atomic Age”; Beatty, “Scientifi c Collaboration”; 

Lindee, Suffering Made Real; Rader, Making Mice; de Chadarevian, “Mice and 

the Reactor”; Creager, Life Atomic.

12. On the recount, see Kottler, “From 48 to 46”; Martin, “Can’t Any Body 

Count?”; Harper, “Discovery of the Human Chromosome Number”; de Cha-

darevian, “Chromosome Photography.”

13. Ferguson- Smith, “From Chromosome Number to Chromosome Map.”

14. For richly detailed introductions to the history of the fi eld, often informed 

by fi rsthand knowledge, see Hsu, Human and Mammalian Cytogenetics; Har-

ris, Cells of the Body; Harper, First Years; as well as the historical introduction 

to Vogel and Motulsky, Human Genetics. Although historically cytogeneticists 

focused their attention on the study of chromosomes in the cell nucleus, other 

cell organelles, such as mitochondria, also include genetic elements. In addition, 

cyto plasmatic mechanisms not involving genes also occur in the cell. For a his-

torical account of these research traditions and the controversies surrounding 

them, see Sapp, Beyond the Gene.

15. On a similar approach of following specifi c scientifi c objects and using 

them as historical “tracers,” see, for example, Lynch et al., Truth Machine; and 

Creager, Life Atomic.

16. Penrose, introduction to “New Aspects,” 3.

17. World Health Organization, Research in Population Genetics of Primitive 
Groups; Weiner and Lourie, Human Biology.

18. Mazumdar, Eugenics, Human Genetics and Human Failings; Kevles, 

In the Name of Eugenics, 213; Schneider, “Blood Group Research”; Schnei-

der, “History of Research on Blood Group Genetics”; Gannett and Griesemer, 

“ABO Blood Groups”; Bangham, “Blood Groups and the Rise of Human Ge-

netics”; Bangham, “Blood Groups and Human Groups.”

19. On the study of human heredity and its inextricable link to eugenics, see 

Mazumdar, Eugenics, Human Genetics and Human Failings; Kevles, In the 
Name of Eugenics; Paul, Controlling Human Heredity; Comfort, Science of Hu-
man Perfection. On the eugenic movement, its development in various coun-

tries and the persistence of eugenic practices more generally, see, for example, 

Duster, Backdoor to Eugenics; Stern, Eugenic Nation; Mazumdar, The Eugenics 
Movement; Cottebrune, Der planbare Mensch; Schmuhl, Kaiser Wilhelm Insti-
tute; Bashford and Levine, Oxford Handbook; Bashford, “Epilogue”; Largent, 
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Breeding Contempt; Lombardo, Century of Eugenics; Turda and Gillette, Latin 
Eugenics. For recent attempts to broaden the questions around human heredity, 

see Lindee, Moments of Truth; Gausemeier, Müller- Wille, and Ramsden, Hu-
man Heredity; Bangham and de Chadarevian, “Special Section.”

20. Hubbard, “Abortion and Disability.”

21. L. Penrose, “Human chromosomes” (typescript for a lecture), 22 Octo-

ber 1959, p. 5, fi le 88/1, Penrose Papers, University College London (UCL) Li-

brary, Special Collections. Some of the studies on human heredity already men-

tioned dedicate a chapter or part of a chapter to human chromosome research. 

Although pioneering in their kind, the discussion remains focused on medical 

genetics and eugenics; see, for example, Kevles, In the Name of Eugenics, chap. 

16; Comfort, Science of Human Perfection, chap. 6. Other historical accounts of 

postwar human genetics simply skip over relevant developments in human chro-

mosome research. See, for example, the discussion of human gene mapping in 

Pauline Mazumdar’s otherwise excellent book, Eugenics, Human Genetics and 
Human Failings. In their recent attempt of a longue durée cultural history of he-

redity, Staffan Müller- Wille and Hans- Jörg Rheinberger devote much attention 

to the establishment and broad acceptance of the chromosomal theory of he-

redity in the early twentieth century but then pass on to consider the changes in 

the concept of heredity brought about by molecular biology and especially ge-

netic engineering and current genomic practices; Müller- Wille and Rheinberger, 

Cultural History of Heredity. Recently, some historians have started paying 

more attention to the history of human chromosomes, especially with respect 

to the clinic and to biological theories of sex. Together they make the case for 

the importance of human chromosome research in postwar biology and medi-

cine and in the cultural history of heredity. For clinical studies, see Gaudillière, 

“Le syndrome nataliste”; Gaudillière, “Whose Work Shall We Trust?”; Hogan, 

Life Histories; Hopkins, “Hidden Research System”; Lindee, Moments of Truth; 

Löwy, “How Genetics Came to the Unborn”; Löwy, Imperfect Pregnancies; San-

tesmases, “Human Autonomous Karyotype”; Santesmases, “Human Chromo-

somes and Cancer.” On the history of sex chromosomes, see Ha, “Marking Bod-

ies”; Richardson, Sex  Itself. For recent historical studies on cell biology more 

generally, see Landecker, Culturing Life; O’Malley and Müller- Wille, “Cell as 

Nexus”; Santesmases and  Suárez- Díaz, “Cell- Based Epistemology”; Matlin, 

Maienschein, and Laublicher,  Visions of Cell Biology.

22. Human somatic cells have two sets of twenty- three chromosomes (one set 

from each parent). Sperm and egg cells carry only one chromosome set.

23. The description of chromosomes presented here is indebted to a number 

of approaches that have been proposed to deal with the technical, epistemic, vi-

sual and political dimensions of scientifi c objects and the conditions under which 

they come into being and become amenable to scientifi c study. These include 

especially Hans- Jörg Rheinberger’s notion of “epistemic things” (Rheinberger, 
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Toward a History), studies on the “biography of things” (Appadurai, Social Life 
of Things; Henare, Holbraad, and Wastell, Thinking through Things; Daston, 

Things That Talk) and on images and visuality in scientifi c practices (Hacking, 

Representing and Intervening; Lynch and Woolgar, Representation in Scientifi c 
Practice; Daston and Galison, Objectivity; Nasim, Observing by Hand; Hop-

wood, Haeckel’s Embryos). Also relevant is the notion of biomedical platforms 

that sustain specifi c scientifi c entities and routines; see Keating and Cambrosio, 

Biomedical Platforms. On the visual dimensions of chromosome analysis, see 

also Turrini, “Continuous Grey Scales”; Santesmases, “Biological Landscape 

of Polyploidy”; Santesmases, “Circulating Biomedical Images”; Hogan, Life 
Histories.

24. de Chadarevian, “Chromosome Photography.” For Levan an advantage 

of drawing was that even “non- photogenic cells” were useful for analysis. In 

contrast, photographic analysis depended on the “always exceptional [i.e., rare] 

photogenic cells”; see Albert Levan, “Conference on Human Chromosomes— 

Colorado, April 8– 11, 1960: Comments on points A- G of the provisional 

agenda,” p. 6, fi le Normal karyotype, Marco Fraccaro Collection, Collegio Cai-

roli, Pavia, Italy. On the presence of aesthetic judgment in all stages of chromo-

some analysis, see Turrini, “Continuous Grey Scales.” On the epistemic connec-

tion between seeing and drawing in the fi eld of astronomy, see Nasim, Observing 
by Hand. On the politics and ethics of representation in photography and the 

tension between knowing from photography and understanding, see Sontag, On 
Photography, 23.

25. Hacking, Representing and Intervening, 186.

26. On the “boundary status” of microscopic slides as both “highly artifi cial” 

and “natural objects,” see Löwy, “Microscope Slides.”

27. Rheinberger, Epistemology of the Concrete, 218 and 243.

28. Rheinberger, Epistemology of the Concrete, 238. Despite the fl attening of 

the specimen it is still possible to play with the focus to gauge the depth of spe-

cifi c structures. This exactly marks the difference between looking at a specimen 

under the microscope and at a photographic image of the viewing fi eld. On the 

essential fl atness of the microscopic view and its connection to the management 

of living matter, see also Cartwright, Screening the Body, 90– 91.

29. Rheinberger, Epistemology of the Concrete, 219.

30. For epistemic considerations around the practice of microscopy and its 

history, see also Hacking, Representing and Intervening, 186– 209; and Schickore, 

Microscope and the Eye.

31. Martin, “Can’t Any Body Count?”

32. On the cutting of chromosomes as a gendered activity, see Drucker, 

“ Janet Rowley”; Santesmases, “Circulating Biomedical Images,” 406– 8. On cut-

ting and pasting as a technique in science and art, see te Heesen, Newspaper 
Clipping. Small envelopes with cutout chromosomes as well as single loose chro-
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mosomes that have fallen off from cut- and- paste karyotypes are a frequent fi nd 

in archival collections of chromosome researchers.

33. Hsu, Human and Mammalian Cytogenetics, 127.

34. The descriptions of current cytogenetic practices are based on fi rst- hand 

observation in a modern cytogenetic laboratory performing clinical diagnoses. 

Despite the increasing role of automation the training period for a cytogeneti-

cist has not changed much since the 1950s and chromosome analysis remains a 

highly skilled activity that attracts dedicated practitioners. On the automation of 

chromosome analysis, see chapter 4 in this volume.

35. Daston, “On Scientifi c Observation,” 107.

36. Daston, “On Scientifi c Observation,” 102. On observation as a skill, based 

on training and practice, see also Fleck, Genesis, 84– 98, and Hacking, Repre-
senting and Intervening, 168; on the engagement of the practitioner’s body in sci-

entifi c observation, see Rasmussen, Picture Control; on the history of scientifi c 

observation, see Lunbeck and Daston, Histories of Scientifi c Observation.

37. Daston, “On Scientifi c Observation,” 107– 8.

38. Hsu, Human and Mammalian Cytogenetics, 5.

39. Alessandra Duncan, personal communication, email, 16 April and 10 

June 2014.

40. The technique, developed in the early 1990s, uses fl uorescent molecular 

probes to tag specifi c chromosomal sites. The result can be viewed under a fl u-

orescence microscope and in practice allows for a molecular resolution of the 

chromosome image. See chapter 5 in this volume.

41. Kevles, In the Name of Eugenics, 205– 11; Zallen, “Medical Genetics in 

Britain.”

42. Clarke and Fujimura, Right Tools for the Job.

Chapter One

1. See, for example, Hsu, Human and Mammalian Cytogenetics; and Lima- 

de- Faria, One Hundred Years. On pre- banding chromosome studies as “paleo-

lithic,” see Lejeune, “Scientifi c Impact,” 24.

2. R. B. Scott, “The Treatment of Leukaemia” (unpublished lecture), p. 2, 

fi le PP/RBS/C41, folder “Unpublished papers 1958– 1960,” Ronald Bodley Scott 

Collection, Wellcome Library Archives and Manuscripts, London (also quoted 

in Kraft, “Manhattan Transfer,” 209).

3. On the charged notion of a permissible dose in radiation protection, see 

Walker, Permissible Dose.

4. The person credited with having coined the term is the New York Times 

journalist William L. Laurence. Having witnessed the fi rst atomic test explosion 

in the New Mexico desert in July 1945, he declared this to be the beginning of 
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the atomic age in his fi rst report of the event a few months later; see Laurence, 

“Drama of the Atomic Bomb.” A slightly earlier piece in the New York Times 
Magazine also used the phrase; see Davis, “We Enter a New Era.” Laurence was 

not named as an author, but he was the driving force in the reporting on the 

Manhattan Project at the New York Times. Despite the harrowing images that 

soon started to emerge from Hiroshima and Nagasaki, the phrase “atomic age” 

was mainly used to denote a feeling of nuclear optimism prevalent in the 1950s 

and certainly shared by Laurence (after fi rst winning the Pulitzer Prize for his 

atomic reporting he later became accused of partial reporting of the Japanese 

bombing events). In the 1960s the term lost currency but survived especially in 

pop culture, where it gained increasingly threatening connotations. I thank Alex 

Wellerstein for information on Laurence. On Laurence and the New York Times 

reporting on the atomic bomb, see also Deepe Keever, News Zero.

5. Roff, Hotspots; Gordin, Five Days in August.
6. In his monumental history Radioactivity and Health, Newell Stannard ar-

gued that, contrary to what has often been stated, the possibility of nuclear fall-

out was seriously considered by the scientists of the Manhattan Project, espe-

cially in relation to the Trinity test. In the context of the atomic bombing on 

Japan fallout received less attention. What was not considered in either case at 

the time were the long- term effects of radioactive fallout; see Stannard, Radio-
activity and Health, 879. On the extensive radiobiological program of the Man-

hattan Project that was aimed at keeping the people involved in developing the 

radioactive technology safe, see Hacker, Dragon’s Tail.
7. The fi ve prints fi rst appeared in the Japanese magazine Asahi Gurafu in 

August 1952. One month later Life magazine ran a report with Matsushige’s and 

other previously censured photographs; see “When Atom Bomb Struck.”

8. Beatty, “Genetics in the Atomic Age”; Beatty, “Scientifi c Collaboration.”

9. Lindee, Suffering Made Real, 192.

10. Neel and Schull, Effect of Exposure, 204.

11. Concerns about the effects of radiation on the human genome clearly built 

on earlier eugenic preoccupations with the “genetic load” of human populations; 

see Paul, “‘Our Load of Mutations’ Revisited.” Without reference to these ear-

lier anxieties it is not possible to explain why genetic effects— above any other 

effect— came to dominate the research agenda in the 1940s and 1950s. Neverthe-

less, it is important to recognize the fundamental differences. Genetic concerns 

in the postwar era focused on increased cancer risks and disease burden (not on 

the genetic worth of different groups of people), and the problems concerned all 

people, independent of social class and ethnic affi liation. Also, genetic risks in-

cluded somatic and congenital (present at birth but not necessarily inherited) 

next to hereditary mutations in the germ plasma. Chromosome analysis became 

a tool to study all these effects.
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12. Creager, “Mutation.” In accordance with other studies, Creager attributes 

the original separation of the two issues to the professional separation of toxi-

cologists and pathologists who were responsible to study the somatic effects of 

radiation from geneticists who studied the genetic effects. In contrast to genet-

icists, toxicologists postulated a safe threshold for radiation exposure. With the 

gradual acceptance of the somatic mutation theory of carcinogenesis from the 

late 1950s, this distinction started to break down. On the debate about the so-

matic effects of radiation and research on chromosomal aberrations, see also 

 Semendeferi, “Legitimating a Nuclear Critic.”

13. de Chadarevian, “Mice and the Reactor”; Rader, Making Mice.

14. E. Mellanby to A. Barlow, 27 September 1946, fi le FDI 468, National Ar-

chives (UK), Kew (hereafter NA).

15. Thomson, Origins and Policy, 104; Thomson, Programme of the Medical 
Research Council, 58– 65 and 104– 6.

16. Hacker, Elements of Controversy, 199 and 254.

17. On the mice experiments at Harwell and Oak Ridge, see de Chadarevian, 

“Mice and the Reactor”; and Rader, Making Mice.

18. Mutations also played a central role as both object and tool of research 

in the early history of molecular genetics. Not by chance, Crick and Watson 

stressed that their model of the structure of DNA offered a molecular expla-

nation for mutational events; Watson and Crick, “Genetical Implications,” 966. 

Mutants, mutations, and mutagens played a crucial role in establishing protein- 

DNA relationships and the basic features as well as universal character of the 

genetic code. Just around the time when human chromosome research was tak-

ing off, molecular biologists linked changes in amino acid sequences of pro-

teins to mutations at the DNA level; see Ingram, “Specifi c Chemical Differ-

ence”; Ingram, “Gene Mutations in Human Haemoglobin.” From the 1960s, 

electrophoresis, protein fi ngerprinting, and, eventually, protein sequencing 

were widely used for identifying protein variants, for diagnostic purposes (e.g., 

for identifying sickle cell hemoglobin), for genetic studies of populations and 

for building evolutionary trees. The sequencing of DNA did not seem attain-

able at the time.

19. Kevles, In the Name of Eugenics, 205.

20. On Ford’s career, see Lyon, “Charles Edmund Ford”; interview with 

Charles Ford by Daniel Kevles, Abbington, 25 June 1982, Rockefeller Archive 

Center (RAC), North Tarrytown, NY, Kevles Papers, FA497, box 1, folder 11; 

and interview with John Evans by Peter Harper, Edinburgh, 10 December 2003, 

Genetics and Medicine Historical Network recorded interviews (GenMedHist). 

The addition of a cytogeneticist to the MRC group at Harwell had been a de-

sideratum from the very beginning, but fi nding one did not prove easy. Ford’s 

name was fi rst mentioned to Himsworth by John Cockcroft, the director of the 
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Atomic Energy Research Establishment, who knew of Ford through his pre-

vious appointment as director of the Chalk River Laboratory in Canada; see 

E. Mellanby (notes on discussion with J. Cockcroft), 15 November 1946, fi le FD 

1/468, NA.

21. On the special skill involved in squashing and the original mistrust against 

the import of such a crude “horticultural” method into work with mammalian 

tissues, see Harper, First Years, 11– 12.

22. On the intricate development of bone marrow transplantation from re-

search tool to an adjunct to cancer treatment in the Cold War context as well as 

on the Cold War origins of stem cell research, see Kutcher, Contested Medicine; 

and Kraft, “Manhattan Transfer.”

23. Tjio and Levan, “Chromosome Number of Man.”

24. At this point, Levan and Tjio did not exclude the possibility that germ 

cells had forty- eight chromosomes after all but other cells in the body might lose 

a few; see “A Life with Chromosomes: An Interview with Albert Levan, Pro-

fessor of Cytology, by Professor Bengt Olle Bengtsson, Professor of Genetics, 

Lund University 1989,” Dialogue Project, Lund University. A Swedish version of 

the fi lmed interview is available at http:// www .alvin -portal .org/ alvin/ view .jsf ?pid 

=alvin -record :275185. I thank Bengtsson for making a version with English sub-

titles available to me.

25. C. Ford to A. Levan, 30 July 1956, Correspondence folders, Albert  Levan 

Papers, Special Collections, Lund University Library and Archives. See also 

C. E. Ford, “Human Cytogenetics.”

26. de Chadarevian, “Chromosome Photography,” 131– 33; and pp. 134–36 in 

this volume.

27. Among these were John Hamerton, Patricia Jacobs, David Harnden, and 
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mum permissible occupational dose at the time was fi xed at fi ve rems per year 

for whole body exposure.

85. W. M. Court Brown to H. Himsworth, 8 October 1964, fi le FD 23/769, 

NA. It should be noted that by this time Charlotte Auerbach, working with fl ies 

at the Institute of Animal Genetics in Edinburgh, had already established that 

mustard gas produced permanent chromosome changes. Rachel Carson, in her 

book Silent Spring, also suggested that a range of other chemicals, including pes-

ticides, could lead to chromosome damage. Besides having herself a background 

in genetics, she consulted on the matter with the German émigré geneticist 

Klaus Patau at the University of Wisconsin, who had described trisomy 13; see 

Carson, Silent Spring, 185– 92, 205– 7; Richmond, “Women as Public Scientists,” 

371– 78. Both women played important roles as public scientists in the 1950s and 

1960s; see Richmond, “Women as Public Scientists.”

86. W. M. Court Brown to H. Himsworth, 26 November 1964, fi le FD 23/769 

(Report on Chromosome Studies on Subjects Accidentally Exposed at Doun-

reay on 12 April 1964 and Windscale—Incidence of Leukemia in Benzene Work-

ers), NA. On the efforts to automate karyotyping, see chapter 4 in this volume.

87. Tough and Court Brown, “Chromosome Aberrations.”

88. Dolphin and Lloyd, “Signifi cance of Radiation- Induced Chromosome 

Abnormalities,” 186. For a later evaluation of chromosome dosimetry in radio-

logical protection, see Lloyd and Purrott, “Chromosome Aberration Analysis.”

89. W. M. Court Brown to H. Himsworth, 16 November 1964, fi le FD 

23/769, NA.
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Chapter Two
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 Eugenics, 238– 50.
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16. Davenport, “Mendelism in Man” (also quoted in Harper, First Years, 57). 
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17. Penrose, Clinical and Genetic Study; Penrose, “Maternal Age,” 1149– 50. 
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ical study of the causes of mental disability in a Colchester mental hospital, see 

Kevles, In the Name of Eugenics, 148– 63. The striking feature of the Colchester 
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on an interview with Lejeune, see Kevles, In the Name of Eugenics, 245– 47. See 
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ration in Down syndrome came from Ford rather than from Penrose. Ford made 
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“‘Your True and Proper Gender’”; Richardson, Sex Itself; Ha, “Diagnosing Sex 

Chromatin.” For more on the Barr body test and its impact on chromosome re-

search, see chapter 3 in this volume.

32. On Polani’s role in investigating the chromosomal basis of Turner and 

Klinefelter syndromes, see his unpublished autobiographical essay “The year is 

1959 . . .” (2003), Paul Polani, Personal Information fi le, Royal Society Library 

and Archives; and interview with Paul Polani by Peter Harper, London, 12 No-

vember 2003, GenMedHist. See also Kevles, In the Name of Eugenics, 242– 45; 

Harper, “Paul Polani”; Ha, “Marking Bodies,” chap. 4; Ha, “Diagnosing Sex 

Chromatin.”

33. Polani, Lessop, and Bishop, “Colour- Blindness,” 119– 20.

34. Paul Polani, “The year is 1959 . . .” (2003), p. 1; and Harper, “Paul Polani,” 

726. For more on the role of the X and Y chromosomes as constructed through 

the studies of sex chromosome anomalies, see chapter 3 in this volume.

35. Polani, Lessop, and Bishop, “Colour- Blindness,” 119.

36. Polani, “The year is 1959  .  .  .” (2003), p. 3. More generally, the Sympo-

sium on Nuclear Sex, convened in September 1957 by the clinical pathologists 

David Robertson Smith and William M. Davidson of King’s College Hospital 

Medical School in London, proved an important occasion for bringing together 

clinicians, cytologists, and human cytogeneticists. The meeting was prompted 

by Murray Barr’s visit to the United Kingdom; see “Autobiographical Notes,” 

vol. 1, p. 40, Murray L. Barr Papers, National Archives, Ottawa. It was followed 

by a second meeting, two years later, dedicated to human chromosomal abnor-

malities. This meeting responded to the technological shift under way from 

chromatin testing to chromosome analysis; see Robertson Smith and Davidson, 

Symposium; Davidson and Robertson Smith, Proceedings.

37. C. E. Ford et al., “Sex-Chromosome Anomaly,” 712. Barr, the inventor 

and keen promoter of the test that carried his name, had made a similar cau-

tioning suggestion a few years earlier; see Barr, “Cytological Tests”; Ha, “Diag-

nosing Sex Chromatin,” 72. Barr himself had tried to interest the cytogeneticist 

Hsu, among others, to help him sort out the chromosomal basis of his test. Hsu 

was receptive but did not get fully engaged in the issue; Ha, “Diagnosing Sex 

Chromatin,” 73– 74. For the recollection of one of the coauthors of the article on 

Turner syndrome, the Brazilian endocrinologist José Carlos Cabral de Almeida, 

then visiting Polani’s laboratory, on the team effort leading to the publication, 

see Jung et al., “Revisiting Establishment.”

38. For the following reconstruction of events, especially regarding Polani’s 

role, see Ha, “Marking Bodies,” chap. 4, and Harper, “Paul Polani,” in addition 

to the relevant scientifi c articles.

39. Ford, Jacobs, and Lajtha, “Human Somatic Chromosomes.”

40. In a later interview Jacobs stamped the quality of the preparations as 

straightforwardly “terrible” and a “disaster.” The trouble started when Jacobs, 
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then still “very young and very naïve,” was dispatched to King’s College Hospi-

tal, London, to collect the fresh sternal puncture specimen. Rather than being 

led straight into the operating room, where the patient was ready for the inter-

vention, she was made to wait in the waiting room as a regular outpatient. When 

the mistake was fi nally discovered, the patient had been waiting for an hour and 

everyone was “furious”; interview with Patricia Jacobs, Salisbury (UK), 2 June 

2010.

41. Interview with Charles Ford by Daniel Kevles, Abbington, 25 June 1982, 

Kevles Papers, FA497, box 1, folder 11 (Ford I, side 2, 25), RAC.

42. Barr, “Human Cytogenetics,” 82. Various interviews confi rmed such com-

plaints. On the publication policy of the Lancet with respect to chromosomes, 

see also Harper, First Years, 98– 99. It should be pointed out that, before the 

many case reports about chromosome anomalies, studies on “nuclear sexing” 

were also very well represented in the Lancet.
43. For the British context, see Sturdy and Cooter, “Science, Scientifi c Man-

agement, and the Transformation of Medicine”; and Coventry and Pickstone, 

“From What and Why Did Genetics Emerge.”

44. Lejeune, “Le mongolisme.”

45. Rostand, “Parviendra- t- on bientot a guérir les enfants?”

46. See, for example, Fraccaro and Lindsten, “Le malattie cromosomiche”; 

and Buzzati- Traverso, “Tutti da rifare”; Buzzati- Traverso, “La materia e la vita.” 

Although Buzzati- Traverso is best remembered for his effort to launch an inter-

national molecular biology institute in Naples in the 1960s, he was an enthusi-

ast of chromosome research. Preserved in Fraccaro’s archive is a card, signed by 

Buzzati- Traverso, sporting a photograph of his chromosomes and the message: 

“My chromosomes shall bring you my fond wishes for a prosperous 1961”; Frac-

caro Collection. On Buzzati- Traverso and the rise of molecular biology in Italy, 

see Capocci and Corbellini, “Adriano Buzzati- Traverso.”

47. Interview with Marco Fraccaro, Pavia, 30 March 2004.

48. Redding and Hirschhorn, Guide, 1.

49. Paul and Brosco, PKU Paradox.

50. The respective contributions of Turpin, Lejeune, and Gautier in the 1959 

work leading to the fi rst description of trisomy 21 has given rise to a somewhat 

bitter controversy among the participants and their descendants. In a recent 

memoir Gautier (whose name was misspelled in the key publication) expressed 

the extent to which she felt marginalized in the group effort that led to the dis-

covery and her resentment about Lejeune taking most of the credit. According 

to Gautier, Turpin also came to resent Lejeune’s behavior; Gautier and Harper, 

“Fiftieth Anniversary of Trisomy 21.” Turpin and Lejeune collaborated closely 

up to the mid- 1960s, when Turpin retired. At a certain point, tensions developed, 

although the exact reasons for this are somewhat unclear. Various writings, col-

lected in a biographical fi le at the Pasteur Institute deposited by Turpin’s fam-
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ily, including Turpin’s eloge by the French National Academy of Medicine and a 

short popular history of the events leading to the discovery of trisomy 21 by Tur-

pin’s daughter, herself an accomplished cytogeneticist, stressed Turpin’s decisive 

contribution to the discovery; see folder Documents à charactère biographique, 

Fond d’archives Raymond Turpin, FR AIR TRP, Service des archives, Institute 

Pasteur, Paris. In the 1970s, Lejeune, then the director of the cytogenetics lab-

oratory at the Hôpital Necker— Enfants Malades, took a vocal antiabortionist 

stance, distancing himself from many geneticists. This development, together 

with tensions between Tjio and Levan regarding their respective contribution 

to the establishment of the new number of human chromosomes, might have 

cost the fi eld of cytogenetics its Nobel Prize, which supposedly Levan, Lejeune, 

and Caspersson were going to share; interview with Bernhard Dutrillaux, Paris, 

30 June 2011.

51. On the expert panel, see pp. 92–96 in this volume. On Lejeune’s role as a 

French scientifi c envoy, see interview with Carlos Sonnenschein, São Paulo, Bra-

zil, 20 July 2017. In 1961, Sonnenschein participated in a course on chromosome 

techniques offered by Lejeune in Buenos Aires that set him on a new research 

career in cytology. Unfortunately, Lejeune’s personal archive, though apparently 

extant, has not yet been made publicly available.

52. This was not an isolated attempt. Lejeune also strived to treat fragile X 

syndrome, another newly described chromosome disease leading to mental dis-

ability, by administrating patients high doses of folic acid; see Hogan, “Disrupt-

ing Genetic Dogma,” 184– 85. On the efforts to treat genetic diseases through 

nutritional and metabolic interventions in the 1960s and 1970s, see also Löwy, 

Imperfect Pregnancies, 64– 68.

53. Sex chromatin analysis of amniotic fl uid with the aim of predicting the sex 

of the fetus became possible in the mid- 1950s. It found limited clinical applica-

tion in cases of sex- linked diseases like muscular dystrophy or hemophilia that 

run in families; see Cowan, “Aspects.” The ability to grow amniotic fl uid cells 

in culture and perform a chromosome test was fi rst reported in the mid- 1960s; 

Steele and Breg, “Chromosome Analysis.” Prenatal biochemical tests for neural 

tube defects (or spina bifi da) and other conditions became available in the fol-

lowing years.

54. For his stand against abortion and his care of Down syndrome children, 

Lejeune’s heirs petitioned for his beatifi cation. The case remains open. As ar-

gued in detail by Gaudillière, karyotyping followed a different trajectory in the 

genetic service run by Maurice Lamy at the same hospital; Gaudillière, “Whose 

Work Shall We Trust?” The technique was introduced in Lamy’s department 

in 1959 by a student, Jean de Grouchy, who had spent time in Penrose’s labora-

tory. De Grouchy employed chromosome analysis to revise the clinical classi-

fi cation and causal description of certain diseases and to drive clinical innova-

tion. The counseling service was used to collect data on transmission patterns 
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and incidences of genetic diseases as well as to advise on risk factors. The ser-

vice grew into a center for medical cytogenetics in France. De Grouchy’s work 

culminated in the publication of the Clinical Atlas of Human Chromosomes, a 

compilation and visual guide to all known chromosome syndromes that paired 

cytogenetic data with detailed clinical descriptions and case photographs; de 

Grouchy and Turleau, Clinical Atlas. Despite their different professional tra-

jectories Lejeune  and de Grouchy reportedly were close personal friends; see 

Harper, First Years, 157.

55. The most comparable case in the British context is that of Ferguson- Smith 

in Glasgow; see pp. 62–63 in this volume.

56. Latour, “Science in Action.”

57. Interview with Charles Ford by Daniel Kevles, Oxford, 25 June 1982, 

 Kevles Papers, FA497, box 1, folder 11, RAC. Unfortunately, Ford’s papers have 

not been preserved.

58. On Ford’s move away from human cytogenetics for both personal and in-

stitutional reasons, see interview with Edward (Ted) Evans by Peter Harper, 

23 August 2004, GenMedHist.

59. The original endowment provided by the National Spastics Society was 

£2 million; see [Paul Polani], “The Paediatric Research Unit (a Brief Outline)” 

(typescript, undated, updated 2003), Polani, Personal Information fi le, Royal 

Society Library and Archives. The existing online history of the Spastics So-

ciety (now Scope) hardly mentions the grant to Polani’s unit except in a brief 

interview, where it becomes clear that the decision was hard won to put the 

money into research that was not exclusively dedicated to cerebral palsy but to 

the causes of developmental disability more generally; Davies, Changing Soci-
ety, 153. Unfortunately, no archival records seem to have survived either at Guy’s 

Hospital or at Scope that would make it possible to investigate the setting up of 

the unit in any further detail. Also Polani’s original blueprint for the unit does 

not seem retrievable. I thank Elizabeth Manners at Guy’s Hospital for guidance 

and access to the internal records of the Paediatric Research Unit kept at what 

is now the Department of Medical and Molecular Genetics at King’s College 

London School of Medicine. For the breadth of research pursued at the Pae-

diatric Research Unit, see the Festschrift for Polani: Adinolfi  et al., Paediatric 
Research.

60. The genetic counseling clinic started by Fraser Roberts at Great Ormond 

Street in 1946 is often considered the fi rst such service in Europe and the third 

worldwide, after the Hereditary Clinic at the University of Michigan and the 

Dight Institute at the University of Minnesota. Regarding Fraser Roberts’s ac-

tive membership in the Eugenic Society from 1926 to 1971, Polani remarked that 

he considered him a “mild reform eugenicist” who, in his later years, “rather for-

got eugenics and thought more of individual consultancies and patients”; Polani, 

“John Alexander Fraser Roberts,” 321.
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61. On the development of the fetus as an experimental object, see Hopwood, 

“Embryology”; Lynn Morgan, Icons of Life; Maienschein, Embryos under the 
Microscope.

62. P. Polani, “The year is 1959 . . .” (2003, typescript), Paul Polani, Personal 

Information fi le, Royal Society Library and Archives; and interview with Paul 

Polani by Peter Harper, Guildford, 12 November 2003, GenMedHist.

63. Polani, “Incidence of Chromosomal Malformations.”

64. Jacobs, “William Allan Memorial Award Address,” 695.

65. Benirschke et al., “Standardization.”

66. According to the reminiscences of a young geneticist sitting in the audi-

ence, when German- born biologist Leo Sachs from the Weizmann Institute in 

Israel— in a lecture presented at the fi rst International Conference of Human 

Genetics in Copenhagen in 1956— suggested that sex could be analyzed prena-

tally through amniocentesis using the Barr body test, “nobody was shocked”; 

see Sachs et al., “Prenatal Diagnosis”; and interview with Marco Fraccaro, 

30 March 2004, Pavia. Other groups were pursuing similar experiments; see es-

pecially Fuchs and Riis, “Antenatal Sex Determination”; Fuchs et al., “Antena-

tal Detection.” However, it took a decade until amniocentesis could be safely ap-

plied later in the pregnancy and fetal cells from the amniotic fl uid cultured for 

chromosome analysis; see Steele and Breg, “Chromosome Analysis.” For a mul-

tifaceted account of the biomedical, legal, political, and sociocultural develop-

ments that led to the establishment of amniocentesis and prenatal diagnosis as 

an accepted practice, see Rapp, Testing Women, esp. 23– 52. On prenatal diagno-

sis, see also Löwy, Imperfect Pregnancies.

67. Ferguson- Smith’s cytogenetic service in Glasgow started offering prenatal 

diagnosis at about the same time; see Ferguson- Smith, “Putting Medical Genet-

ics into Practice” and later in this section. They both claim priority.

68. Polani et al., “Sixteen Years’ Experience.”

69. Interview with Paul Polani by Peter Harper, London, 12 November 2003, 

GenMedHist.

70. See “Paediatric Research Unit— Guy’s Hospital Medical School: An 

Abridged Record of Research and Service” (typescript, presented by Polani to 

the Royal Society on 7 September 1981), Polani, Personal Information fi le, Royal 

Society Library and Archives.

71. As has been argued for the case of Manchester, the regional genetic ser-

vices exemplifi ed a new linkage between research projects, emerging medical 

specialists, hospital services, National Health Service policies to introduce cost- 

effective interventions, and patient service demand; Coventry and Pickstone, 

“From What and Why Did Genetics Emerge.” On the setting up of the regional 

genetic centers, see also Leeming, “Tracing the Shifting Sands.”

72. For a population based study, see J. R. Fraser Roberts and P. E. Polani, 

“South- East Regional Survey: A Collaborative Scheme for Studying Certain Im-
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portant Chromosomal and Other Congenital Defects, and Determining Their 

Frequency in the Population (Explanatory Notes)” (1966), Polani, Archival Col-

lection, Guy’s Hospital, King’s College London School of Medicine, Depart-

ment of Medical and Molecular Genetics.

73. Santesmases, “Human Autonomous Karyotype.”

74. Polani et al., “Sixteen Years’ Experience,” 170.

75. Stern, Telling Genes, 47– 48, 154. In her detailed ethnography of prena-

tal diagnosis, Rayna Rapp remarked that, in general, women reacted much more 

strongly to the ultrasound images rather than to the “caterpillar stick fi gures” 

of chromosome photographs; Rapp, Testing Women, 221. Yet this does not pre-

clude physicians and counselors from making strategic use of the latter in the 

consultation room as observed by Stern. On the rhetorical strength of visual ev-

idence in genetic diagnostics, see also Taussig, Ordinary Genomes, 111– 26. As 

an artist in residence at Guy’s Hospital Genetics Department in 2002 and at the 

hospital’s Cytogenetics Assisted Conception Unit in 2008, Gina Glover created 

several artworks based on chromosome images produced in the laboratory that 

visitors and patients in these units can see hanging on the walls. The artworks 

include the prize- winning Chromosome Socks, composed of twenty- four or-

dered pairs of striped socks, apparently collected from cytogeneticists in the lab, 

and Painting with Light: Mosaic of Images and Quotations from the Cytogenet-
ics Department, Guy’s Hospital, incorporating Polani’s microscope fi lters; see 

Glover’s website at http:// www .ginaglover .com, as well as the website Art in Hos-

pitals, at http:// www .artinhospitals .com/ photo _genetics _chromosomes .html. 

Glover’s presence in the laboratory and her artwork point to the continuing im-

pact of chromosomal imagery in the clinical context.

76. Survey- based studies were not absent in Polani’s unit but generally they 

built on data won through the services offered and they did not necessarily in-

volve just cytogenetic data. On Court Brown’s earlier career, see pp. 22–24 in 

this volume.

77. “Proposed M.R.C. Group for Research on the General Effects of Radia-

tion at the Western General Hospital, Edinburgh. Draft” (undated but probably 

1955); MRC Human Genetics Unit, Library and Archive, Edinburgh.

78. “Notes on meeting in Dr. Cowan’s offi ce at Edinburgh on the 6th Janu-

ary” (1956), p. 2; MRC Human Genetics Unit, Library and Archive, Edinburgh.

79. [W. M. Court Brown], “Memorandum on a Proposed Registry of Persons 

with an Abnormal Chromosome Constitution” (draft, 1959), fi le FD 12/445, NA. 

Registries were established tools for epidemiological research. According to a 

defi nition offered by WHO, a registry (in contrast to a simple notifi cation) re-

quires a permanent record, that the cases are followed up, and that statistical 

tabulations are prepared; World Health Organization Expert Committee on 

Health Statistics, Epidemiological Methods, 11. Supposedly the oldest registry 

in this sense was a leprosy registry, established in Norway in 1856; Irgens, “Ori-
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gin.” Registries gained increasing importance in the course of the twentieth cen-

tury, especially with respect to the epidemiological study of cancer and mental 

diseases.

80. “Group for Research on the General Effects of Radiation, Proposed Reg-

istry of Abnormal Human Karyotypes,” January 1960, fi le FD 23/142, NA. See 

also “Notes on Procedure: Types of Case [sic] to Be Registered”; ibid.

81. See correspondence in fi le FD 12/445, NA.

82. D.R. (initials) to B. L. Lush, 6 October 1959 (MRC internal note on com-

mentary card accompanying folder), fi le FD 23/220, NA.

83. The fi rst neonatal screening program based on buccal smears was started 

by Keith Moore, Barr’s student, in London, Ontario, but the Edinburgh study 

soon grew into the largest of its kind.

84. For further details of the prospective studies, see pp. 98–105 in this 

volume.

85. Interview with Patricia Jacobs, Salisbury, 2 June 2010.

86. W. M. Court Brown, “Memorandum on Current Demands for Cytoge-

netic Studies and the Requirements for a Routine Service,” 7 November 1962 

(typescript), fi le FD 23/148, NA.

87. W. M. Court Brown, “The Provision of Facilities in Human Cytogenetics 

to Meet the Needs of Medical Practice,” 21 September 1966, fi le FD 9/1281, NA. 

On another occasion Court Brown suggested that the most satisfactory way of 

organizing a service would be to set up of a few “expert centres,” each capable of 

covering a population of about fi ve million people; see “Extract from CRB [Cell 

Research Board], Minutes of Meeting of March 1967, item 38. Noon session: De-

velopments in the Clinical Aspects of Cytogenetics. Talk by Dr. Court Brown,” 

MRC 67/384, fi le FD 9/1281, NA. The need for expert supervision of cytogenetic 

work was demonstrated by the fate of the cytogenetic program at the Psychiatric 

Genetics Research Unit at the Maudsley Hospital in London. A cytogenetic lab-

oratory was established at the unit in 1963, but the work was considered of such 

poor quality that funding was discontinued a few years later; see fi le Clinical Re-

search Board— Visit to Psychiatric Genetics Research Unit (E. T. O. Slater), FD 

9/1295, NA.

88. [W. M. Court Brown], “Developments in the Clinical Aspects of Cyto-

genetics” (undated, typescript attached to letter of 19 October 1966), fi le FD 

9/1281, NA. Autoradiography was a technique based on radioactive labeling that 

helped identify single chromosomes. It was soon superseded by other banding 

techniques. It regained importance as an approach for in situ hybridization be-

fore fl uorescent labeling again rendered it obsolete; see chapter 5 in this volume.

89. W. M. Court Brown, “The Provision of Facilities in Human Cytogenet-

ics to Meet the Needs of Medical Practice,” 21 September 1966, fi le FD 9/1281; 

W. M. Court Brown, “Contributions of Human Cytogenetics to Clinical Medi-

cine,” 16 March 1967, fi le FD 9/1281, NA.
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90. Comfort, Science of Human Perfection.

91. The project drew on a considerable number of Klinefelter patients whom 

Ferguson- Smith had identifi ed performing buccal smear screens of men attend-

ing the infertility clinic and at a local hospital for the disabled. The project was 

initiated by the pathologist Bernard Lennox, who had worked with Polani on 

Turner syndrome and meanwhile had moved from London to Glasgow. In both 

cases the discrepancies between anatomical and nuclear sex prompted the effort 

to look at the chromosomes of the patients at a time when the techniques were 

only just becoming available. For more on the Barr body test, the implications 

for individuals with Turner or Klinefelter syndrome and the incipient sex chro-

mosome analysis to adjudicate the cases, see chapter 3 in this volume.

92. Ferguson- Smith, “Cytogenetics,” 7. Like Ferguson- Smith several other 

researchers moving into cytogenetics in the 1950s had a background in pathol-

ogy, bringing with them their skill of working with the microscope.

93. Ferguson- Smith, “Putting Medical Genetics into Practice.” On Ferguson- 

Smith’s career, see also interview with Malcolm Ferguson- Smith by  Peter 

Harper, Cambridge, 5 December 2003, GenMedHist; interview with Mal-

colm Ferguson- Smith, Cambridge, 28 January 2013; and interview with Marie 

Ferguson- Smith, Cambridge, 5 July 2014.

94. V. McKusick to W. M. Court Brown, 31 May 1961, and W. M. Court 

Brown to V. McKusick, 5 June 1961, fi le Ferguson- Smith, Malcolm A., box 509 

284, Alan Mason Chesney Medical Archives, Johns Hopkins Medical Institu-

tions (Hopkins Medical Archives). For the problem in recruiting someone to 

succeed Ferguson- Smith, see further correspondence in the same box.

95. Interview with Barbara Migeon by Jennifer Caron and Nathaniel Com-

fort, Johns Hopkins University Medical School, Baltimore, 2 June 2005, 

OHHGP. Also, interview (by author) with Barbara Migeon, Baltimore, 1 May 

2014.

96. Comfort, Science of Human Perfection, 183.

97. See chapter 5 in this volume.

98. Canguilhem, On the Normal and the Pathological.
99. Hopwood, “Visual Standards.”

100. On the standardization of the human karyotype, see also Lindee, Mo-
ments of Truth, 90– 119. More generally, on standards and standardization in sci-

ence, see Wise, Values of Precision; Bowker and Star, Sorting Things Out; Tim-

mermans and Epstein, “World of Standards.” On the history and normativity of 

the “normal” and the rise to power of the concept in the mid- twentieth century, 

see Cryle and Stephens, Normality.

101. Painter, “Studies in Mammalian Spermatogenesis II,” plate 6; Hsu, 

“Mammalian Chromosomes in Vitro,” fi g. 14.

102. Tjio and Levan, “Chromosome Number of Man,” 3.

103. Albert Levan, “Conference on Human Chromosomes— Colorado, 
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April  8– 11, 1960. Comments on points A- G of the provisional agenda” (type-

script, undated), p. 6, fi le Normal Karyotype, Fraccaro Collection. On the tran-

sition from drawing to photographing chromosomes and the impact on the prac-

tice of cytogeneticists, see also de Chadarevian, “Chromosome Photography.”

104. Albert Levan, “Conference on Human Chromosomes— Colorado, 

April  8– 11, 1960. Comments on points A- G of the provisional agenda” (type-

script, undated), pp. 3– 4, including tables and fi gures, fi le Normal Karyotype, 

Fraccaro Collection.

105. Human Chromosomes Study Group, “Proposed Standard of Nomencla-

ture,” 1.

106. Puck, “Living History Biography,” 281.

107. Puck, “Living History Biography,” 281.

108. Human Chromosomes Study Group, “Proposed Standard of Nomencla-

ture,” 1.

109. Human Chromosomes Study Group, “Proposed Standard of Nomencla-

ture,” 6, table 1.

110. Hsu, Human and Mammalian Cytogenetics, 59.

111. Robinson, “Living History,” 478.

112. Human Chromosomes Study Group, “Proposed Standard of Nomencla-

ture,” 3.

113. Clarifying an existing confusion in the literature, the study group recom-

mended using the term karyotype to defi ne an ordered arrangement of the chro-

mosomes of a single cell, either drawn or photographed, while the term idiogram 

was to be reserved for the diagrammatic representation of a karyotype; Human 

Chromosomes Study Group, “Proposed Standard of Nomenclature,” 1n.

114. Human Chromosomes Study Group, “Proposed Standard of Nomencla-

ture,” 3.

115. Penrose, “Proposed Standard System.”

116. Penrose, “Proposed Standard System,” fi g. 1, caption.

117. See, e.g., Penrose, “London Conference”; Penrose, “Note on the Mea-

surements”; Penrose, “Introductory Address”; Penrose, “Human Chromo-

somes.” Copious material, including notebooks, tables, graphs, and correspon-

dence, in Penrose’s papers dating from the early to mid- 1960s further confi rms 

the importance of the issue for Penrose; see Penrose Papers, fi les 90/1A- C and 

90/2, UCL Library Special Collections. On the importance of quantifi cation for 

Penrose, see also Kevles, In the Name of Eugenics, 221– 22. Not everyone agreed 

with Penrose’s insistence on measurement. David H. Carr, a collaborator in 

Barr’s laboratory at the University of Western Ontario and one of Penrose’s cor-

respondents on the matter, contended: “I am enclosing measurements which you 

requested. Since the early days of my work we have never measured chromo-

somes as we did not feel it contributed to the identifi cation or understanding of 
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human karyotypes. These measurements were made specifi cally and with all due 

care. The results (unless my eye or arithmetic is grossly out of line) support the 

view that measurement does not assist in pairing or identifying chromosomes.” 

D. H. Carr to L. Penrose, 14 August 1963, fi le 90/2, UCL Library Special Collec-

tions. Supporting Penrose’s position on the matter, Marie Ferguson- Smith, who 

did much of the cytogenetic lab work in the unit set up by Malcolm Ferguson- 

Smith at Johns Hopkins in Baltimore and later in Glasgow, excitedly wrote to 

McKusick about a new method she had devised that produced “much better and 

accurate measurements.” It involved projecting the photographic fi lm onto a 

white sheet of paper and tracing the chromosomes on the image. She added: “I 

don’t know why we did not think of that before. The whole process is so much 

quicker.” Marie Ferguson- Smith to V. McKusick, 15 June 1962, Malcolm A. 

Ferguson- Smith, Biographical File, Hopkins Medical Archives.

118. See fi le Normal Karyotype, Fraccaro Collection. The letters later as-

signed to each chromosome group were added in pencil.

119. Human Chromosomes Study Group, “Proposed Standard of Nomen-

clature.” See frontispiece in this volume.

120. Interview with Marco Fraccaro, Pavia, April 2004. According to Frac-

caro, the fi gures included in the article were probably supplied by Hamerton, 

 Polani’s collaborator at the Paediatric Research Unit at Guy’s Hospital.

121. Hsu, Human and Mammalian Cytogenetics, 61.

122. This can also be seen as the gist of Lejeune’s continuing misgivings. In 

the context of a discussion on projects in human genetics that the WHO could 

usefully support, Lejeune explained his stance thus: “The problem of human 

chromosome classifi cation is still open and effectively the gentleman agreement 

reached in Denver is not the best solution. My very criticism against it is that 

the numerical classifi cation is much more precise than our present standards 

of recognition. But how could WHO sponsor a regressive nomenclature? In 

my opinion the time is not yet ripe for a useful revision of the actual numbers”; 

J. Lejeune to R. Lowry Dobson, 5 January [June?] 1962, fi le G3- 370- 2, fi che 1; 

Plan for a Medical Research Program Related to Human Genetics (1959– 1965), 

WHO Archives. Other researchers shared Lejeune’s concern that current tech-

niques did not support the numbering of single chromosomes (especially in 

group 6– 12) as required by the Denver nomenclature. The point was made most 

forcefully by Klaus Patau, a German émigré at the University of Wisconsin; Pa-

tau, “Identifi cation of Individual Chromosomes”; Patau, “Chromosome Identifi -

cation.” Although already working on human chromosomes, he had not yet pub-

lished a human karyotype at the time of the Denver conference and therefore 

was not invited to the meeting. A few months later he was the leading author 

on two papers that reported the fi rst case of trisomy 13 (also known as Patau 

syndrome) and independently described a case of trisomy 18, although the fi rst 
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obser va tion of the syndrome is attributed to John Edwards, then at Oxford. On 

Patau and the problem of stabilizing the description of chromosomal syndromes, 

see Löwy, Imperfect Pregnancies, 49– 53.

123. Interview with Marco Fraccaro, Pavia, April 2004.

124. 46— The Human Chromosome Newsletter, no. 1, October 1960, and 46— 
The Human Chromosome Newsletter, no. 9 (1963), editorial note, Fraccaro Col-

lection. The newsletter Mammalian Chromosomes compiled by Hsu in Houston 

was started a few months earlier (May 1960). In a later issue, Hsu addressed the 

question concerning the division of labor with the Human Chromosome News-
letter thus: “I have not corresponded with Dr Harnden and Miss Jacobs con-

cerning this matter, but tentatively we shall propose that the Mammalian Chro-
mosomes Newsletter publish raw data on human cytogenetics as we have been 

practicing. Articles relating to negative data, advanced abstracts of fi ndings on 

human chromosomes and their anomalies, and other subjects on human karyol-

ogy should be submitted to the Human Chromosome Newsletter”; Mammalian 
Chromosomes Newsletter, no. 9, January 1963, p. 2, Fraccaro Collection. Follow-

ing consultation at the next standardization meeting in Chicago, publication of 

the Human Chromosome Newsletter ceased in 1966 after twenty issues. It was 

believed that, while at the start the newsletter had served “a worthwhile scien-

tifi c purpose,” this had become less so as other journals and improved abstract 

services were providing similar functions; P. A. Jacobs and D. G. Harnden (edi-

torial), 46— The Human Chromosome Newsletter, no. 20, December 1966, p. 1. 

On the role of newsletters in the moral economy of science and as historiograph-

ical tools, see Kelty, “This Is Not an Article.”

125. Bangham, “Writing, Printing, Speaking.”

126. Hamerton et al., “London Conference.”

127. Bergsma, Hamerton, and Klinger, “Chicago Conference,” 1.

128. Robinson, “Living History,” 478. Other interpretations offered are that 

q was a typo for the letter g (grand in French) or that q stemmed from the for-

mula p + q = 1, according to which the short and long arm together form the 

whole chromosome; see Harper, First Years, 148; Hogan, Life Histories, 60– 61.

129. Bergsma, Hamerton, and Klinger, “Chicago Conference,” 6.

130. Bergsma, Hamerton, and Klinger, “Chicago Conference,” 7.

131. Hamerton, Jacobs, and Klinger, “Paris Conference”; Hamerton and 

Klinger, Paris Conference (1971). See also fi gure 5.4 on p. 163 in this volume.

132. Hamerton and Klinger, Paris Conference (1971), 14– 28.

133. On visual standards, see Hopwood, “Visual Standards.” An infl uen-

tial example for annotated chromosome diagrams can be found in Victor Mc -

Kusick’s effort to map the genes responsible for human diseases; Mc Kusick, 

Mendelian Inheritance in Man. On chromosome diagrams as representational 

devices and their function as “infrastructure,” see also Hogan, “‘Morbid Anat-

omy’”; Hogan, Life Histories; and chapter 5 in this volume.
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134. Bergsma, ISCN 1978.

135. On the preservation of individual “styles” of cytogenetic laboratories in 

preparing and presenting chromosomes up to this day, despite the widespread 

standardization of tools, see Turrini, “Continuous Grey Scales.”

136. Ford, Jacobs, and Lajtha, “Human Somatic Chromosomes.” Of special 

interest to human geneticists was the comparison to other primates and espe-

cially anthropoid apes. For an example of one such study performed by an inter-

national group of researchers on two gorillas from the local zoo on the sidelines 

of a WHO international laboratory course for cytogenetic practices in Basel, see 

Hamerton et al., “Somatic Chromosomes of the Gorilla.” The researchers used 

the new skin culture technique that made such a study possible.

137. Lindee, Moments of Truth, 1; McKusick, “Human Genome,” 7; Comfort, 

Science of Human Perfection, 198.

138. On this point, see also Coventry and Pickstone, “From What and Why 

Did Genetics Emerge.”

139. Polani, “Human and Clinical Cytogenetics,” 119.

140. “Mongolism,” talk presented at “Discussion on Human Chromosomes 

in Relation to Disease in Childhood,” R. S. M. Paediatrics Section, 27 May 1960 

(typescript), p. 1, fi le 62/5, Penrose Papers, UCL Library Special Collections. In-

terestingly, Court Brown, who had an expansive vision of the potential of human 

karyotyping, cautioned that pediatricians had perhaps been “overenthusiastic 

about the value of cytogenetics in mongolism” and that “here its value has be-

come exaggerated and perhaps distorted.” In Court Brown’s view, “careful clin-

ical appraisal still remains the best and the most economic method of diagno-

sis, with cytogenetics being employed only to sort out the small hard core cases 

where there is some doubt on clinical grounds”; W. M. Court Brown, “Contri-

butions of Human Cytogenetics to Clinical Medicine,” MRC 67/357– CR 67/26, 

16 March 1967, p. 2, fi le FD 9/1281, NA.

141. Polani, “Human and Clinical Cytogenetics,” 119.

Chapter Three

1. De Grouchy and Turleau, Clinical Atlas, ix. Writing in the mid- 1970s, the 

authors of the Clinical Atlas of Human Chromosomes, for which they originally 

considered the title “From 1 to 22, and X and Y,” described the “personality” of 

each chromosome as made up of the characteristic banding pattern it displays, 

its evolutionary history, the number and kind of genes it carries, and its known 

disease markers; de Grouchy and Turleau, Clinical Atlas, ix.

2. Mittwoch, Sex Chromosomes; Richardson, Sex Itself.
3. The poem— probably just one of many more that exist somewhere— is re-

produced in Sarah Richardson’s exploration of the impact of gender stereotypes 

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



222 Notes to Pages 77–83

in the history of sex chromosome research. Composed by an anonymous author, 

it was included on a loose sheet of paper in a privately owned copy of a genetic 

textbook by Thomas Hunt Morgan and his colleagues and eventually made it 

into a scanned copy of the book that is now publicly available; see Richardson, 

Sex Itself, 61– 62.

4. Hamerton, Human Cytogenetics.

5. Richardson, Sex Itself.
6. On the role of controversies in the formation of scientifi c fi elds, exemplifi ed 

for the case of behavioral genetics, see Panofsky, Misbehaving Science.

7. On the independent and equally important contributions of both Stevens 

and Wilson to the chromosomal theory of sex, see Richardson, Sex Itself, 29– 34.

8. Mittwoch, Sex Chromosomes, 218; Carlson, Mendel’s Legacy, 79– 98.

9. Painter, “Studies in Mammalian Spermatogenesis II”; Painter, “Sex Chro-

mosomes of Man.” On Painter’s research career see the biographical memoir by 

his student Bentley Glass; Glass, “Theophilus Shickel Painter.”

10. According to his biographer, Painter described the thick chromosome 

strands in the nuclei of the salivary glands “independently but simultaneously 

with E. Heitz and Hans Bauer in Switzerland”; see Glass, “Theophilus Shickel 

Painter,” 321.

11. Mittwoch, Sex Chromosomes, 104.

12. K. L. Moore, introduction to The Sex Chromatin, 3.

13. MacLean, “Sex Chromatin Surveys”; Ferguson- Smith, “Sex Chromatin.”

14. Court Brown, “Study of Human Sex Chromosome Abnormalities,” 392.

15. F. Miller, “‘Your True and Proper Gender’”; Ha, “Marking Bodies,” 

chap. 4; Ha, “Diagnosing Sex Chromatin”; Richardson, Sex Itself.
16. Ha, “Riddle of Sex.”

17. Anomaly to M. Barr, 29 May 1952; M. Barr to Anomaly, 2 June 1952; and 

M. Barr to Anomaly, 6 October 1952, Murray Barr Papers, fi le 5- 21, National 

Archives, Ottawa. The letter is cited and effectively used by Ha, who unearthed 

it from Barr’s voluminous correspondence; see Ha, “Marking Bodies,” chap. 4; 

Ha, “Diagnosing Sex Chromatin.”

18. For a brief history of the syndrome from a medical genetic point of view, 

see Ferguson- Smith, “Sex Chromatin.”

19. Ford, Jacobs, and Lajtha, “Human Somatic Chromosomes.”

20. Jacobs and Strong, “Case of Human Intersexuality.”

21. Ferguson- Smith, “Sex Chromatin,” 278, table 18- 1.

22. Jacobs et al., “Evidence.” Anticipating the existence of a “superfemale” 

karyotype in humans as observed in Drosophila, Puck in Denver apparently sys-

tematically tested young girls showing early sexual development, hypothesiz-

ing that they might carry a triple- X karyotype. This can be gleaned from a pop-

ular article written by Buzzati- Traverso, who was visiting Puck’s laboratory at 
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the time; see Buzzati- Traverso, “La materia e la vita.” In an earlier article pub-

lished in the science section of the daily national broad sheet Il Giorno, Buzzati- 

Traverso introduced readers to the role of the Y chromosome in human sex de-

termination; Buzzati- Traverso, “Tutti da rifare.”

23. Jacobs et al., “Evidence,” fi g. 1.

24. Shortly after the identifi cation of Down syndrome as trisomy 21, 

Ferguson- Smith, together with Levan, who was visiting Ferguson- Smith in Balti-

more, established that the anomaly in fact regarded chromosome 22 rather than 

21. The two researchers tried to get the numbers corrected. Yet to avoid confu-

sion and to not call into question a recently achieved consensus, the order of the 

two smallest chromosomes was switched around instead. On the episode, see 

Ferguson- Smith, “Putting Medical Genetics into Practice,” 15; Ferguson- Smith, 

“Cytogenetics,” 6; and interview with Malcolm Ferguson- Smith, Cambridge, 

28 January 2013.

25. Bridges, “Sex.”

26. “Chromosomes of Man” (editorial), 761.

27. Jacobs, Price, and Law, Human Population Cytogenetics, 4.

28. Jacobs and Strong, “Case of Human Intersexuality,” 302.

29. Court Brown, “Sex Chromosome Aneuploidy,” 33; Ferguson- Smith, 

“Putting Medical Genetics into Practice,” 4.

30. Richardson, Sex Itself. According to Richardson, “The story of the gen-

dering of the X and Y as objects of scientifi c knowledge” took off only in the late 

1950s to early 1960s; Richardson, Sex Itself, 18. For a focus on the earlier history 

of sex chromosome research, see Satzinger, Differenz und Vererbung.

31. Harnden, “Early Studies,” 165.

32. Ohno and Makino, “Single- X Nature”; Ohno, “Single- X Derivation.”

33. On the mosaic hypothesis and its clinical impact, see Migeon, Females 
Are Mosaics. Barbara Migeon, a Professor of Pediatrics at Johns Hopkins, dedi-

cated much of her long research career to the development of the X chromosome 

inactivation and mosaic hypothesis; interview with Barbara Migeon, Baltimore, 

1 May 2014.

34. Jacobs et al., “Aggressive Behaviour.” On the “masculinizing properties” 

of the Y chromosome, see Court Brown, “Sex Chromosome Aneuploidy,” 33.

35. Interview with Patricia Jacobs, Salisbury, 2 June 2010.

36. Casey et al., “Sex Chromosome Abnormalities.”

37. See MacLean et al., “Survey of Sex- Chromosome Abnormalities.” The 

paper provided a table summarizing the data of other available surveys of “men-

tal defectives,” categorized according to their IQ into “mild” and “major defec-

tives” and subdivided into males and females. Overall these surveys included 

8,000 individuals in addition to the 4,500 covered by the new study; MacLean 

et al., “Survey of Sex- Chromosome Abnormalities,” 293, table 1.
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38. Jacobs et al., “Aggressive Behaviour,” 1351.

39. Lewontin, Rose, and Kamin, Not in Our Genes, 49– 52; Richardson, Sex 
Itself.

40. Quoted in Harper, First Years, 90. See also interview with Patricia Jacobs, 

Salisbury, 2 June 2010.

41. Jacobs et al., “Chromosome Studies,” 341.

42. Jacobs et al., “Chromosome Studies,” 341. The fi nal report listed twenty- 

seven refusals on 342 patients of both wings; available tests indicated that these 

patients had higher average IQs than the study participants; Jacobs et al., “Chro-

mosome Studies,” 344.

43. Sandberg et al., “XYY Human Male.”

44. Hauschka et al., “XYY Man.”

45. Jacobs et al., “Aggressive Behaviour,” 1352.

46. Harper, First Years, 89; Casey et al., “YY Chromosomes.”

47. Price et al., “Criminal Patients,” 565.

48. “YY Syndrome” (editorial).

49. Park, “YY Syndrome.”

50. “Criminal Behaviour” (editorial).

51. Court Brown, “Genetics and Crime,” 318.

52. Price and Whatmore, “Criminal Behaviour”; Price and Whatmore, “Be-

haviour Disorders,” 536.

53. Jacobs et al., “Chromosome Studies.”

54. Besides the full report of the Carstairs study that appeared shortly before 

Court Brown’s review, the unit had published the results of an extensive chro-

matin survey including more than twelve thousand inpatients of mental hospi-

tals as well as close to one thousand female outpatients of a psychiatric clinic 

in Scotland; see Jacobs et al., “Chromosome Studies”; MacLean et al., “A Sur-

vey of Sex Chromatin Abnormalities in Mental Hospitals.” The study aimed to 

assess the role of additional X chromosomes in the development of mental ill-

ness. A later study, again with Jacobs as leading author, reported on chromo-

some surveys in a variety of corrective schools and penal institutions through 

which some of the Carstairs patients had transited. The results showed no in-

creased frequency of males with an XYY chromosome complement; Jacobs 

et  al., “Chromosome Surveys in Penal Institutions.” Overall these studies, to-

gether with all the other investigations pursued in parallel and described in other 

chapters, point to the ever- expanding screening efforts of the Edinburgh unit. 

In 1968, already strongly affected by a fi rst heart attack, Court Brown also pub-

lished a sixty- page comprehensive review on (XYY and other) sex chromosome 

anomalies and their relation with mental disability and criminal behavior; Court 

Brown, “Sex Chromosome Aneuploidy.”

55. Court Brown, “Males,” 342 and 357.

56. Court Brown, “Study of Human Sex Chromosome Abnormalities,” 394.
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57. Court Brown, “Males,” 342.

58. Court Brown, “Males,” 346.

59. Court Brown, “Males,” 348.

60. Court Brown, “Males,” 347. Jacobs later echoed Court Brown’s reassess-

ment, and especially regretted having used the words aggressive behavior in the 

title of the fi rst brief note in Nature. Yet in her defense, she also pointed out 

that the description of the Carstairs males— whom, as we remember, she did not 

meet personally— as “dangerous, violent or criminal” corresponded to the def-

inition provided by the institution for its patients; Jacobs, “William Allan Me-

morial Award Address,” 694. In fact, despite regretting the title, Jacobs never 

quite abandoned the idea of a link between the extra Y chromosome and crim-

inality; see excerpts of an interview with Peter Harper, reproduced in Harper, 

First Years, 90. Jacobs’s original study became the object of intense critique, but 

a later review article by Ernest B. Hook of the Birth Defects Institute at the 

New York State Department of Health in Albany, New York, fully supported the 

original observation of an increased incidence of XYY males in medical- penal 

institutions, providing supporting data from twenty comparable institutions in 

Europe, North America, and Australia. Hook reported a pooled rate of 2 per-

cent XYY males in these institutions, a fi gure twenty times the pooled newborn 

rate; Hook, “Behavioral Implications.”

61. Court Brown, “Males,” 357.

62. Green, “Media Sensationalisation,” 145.

63. Lyons, “Genetic Abnormality.”

64. Christitch, “Daniel Hugon”; and Escoffi er- Lambiotte, “L’hérédité de la 

violence.” A later article on the matter in the same media outlet commented that 

the seven- year sentence (from a minimum of fi ve and a maximum of ten years) in 

the Hugon trial refl ected the uncertainty (Fr. incertitude) of the jury over how to 

deal with the genetic evidence; Allain- Régnault, “L’hérédité de la délinquance.” 

On the general resistance of the courts to accept an XYY karyotype as attenuat-

ing circumstance, see also Fox, “XYY Offender.”

65. “Hidden Perils,” The Times, 28 July 1967, 3; Eliot Slater, “Genetics of 

Criminals,” World Medicine, 21 March 1967, 44– 45; Marco Fraccaro, “I fi gli di 

Caino,” Il Polso, 10 February 1969, 1– 2; “Of Chromosomes and Crime,” Time, 

5 March 1968, 45– 46; “Born Bad?” Newsweek, 6 May 1968, 29; “Nature or Nur-

ture?” New York Times, 23 April 1968, 46; “The XYY and the Criminal,” New 
York Times Magazine, 20 October 1968, 30; Lennard Bickel, “The A- B- C of the 

X- Y Factor,” The Australian, 11 October 1968, 9.

66. Statistics showed that violent crimes were on the rise and formed a perva-

sive aspect of American public life. Intriguingly, Scotland appeared as a distant 

second after the United States in statistics on murder rates in the late 1960s; see 

Washington, “Born for Evil?” 328.

67. For an illustration of all these points, including statistical fi gures on vio-
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lent crime, see the various contributions in Mark and Ervin, Violence and the 
Brain. The publication of a four- hundred- page Bibliography of Aggressive Be-
havior in 1977 further illustrates the “explosion of literature” on the subject; 

Crabtree and Moyer, Bibliography. For a historical discussion of the topic, see 

Durant, “Beast in Man,” and Allen, “Modern Biological Determinism” as well 

as Milam, “Men in Groups”; Milam, Creatures of Cain. On the complex inter-

play of popular and scientifi c discourse in notions of innate human aggression 

in the 1960s, see Weidman, “Popularizing the Ancestry of Man.” For a more 

general discussion on the search for biological determinants of human behavior, 

includ ing a brief discussion of the XYY case, see Gould, Mismeasure of Man.

68. Court Brown, “Sex Chromosomes and the Law.”

69. See, e.g., Lyons, “Genetic Abnormality.”

70. Jacobs, “William Allan Memorial Award Address,” 693– 94.

71. Engel, “Guest Editorial,” 124.

72. Engel, “Guest Editorial,” 125.

73. Green, “Media Sensationalisation,” 134.

74. Green, “Media Sensationalisation,” 147. Unfortunately, the New York 
Times reference given by Green for this quote is incorrect. The original source 

for the quote could not be traced. It is here reproduced with a caveat.

75. Lejeune, “William Allan Memorial Award Lecture.”

76. Green, “Media Sensationalisation,” 146.

77. The photo, credited to staff photographer John Oldenkamp, carried no 

caption.

78. Montagu, “Chromosomes and Crime,” 48. This statement, in fact, fi t with 

Montagu’s earlier pronouncements on the “natural superiority of women.” Al-

though usually read as a provocative argument against biological determinism, 

Montagu explained the superiority of women by the fact that they were endowed 

with “two well- appointed, well- furnished X chromosomes”; Montagu, Natural 
Superiority of Women, 130.

79. See Ashley Montagu Papers, Ms. Coll. 109, box 62, folder Chromosomes 

and Crime, correspondence 1968– 1970, APSL.

80. MacLean, Harnden, and Court Brown, “Abnormalities of Sex Chromo-

some Constitution”; MacLean, “Sex Chromatin Surveys,” 203. Unlike the test-

ing of prisoners and other groups of institutionalized individuals, the testing of 

newborns was still relatively new at the time. The screening programs relied on 

the approval of the medical heads of the maternity wards. No consent was sought 

from the babies’ parents; see p. 60 in this volume.

81. Court Brown et al., Abnormalities. On the registry, see pp. 58–59 in this 

volume.

82. Ratcliffe, Murray, and Teague, “Edinburgh Study.”

83. Interview with Shirley Ratcliffe, Edenbridge, Kent (UK), 1 June 2010.

84. Shirley G. Ratcliffe to Dr. E. G. Sloan, 22 September 1977, fi le XYY Con-
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troversy, Ratcliffe Personal Papers, Edenbridge, Kent. The papers are now held 

at the Wellcome Library.

85. The studies are listed in order of their starting date. The duration dates 

for the screening studies of consecutive births were as follows: Denver (Jan-

uary 1964– 1974), Edinburgh (April 1967– June 1979), New Haven (Octo-

ber  1967– September 1968), Toronto (October 1967– September 1971), Aarhus 

(October 1969– January 1974, October 1980– January 1989), Winnipeg (Febru-

ary 1970– September 1973), and Boston (April 1970– November 1974).

86. For details on the study procedure and the evolving consent rules as well 

as for a comprehensive review of the issues at stake in the Boston study contro-

versy, see Roblin, “Boston XYY Case.” For a review of the XYY debate, espe-

cially as it developed in the United States, see Hastings Center, “Special Supple-

ment: The XYY Controversy.”

87. On Science for the People and a broader analysis of science activists 

movements and their critique of American science at the time, see K. Moore, 

Disrupting Science.

88. Krimsky, Genetic Alchemy, 298– 309; Wright, Molecular Politics, 37– 39.

89. Jensen, “How Much Can We Boost IQ.”

90. The study resumed after a review of the consent procedures and was com-

pleted in 1973. The results showed no increased incidence of an XYY karyo-

type in the tested youngsters, an outcome the press did not fi nd newsworthy, 

thereby missing a signifi cant opportunity to dispel the story of the criminal chro-

mosomes in the public mind; see Washington, “Born for Evil?” Later fi ndings 

indicated that the XYY karyotype was indeed more frequent in Caucasians than 

in African Americans; Jensen, “How Much Can We Boost IQ.”

91. Money’s main interest lay in intersexuality and the proper sex assignment, 

according to gender (a term created by Money) rather than (biological) sex. For 

some background on Money’s work, see Eder, “Volatility of Sex”; and Eder, 

“Gender and Cortisone.”

92. Beckwith and King, “XYY Syndrome”; Glass, “Science,” 23.

93. For an insight into the faculty debate, see the summary report of the 

meeting: “Faculty Debates Chromosome Study.” For Beckwith’s account of the 

story, see Beckwith, Making Genes, Making Waves, 125– 32.

94. More specifi cally, funding came from the NIMH Center for Studies of 

Crime and Delinquency. The cost for screening in the Harvard study was put 

to six dollars per baby; see Culliton, “Patients’ Rights,” 716. It appears that 

some of the chromosome testing was done in conjunction with screening tests 

for PKU, a metabolic disorder for which a nutritional therapy existed; Kopel-

man, “Ethical Controversies,” 199. Massachusetts became the fi rst state to 

mandate PKU screening in 1963; Paul and Edelson, “Struggle over Metabolic 

Screening.”

95. Roblin, “Boston XYY Case,” 5; Beckwith, “Who Was Wronged?”
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96. The issue of informed consent in an era of expanding clinical experimen-

tation was raised several years earlier by Harvard professor of research in an-

esthesia Henry Beecher in the United States and private medical tutor Mau-

rice Pappworth in the United Kingdom in two publications later regarded as 

pathbreaking; Beecher, “Ethics”; Pappworth, Human Guinea Pigs. However, 

only the Tuskegee case led to the 1974 Federal Reform Act, which signifi cantly 

strengthened informed consent rules and instituted institutional review boards 

in the United States. In the United Kingdom, corresponding legislation was 

passed only at the end of the decade, and bioethics as a professional endeavor 

took root in the 1990s; Wilson, Making of British Bioethics.

97. Culliton, “Patients’ Rights.”

98. Beckwith et al., “Harvard XYY Study.” A similar position was expressed 

by Larry Miller, also a member of Science for the People, in a parallel letter in 

the Lancet; L. Miller, “What Becomes of the XYY Male?”

99. Although patients’ rights were very much in the center of the debate, 

those involved in the studies hardly had a voice. An exception is represented by 

the letter of the mother of a twenty- one- year- old son with an XYY karyotype, 

published in the New England Journal of Medicine in the wake of the termina-

tion of the Boston screening program. Against the often- repeated critique that 

an XYY diagnosis was stigmatizing and harmful, the woman, whose son was 

tested at age sixteen on her own request, pointed to the “emotional damage of 

‘not knowing’”— a view quickly countered by Beckwith and others, citing evi-

dence from parents who had participated in the Boston screening study; Fran-

zke, “Telling Parents”; Pyeritz, Beckwith, and Miller, “XYY Disclosure.” For a 

detailed critique of Beckwith’s and King’s position, see also Hamerton, “Human 

Population Cytogenetics.”

100. McLeod and Johnstone, “Secret Guinea Pigs.”

101. Bateman, “Secret Tests.”

102. The fi rst volume in the series, featuring the same title as the TV series, 

appeared in 1970, whereas the television series ran from 1976 to 1977; see Royce, 

XYY Man. The fi ctional hero of the series, William “Spider” Scott, though in-

telligent and nonviolent, was unable to leave his criminal past fully behind, pre-

sumably because of the extra Y chromosome he carried. Films centered on fi c-

tional XYY characters doomed to live criminal lives continued to appear long 

after the scientifi c community had laid the image of the aggressive XYY man to 

rest. See, for instance, the 1992 science- fi ction horror fi lm Alien 3, directed by 

American fi lmmaker David Fincher, evoked by Beckwith; see Beckwith, Mak-
ing Genes, Making Waves, 116.

103. Robinson, Lubs, and Bergsma, Sex Chromosome Aneuploidy; Stewart, 

Children with Sex Chromosome Aneuploidy; Ratcliffe and Paul, Prospective 
Studies; Evans, Hamerton, and Robinson, Children and Young Adults.

104. Hook, “Geneticophobia.”
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105. Jacobs, “William Allan Memorial Award Address,” 694.

106. Bateman, “Secret Tests,” quoting Ratcliffe. Hamerton, in his 1976 pres-

idential address to the American Society of Human Genetics, also strongly 
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tions of Cognition.”

82. On the distinction and tension between typological and population based 

thinking and the role of individual organisms in respect to type and population, 

see Mayr, Systematics.

83. The notion of indigenous people, which took root in the postwar years un-

der the auspices of the United Nations in an attempt to protect the identity and 

rights of local populations affected by colonialism, has its own problems of au-

thentication; see Radin, Life on Ice, 110. It is, nevertheless, used here as the gen-
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erally accepted term today, unless reference is made to different terms used at 

the time for the same populations.

84. Barnicot and Travers, “Comparison.”

85. Hungerford, Giles, and Creech, “Chromosome Studies of Eastern New 

Guinea Natives.” See also Chandra and Hungerford, “Chromosome Studies of 

Todas”; Hungerford et al., “Chromosome Studies of the Ainu Population.”

86. L. L. Cavalli- Sforza, “Research on African Pygmies” (1966, research re-

port), fi le G3- 181- 20 (Grant to Istituto di Genetica, Università di Pavia, Italy, in 

respect of population genetic studies of the Babinga Pygmies), WHO Archives. 

See also Cavalli- Sforza et al., “Studies on African Pygmies,” 255. The Babinga 

people whom Cavalli- Sforza studied were distinguished from the Baka, the Efe, 

and other indigenous groups in the forested areas of western Africa.

87. L. L. Cavalli- Sforza to R. L. Kirk (Chief, Human Genetics Unit, WHO, 

Geneva), 8 October 1966 and 14 October 1966, fi le G3- 181- 20 (Grant to Istituto 

di Genetica, Università di Pavia, Italy, in respect of population genetic studies of 

the Babinga Pygmies), WHO Archives.

88. World Health Organization, Research on Human Population Genetics, 

22– 27. On the centrality of refrigerating technologies for “salvage anthropol-

ogy” and the technical, ethical, and diplomatic complexities of collecting blood 

for this  project, see Radin, “Unfolding Epidemiological Stories”; Radin, Life 
on Ice.

89. World Health Organization, Second Ten Years, 230– 34.

90. On the fallout debate in the United States, see Hacker, Elements of Con-
troversy. On the polyvalent signifi cance of the American Atoms for Peace pro-

gram, see Krige, “Atoms for Peace”; and Creager, Life Atomic, 137– 42.

91. de Chadarevian, “Human Population Studies.”

92. R. Lowry Dobson to Frota- Pessoa (São Paulo), 10 May 1960, fi le G3- 370- 2 

(Plan for a Medical Research Program Related to Human Genetics, 1955– 1966), 

WHO Archives. The full passage reads: “WHO is greatly interested in human 

genetics. . . . This interest I am sure you realise, is by no means confi ned to radi-

ation genetics although this aspect has, because of the historical development of 

the WHO programme, received special attention so far. On the contrary, the or-

ganisation’s interest is the broad fi eld of human genetics, of which radia tion ge-

netics is a small, albeit signifi cant part.”

93. World Health Organization, Second Ten Years, 231– 32.

94. World Health Organization, Research on Human Population Genetics, 5.

95. For more background on the setting up of these two projects, see de Cha-

darevian, “Human Population Studies”; and James V. Neel, John A. Fraser Rob-

erts, William J. Schull, and Alan C. Stevenson, “Possible Roles of the World 

Health Organization in Research in Human Genetics. Report of a Meeting of 

Drs.  Neel, Fraser Roberts, Schull, and Stevenson in the Department of Hu-

man Genetics, University of Michigan, from April 28th to April 30th, 1959,” fi le 
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G3/370/2 (Plan for a Medical Research Program Related to Human Genetics), 

WHO Archives. For the massive report on Stevenson’s WHO- sponsored new-

born screening survey that collected data on 420,000 pregnancies in twenty- four 

hospitals in different countries around the world, see Stevenson et al., “Congeni-

tal Malformations.” In 1960, Stevenson hired Fraccaro, who came to Oxford af-

ter research stints with Penrose’s group in London and in Uppsala, to set up a 

cytogenetics laboratory at Oxford. Yet Stevenson himself took up karyotyping 

only after retirement to study the effects of radiation treatment. Nevertheless, 

Stevenson’s project had some impact on the development of clinical cytogenet-

ics in Mexico. The young Mexican physician Salvador Armendares Sagrera met 

Stevenson when the latter came to Mexico to present his international project. 

Later, Armendares spent two years with Stevenson in Oxford as a doctoral stu-

dent. On his return to Mexico in 1966, he became instrumental in building up 

clinical cytogenetics in his country; see Barahona, “Medical Genetics.” More 

such studies are needed to understand the impact of the international projects 

on clinical and research capabilities, including specifi cally the establishment of 

cytogenetic facilities, in other regions.

96. On the establishment of the human genetics program at the WHO, see 

also R. Lowry Dobson (Chief Medical Offi cer Radiation and Isotopes) to 

A. Stevenson, 15 November 1959, doc. A14/370/3, WHO Archives. Human ge-

netics was regarded as “one of the high priority fi elds” in the medical research 

program; Erwin Kohn (WHO) to Marcel Florkin (Liège), 20 October 1959, fi le 

G3- 370- 2 (Plan for a Medical Research Program Related to Human Genetics, 

1955– 1966), WHO Archives.

97. On Neel’s study of the Xavante and, more generally, the construction of 

the Xavante as a study population and their role in shaping the relationship with 

the researchers, see Dent, “Studying Indigenous Brazil.”

98. In his autobiography, published in 1994, Neel remarked that, although 

“primitive” was “the accepted term” for such populations, he had “slowly come 

to feel not only that it is unduly pejorative” but also that he had “increasing dif-

fi culty defi ning the societal dividing line between primitive and nonprimitive be-

havior.” Here he referred to the recent atrocities committed during the civil war 

in the former Yugoslavia. He chose to use the term tribal groups instead; Neel, 

Physician to the Gene Pool, 120. I follow actors’ terms when referring to histor-

ical sources but refer to indigenous people otherwise; see also note 83 in this 

chapter.

99. J. V. Neel to R. Lowry, 31 May 1962, fi le G3/522/4 (WHO Scientifi c Group 

on Research in Populations of Unusual Genetic Interest), WHO Archives.

100. R. L. Kirk (Chief Human Genetics Unit) to Director General, 27 Oc-

tober 1966 (with handwritten response at bottom), and J. Karefa- Smart (WHO 

Assistant Director- General) to Deputy Director General, “Memorandum,” 

31 October 1966, fi le G3/18/20 (Grant to Istituto di Genetica, Università di Pa-
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via, Italy, in respect of population genetic studies of the Babinga Pygmies), 

WHO Archives.

101. Neel et al., “Studies on the Xavante Indians,” 52.

102. De Bont, “‘Primitives’ and Protected Areas.” A parallel debate was fu-

eled by the question of whether “primitive people” belonged to “nature” and for 

this reason should be protected like fauna and fl ora or whether, on the contrary, 

they needed to be excluded from the nature parks that were being created. In the 

postwar era this debate continued between proponents of the idea of “anthro-

pological reserves” and those who countered that overpopulation of indigenous 

people in the protected areas would pose a threat to the natural environment. 

The concerns led to the eviction of indigenous people from conservation areas at 

a time when anthropologists and geneticists were, at least rhetorically, engaged 

in a race with time to “salvage” what information could still be gained from the 

“vanishing” populations; Radin, “Latent Life.”

103. Neel, “Study of Natural Selection”; Santos, “Indigenous People”; Lindee, 

“Voices of the Dead.”

104. Radin, “Latent Life”; Radin, Life on Ice.

105. World Health Organization, Research on Human Population Genetics, 

7 and 30. The previous WHO technical report on the subject provided very sim-

ilar guidelines; see World Health Organization, Research in Population Genet-
ics of Primitive Groups. Between the publication of the two technical reports the 

WHO Scientifi c Group on Research in Population Genetics of Primitive Groups 

changed its name to Scientifi c Group on Research on Human Population Genet-

ics. Although the change in name seems signifi cant, references to “primitive” 

groups continued to be widespread in the body of the text of the report.

106. See, for instance, the volume of the WHO technical report series deal-

ing with the genetic study of “primitive people” where cytogenetics was listed 

next to a battery of other approaches. Buccal smears for analysis of sex chroma-

tin and blood culture cells for karyotype analysis for the whole population was 

considered possible in some cases. A smaller number of skin biopsies was also 

regarded as desirable; World Health Organization, Research in Population Ge-
netics of Primitive Groups, 12– 13. See also the follow- up report, World Health 

Organization, Research on Human Population Genetics.

107. Interview with Marco Fraccaro, 30 March 2004, Pavia, and fi le G3/133/4 

(Training Course in Human Tissue Culture), WHO Archives. The initial rec-

ommendation for the course came from the WHO Research Advisory Group on 

Human Genetics. Participants selected for the fi rst training course came from 

Switzerland, France, Poland, Belgium, Germany, Finland, Greece, Italy, Ire-

land, Sweden, Austria, Denmark, Yugoslavia, Italy, the Soviet Union, England, 

Portugal, Bulgaria, Egypt, and Iran. Although generally regarded as a great suc-

cess, the course director noted in his fi nal report that “heterogeneity of cultural 

background and scientifi c interest,” next to language diffi culties, had posed cer-

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



242 Notes to Pages 141–142

tain problems; see M. Fraccaro, “Report on the WHO Laboratory Course on 

Methods of Human Cell Culture and Cytology” (appended to letter M. Fraccaro 

to R. Lowry Dobson, 3 November 1960), e- fi le G3/133/4, pp. 356– 60, WHO Ar-

chives. In subsequent years, the Anatomical Institute in Basel hosted a series of 

highly successful informal colloquia on chromosomes, at which an offi cer from 

WHO regularly participated; see e- fi le G3/440/6, WHO Archives. It is not clear 

whether further WHO training courses in chromosome techniques took place. 

In the 1960s, other organizations, including UNESCO, set up courses in chro-

mosome techniques.

108. World Health Organization, “Genetics and Your Health.”

109. “Errors in the Factory.” Almasy produced more than one hundred photo 

stories for the WHO, traveling to many of its regions. On the visual style of com-

municating science, including especially genetics, by UN organizations such as 

UNESCO, in the early postwar era, see Bangham, “What Is Race?”

110. A. W. F. Edwards, “Computers and Genealogies,” Cambridge 1967 

(typescript), courtesy of Anthony Edwards.

111. Montalenti, who occupied the fi rst Italian chair for genetics, established 

at the University of Naples, was keenly interested in human population genet-

ics and especially in tracing disease frequencies in particular geographic areas. 

He established the link between the distribution of thalassemia minor and ma-

laria and identifi ed the lack of an enzyme responsible for sugar metabolism as 

the main cause of favism. On Montalenti and his role in building up genetics in 

Italy and forging international cooperation, see De Sio, “Genetics and Interna-

tional Cooperation.”

112. On the history of the IBP, including especially the Human Adaptabil-

ity arm of the program, see Worthington, Evolution of IBP, 1– 16 (with con-

tributions by, among others, Waddington and J. S. Weiner); and Collins and 

Weiner, Human Adaptability, 1– 31. On the projects planned as part of the IBP, 

see J. S. Weiner, Guide. On the IBP and its connection with the International 

Geophysical Year and other big data projects, see Aronova, Baker, and Oreskes, 

“Big Science and Big Data.” On the Human Adaptability program, including es-

pecially the blood collection project, see Radin, Life on Ice.

113. On the Wenner- Gren Foundation and its support of anthropology in the 

decades following World War II, see Lindee and Radin, “Patrons of the Human 

Experience.”

114. Baker and Weiner, Biology of Human Adaptability, v.

115. de Chadarevian, “Human Population Studies.”

116. Neel and Salzano, “Prospectus,” 246. On Neel’s Amerindian studies, 

including later ethical controversies surrounding his work in the Amazon, see 

Lindee, “Voices of the Dead.” The volume in which the essay appeared was co-

edited by Salzano, Neel’s copresenter at the 1964 IBP preparatory meeting. In 

later years, Neel himself came to wonder whether, by collecting data from the In-
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dians, he and his research colleagues were “only the latest exploiters”; Neel, Phy-
sician to the Gene Pool, 171. For an interview with Salzano and his work with the 

American Indians, including his collaboration with Neel, see Marcos Pivetta’s 

interview in the magazine Pesquisa, from October 2006, at http:// revistapesquisa 

.fapesp .br/ en/ 2006/ 10/ 01/ a -  geneticist -  of -  polemic -  opinions/. On changing ethical 

frameworks for research on indigenous people in Brazil, see Santos, “Indigenous 

Peoples.” On Neel’s research expeditions to Brazil, see also Radin, Life on Ice, 

86– 117; and Dent, “Studying Indigenous Brazil.”

117. Collins and Weiner, Human Adaptability, 5– 6.

118. Collins and Weiner, Human Adaptability, 2.

119. Harrison et al., Human Biology, cover; Huxley, “Biological Basis.” On 

earlier uses of the term human biology by anthropologists focusing on racial hy-

bridity and environmental adaptations in the Pacifi c, see Anderson, “Hybrid-

ity”; Anderson, “Racial Hybridity.” On shifting disciplinary understandings and 

changing practices in physical anthropology in the post– World War II era, see 

Washburn, “New Physical Anthropology”; Lindee and Ventura Santos, “Bio-

logical Anthropology of Living Human Populations”; Lipphardt, “‘Geographi-

cal Distribution Patterns.’” The “new anthropology” mostly substituted the term 

race for ethnicity or population, yet the question of how biology related to these 

notions persisted.

120. Weiner and Lourie, Human Biology, xi. The research guide built closely 

on the two technical reports on the subject issued by the WHO in 1964 and 1968. 

Commenting on these reports and the IBP guide, Newton E. Morton, who as a 

young researcher had worked with Neel on the Atomic Bomb Casualty Commis-

sion and in principle appreciated the “precious opportunity to study basic prob-

lems of human biology in rapidly disappearing primitive people,” sharply criti-

cized what he described as the “‘collect now, think later’ philosophy” that he saw 

at work in the WHO and IBP programs in population genetics; Morton, “Prob-

lems and Methods,” 201. On Morton and Neel, their respective notions of primi-

tiveness, and their different approaches in the study of indigenous people, espe-

cially in Brazil, see Santos, Lindee, and Souza, “Varieties of the Primitive.”

121. Weiner and Lourie, Human Biology, 131– 39.

122. Collins and Weiner, Human Adaptability, 56– 61.

123. Collins and Weiner, Human Adaptability, 69– 71.

124. Collins and Weiner, Human Adaptability, 289.

125. Collins and Weiner, Human Adaptability, 258.

126. Hamerton et al., “Chromosome Investigations.”

127. Bloom et al., “Chromosome Aberrations,” 920.

128. Neel, Physician to the Gene Pool, 165. I thank Ricardo Ventura Santos 

for drawing my attention to this study.

129. Jacobs, “Human Chromosome Heteromorphisms.”

130. Jacobs, “Opportune Life,” 38. On Hawaii as a highly mixed yet racially  
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equitable society and its special place in studies of race, see Davis, Who Is 
Black?, 109– 13.

131. Today such bands are interpreted as regions with moderately or highly 

repetitive DNA.

132. Jacobs, “Human Chromosome Heteromorphisms,” 265.

133. The author of the Australian study referred quite unapologetically to the 

fi eld of research as “racial cytogenetics”; Angell, “Chromosomes of Australian 

Aborigines,” 103.

134. Jacobs, “Human Chromosome Heteromorphisms,” 266.

135. Jacobs, “Human Chromosome Heteromorphisms,” 271.

136. See, e.g., Harrison et al., Human Biology, 294.

137. Jacobs, “Population Surveillance.”

138. Cavalli- Sforza et al., “Call for a Worldwide Survey”; Santos, “Indigenous 

People.”

139. Reardon, Race to the Finish; M’Charek, Human Genome Diversity 
Project.

140. Santos, “Indigenous Peoples”; Kowal, “Orphan DNA”; Kowal and 

Radin, “Indigenous Biospecimen Collections”; Radin and Kowal, “Indigenous 

Blood”; World Health Organization, “Indigenous People and Participatory 

Health Research.”

141. Interview with Nick Hastie, Edinburgh, 20 July 2010. Generation Scot-

land, launched in 2004, is a further genetic database project based in Edinburgh. 

It includes data of a family- based cohort with the aim of identifying genetic risk 

factors for common complex diseases. More recently, genomic data has been 

added to the database. On Generation Scotland, see Reardon, Postgenomic 
Condition, 94– 119.

142. Epstein, Inclusion.

Chapter Five

1. Hsu, Human and Mammalian Cytogenetics, 161.

2. Crick, “Double Helix,” 767.

3. Watson, “Foreword,” xv.

4. Hsu, Human and Mammalian Cytogenetics, 162.

5. Hsu, Human and Mammalian Cytogenetics, 162.

6. On the concept of molecularization, see de Chadarevian and Kamminga, 

introduction to Molecularizing Biology and Medicine.

7. Galison, Image and Logic.

8. The use of the term tradition here is intended to highlight the process of 

acculturation that is necessary to grow into and share a tradition as well as to 

the diffi culties inherent in bridging research traditions. Fleck’s notion of thought 
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collective, Kuhn’s paradigms, Hacking’s styles of thought, and Keating and Cam-

brosio’s notion of biomedical platforms all include similar elements; see Fleck, 

Genesis; Kuhn, Structure; Hacking, “Styles of Scientifi c Reasoning”;  Keating 

and Cambrosio, Biomedical Platforms.

9. Harper, First Years, 163.

10. Ferguson- Smith, “From Chromosome Number to Chromosome Map”; 

Harper, First Years, 163– 64.

11. FISH built on earlier in situ hybridization experiments with radioactively 

labeled DNA or RNA and autoradiographic methods for detection. Although 

these earlier techniques were cumbersome and limited in their scope, they were 

greeted enthusiastically by Hsu, who predicted a “marriage between molecular 

biology and cytology”; Hsu, Human and Mammalian Cytogenetics, 108– 15.

12. Sumner and Chandley, Chromosomes Today, xxiii. The fi rst meeting of 

what developed into the International Chromosome Conferences was organized 

by Cyril Darlington in 1964 to bring together scientists working on different as-

pects of chromosome research. The conferences continue to the present day.

13. Quoted after Olby, Francis Crick, 78.

14. Olby, Francis Crick, 78.

15. See, e.g., Allen, Life Science in the Twentieth Century. For a critical view 

on the sharp dichotomy between observational, including comparative, and ex-

perimental approaches in mid- twentieth- century biology, see de Chadarevian, 

“Mapping Development”; Strasser and de Chadarevian, “The Comparative and 

the Exemplary;” Strasser, Collecting Experiments.

16. Crick, Of Molecules and Men, 13– 14.

17. de Chadarevian, “Mapping Development.”

18. Speech by S. Brenner (draft) (Royal Society discussion on the proposed 

laboratory of the European Molecular Biology Organization, 21 October 1969), 

Kendrew Papers, fi le F.189, Bodleian Library, Oxford.

19. The available sources do not indicate how the collaboration between Bar-

nicot and Huxley started but most likely Barnicot was the driving force. On his 

comparative studies of human chromosomes, see p. 137 in this volume.

20. Ferguson- Smith, “Putting Medical Genetics into Practice.”

21. Barnicot and Huxley, “Electron Microscopy.” Barnicot and Huxley pub-

lished a couple more articles together describing a method for sectioning mitotic 

chromosomes for electron microscopic study. Other researchers followed their 

lead. See, e.g., E. H. R. Ford, Thurley, and Woollam, “Electron- Microscopic Ob-

servations”; and, more recently, Saitoh and Laemmli, “Metaphase Chromosome 

Structure.” The lead author of the fi rst paper, the Cambridge anatomist E. H. R. 

Ford, later wrote a major monograph on human chromosomes; E. H. R. Ford, 

Human Chromosomes.

22. Olby, Francis Crick, 351– 53.

23. Crick, “General Model,” 27.
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24. Crick, “Double Helix,” 768.

25. Finch, Nobel Fellow, 127.

26. Kornberg, “Chromatin Structure.”

27. For a fuller account of the history of chromatin research, see Olins and 

Olins, “Chromatin History.” Kornberg went on to study the transcription pro-

cess by which DNA is transformed into RNA in molecular detail by “freezing” 

the responsible enzyme, RNA polymerase, in action. For this work he received 

the Nobel Prize in Chemistry in 2006.

28. Interview with John Edwards by Peter Harper, 23 August 2004, 

GenMedHist.

29. Dutrillaux et al., “Sequence of DNA Replication.”

30. It is interesting to note in this context that Watson’s widely used textbook 

of molecular biology, fi rst issued in 1965, included sections on the chromosomal 

view of heredity, on the role of chromosomes in mitosis and meiosis, and on the 

arrangement of genes in viral and bacterial chromosomes. Yet nowhere did the 

text mention the number of human chromosomes or included a representation 

of the human karyotype. This topic clearly did not belong into the new canon of 

molecular biology; Watson, Molecular Biology of the Gene.

31. Crick, “Postscript,” 406.

32. Lacadena, “Cytogenetics,” 9.

33. Kohler, Lords of the Fly.

34. Kohler, Lords of the Fly. The extent to which Drosophila genetics set the 

standard for the genetics of other organisms, including humans, can be gleaned 

from the fact that, well into the 1950s, sex determination in humans was ex-

pected to work as in the fl y (see p. 48 in this volume). On the signifi cant contri-

butions of British researchers to the statistical analysis of genetic linkage in the 

1930s, see A. Edwards, “Linkage Methods.”

35. Rheinberger and Gaudillière, Classical Genetic Research; Gaudillière 

and Rheinberger, From Molecular Genetics to Genomics.

36. Holmes, “Seymour Benzer and the Defi nition of the Gene”; Holmes, “Sey-

mour Benzer and the Convergence of Molecular Biology”; Holmes and Summers, 

Reconceiving the Gene. On Benzer, see also J. Weiner, Time, Love, Memory.

37. de Chadarevian, “Mapping Development.”

38. Haldane, “Provisional Map”; Bell and Haldane, “Blindness and Haemo-

philia.”

39. Hogben, Genetic Principles, 214.

40. Mazumdar, Eugenics, Human Genetics and Human Failings, 166– 69; 

Kevles, In the Name of Eugenics, 193– 98; Schneider, “Blood Group Research”; 

Schneider, “History of Research on Blood Group Genetics”; Bangham, “Blood 

Groups and the Rise of Human Genetics.” Geographical mapping of blood 

group frequencies in the context of human diver sity studies preceded the use of 
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blood groups as markers for chromosome linkage mapping; Gannett and Griese-

mer, “ABO Blood Groups.”

41. The fi rst autosomal linkage between a blood group (the Lutheran blood 

group) and another human gene (for a human secretory factor) was established 

in 1951. The genes were later shown to be located on the long arm of chromo-

some 19; see V. McKusick, “Twenty- Five Years of Human Genome Meetings 

(HGMs): The Past and the Future (Draft 1),” 1 April 1998 (typescript), Victor 

McKusick Papers, box 509632, fi le HX, Hopkins Medical Archives.

42. Polani, “Human and Clinical Cytogenetics,” 118.

43. Haldane, “Formal Genetics of Man,” 149.

44. On McKusick’s work with the Amish and the construction of pedigrees, 

see Lindee, Moments of Truth, 58– 89. On the collaboration between Renwick 

and Schulze on the fi rst computer linkage program and the eventual unravel-

ing of the international collaboration, see Victor McKusick Papers, fi le Ren-

wick, Dr. James H., box 509328, Hopkins Medical Archives; and J. H. Renwick, 

“Computing the Location of Genes in Man” and other documents in James Ren-

wick Papers, folder Renwick Computers, online at http:// wellcomelibrary .org/ 

player/ b20104868. McKusick’s work with computers was featured in an article in 

IBM’s house journal, Computing Report for the Scientist and the Engineer; see 

“Tracing Genetic Diseases.” On the harnessing of computers for human gene 

mapping and the cataloging of genetic diseases at the Moore Clinic in Baltimore, 

see also McGovern, “‘The London/Baltimore Link.’”

45. McKusick, “60- Year Tale,” 10.

46. Donahue et al., “Probable Assignment.”

47. Caspersson, Lomakka, and Zech, “24 Fluorescence Patterns.”

48. For instance, French researchers found that heating the chromosome 

preparations in hot phosphate buffer before Giemsa staining produced a re-

versed banding pattern to that of G- bands: dark G- bands were stained lightly, 

and vice versa. R- banding was especially useful for the study of the distal ends 

of chromosomes that tend to be more darkly stained with this technique. Often 

R-  and G- bands were used in conjunction.

49. Hsu, Human and Mammalian Cytogenetics, 123.

50. Hsu, Human and Mammalian Cytogenetics, 101 and 127.

51. Hamerton, Jacobs, and Klinger, “Paris Conference”; Hamerton and 

Klinger, Paris Conference (1971). On the human chromosome standardiza-

tion conferences, see pp. 63–74 in this volume. In the mid- 1970s, cytogenet-

icists moved from metaphase to prophase chromosome preparations, as the 

more elongated chromosomes in the earlier stage of cell division showed a much 

larger number of bands than the best metaphase preparations. This move was 

connected with a change in the representation of chromosomes from X- shaped 

(showing the early separation of two daughter chromosomes) to rod- shaped 
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(prophase chromosomes). The step facilitated the physical mapping of genes on 

the chromosomes; see Hogan, “‘Morbid Anatomy.’” In contrast to linkage maps 

that represent the relative distance between genes, physical maps indicate the ac-

tual (physical) location of genes on chromosomes.

52. A prominent example is the use of cell fusion for the production of mono-

clonal antibodies, a technique pioneered by César Milstein and Georges Köhler 

in the mid- 1970s. In their experiments the two researchers fused mouse cancer 

cells with mouse antibody- producing cells. On the commercialization and clin-

ical use of the technique, see Cambrosio and Keating, Exquisite Specifi city; de 

Chadarevian, “Making of an Entrepreneurial Science”; Marks, Lock and Key 
of Medicine. On somatic cell hybrids and gene mapping, see Harris, Cells of the 
Body; Ferguson- Smith, “From Chromosome Number to Chromosome Map”; 

and Polani, “Human and Clinical Cytogenetics.” On the new notions of biolog-

ical hybridity that accompanied the novel experimental techniques, see Lan-

decker, Culturing Life, 180– 218.

53. O. Miller et al., “Human Thymidine Kinase Gene Locus.”

54. Ruddle et al., “Linkage Relationships.”

55. Harris, Cells of the Body, 136. By the time Ruddle convened the fi rst 

Inter national Workshop on Human Gene Mapping in New Haven in 1973, 

thirty- three genes had been mapped on eighteen chromosomes using the same 

technique, with the number climbing rapidly. On the coinage of the term somatic 
cell genetics, see interview with Frank Ruddle by Nathaniel Comfort, 4 Decem-

ber 1984, p. 19, OHHGP. I was unable to confi rm the information independently.

56. “New Haven Conference,” 66.

57. “New Haven Conference,” 9– 10.

58. V. McKusick, “Twenty- Five Years of Human Genome Meetings (HGMs): 

The Past and the Future (Draft 1),” 1 April 1998 (typescript), pp. 1 and 7, Victor 

McKusick Papers, box 509632, fi le HX, Hopkins Medical Archives.

59. Ferguson- Smith, “From Chromosome Number to Chromosome Map,” 11, 

table 2.

60. “New Haven Conference,” 21. For some background on the workshops, 

see also Jones and Tansey, Human Gene Mapping Workshops.

61. Pardue and Gall, “Molecular Hybridization.” It is not easy to tease apart 

who brought which skill to the collaboration between Gall and Pardue; see Hsu, 

Human and Mammalian Cytogenetics, 109– 15. Both studied biology in the 

1950s, specializing in cell biology, and developed an interest in chromosomes. 

Eventually they both embraced molecular techniques. Pardue received her PhD 

from Yale in 1970, concurrent with her collaboration with Gall. The latter par-

ticipated at the fi rst Human Gene Mapping Workshop at Yale in 1973 but was 

not among the speakers. Both participated but did not present papers at the Cold 

Spring Harbor Symposium on Chromosome Structure and Function convened 

by Watson in 1973.
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62. Hirschhorn and Boyer, “Report of the Committee on In Situ Hybridiza-

tion,” 55.

63. Berg, “Introduction,” 2.

64. McKusick, “Human Genome,” 15.

65. McKusick, “Human Genome,” 6.

66. Southern, “Application of DNA Analysis,” 52 and 53.

67. Botstein et al., “Construction of a Genetic Linkage Map”; Skolnick and 

Francke, “Report of the Committee on Human Gene Mapping”; Ruddle and 

Kidd, “First Human Gene Mapping Interim Meeting.”

68. Gusella et al., “Polymorphic DNA Marker.” It took ten more years to 

identify the mutant gene. For a personal historical account of the hunt for the 

gene, see Wexler, Mapping Fate.

69. Ruddle and Kidd, “First Human Gene Mapping Interim Meeting.”

70. Ruddle and Kidd, “Human Gene Mapping Workshops,” 1.

71. Advisory Committee to the Director, NIH, Minutes of 54th Meeting, 16– 

17 October 1986, box 0103- 003. National Human Genome Research Institute, 

Archival and Digitized Materials, Bethesda, MD (NHGRI Archive).

72. Howard Hughes Medical Institute Human Gene Mapping Library 

(9/1988), box 0148A- 006, NHGRI Archive.

73. Ruddle and Kidd, “Human Gene Mapping Workshops.” Mapping here did 

not relate to gene mapping but rather to the construction of a physical map of the 

genome composed of overlapping DNA fragments as a fi rst step toward sequencing.

74. Solomon and Bodmer, introduction to “Human Gene Mapping 11”; Prob-

ert and Rawlings, “Overview”; Rawlings et al., “Report.”

75. On this point, see also Theodore Puck, “Memorandum on Dr Betinsky’s 

[sic] Human Genome Conference” (Santa Fe meeting), attached to letter T. Puck 

to M. Betinsky [sic], 17 March 1986, box 0102- 001, NHGRI Archive.

76. On Ruddle’s participation at the meeting in Santa Fe, see material in 

box 0102- 001 and box 0103- 001, NHGRI Archive. On Ruddle’s refl ections on 

the workshop and his vision for the sequencing project, see especially Ruddle to 

Bitensky, 17 March 1986, box 0102- 001. On his participation in the committee 

that presented the Human Genome Project to Congress, see interview of Frank 

Ruddle by Dmitriy Myelnikov, New Haven, CT, 8 December 2011. I thank Dmi-

triy Myelnikov and Nancy Ruddle for making the interview available to me.

77. McKusick and Ruddle, “Editorial,” 1.

78. On Ruddle as possible candidate for the directorship, see, e.g., C. Thomas 

Caskey to James Wyngaarden (Director, NIH), 2 March 1988, box 0102- 008, 

NHGRI Archive.

79. On the perceived problems with the Yale database and its discontinua-

tion, see material in box 0148A- 006, NHGRI Archive.

80. Interview with Kenneth Kidd, New Haven, CT, 12 May 2016. In 1992 

GenBank was moved from Los Alamos to the National Center for Biotechnol-
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ogy Information, housed on the NIH campus in Bethesda, MD as part of the Na-

tional Library of Medicine. On the history of GenBank and the moral economy 

that governed it, see Strasser, “Experimenter’s Museum.”

81. Interview with Frank Ruddle by Nathaniel Comfort, 4 December 1984, 

p. 34, OHHGP. On the technical contributions of somatic cell genetics to the 

Human Genome Project and molecular biology more generally, see also Harris, 

Cells of the Body, 153– 209; and Hogan, Life Histories, 56– 86.

82. V. McKusick, “Twenty- Five Years of Human Genome Meetings (HGMs): 

The Past and the Future (Draft 1),” 1 April 1998 (typescript), pp. 6 and 10, Victor 

McKusick Papers, box 509632, fi le HX, Hopkins Medical Archives.

83. On the problems of defi ning what a gene is up to proposing the abolition 

of the term, see Keller, Century of the Gene; Beurton, Falk, and Rheinberger, 

Concept of the Gene; and Rheinberger and Müller- Wille, Gene.

84. Hogan, Life Histories, 186– 96.

85. Historical reasons militated against the inclusion of human genetics into 

molecular biology. This was especially the case in Germany, as illustrated by the 

history of the Max Planck Institute for Molecular Genetics in Berlin. The insti-

tute was founded in the mid- 1960s with the clear intention of marking a break 

with its predecessor, the Max Planck Institute for Comparative Genetics and 

Hereditary Pathology, which traced its origins to the deeply tainted Kaiser Wil-

helm Institute for Anthropology, Human Genetics, and Eugenics. The newly 

founded institute was to be solely based on “pure” research on cells, viruses, and 

bacteria, excluding all applications in human genetics. The intention to exclude 

human genetics in the new institute was contested. Opponents pointed out that 

the fi eld had been gaining new currency, not least because of its relevance in re-

spect to the development of nuclear energy; see Sachse, “Ein ‘als Neugründung 

zu deutender Beschluss.’” Nevertheless, human genetics remained off- limits at 

the Berlin institute until the mid- 1990s, when, after a highly polarized debate, a 

reorientation of the institute toward the analysis of human and other genomes, 

disease causation, and medical treatments was agreed; Trautner, “‘Ich hätte mir 

gar nichts anderes vorstellen können,’” 70– 71; Sperling, “50 Jahre”; see also the 

website “Max Planck Institute for Molecular Genetics— History,” at http:// www 

.molgen .mpg .de/ 3498/ Geschichte.

86. Interview with John Yates, Cambridge, 15 January 2013. Yates, who en-

tered the fi eld in the early 1980s, trained fi rst at Edinburgh and then at Glasgow 

under Malcolm Ferguson- Smith. He later moved with Ferguson- Smith to Cam-

bridge to build up medical genetics there.

87. McKusick, “60- Year Tale.”

88. Interview with John Yates, Cambridge, 15 January 2013; Anthony W. F. 

Edwards, personal communication, 8 October 2012. The situation was different 

in the London and Glasgow area (see chapter 2 in this volume).

89. Morange, History.
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90. For exceptions, see Comfort, Science of Human Perfection, chap. 7; and 

Hogan, Life Histories, 121.

91. de Chadarevian, Designs for Life, 345– 53.

92. Fortun, “Projecting Speed Genomics”; Hilgartner, “Constituting Large- 

Scale Biology”; Hilgartner, Reordering Life.

93. See pp. 62–63 in this volume.

94. Interview with John Yates, Cambridge, 15 January 2013.

95. Ferguson- Smith, “From Chromosome Number to Chromosome Map,” 16. 

In his work on the evolution of the chromosomes of vertebrates Ferguson- Smith 

continued to combine molecular techniques such as FISH with cytogenetic ob-

servations; see Ferguson- Smith, “Putting Medical Genetics into Practice.”

96. Interview with Ann Chandley, Edinburgh, 21 July 2010.

97. Parallel to heading the new Molecular Genetics Section in the Clinical 

and Population Cytogenetics Unit, Southern also directed the MRC Mamma-

lian Genome Unit in Edinburgh. Founded in 1972, the unit was dedicated to the 

study of the structure and function of chromosomes on the molecular level. The 

arrangement, orchestrated by the MRC, was seen as serving both units by pro-

viding molecular expertise to the cytogeneticists and clinical applications to the 

molecular biologists. On Southern’s move to Oxford in 1985, the Mammalian 

Genome Unit was absorbed into the Clinical and Population Cytogenetics Unit. 

The Mammalian Genome Unit is not to be confused with the Mammalian Ge-

netics Unit at Harwell that was created in the mid- 1990. On Southern and molec-

ular biology in Edinburgh, see Martynoga, Molecular Tinkering.

98. This early molecular mapping project preceded the Human Genome 

Mapping Project proposed by Cambridge- based molecular biologist Sydney 

Brenner in 1986 and offi cially launched by the MRC in 1989 with the establish-

ment of the Human Genome Mapping Resource Centre at Hinxton, at the out-

skirts of Cambridge. A few years later, the Sanger Centre (now Sanger Institute) 

that made a decisive contribution to the international human genome sequenc-

ing project, was built on the same site. Brenner’s mapping project was eventu-

ally also subsumed under the international Human Genome Project. It is note-

worthy that clinically inclined cytogeneticists, including, for instance, Malcolm 

Ferguson- Smith, were actively involved in the discussions on Brenner’s mapping 

project; see García- Sancho, “Proactive Historian.”

99. “Medical Research Council Clinical and Population Cytogenetics Unit, 

Western General Hospital, Edinburgh. Progress Report February 1979– June 

1982.” MRC Human Genetics Unit, Library and Archive, Edinburgh.

100. Interview with Ann Chandley, Edinburgh, 21 June 2010.

101. Interview with Ann Chandley, Edinburgh, 21 June 2010.

102. From notes taken at interview with Nick Hastie, Edinburgh, 20 July 2010.

103. Historians have drawn attention to two further examples in which cyto-

genetic observation in tandem with clinical studies paved the way for a molecu-
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lar understanding of the underlying disease mechanism and the description of 

novel genetic principles. The fi rst concerns the study of chromosome translo-

cation in chronic myeloid leukemia and its impact on the oncogene theory of 

cancer; the second regards the cytogenetic study of fragile X syndrome and the 

insights this work generated into the effects and the heritability of genomic in-

stabilities; see Keating and Cambrosio, “New Genetics and Cancer”; and Hogan, 

“Disrupting Genetic Dogma.” Both studies highlight the (neglected) contribu-

tion of cytogenetics to the making of late twentieth- century biomedicine. The in-

vestigation of telomeres, the ends of chromosomes, and their role in the ordered 

replication of the genetic material and in aging, is a further example, but here re-

search was based on chromosomes from a variety of organisms.

104. Quoted from notes taken from a conversation with Wendy Bickmore, 

Edinburgh, 20 July 2010. See also interview with Wendy Bickmore, Edinburgh, 

11 July 2017. In 2017, Bickmore became director of the Edinburgh unit, now re-

named the MRC Human Genetics Unit.

105. See, e.g., Cremer and Cremer, “Chromosome Territories.” The review 

article includes an overview of the “evolving toolkit for studies of nuclear struc-

tures” that link microscopy and molecular biology. On the new interest in the 

packing structure of DNA as a three- dimensional body that forms the hub for 

epigenetic signaling networks, see also Landecker, “Social as Signal.”

106. Interview with Sibel Kantarci and Rao Nagesh, UCLA Clinical and 

Cytogenetics Laboratory, 24 April 2014. I thank Kantarci and Wayne Grody 

(UCLA) for providing me with a copy of the cartoon. Kantarci fi rst trained as 

a molecular geneticist (2004 Harvard) but then felt she “missed the big picture” 

and added training in cytogenetics (2007). She holds a double certifi cation as 

a clinical molecular geneticist and a clinical cytogeneticist. On the continuing 

dominance of the microscope over molecular technologies in cancer pathology 

more generally, see Hogarth, Hopkins, and Rodriguez, “Molecular Monopoly?” 

esp. 246. On resistances to the “molecular turn” and the persistence of cytoge-

netic techniques in prenatal diagnosis, see Turrini, “Controversial Molecular 

Turn.” On the view that molecular techniques complemented rather than re-

placed chromosomal techniques in chromosome mapping and medical analysis, 

see also Hogan, Life Histories, chap. 4.

107. Interview with Rao Nagesh, UCLA Clinical and Cytogenetics Labora-

tory, 24 April 2014. On the history of Gleevec and the molecularization of cancer 

therapy more generally, see also Keating and Cambrosio, Cancer on Trial, 315– 45.

108. Peter Keating, “Why Is Gleevec a Paradigm for Targeted Therapy?” (un-

published manuscript). I thank Peter Keating for making the manuscript avail-

able to me.

109. Rheinberger, Toward a History.

110. Crick, “Postscript,” 403.

111. Lima- de- Faria, One Hundred Years; Lima- de- Faria, Praise.
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112. Malcolm Ferguson- Smith, editorial reviews at http:// www .amazon .com/ 

Hundred -  Chromosome -  Research -  Remains -  Learned/ dp/ 1402014392.

113. Kay, Who Wrote the Book of Life?
114. Anker and Nelkin, Molecular Gaze, 17– 45.

115. Gilbert, “Vision of the Grail,” 96; de Chadarevian, “Chromosome Pho-

tography,” 139– 41.

116. The reading of visual patterns in maize kernels on which Barbara Mc-

Clintock based her work on mobile genetic elements has been presented as a 

barrier to communication with molecular biologists; see Keirns, “Seeing Pat-

terns.” However, there are multiple examples— from X- ray diffraction patterns 

to readings of microarrays— where pattern analysis has played a role in molecu-

lar research. There are surprising convergences of methods as well. For instance, 

the computer software employed to read chromosome banding patterns and gel 

electrophoresis bands— a widely used method for the separation and analysis of 

macromolecules— is based on the same principle.

117. Taylor, Woods, and Hughes, “Organization and Duplication of Chromo-

somes”; Taylor, “Sister Chromatid Exchanges”; Meselson and Stahl, “Replica-

tion of DNA.” Semiconservative replication implies that one strand of the par-

ent DNA material is conserved intact in each of the two daughter cells. On “the 

most beautiful experiment in molecular biology,” including reference to Taylor’s 

work, see Holmes, Meselson, Stahl, and the Replication of DNA.

118. Creager, Life Atomic, 3– 4.

119. Confi rming the salience of the new imaging techniques, several recent 

Nobel Prizes went to the developers of the new techniques. Martin Lee Chalfi e, 

Osamu Shimomura and Roger Y. Tsien shared the 2008 Nobel Prize in Chemis-

try for the discovery and development of the green fl uorescent protein and the 2014 

chemistry prize was shared by Eric Betzig, Stefan W. Hell, and William E. Moer-

ner for the development of super- resolved fl uorescence microscopy. One of the 

prize recipients explicitly remarked that the goal of developing the new microscope 

was “to link the fi elds of molecular and cellular biology”; Claudia Dreifus, “Eric 

Betzig’s Life over the Microscope,” New York Times, 28 August 2015, http:// www 

.nytimes .com/ 2015/ 09/ 01/ science/ eric -  betzig -  life -  over -  the -  microscope .html.

120. Amos and White, “How the Confocal Laser Scanning Microscope En-

tered Biological Research.”

121. See, e.g., Yu et al., “Probing Gene Expression.”

122. Interview with Wendy Bickmore, Edinburgh, 11 July 2017.

123. On radioactive tracers and scintillation counters as a key technology for 

molecular biology, see Rheinberger, “Putting Isotopes to Work”; and Creager, 

“Phosphorus- 32”; on centrifuges, Elzen, “Two Ultracentrifuges”; on X- ray dif-

fraction, de Chadarevian, Designs for Life; on electron microscopes, Rasmus-

sen, Picture Control.
124. Landecker, “Life of Movement,” 395.

 EBSCOhost - printed on 2/13/2023 6:44 AM via . All use subject to https://www.ebsco.com/terms-of-use



254 Notes to Pages 180–185

Epilogue

1. Harnden, “Early Studies.”

2. Poole, Earthrise.

3. Lindee, “Genetic Disease,” 1.

4. Duster, Backdoor to Eugenics.

5. Benjamin, “Lab of Their Own.”

6. Kowal and Radin, “Indigenous Biospecimen Collections”; Radin and 

Kowal, “Indigenous Blood.”

7. Hogan, Life Histories.

8. Daston and Lunbeck, “Introduction.” In John Pickstone’s scheme of differ-

ent “ways of knowing” observations under the microscope belong to the “natu-

ral historical” and “analytical” rather than the “experimental” way of knowing. 

Since the nineteenth century the latter has claimed more authority, yet ear-

lier ways of knowing persist; Pickstone, Ways of Knowing, 146. On the opposi-

tion, from the nineteenth century onward, of “active” experiment and observa-

tion, presented as the passive registration of data, see also Daston and Lunbeck, 

“Introduction.”

9. Daston and Galison, Objectivity, 253– 307. Nor is the distrust in the visual 

confi ned to the sciences. On the denigration of vision and its connection to the 

project of modernity in French epistemology, see Jay, Downcast Eyes. On the 

cultural appeal of quantitative methods as a measure for objectivity, see Porter, 

Trust in Numbers.

10. Crick, What Mad Pursuit, 67.

11. See p. 70 and p. 218, note 117, in this volume.

12. Interview with Wendy Bickmore, Edinburgh, 11 July 2017. On the differ-

ence between seeing with the eye and with the computer, see also Pitt, “Episte-

mology of the Very Small.”

13. Lade, “Une belle image.”

14. Stevens, Life out of Sequence, 171– 201.

15. A somewhat similar account has been presented for the relation of par-

ticle and solid state physics. Despite their mutual dependence, particle physics 

marshaled more prestige and public attention during the Cold War than solid 

state physics that for its links to industry was portrayed as “dirty physics” (or 

“Schmutzphysik”); see Joseph D. Martin, Solid State Insurrection.

16. Keller, Century of the Gene.

17. Richardson and Stevens, Postgenomics; Rheinberger and Müller- Wille, 

Gene.

18. Keller, “Postgenomic Genome.”
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