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FOREWARD: 
STILL, THE GENOMIC REVOLUTION

In 2001, the American Museum of Natural History (AMNH) produced a daring 
and innovative exhibition called the Genomic Revolution. It transcended the 
usual subject matter and issues that the AMNH addresses with its exhibitions. 
The show used cutting‐edge interactives and design and covered many up‐to‐
date subjects in genomics. Development of the show was as dynamic as the 
field itself, with revisions to data on genome size and other scientific content 
required within days before the show opened. We were fortunate that the show 
also anticipated the announcement of the first draft of the human genome that 
same year. The production of the show was part of the AMNH’s desire to enter 
the twenty‐first century with a genomics bang as we also established an insti-
tute for comparative genomics and the Ambrose Monell frozen tissue facility at 
the museum – two very rare and still successful enterprises for a natural history 
museum.

The show was very popular despite the occurrence of the 9/11 attack and 
its aftermath during its run, drawing over half a million visitors. Since its run at 
the AMNH it was installed in natural history or science museums in Toronto, 
Canada, Sao Paulo, Brazil, Mexico City, Mexico, and several American cities. As 
a companion to the show, my colleagues Rob DeSalle and Michael Yudell pro-
duced a very popular volume entitled Welcome to the Genome that tells the story 
of genetics, genomics, and the sequencing of the human genome. These two 
authors were involved in the development of the exhibition, one as its curator 
and the other as a content advisor. Their treatment of the topic spanned discus-
sion of Mendel, Darwin, development of molecular biology, and the DNA 
sequencing technology of the time, as well as delving into the ethical conun-
drums caused by the capacity to decipher the so‐called stuff of life – DNA. Rob, 
as a curator at the AMNH, has led the museum’s effort to broaden its scope of 
research and education and demonstrate our capacity to connect with dynamic 
fields like genomics and with applications like human health.

Now, nearly 20 years later, Rob and Michael have produced a second edi-
tion, demonstrating that many things have changed since their first version, 
and at the same time some remain the same. The sequencing technology has 
developed to the point where the $1000 human genome is possible and where 
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we are now getting sequences of the microbes that live in and on the body called 
the microbiome. The tree of life, a major interest here at the AMNH that Rob 
and Mike delve into in great detail in this book, has also benefited from the 
development of genomic technology, which has improved our understanding 
of human evolution, both deep in the past and more recent. It is now possible to 
sequence the genomes of Neanderthals and long dead Homo sapiens specimens, 
giving science an unprecedented view of our past history. Ethical issues have 
also emerged as the technology gets faster and cheaper. Development of new 
gene editing technologies opens the way for germline editing of humans and 
raises many questions about the application of this technology. This new edi-
tion by Rob and Michael will provide the kind of modern, current, and thought‐
provoking information that is in keeping with one of the most important 
scientific revolutions of our time.

As a natural history museum, the AMNH strives to educate the public 
about science in the natural world and to teach the public about how science is 
accomplished, who scientists are, and what the science might mean to their 
future. This edition of Welcome to the Genome is a wonderful extension of that 
initial effort in education that the AMNH launched nearly two decades ago.

Michael J. Novacek
Provost of Science

American Museum of Natural History
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Second editions test the foundations of longstanding collaboration, especially 
when a book’s research and writing goes on far longer that either collaborator 
had predicted (or, for that matter, hoped). But here we are. Welcome to the Genome 
(the second edition) is a book way too many years in the making. The slow pace 
at which we wrote, however, actually turned out to be a good thing. The science 
evolved. As did our own perspectives on genomics. And if you look at the tone 
of the two editions of the book, our evolution on the genomic revolution is clear. 
We went from “Hey, this is awesome and it will change the world” (first edi-
tion) to “The science and technology of genomics are amazing, especially as 
they impact basic science. But, as far as the genome’s impact on our collective 
health and wellbeing, well, way too much hype” (second edition).

This second edition, built on the foundation of the first, owes so much to the 
many librarians and archivists who guided us through both editions. We also 
remain thankful to the many members of our team who made this book possi-
ble. At the American Museum of Natural History, Maron Waxman, formerly 
Special Publications Director, who is now enjoying retirement, was a dedicated 
editor, staunch advocate, and good friend, and remains the reason why we 
wrote this book in the first place.

The staff of the American Museum of Natural History’s photo studio, 
including Denis Finnin and Craig Chesek, helped us put together the images 
seen in both the first and second editions. Some of these images began as com-
ponents of the Museum’s exhibition “The Genomic Revolution,” an exhibit that 
ran at the Museum and then nationally from 2002 to 2010. We are grateful to the 
Museum’s exhibition team, including Vice President for Exhibitions, David 
Harvey, and exhibition designer, Tim Nessen.

We remain grateful for the inspiration and contributions from the writers 
and researchers in the Museum’s Exhibition Department, who played an impor-
tant role shaping this book, especially the first edition. Lauri Halderman, Karen 
de Seve, and Martin Schwabacher were the writers for “The Genomic 
Revolution.” Some of the passages and case studies in both editions were origi-
nally researched and written by the exhibition’s writing team. We especially 
relied on their approach and writing in Chapter 10, which looks at genetically 
modified organisms. And we must also thank and recognize Dr. Yael Wyner for 
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INTRODUCTION:  
WELCOME BACK TO THE GENOME

Every one of the trillions of cells in your body contains DNA—from the blood 
cells that course through your veins to the nerve cells in your brain to the hair 
follicle cells that line your scalp. The tightly coiled DNA in a single cell, 6 feet 
long and just one molecule wide when unraveled, packs more than 3 billion bits 
of information. This complete set of information is your genome. The approxi-
mately 20,000 genes in your genome (a figure that has been revised down sig-
nificantly since we wrote the first edition of this book more than a decade ago), 
interacting with each other and with your environment, help shape the devel-
opment of a new human being and are constantly at work instructing our 
bodies to create new cells, digest food, fend off disease, and store thoughts. 
Genes and DNA capture our imagination because of their impact on why we 
are the way we are. But how much control do genes and DNA really have over 
our bodies and our behavior? And to what extent will our changing under-
standing of the human genome change who we are and how we see the world? 
Are our genes our destiny? Are our genomes our fate?

Such questions captured our imagination in the midst of the genomic revo-
lution—the international multi‐billion‐dollar effort to sequence, interpret, and 
exploit the human genetic code. It was believed that a map of our genome 
would offer boundless potential to sequence, interpret, and then exploit the 
information contained in the genetic code. The excitement over the potential to 
improve our health—to stave off disease, to apply genomic tools to feed the 
world’s growing population, to save species on the brink of extinction—
captured the imaginations of scientists around the globe in the opening decade 
of the genomic revolution.

In June 2000, scientists triumphantly announced they had sequenced the 
human genome. (1) By sequencing those 3.2 billion units of our DNA, research-
ers sparked a firestorm of discovery and ushered in a new age. At a White 
House ceremony to announce the completion of a draft sequence of the human 
genome, President Bill Clinton called the genome God’s handiwork. “Today,” 
Clinton stated, “we are learning the language in which God created life.” (2) 
Clinton’s vision of the genome was one that mixed a metaphor of scientific 
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advancement with a divine spirit. This image of the human genetic code is a 
fairly common one. The genome has also been called the book of life, biology’s 
Rosetta Stone, humanity’s instruction manual, and biology’s Holy Grail. Each 
of these metaphors conveys a slightly different meaning, and each suggests a 
subtly different aspect of the genome. Not so hidden in these metaphors is the 
hope that biology will provide clear‐cut answers to long‐asked questions 
regarding the nature of the human soul, the power of science to heal and rebuild 
the human body, and the role of nature in human social behavior. The genome 
will indeed provide some answers to these questions, but not the simple 
answers that many of these metaphors suggest.

The media both anticipated and echoed the hyperbole of that White House 
ceremony. Headlines like “Long Held Beliefs Are Challenged by New Human 
Genome Analysis” (New York Times, 2001), “Reading the Book of Life: Genome 
Shows Evolution Has an Eye for Hyperbole” (New York Times, 2001), and 
“Double Helix Is Starting To Make Its Mark In Medicine” (Financial Times, 2003) 
underscored the genome’s complexity, allure, and promise. (3) But did we over-
sell the genome? Has the early allure and promise translated into meaningful 
scientific results?

Looking back at the sequencing stage of the genomic revolution (1988–
2001), it is important to consider whether we were even asking the right ques-
tions in the first place about what the genome could tell us about the relationship 
between our genes and our health. It isn’t simply that we spoke in hyperbolic 
terms about the secrets the human genome would reveal (which we ourselves 
were somewhat guilty of in the first edition of this book). It was that the lan-
guage used and the metaphors employed to describe genomics limited our abil-
ity to capitalize on the work being done in laboratories around the globe. In 
other words, the way we described genomics circumscribed how we carried out 
genomics’ research. Think of some of the most popular metaphors used—the 
book of life, a genetic code, life’s blueprint. They suggested, in their simplest 
terms, that our genomes contained information to read, or as some have sug-
gested, the blueprint from which humanity and other species are built. Some 
observers have argued that this blueprint approach both reflected and rein-
forced the type of reductionist thinking that was commonplace in the early 
years of genomic sequencing (4) and that has its roots in the founding of the 
field of genetics a century ago.

Today, the language of the genome is changing, and so too is our scientific 
understanding of the information it contains. A book of life that can reveal the 
essence of what it means to be human (or any other species, for that matter) has 
given way to new metaphors that reflect (and perhaps limit) the current science, 
which seems to value complexity over simplicity.

Let’s start with the term post‐genomics—a widely used term meant to sig-
nify the post‐sequencing era we currently inhabit during which science is work-
ing to make sense of billions of bits of sequenced genomic information. By 
calling it the post‐genome era, we are implying a break from the discovery phase 
of the genomic revolution to an era in which gathered information is analyzed. 
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Some have speculated that the post‐genome genome is less a linear string of 
genes that produce traits (alone and in concert with one another) than an organic 
and dynamic mechanism that responds to both biological and environmental 
stimuli to produce the proteins that regulate the life of an organism. (5) It is in 
the complexity of the post‐genomic genome where natural and social scientists 
will untangle the complicated relationship between organism, genes, and envi-
ronments that the challenges and surprises of life await discovery.

One thing that the old reductionist model has over the new models of 
genomic complexity is clarity. It would have been a difficult task to sell the 
genome—at the height of its popularity in the 1990s—as a complex mechanism 
that regulates life. Indeed, the reductionist model has had its utility in discover-
ing simple, mostly Mendelian, genetic traits. But as we have come to under-
stand genomes as biological systems rather than blueprints or Rosetta Stones, 
the genomic sciences have come to rely more and more on fields like computer 
science and bioengineering to make sense of the post‐genome.

Genomics is a synthesis of many disparate fields, including biology, public 
health, engineering, computer science, and mathematics. What makes genom-
ics even more distinctive is that the social sciences and humanities are an inte-
gral component of the genomic revolution. Philosophers, ethicists, and 
historians are helping to lay the foundation of the genomic revolution by push-
ing for and playing a role in the creation of policies and laws that will guide the 
integration of genomics into scientific practice and health care. Participants in 
the genomic revolution, as well as the biologists and others who preceded them, 
will, we believe, be thought of much in the same way that Newton is remem-
bered for his role in the birth of calculus and physics or the way in which Darwin 
is remembered as the progenitor of modern biology. However, because genom-
ics is an evolving science that encompasses so many different disciplines, it is 
hard to find one person who embodies the entire field. Indeed, it will be a group 
of genomic scientists who will be recorded in history books as pioneers.

The arrival of the genomic age was the culmination of efforts of over a cen-
tury of science. From the work of Gregor Mendel in the mid‐nineteenth century 
(it was Mendel who formalized the rules of heredity and hypothesized that 
something like genes must underpin heredity), to the announcement of the dis-
covery of the structure of DNA in 1953 by James Watson and Francis Crick, to 
the genetic sequencing technologies developed by biologists like Frederick 
Sanger and Leroy Hood in the closing decades of the twentieth century, the path 
to genomics has been arduous but has yielded the richest source of biological 
data we have ever known. This age of discovery is where our journey in this 
book begins—the first four chapters look at the historical moments in biology 
over the past 100 or so years that made the sequencing of genomes possible. 
These chapters will be particularly rewarding to readers with an interest in the 
science behind genomics, but you do not need to comprehend everything in 
these chapters to appreciate the material in the rest of the book. Don’t get hung 
up on some of the nitty‐gritty science. Utilize the figures to help make sense of 
difficult concepts, and don’t be afraid to look up technical sounding words.



xvi Introduction: Welcome Back to the Genome 

The remainder of the book looks at the interplay of how scientists are com-
ing to make sense of genomic information and how they are applying this infor-
mation to genomic technologies in evolutionary biology, health‐related fields, 
and agriculture. Chapters 5 through 7 look at how the discovery and explora-
tion of the human genome is yielding to the more practical task of sorting 
through the scientific and social meaning of all of the data being generated by 
genomics, particularly in the context of ethics and how we understand and 
define ourselves as humans, especially given the long history of using genetics 
to divide and harm ourselves. The choices, social proscriptions, and laws that 
we develop now around genomic technologies will be an essential part of ensur-
ing the success of genomic technologies in the future. Challenges include creat-
ing policies that will help integrate genomics technologies into contemporary 
medicine and public health practice, and defining the roles and responsibilities 
of scientists, health care professionals, ethicists, clergy, and lawmakers in the 
development of these policies. Also, how can we best ensure the safety of 
genomic technologies? The remaining chapters of the book look at how advances 
in genomic science—from evolutionary thinking to agriculture biology—are 
altering scientific practice and impacting our lives. For example, new tools such 
as clustered regularly interspaced short palindromic repeats–CRISPR‐associ-
ated protein 9 (CRISPR/Cas9) technology have been developed that allow for 
the direct editing of genomes and may usher in a new age of gene therapy (7) 
with many of the caveats we initially formulated in the first edition of this book. 
In the first edition of this book, we suggested that “it will still take years, if not 
decades before genomic medicine will significantly enhance current practice, 
let alone replace it.” But CRISPR/Cas9 gene editing technology has the poten-
tial to bring us directly into the realm of directed gene therapy, in both human 
and non‐human species.

We have set out to write a book that readers with little or no prior knowl-
edge of biology can pick up and enjoy, gaining along the way a deeper under-
standing of the phenomenon that has become known as genomics. Genomics 
should not be treated lightly, however, and we hope to reward your interest 
with more than a nominal exploration of this still‐burgeoning science. Indeed, 
one can pick up any number of magazine or newspaper articles for that. This 
book offers something more—something useful to you, the consumer—by elu-
cidating today’s genomic information and tomorrow’s genomic medicines and 
technologies. It is the latter that will, in various ways, greatly affect our lives. 
Although we may not directly benefit from incredible genetic discoveries, chil-
dren born today come into the world with the promise that genomics will have 
a significant impact on their lives, and for their children the effect will be expo-
nentially greater, continuing likewise through the generations.

For us, though, the consequences of genomics will be no less significant. 
Although we will benefit from early generations of genome‐driven therapeu-
tics, we also face the critical task of struggling with the consequences of these 
potentially disruptive technologies. We are charged with making sense of the 
genome’s social, cultural, and economic implications, and with successfully 
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implementing genome technologies. Although lives will be improved and even 
saved by genomic drugs, our generation’s legacy will be much more than the 
scientific and medical discoveries it leaves to the twenty‐first century. Our 
 legacy will also be social—meeting the challenge of making genomics techno-
logically feasible—and at the same time humane, just, and ethical. This will be 
no easy task, particularly from our current vantage point: At present we as a 
society still remain largely unprepared for the arrival of the genomic revolution. 
This book was written with these challenges in mind, and with the hope that we 
can be a part of the continued effort to make the genome truly public.

At the American Museum of Natural History (AMNH), we have worked 
toward integrating genomics into Museum scientific practice and into our 
exhibits. Way back in the fall of 2000, as part of its mission to bring cutting‐edge 
science to the public, the Museum held a 2‐day conference examining the social 
and scientific implications of the genome. Sequencing the Human Genome: New 
Frontiers in Science and Technology was the first major public forum to examine 
the implications of genomics after the release of the draft sequence of the human 
genome. That is where much of the thinking about this book began. Renowned 
scientists, including two Nobel Laureates, bioethicists, historians, biotechnol-
ogy entrepreneurs, and others participated in a variety of lectures and panel 
discussions. This effort was followed in spring 2001 with the opening of the 
exhibition “The Genomic Revolution,” the largest and most comprehensive 
popular examination of the genome to date. Efforts continue through the 
Museum’s education programs and by expanding the reach of “The Genomic 
Revolution,” which has traveled to a nearly a dozen sites around the United 
States in the past decade. In addition, in 2008 the AMNH renovated its Hall of 
Human Biology (renamed the Spitzer Hall of Human Origins). This renovation 
project changed the focus of the hall from strictly paleo‐anthropological subject 
matter to include genomics and genetics of primates and humans specifically. 
Exhibit material on genomes in this permanent hall includes information on 
how genomes (including the Neanderthal genome) are sequenced, the simi-
larity of primate genomes, how Neanderthal genomes compare with sapiens’ 
genomes, and how genetic information can be interpreted to give us an idea of 
the movement of humans across the planet.

For well over a century the Museum’s halls, replete with fossils, models, 
and dioramas, have been home to a diversity of exhibitions that, with few 
exceptions, have centered on objects—exactly the fossils and dioramas that fill 
the Museum’s galleries. These object‐driven exhibits utilize the charisma of a 
specimen to engage the visitor. An ancient Barosaurus standing on its hind legs, 
towering 40 feet in the air does just that in the main rotunda of the Museum 
every day. Once a visual connection to a specimen is made, the conceptual 
aspects of an exhibit can be presented. In the case of the Barosaurus, the Museum 
can discuss a wide range of such dinosaur‐related topics as predation, evolu-
tion, and extinction. The specimen draws in the visitor, but precisely because of 
that charismatic attraction he or she leaves with a much deeper understanding 
of dinosaurs.



xviii Introduction: Welcome Back to the Genome 

The Genomic Revolution approached the art of exhibition‐making and 
museum education in a much different fashion. Instead of relying on the allure 
of an object, the genomic revolution itself, in its abstract and complicated splen-
dor, is what attracted the visitor. The physical specimens were secondary to 
theories, ideas, and scientific premises. The challenge for the exhibition team 
lay in translating these difficult concepts into dynamic and decipherable objects 
that illustrate the genome. To meet this task a team of Museum scientists, 
experts in the field, and exhibition specialists grappled with the problems for 
well over a year before delivering “The Genomic Revolution.” Over the past 
decade the AMNH has undertaken production of an additional two human 
biology genome‐oriented exhibitions. “Brain: The Inside Story,” which opened 
in 2012, focused on the new brain research of the twenty‐first century at both 
the imaging level and the genome level. “The Secret World Inside You,” which 
opened in 2015, focused on the human micro‐biome, a genome‐enabled research 
area of human health. Both of these exhibitions used the lessons learned from 
“The Genomic Revolution” to clearly deliver essential information about 
human health to the general public. In addition to the exhibitions, the AMNH 
has expanded its research purview to include the science of genomics and infor-
matics. For instance, in 2015, the AMNH in collaboration with other New York 
City scientists announced the sequencing of the genome of Cimex lectularius, the 
bedbug. The dynamics of genome evolution of this insect pest and its distribu-
tion in the New York City subway system was examined in this uniquely 
AMNH study. The striking success of these exhibitions and the importance of 
genomic research at the AMNH, starting with “The Genomic Revolution,” sug-
gests to us that charisma is not necessarily object based, and for our purposes 
here, that was encouraging.

For this book, a dinosaur example is again useful. Looking at the Titanosaurus 
skeleton that stretches the length of the Dinosaur Hall Orientation Center (it’s 
actually so big that the designers of the mounted skeleton replica had to arrange 
its head to stick menacingly out of the entrance to the hall), our imagination 
takes us to a prehistoric era when dinosaurs ruled. But for the genome our 
imaginations are used in a much different way. Genes, neurons, and microbes 
are, in essence, invisible to us. Imagining molecular processes may be of use to 
a geneticist or biochemist, but for the rest of us picturing the activities of nucleic 
acids, DNA, and genes is a challenging, if not futile, exercise.

The charisma of the genome lies instead in its possibilities, not simply in 
what a molecule of DNA can do, but in what DNA can do for us—its potential 
to better the human condition and to alter our environment in ways once only 
dreamed of. Therein lies the public’s fascination with the genome and with 
other biotechnologies.

Despite popular and sometimes scientific opinion to the contrary, genes are 
not the determinative force that many contend or hope they are. Claims of 
genetic control over intelligence, sexuality, and aggression have come and gone 
and will come and go again. However, although genes unquestionably contrib-
ute to behavioral and medical outcomes, they generally do not govern how we 
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Figure I.1 The 40‐foot Barosaurus welcomes visitors every day to the American 
Museum of Natural History in New York City. This amazing specimen immediately 
draws visitors into the lives of dinosaurs. Credit: American Museum of Natural History

Figure I.2 This artist’s conception of a DNA double helix was displayed in the exhibit 
“The Genomic Revolution.” Credit: Denis Finnin, American Museum of Natural History
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behave or entirely control what diseases we contract or develop. There is a ten-
dency to confuse genetic destiny and genetic potential—a confusion that lies in 
our changing understanding of gene function. For nearly a century the domi-
nant paradigm in human heredity theory boasted that traits were inherited via 
single genes (or loci). Scientific support for a one‐gene, one‐trait approach in 
genetics was, in fact, borne out by many of the genetic discoveries of the twen-
tieth century. It was easy to show, for example, that certain traits are directly 
inherited through the mechanism of a single gene. Devastating diseases such as 
sickle‐cell anemia, Huntington disease, and Tay–Sachs disease could all be pin-
pointed to a single locus. Ultimately, this approach has been fruitful only in the 
simplest cases of inheritance. The inheritance of these types of diseases is rare, 
probably accounting for “no more than 5% of known disease.” (8) Yet, this sin-
gle‐gene, single‐trait approach still holds considerable sway—even more than a 
decade into the post‐genomic era—among the general public. This despite sci-
ence’s failure to genetically understand common and stubborn diseases such as 
cancer, heart disease, and diabetes, all of which claim many lives each year, and 
all of which have complex etiologies that are both genetic and environmental. If 
genetics in the twentieth century was about the search for origins of human 
traits gene by gene, then twenty‐first‐century genomics is about the transition 
away from single‐gene thinking and toward thinking about organisms as com-
plex biological systems that are always interacting with our environments.

Genomic technologies are opening up new ways of thinking about the mecha-
nisms of our heredity, disease, and evolutionary history on this planet. For instance, 
the post‐genomic world has altered our view of the microbial world, and scientists 
are coming to understand how the microbiome impacts our health. In the field of 
microbial infectious disease, germ theory has dominated the way we look at and 
treat infectious disorders for over a century. But post‐genomic technology allows 
us to look at and characterize the communities of microscopic organisms involved 
in the functioning of our bodies in new ways, thus revolutionizing the germ 
theory of infectious disease. This new germ theory/microbiome paradigm is, in 
many ways, a radical change. Where we once thought of interactions with microbes 
as arms races against specific pathogens (using antibiotics to defeat microorgan-
isms that threatened us), we are beginning to view our health more as a détente 
between our cells and the cells of communities of microbes.

Another area of paradigm shift in health‐related research in the post‐genome 
world involves assessing genetic variability between and among human popula-
tions. The initial paradigm in using the genome to study genetic disorders was to 
use a group‐based approach (usually using race) called Genome Wide Association 
Studies (GWAS) to look for correlation of disease with genetic polymorphism. 
This race‐based approach has slowly given way to individualized approaches to 
health and a new hope for personalized medicine. Coincidentally, the sequencing 
of large numbers of Homo sapiens for projects like the 1000 genomes project have 
also led to a broader understanding, and in some cases confusions, about the rela-
tionships of human population groups to each other and a better understanding 
of the involvement of genetics in our conception of race.
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Genes are not destiny, and such an assertion undermines the astonishing 
complexity and possibility that are our genes. But if the role of genes in our lives 
is not this simple, then why read any further? After all, you are reading a “user’s 
guide” to your genes and may have been expecting us to tout the wonders of 
our genetic code. We are enchanted by the genome and its potential to change 
our lives in so many ways, but there is so much more to genes and the genomic 
revolution than the divine‐like control and global panacea that is often ascribed 
to them. By reading this book you will learn about the myths and realities of the 
genome, and in doing so prepare yourself to be an educated participant in the 
changes to come. We must remember that the sequence of the human genome is 
only a first step, and that despite the promises ahead, genomics is still in its 
infancy. It is likely that we cannot even envision some of what is to come, our 
imaginations lacking the technological and biological prowess to see a future 
beyond science fiction. Educating ourselves about the genome will no doubt 
improve our visionary skills and empower us to be participants in these amaz-
ing times. Putting the genome to work raises questions and dilemmas for us as 
individuals, families, nations, and even as a species. We need to make decisions 
about our health, our food, our stewardship of the natural world, and our 
responsibilities to the next generation.

Welcome back to the genome.
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Since the nineteenth century, scientists have been working to unravel the 
 biological basis of inheritance. With Gregor Mendel’s mid‐nineteenth‐century 
discovery of the basic mechanisms of heredity, genetics was born, and human-
ity took its first small steps toward deciphering the genetic code. No longer 
would heredity solely be the domain of philosophers and farmers. Indeed, 
Mendel’s discoveries set the stage for major advances in genetics in the twenti-
eth century and help put in motion the series of discoveries that led to the 
development of the sequencing of human and nonhuman genomes. This age of 
discovery, from Mendel to genome sequencing, is the subject of the first four 
chapters of this book. Chapter 1 covers some basic biology and tells the story of 
the evolution of genetics by examining some of the most significant discoveries 
in the field—discoveries that enabled the development of genomics. Chapter 2 
looks specifically at the evolution of genetic and genomic sequencing technolo-
gies. Chapter 3 examines the human genome itself and the ways in which we 
are exploring and exploiting it now and in the future. And, finally, Chapter 4 
looks at the sequencing and genome analysis tools of the post‐genomic era also 
called next generation sequencing or (NGS).

Without any further ado, may we present to you the human genome!
This photo (Figure 1.1), also known as a karyotype, shows the 46 human 

chromosomes, the physical structures in the nuclei of your cells that carry almost 
the entire complement of your genetic material, also known as your genome. 
But don’t let this two‐dimensional representation of the genome fool you into 
believing in its simplicity. Almost 20 years ago biologist Richard Lewontin called 
DNA a  “triple‐helix” to explain how genes function, and how they interact with 
each other and the environment. This triple helix is largely inseparable, and 
genetics doesn’t make sense unless taking these effects into account.

We could also have introduced you to your genome with a slew of the DNA 
sequence units—As, Ts, Gs, and Cs—in a string, or we could have shown you a 
picture of DNA in a test tube or even a picture of a nucleus of one of your cells 
where the DNA would be visible as dark stringy stuff. There are many ways to 
visualize the genome and this is part of its beauty.

From Mendel to Molecules
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Figure 1.1 This picture, known as a karyotype, is a photograph of all 46 human 
chromosomes. With an X and a Y chromosome, this is a male’s karyotype. A female’s 
karyotype would show two X chromosomes. Credit: Photo Researchers

Figure 1.2 The nucleus of every human cell (the large purple mass inside the cell) 
contains DNA. Mitochondria, organelles in cells that produce energy (the smaller 
purple objects within the cell), also contain some DNA. Credit: Wiley
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Still, to understand function, we do need to learn about basic form. And a 
karyotype, despite its limitations as a representation of the genome, illustrates 
that in almost all the cells in the human body there are 22 pairs of chromosomes 
and two sex‐determining chromosomes. The double helices that make up your 
chromosomes are composed of deoxyribonucleic acid, also known as DNA, on 
which are found approximately 20,000 genes. These cells are called somatic 
cells, and they are found in almost all nonreproductive tissue.

Humans also have cells with 23 nonpaired chromosomes. In these cells, 
each chromosome is made up of a single double helix of DNA that contains 
approximately 20,000 genes. These cells are called germ cells and are the 
sperm and egg cells produced for reproduction. These germ cells carry a 
 single genome’s worth of DNA or more than 3 billion bases worth of 
nucleic acids.

Chromosomes are somewhat like genetic scaffolding—they hold in place 
the long, linearly arranged sequences of the nucleotides or base pairs that make 
up our genetic code. There are four different nucleotides that make up this 
code—adenine, thymine, guanine, and cytosine. These four nucleotides are 
commonly abbreviated as A, T, G, and C. Found along that scaffolding are our 
genes, which are made from DNA, the most basic building block of life. These 
genes code for proteins, which are the structural and machine‐like molecules 
that make up our bodies, physiology, our mental state. Through the Human 
Genome Project scientists are not simply learning the order of this DNA 
sequence, but are also beginning to locate and study the genes that lie on our 
chromosomes. But not all DNA contains genes.

On average 3 billion base pairs exist in the collection of the chromosomes 
your mother transmitted to you. Add to that the chromosomes given to you by 
your father gave you and in your cells there are around 6 billion bases, a com-
plete diploid human genome. There are long stretches of DNA between genes 
known as intergenic or noncoding regions. And even within genes some DNA 
may not code for proteins. These areas, when they are found within genes, are 
called introns. While these genomic regions were once believed to have no 
products and/or no function, scientists now understand that both introns and 
intergenic regions play a role in regulating DNA function. The Encyclopedia of 
DNA Elements or ENCODE Project estimates, for example, that while only 
2.94% of the entire human genome is protein coding, 80.4% of genome sequences 
might govern the regulation of genes. (1) Unlike the human genome and all 
other eukaryotic genomes, however, bacterial genomes do not have introns and 
have very short intergenic regions. Curiously though, the archaea, a third major 
domain of life (in addition to eukaryotes and bacteria) do have introns, but not 
necessarily the same kind of introns as eukaryotes.

Let’s begin our tour of the human genome with a very basic lesson in 
genetic terminology. For example, what exactly is genetics, and how is it differ-
ent from genomics? Genetics is the study of the mechanisms of heredity. The 
distinction between genetics and genomics is one of scale. Geneticists may 
study single or multiple human traits. In genomics, an organism’s entire 
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collection of genes, or at least many of them, is examined to see how entire 
 networks of genes influence various traits. A genome is the entire set of an 
organism’s genetic material. The fundamental goal of the Human Genome 
Project was to sequence all of the DNA in the human genome. Sequencing a 
genome, whether human or nonhuman, simply means deciphering the linear 
arrangement of the DNA that makes up that genome. In eukaryotes (plants, 
animals, fungi, and single‐celled organisms called protists), the vast majority of 
the genetic material is found in the cell’s nucleus. The Human Genome Project 
has been primarily interested in the more than 3 billion base pairs of nuclear 
DNA. A tiny amount of DNA is also found in the mitochondria, a cellular struc-
ture responsible for the production of energy within a cell. Whereas the human 
nuclear genome contains more than 3 billion base pairs of DNA and approxi-
mately 20,000 genes (that’s nearly 10,000 genes fewer than when the first edi-
tion of this book was published in 2005), the reference human mitochondrial 
genome contains only 16,568 bases and 37 genes. (2) Like bacteria, mitochon-
drial DNA, or mtDNA, has short intergenic regions and its genes do not contain 
introns. Another interesting characteristic of mtDNA is that it is always mater-
nally inherited. This has made mtDNA very helpful to track female human 
 evolutionary phenomena. These discoveries were made possible, in part, by 
sequencing mtDNA.

What about heredity? In the most basic sense we should think about hered-
ity as the transmission of traits from one generation to the next. When we talk 
about heredity in this book we refer to the ways in which traits are passed 
between generations via genes. The term heredity is also sometimes used to 
describe the transmission of cultural traits. Such traits are shared through a 
variety of means including laws, parental guidance, and social institutions. 
Unlike genetics, however, there are no physical laws governing the nature of 
this type of transmission.

What are genes? Genes are regions of DNA and are the basic units of inher-
itance in all living organisms. These words, genes and DNA, are too often used 
interchangeably. Both genes and DNA are components of heredity, but we iden-
tify genes by examining regions of DNA. In other words, DNA is the basic 
molecular ingredient of life, whereas genes are discrete components of that 
molecular brew.

If you look at any family you’ll see both shared and unique traits. Family 
members typically look alike, sharing many features such as eye color and 
nose shape, but they may also have very different body types and be suscepti-
ble to different diseases. This diversity is possible for two reasons. The first 
reason is that genes come in multiple forms. These alternative forms are known 
as alleles, and in sexual reproduction they are the staple of organismal diver-
sity. According to the laws of genetics, siblings can inherit different traits from 
the same biological parents because there is an assortment of alleles that can be 
randomly passed along. The second reason is that the environment can exert a 
significant influence on the expression of genes. For example, an individual 


