
Chapter 4

What Good Was the Human Genome Project?

“I think there will be change in our philosophical understanding of ourselves. . . . Three billion
bases can be put on a single compact disc (CD), and one will be able to pull a CD out of one’s
pocket and say ‘Here’s a human being; it’s me!’.”

—Walter Gilbert, 1992, “A vision of the grail.”

On 26 June 2000 the official Human Genome Project of the United States, together with a private venture
started by Craig Venter, announced the completion of what they called a draft human genome sequence.
Most but not all of the human genome had been sequenced—the gaps were glossed over in the announcement
that came from the East Room of the White House. U.S. President Bill Clinton was lyrical: “Nearly two
centuries ago . . . Thomas Jefferson and a trusted aide spread out a magnificent map [of the American West
just charted by Lewis and Clark] . . . that defined the contours and forever expanded the frontiers of our
continent and our imagination. Today the world is joining us here . . . to behold the map of even greater
significance. We are here to celebrate the completion of the first survey of the entire human genome. Without
a doubt, this is the most important, most wondrous map ever produced by human kind.” Over satellite,
British Prime Minister Tony Blair chimed in: “Ever since Francis Crick and Jim Watson . . . made their
historic discovery in the middle of the last century [of the DNA double helix], we’ve learned that DNA was
the code to life on Earth. And yet I guess for Crick and Watson, the process of identifying the billions of
units of DNA and piecing them together to form a working blueprint of the human race must have seemed
almost a super-human task beyond the reach of their generation. And yet today, it is all but complete.
Nothing better demonstrates the way technology and science are driving us, fast-forwarding us all into the
future.”6

Neither Clinton nor Blair mentioned that the Human Genome Project (HGP) had been intensely con-
troversial among biologists when it was first proposed in the 1980.7 Perhaps they didn’t even know. Worries
about the HGP, about genomics since then, and about ubiquitous DNA sequencing as if it is an end-in-itself,
have all been drowned by the hype surrounding genomics since the turn of the century. While acknowledging
its contributions and importance, we will take a skeptical look at the HGP in this chapter. Its title is a
paraphrase of a talk I used to give in 1992. A transcript was eventually translated into Spanish by the
prominent Mexican biologist, Arturo Lazcano, and Published in México in 1992.8 Otherwise it is forgotten.
The remainder of this book will be concerned with whether CRISPR can rescue some of the unkept promises
of the HGP.

Clinton’s and Blair’s enthusiasm would suggest that Gilbert’s vision (in the quotation at the beginning of
this chapter) was about to be fulfilled. Over US$ 3 billion had been officially spent on the project (and some
estimates made the sum much higher).9 The official Human Genome Project (HGP), which was formally
initiated in 1990, was only supposed to be completed in 2005; involving several large laboratories, mainly
in the U.S. and Britain, it was supposed first to map all the human genes and then move on to sequence
the complete genome. Along the way it would develop new mapping and sequencing technologies to drive

6Quotations from Clinton and Blair are from http://transcripts.cnn.com/TRANSCRIPTS/0006/26/bn.01.html (last ac-
cessed 04-Oct-2018).

7Tauber and Sarkar 1992.
8Sarkar 1992. That talk reflected years of joint work with Fred Tauber.
9Bayley 2006.
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biology into the future. However, the emergence of Venter’s competing private project in 1998 had derailed
the official HGP’s stately progress. Venter, who had founded The Institute for Genome Research (TOGR)
with industry funding in 1992, had announced a program to sequence the genome in three years at a fraction
of the cost of the official HGP. The private funding interests were motivated by the hope of creating and
exploiting a massive database linking genomic variation with medically relevant information.

In response, the official HGP rushed work to complete its own version of a draft sequence. In 2000 it
claimed to have finished this task and announced a final product simultaneously with Venter. Skeptics could
argue that the final “draft” had been put together rather hastily with almost ten per cent of the sequence still
to be completed.10 Some of these unfinished fragments were sequenced by 2006; still, as of 2010, a “whole”
human genome for any individual constituted only about 93 per cent of the full sequence—the other seven
per cent had remained too hard to sequence.11 Even today, though the percentage of the sequenced genome
has increased, the entire human genome has not been completed; in 2018, 875 major gaps still remained
to be completed.12 We will encounter many other problems later, including what it means to talk of the
sequence of the human genome.

However, these gaps have never prevented enthusiasts of the HGP from extolling its scientific and medical
virtues. One year before the announcement of the draft sequence, Francis Collins, then Director of the (U.S.)
National Human Genome Institute promised an “individualized medicine” and painted the following rose-
tinted scenario for the future of medicine: “John, a twenty-three-year-old college graduate [in 2010], is
referred to his physician because a serum cholesterol level of 255 mg per deciliter [which is higher than
normal] is detected in the course of a medical examination required for employment.”13 Using an interactive
program that takes into account John’s habits and family medical history the physician suggests a battery
of genetic tests. John agrees to fifteen tests for diseases that have preventive interventions and rejects ten
others that do not. These tests rule out many diseases but John is then

“sobered by the evidence of his increased risks of contracting coronary artery disease, colon
cancer, and lung cancer. Confronted with the reality of his own genetic data, he arrives at that
crucial ‘teachable moment’ when a lifelong change in health-related behavior, focused on reducing
specific risks, is possible. And there is much to offer. By 2010, the field of pharmacogenomics has
blossomed, and a prophylactic drug regimen based on the knowledge of John’s personal genetic
data can be precisely prescribed to reduce his cholesterol level and the risk of coronary artery
disease to normal levels. His risk of colon cancer can be addressed by beginning a program of
annual colonoscopy at the age of 45, which in his situation is a very cost-effective way to avoid
colon cancer. His substantial risk of contracting lung cancer provides the key motivation for him
to join a support group of persons at genetically high risk for serious complications of smoking,
and he successfully kicks the habit.”14

There will be more to say about John later in this chapter. What matters most in our context is that Collins’
hope was that the budding new field of pharmacogenomics would use John’s sequence data to tailor his drugs
to his individual sequence.

As Collins put it: “Identifying human genetic variations will eventually allow clinicians to subclassify
diseases and adapt therapies to the individual patient. There may be large differences in the effectiveness of
medicines from one person to the next. Toxic reactions can also occur and in many instances are likely to
be a consequence of genetically encoded host factors.”15 By 2015 this desire would be the basis for Collins’
promise for precision medicine (recall Chapter 1). But, it would still be a project for the future. It is 2019
now. Personalized medicine still remains a project for the distant future. Little has changed since 2015.

* * *

10Quackenbush 2011.
11Angrist 2011, p. 2n.
12Scheneider et al. 2017.
13Collins 1999, p. 34.
14Collins 1999, p. 35.
15Collins 1999, p. 33.
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In the 1990s Collins’ hopes were not perhaps entirely unrealistic. What the optimists were relying on
was a plausible hypothesis, the common disease-common variant (CD-CV) hypothesis that claims that
common diseases were controlled by common variants of genes (where, typically “common” is taken to mean
a frequency higher than 5 per cent) which could be detected through statistical tests. Every human being
was supposed to have some of these common variants and, thus, intervention strategies could potentially
use them to decise different options tailored to each individual. Most of these common variants would have
been generated very early in human evolution and could well have first become fixed in the small human
populations that then existed before they went through explosive population expansion.16 If many such
genes are involved in causing some disease, but each by itself has a small effect, there is an evolutionary
reason why they would persist in modern human populations. Because each such gene has a small effect,
natural selection would not weed it out at all effectively compared to what it would do to a disease-causing
gene with a large effect. We would each be carrying some of these disease-implicated common variants. By
spawning technologies for fast whole genome sequencing, the HGP had made it possible both to test the
CD-CV hypothesis and potentially use it (if correct) for therapeutic purposes.

Indeed, the development of these fast sequencing techniques for large genomes, a very important con-
tribution of the HGP, enabled the collection of large data sets consisting of genome sequence from a large
number of individuals. These data sets made possible the study of statistical associations between variant
genes and common diseases. What we look for is simply how often one of these common gene variants
co-occur in a person along with the disease we are studying. A major use of these genome-wide association
studies (GWAS), as they are called, was to study variation at the level of individual nucleotides distributed
throughout the genome, what are called single nucleotide polymorphisms (SNPs, pronounced “snips”). The
statistical association between these SNPs and diseases could then be used to identify even large numbers
of genetic variants that may potentially play a role in causing the disease. In 1998 a newly-minted SNP
Consortium began assembling maps of SNPs across human genomes. It was followed by the HapMap project
which started in 2002 and began mapping sets of SNPs found near each other (and called a “haplotype”).
By 2010 hundreds of common SNPs had been associated with several diseases including Alzheimer’s disease,
hypertension, schizophrenia, and type 2 diabetes.17 However, do these associations mean anything? Skeptics
pointed out that these associations were proving to be useless to predict disease.18 For instance, in the cases
of type 2 diabetes, statistical association studies of 2.2 million SNPs in more than then thousand people
have identified 18 SNPs associated with the disease; yet, taken together, differences between nucleotides at
these sites explain at best only six per cent of the variability in the onset of this disease.19

The absence of successful predictions suggested that the CD-CV hypothesis may not be quite what it
had been trumped up to be. In fact the CD-CV hypothesis had always been controversial ever since it was
first proposed in the 1980s.20 An alternative common disease-rare variant (CD-RV) hypothesis claimed that
common diseases were caused by rare genetic variants with large effects. Many individually rare variants
would be implicated for the same disease (which is why the disease is common). Association with these rare
variants cannot be detected by the statistical analyses of GWAS. Those studies, because they only measured
statistical associations, would only churn up a large set of common variants which were, indeed, common
and present—but had no medical relevance. There is plenty of evidence for the CD-RV hypothesis including
genes for predisposition to breast cancer, genes for disease of lipid metabolism, and some for severe mental
illnesses.21 These rare alleles would not be detected through statistical test such as GWAS. Paraphrasing
Tolstoy in Anna Karenina, and following Kenneth M. Weiss, we can conclude: “All healthy families resemble
each other; each unhealthy family is unhealthy in its own way.”22

Those in favor of the CD-RV hypothesis (over CD-CV) include prominent British human genetcist Walter
Bodmer.23 If CD-RV is correct, all that GWAS have revealed is a great deal of DNA heterogeneity that is

16Hall 2010.
17Hall 2010.
18Hall 2010
19Hall 2010, p. 64. This variability ration is what is called the “heritability” of the disease.
20Schork et al. 2009.
21McClelland and King 2010.
22Hall 2010, p. 62.
23Hall 2010.
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causally irrelevant to disease. That explains why good predictions do not emerge from these results. This
means that, to the extent that the medical goals of the HGP were to be reached through these studies (that
is, through GWAS), it should come as no surprise that, as of 2019, those goals have not been achieved.
What, then, has the HGP contributed to medicine? As far as generating new treatments was a goal, it is
hard to escape the conclusion that, as of 2019, it has contributed very little.

* * *

Let us return to 2010 when (in Collins’ story) John is supposed to have had his physical examination. In
reality John would have encountered very little in the physician’s office that was different from 2000. There
was as yet no country with routine preventive genetic testing for 23-year-olds. There was no expanding field
of pharmacogenomics. Stephen S. Hall, writing in Scientific American, observed:

“the scientific community finds itself sobered and divided. . . . The problem is that research
springing from the genome project has failed as yet to deliver on the medical promises that
Collins and others made a decade ago. Tumor biologist Robert A. Weinberg of the Whitehead
Institute for Biomedical Research in Cambridge, Mass., says the returns on cancer genomics ‘have
been relatively modest—very modest compared to the resources invested.’ Harold E. Varmus,
former director of the National Institutes of Health, wrote recently in the New England Journal of
Medicine that ‘only a handful of major changes . . . have entered routine medical practice’—most
of them, he added, the result of ‘discoveries that preceded the unveiling of the human genome.’
Says David B. Goldstein, director of the Center for Human Genome Variation at Duke University:
‘It’s fair to say that we’re not going to be personalizing the treatment of common diseases next
year.”’24

Almost a decade later, in 2019 there is no occasion to change this assessment. And it is a good bet that
thre has been no person who has walked up to a physician and presented a physician with a CD containing
a genome sequence and announced, “It’s me.”

Of course, smokers are advised to quit and join support groups if available in order to decrease the risk
of getting lung cancer. But that has been going on since the 1960s with incrementally increasing knowledge
of the mechanisms by which tobacco smoke induces lung cancer. It does not require a completed human
genome sequence. Tobacco companies have long sought evidence for a genetic predisposition to nicotine-
induced cancer; in spite of the human genome sequence, any such evidence has remained illusory. But this
is what Collins seems to have expected when he painted the scenario of John’s diagnosis and treatment.

Also of course, in most Western countries newborns are screened for a wide variety of disorders. In the
United States, the list of these disorders vary by state. In Texas, newborns are screened for serious heart
defects, hearing, and 53 other disorders of which many are genetic including cystic fibriosis, phenylketonuria
(PKU), sickle cell trait, and thalassemia.25 Not one of these had its origin in the results of the HGP. Rather,
the list has incrementally increased over decades using results of traditional medical research.

* * *

This apparent medical irrelevance of the results of the HGP plays into the hands of the skeptics who
questioned the HGP when it was first proposed in the 1980s. It will be worth our while to revisit those
arguments. As noted earlier in this chapter, in the 1980s, the proposal to sequence the entire human genome
generated immense controversy both within and outside the biological community. Critics came in various
stripes. First, there were critics who thought it was wrong to sequence the human genome at all. Second,

24Hall 2010, p. 62.
25Texas Department of State Health Services 2018.
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there were those who thought that massive blind sequencing was bad scientific policy. (The HGP conisted of
blind sequencing because it involved systematic mechanical sequencing the entire genome without attention
to function. In particular, sequencing was not to be restricted or even primarily targeted to known or
presumed genes. No one questioned the value of sequencing genomic regions with genes. Since about 95
per cent of human DNA was not known to have any functional role at all, much of such blind sequencing
was going to consist of snipping at functionally irrelevant or “junk” DNA. There will be more on junk DNA
below.) Third, a large number of critics, wary of past eugenic abuses, were worried about the potential
misuse of sequence data. Fourth, there were those who doubted the scientific and medical value of the
HGP—their arguments are the ones most relevant to us.

Turning briefly to those who thought that it was wrong to sequence the human genome, for many of
them, humans had no business with such knowledge. Most such critics brought religious beliefs along with
them: HGP proponents were apparently embarking on a path to forbidden knowledge; they were playing
“god.” As Robert Cook-Deegan put it in 1991: “Nothing arouses public discomfort with the future of
genetics as much as visions of scientists in white coats mucking about with the genes of future children.
A deep distrust of elites and errant technological prowess lurks just below the surface, evoking images of
Frankenstein and the Golem . . . and a spate of science fiction misadventures project dark visions of a future
governed by scientists and technicians bereft of emotional depth and moral judgment.”26 Even earlier, in the
context of the invention of recombinant DNA techniques, in the United States, the President’s Commission
for the Study of Ethical Problems in Medicine and Biomedical and Behavioral Research dedicated a section
of its report, Splicing Life of 1982, to discussions of “playing God.”27 It worried the Commission.

In a similar vein, also in 1992, the European Parliament asserted: “the rights to life and human dignity
. . . imply the right to inherit a genetic pattern that has not been artificially changed.” However, the right
was qualified so as to “not impede development of the therapeutic applications of genetic engineering (gene
therapy), which holds great promise.”’28 Cook-Deegan goes on to note:

“Dozens of petitions to proscribe germ line gene therapy have circulated, most arguing from
one of two streams of thought. One set of arguments rests on natural law which is based on
theological traditions that place humans in a special category. Human DNA is elevated to sit on
that same pedestal. Another set of arguments trace to the Greek notion of hubris. We cannot
be trusted to know what we are doing with such powerful technology.”29

Cook-Deegan himself was unsympathetic to such human exceptionalism and left open the possibility of
conscious genetic alteration of populations. But we should remain aware of these arguments because they
remain relevant to our post-CRISPR world. The technological innovation of new gene editing methods by
itself does not address whatever merit these old arguments had.

There were many who thought massive blind sequencing was unwise scientific policy. These critics
accepted that, sooner or later, the human genome would be sequenced and, unlike their more religious
counterparts, they were not concerned about acquiring this knowledge. While a majority of these critics
probably thought that the results would be scientifically and medically useful, others among them did not
as we shall see below. But even the optimists had worries. Three of these worries were persistent. The
first of these was the cost of the project: complete genome sequencing was going to be expensive. Critics
wondered about how this would affect funding for the rest of biology. At stake was the massive funding that
would be dedicated to sequencing alone during the planned fifteen-year tenure for the project. Would the
project siphon money away from basic science to what critics perceived to be a purely technological goal of
large-scale blind sequencing?

A second worry was there that the project, as an emblem of Big Science, would change the ethos of
biological research. Biology would no longer be based on individual laboratories centered around each
scientist. Critics claimed that such a development would harm the nature of biological research. However,
there was little compelling reason offered as to why collaboration and teamwork, on which the HGP relied, was

26Cook-Deegan 1991, p. 594.
27President’s Commission for the Study of Ethical Problems in Medicine and Biomedical and Behavioral Research 1982.
28Quoted by Cook-Deegan 1991, p. 594.
29Cook-Deegan 1991, p. 595.
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harmful for the future of biology. Finally, the HGP also differed from twentieth-century biology in yet another
way. Much of biology during that century had embraced hypothesis-driven research: every experiment was
supposed to test a hypothesis. There was a stark contrast with the HGP: blind sequencing does not refer
to any hypothesis at all. With the HGP, critics feared, biology would change beyond recognition—and not
change for the better.

There were many who were worried about how sequence data would be used but did not believe that
the human genome should not be sequenced at all. The HGP acknowledged the seriousness of this problem.
From the outset, through the Ethical, Legal and Social Implications (ELSI) Program, the HGP devoted three
per cent of its budget to analyze and prepare responses to social problems. The critics were worried that
society was ill prepared to cope with problems that would be created by the widespread availability of human
sequence data. These critics were most concerned with the timing of the project: that the human genome
should be sequenced so rapidly. The speed of the crash program to sequence the human genome was viewed
as a problem because there would not be enough time to prepare for the potential societal consequences of
having the data.

For example, genetic counseling is supposed to inform potential parents about the likelihood of a child
to inherit some genetic disease that ran in families; it also supposed to inform expecting parents of the
genetic constitution of a child about to be born and what it means. Genetic counseling is often difficult—
and ineffective—because the laws of transmission of genes from parent to child are probabilistic: they only
predict what is likely to be inherited and to what extent. All claims about potential genetic susceptibilities
to disease are also probabilistic. These are not everyday concepts that most potential parents would readily
understand. Genetic counselors guide them through the relevant complexities. It was clear that, as more
and more came to be known about the human genome sequence, there would be increasing demands for
genetic counselors. In the United States, it was also clear that not enough of them were being trained in the
late 1980s.30 There would potentially be a genetic counseling crisis in the late 2000s after the full sequence
became known. Now, without the HGP, it probably would take about a generation (roughly 30 -40 years)
for the full human genome sequence to become available. That would give a fair amount of time to ensure
that an adequate supply of genetic counselors would be available.31 But the HGP reduced the time frame
to 15 years. Would that be sufficient to satisfy the needs of genetic counseling? Was this wise policy?

Others, much more credibly, arguably that the knowledge obtained would be dangerous. Employers,
insurance providers, and others could discriminate against individuals on the basis of their sequences. We
could end up with a class of “asymptomatically ill” individuals : people who would be regarded as ill because
of sequence data that purportedly showed them to be susceptible to some disease even though they had no
symptom of the disease. In the United States we could end up creating a “biological underclass” in a society
in which socialized medicine was deemed inconceivable.32 Individuals could also be stigmatized because of
some genetic propensity. One identical twin could reveal much about the other’s health. It did not even
matter whether the genome sequence really had such power: as long as society perceived that it did, the
problems would materialize.

These concerns were real enough and remain pertinent today even after considerable regulatory innovation
to address at least the problem of discrimination. However, there can be three different response to these
problems: We could choose not to sequence the human genome at all—as also preferred by the religious critics
mentioned earlier. We could sequence, slowly, without the crash project of blind sequencing envisioned by
the HGP; meanwhile we could try to prepare for the problems that were expected to emerge. Or, third, we
could proceed with the HGP but also address the problems simultaneously. The last two of these options
treat the question as if it were one of devising appropriate policy; only the first embraces the stronger view
that we should not sequence. By pursuing the HGP, the United States took the third option.

In the United States in the early 1990s, long before the Affordable Care Act of 2010 assured coverage
for pre-existing conditions, the potential for genetic discrimination by health insurers was immense: gene
sequences supposedly conferring susceptibility for a disease amounted to a pre-existing condition even though

30Holtzman 1989.
31Tauber and Sarkar 1992.
32Nelkin and Tancredi 1994.
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no symptom of the disease had manifested itself. Insurers could discriminate on those grounds. For instance,
two well-known cases had occurred before the protective measures were in place.33 In 1998, it became public
that the Lawrence Livermore National Laboratory at Berkeley had secretly tested workers from the 1960s to
1993 for sickle-cell disease, syphilis, and pregnancy without their knowledge or consent; the workers thought
they were being screened for cholesterol. In 1999 the laboratory settled for US$ 2.2. million In 2002, the
Burlington Northern Santa Fe Railway company paid US$ 2.2 million to 36 workers to settle a case in which it
was accused of secretly testing them for a DNA variant that was supposed to predispose individuals to carpal
tunnel syndrome after they had filed work-related injury claims. Those claims of genetic predisposition for
carpal tunnel syndrome turned out to be incorrect but that does not mitigate the ethical and legal issues
raised by this attempt at genetic discrimination.

However, in 2008, after more than a dozen years of haggling, the United States Congress passed the
Genetic Information Nondiscrimination Act (GINA) and U.S. President Bush signed it into law. It left
many holes. While it outlawed sequence-based discrimination in employment and insurance, it did not
address life, disability, or long-term care insurance.34 To a large extent the Affordable Care Act addressed
these limitations.

Of course, the United States had been somewhat unique among Western nations in not having universal
health care coverage legally mandated until 2010; most European countries moved towards universal coverage
shortly after World War II and, in some regions such as Germany, policies of such care go back to the
nineteenth century. Moreover, since the 2016 U.S. Presidential election, the Affordable Care Act has been
under relentless attack from the Republicans but, in 2019, it appears unlikely that its provision of covering
pre-existing conditions would be gutted. This means that, by and large, the consensus against genetic
discrimination will remain in force. Other Western nations do not face problems posed by an absence of
comprehensive health care. The situation remains murky in China and India, two other large countries with
the technological wherewithal to use DNA sequences. Given the Chinese embrace of CRISPR, what happens
there may be unique and interesting.

Fourth, there were those who doubted both the scientific and medical value of the project. Molecular and
evolutionary biologist focused on different sets of problems. Molecular biologists worried about two issues:
when it comes to making predictions about an organism’s structure or behavior, what good would the
sequence do?; and what the point of sequencing so much junk DNA? Gilbert was convinced that the ability
of complete sequences for organisms would jumpstart a new theoretical biology. The sequence would allow
us to predict how an organism would look and behave But how? Skeptics pointed how few predictions about
organismic features came from DNA sequences alone. For humans, identical twins look alike. We can predict
an extra finger or a cleft lip or a very few diseases. But that’s the limit of the power of sequence-gazing.

The explosion of work on epigenetic factors since 2001 has only added emphasis on the limitations of
DNA sequence-based prediction of organismic features. The most that a DNA sequence specifies through
the genetic code is the amino acid residue sequence of a protein. Parts of the DNA sequence are also used
to regulate when other parts are used to produce proteins in this way—these parts are called regulatory
sequences. However, except for bacteria and similar simple organisms, only part of the genomic DNA plays
either of these roles; the rest, as far as we know, do not do anything useful at all. In humans, since the
1980s, an estimated 95 per cent of the DNA seemed to do nothing at all—it had been classified “junk” as
the evolutionary geneticist, Susumu Ohno put it in the early 1970s.35 And yet, critics pointed out, the HGP
would spend billions of dollars blindly sequencing such DNA.

The contrast here is between blind and targeted sequencing—the latter referring to sequencing chunks
of DNA that were known to contain genes, that is either specifying proteins or playing a known role in
regulation. Targeted gene sequencing had been around for decades and few biologists denied its importance.
But, even here, there were problems with the creation of a predictive biology. Proteins were clearly the most
important molecules in organisms; by and large their sizes shapes (what molecular biologists called their
three-dimensional conformations or tertiary structures) determined their biological functions, for instance,

33Stein 2008; Angrist 2011, p. 3.
34Angrist 2011, p. 4.
35Ohno 1972.
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whether an enzyme is able to digest a nutrient molecule, or an immunoglobulin of the immune system is able
to remove a foreign substance.

But DNA sequences do not specify the shape of a protein; they only specify its amino acid residue
sequence—the linear or primary structure of a protein. Predicting the shape of a protein from its amino
acid residue sequence is known as the protein folding problem: it has been recognized as extraordinarily
difficult since the 1960s (assuming that the sequence does always determine the shape by itself which seems
increasingly unlikely). The protein folding problem remains unsolved even today. Thus, according to these
critics, the gap between a genome sequence and the biology of a cell, let alone an organism was far too
wide to be likely to be bridged by 2015 when the HGP was supposed to be completed. The protein folding
problem was one of many others that stood in the way.

But, perhaps, there can be a way out. The three-dimensional structure of a protein can also be experi-
mentally determined using crystallography. If the sequences of two proteins are similar, at least in part, and
the shape of one is known, we may infer part of the shape of the other by exploiting sequence similarity. In a
spirited defense of his vision for HGP in 1992 Gilbert emphasized the power of this strategy.36 The trouble
is that even today not enough protein structures have been solved to play this game with much enthusiasm.
Determining the structure of a protein using crystallography is much more time-consuming than sequencing
its gene. By and large, biologists interested in any structures from the level of cells to whole organisms did
not see how genome sequences would provide a bonanza to their disciplines.

Evolutionary biologists were perhaps even less impressed. Jim Crow, a dominant figure in evolutionary
theory, pointed out that it would be better to know 10 percent of the genome of 10 species rather than
the entire genome of any one species. Here, at least, the HGP had an adequate response: early on, it was
decided to sequence simpler genomes of several other species to hone technological skills on the way to the
human genome which was supposed to prove more recalcitrant.

Evolutionary biologists also pointed out that the whole idea of “the human genome” was incoherent.37

Except for identical twins, no two human beings have genomes that are the same. (Even in the case
of identical twins, the genome of some cells, for instance, some of those forming the immune system are
different.) Given the amount of possible variation, it is reasonable to believe that there are as many “normal”
human genomes as there have been human beings—“normal” in the sense that the individuals with these
genomes would not be suffering from debilitating illnesses because of their sequences. What, then, is the
human genome? In the HGP, there seems to have been an implicit assumption that much of the genome
would be identical for almost all human beings. From an evolutionary perspective, there seems to be ample
reason to believe that the HGP was fundamentally ill-conceived.

A slew of results from the last few years has underscored the extent of this problem. Over the years,
since the publication of the first draft sequence in 2000, biologists have completed, revised, and refined what
they call a “reference” genome. (This genome is supposed to be the yardstick against which potentially
functionally abnormal sequences are compared.) Though biologists hope that this reference standard reflects
human diversity, and there are many ongoing attempts towards that end, 70 per cent of the reference genome
comes from a single individual.38 A 2017 paper estimated that there would be about 16 million DNA base
pair differences between the reference genome and that of a random individual.39

A 2018 paper by Steven Salzberg and Rachel Sherman (along with forty-four collaborators) showed how
odd the reference genome is.40 They compared the sequences of 910 individuals, all of African descent and
from twenty different countries, to the refence genome. They found 300 million DNA base pairs that were
common to all 910 individuals but entirely absent from the reference genome. It is enough to form an extra
chromosome. In general DNA sequences belonging to Africans are about ten per cent larger than that of
the reference genome. Even more recently, a 2019 paper analyzing 154 genomes from twenty-six ethnically
different populations found 60 million DNA base pairs that were missing from the reference genome.41 In the

36Gilbert 1992.
37Sarkar and Tauber 1991.
38Sherman et al. 2018.
39Huddleston et al. 2017.
40Sherman et al. 2018.
41Levy-Sakin et al. 2019.
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last few years there have been concerted efforts to address the problem of human diversity at the genomic
level through multiple projects with the goal of producing a diverse array of reference genomes rather than
the single one hypothesized and subsequently canonized by the HGP. The critics seem to have been justified.

It should be emphasized that the inability to use DNA sequences to predict functional biology at the
level of the organism carries over to the medical context. Here, it means that therapies cannot be devised
from sequence information alone. Recall the example of sickle cell disease from Chapter 3. We know the
three-dimensional molecular structure, that is, the shape and size of the mutant hemoglobin in great detail.
Yet, we have been unable to design effective therapies to manage the disease. What does knowing the
sequence of the mutant gene change? Nothing, and this sequence has been known since th 1970s. From the
DNA sequence we can predict the mutant amino acid sequence of sickle cell hemoglobin. We cannot even
predict the known three-dimensional conformation: that is the bite of not having solved the protein folding
problem. In the case of sickle cell disease, having a completed human genome sequence takes us no further
towards designing effective therapy than where we have been since the 1970s.

* * *

However, at least as far as basic science is concerned, the critics of the HGP can be answered but in a rather
odd way. The critics were correct in what they predicted; but that turns out to be irrelevant! No new
theory-driven molecular biology has emerged. The protein folding problem is no closer to solution today
than it was in 2001. We are in no position to predict functional biology (how organisms function as a
whole) from DNA sequences. Yet probably no one well-versed in biology can deny that the publication of
the draft human genome sequence was one of the major events in the history of science. The reason? The
human genome was full of surprises. Almost every assumption that biologists had previously made about
the genome and its evolution turned out to be false.

By 2001, when the draft sequence of the human genome was published, besides 39 bacterial species,
the genomes of baker’s yeast, Saccharomyces cerevisae, the worm, Caenorhabditis elegans, and the fruit-
fly, Drosophila melanogaster, had already been sequenced.42 Since then, eukaryotic whole genome sequences
continue to be reported at a steady rate. The largest eukaryotic genome recorded so far seems to be that of an
endemic plant from Japan, Paris japonica, which has 150 000 million base pairs.43 While this genome is yet to
be fully sequenced, the smallest recorded nuclear genome, that of the intracellular parasite, Encephalitozoon
intestinalis, has been sequenced and found to be only about 2.3 million base pairs.44

In 2001, the biggest surprise from the completed human genome sequence was the low number of genes.
In the 1990s, while Gilbert had put 300 000 as the upper limit of the possible number, most estimates ranged
between 60 000 and 140 000, with the 1990 plan for the Human Genome Project embracing an estimate
of 100 000.45 Instead, the completed sequence suggested about 30 000 -40 000 genes.46 Since then, this
estimate has decreased to 20 000 -25 000, with more recent estimates hovering around 22 500.47 The same
estimate holds for the mouse, Mus musculus, and is not much more than the 21 200 estimate for the worm,
C. elegans; the fruit-fly, D. melanogaster has 16 000. Meanwhile, the mustard weed, Arabidopsis thaliana,
has 25 000 estimated genes but rice, Oryza sativa, has as many as 60 200. The pufferfish, Fugu rubripes,
has 38 000 genes. There is no straightforward relationship between gene number and the complexity in the
structure or behavior of the organism.

This paradoxical lack of correlation between perceived complexity and gene number has been called the
G-value paradox by puzzled biologists.48 The number of genes is also not correlated with genome size. The
original report on the sequence noted that the human “proteome” or protein set is much larger (and, in that

42Sarkar 2015.
43Pellicer et al. 2010.
44Corradi et al. 2010.
45Fields et al. 1994.
46Sarkar 2015.
47Sarkar 2015.
48Hahn and Wray 2002.
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sense, more complex) than that of invertebrates. This puzzle is resolved by the higher prevalence in humans
of what is called alternative splicing. Splicing is the process of removing non-coding stretches (introns) of
messenger RNA transcribed from a gene. It occurs in the cell before the modified messenger RNA gets
translated into protein sequences at ribosomes. During alternative splicing different stretches get removed
from different messenger RNA transcripts from the same gene. This results in multiple final messenger RNA
pieces that get translated into different proteins, all emerging from the same gene. According to recent
estimates, more than half of the human genes are subject to alternative splicing with an average of 2.6
transcript variants per gene; in contrast, only 20 per cent of the genes are alternatively spliced in C. elegans
and D. melanogaster, with an average of 1.3 transcript variants per gene.49

There were other surprises in the complete human sequence of 2001. The original report claimed that
there had been horizontal gene transfer of hundreds of bacterial genes into the human genome; however,
this high estimate did not survive further analysis with more recent estimates put the number around 40.50

The distribution of human genes between the chromosomes and within them was highly uneven. Human
genes tend to occur in clusters. The human genome has about 4000 pairs of duplicate genes and five per
cent consists of recently duplicated segments. Almost a third of the genes in the human genome appear
to be “orphans,” that is, they have no homolog (a similar gene inherited from a common ancestor) in any
other non-primate species. The human genome also has about 15 000 pseudogenes which are imperfect non-
functional versions of working genes. In 2001, only about two per cent of the human genome was estimated
to specify amino acid sequences; since then that estimate has come down to one per cent.51 Within each
gene, on the average there is thirty times as much junk DNA as functional DNA. While reliable estimation of
the amount of regulatory DNA is difficult for a variety of technical reasons, for humans, a minimal estimate
is that it is one-and-a-half times that for DNA specifying proteins.

* * *

Why is the human genome so odd? Biologists often try to explain features of living organisms by pointing
to their good design and arguing that they must have been the result of evolution through natural selection.
When such an explanation is possible, the feature is shown to be an adaptation. But it is hard, if at all
possible, to see the human genome’s architecture as an adaptation. Michael Lynch, a well-known evolutionary
biologist, has been arguing for decades that natural selection has had little to do with the strangeness of the
human genome.52 It is a result of the physical propensities of the DNA of which genomes are made. Pieces of
DNA opportunistically multiply themselves, move around, and insert themselves wherever they can. Much
of this is probably slightly harmful to the organism. But this harm is not enough for the changes to be
discarded and removed from populations through natural selection. All large animals have comparatively
small populations and, in such small populations, natural selection is simply not strong enough to remove
bloated chromosomes with abundant useless DNA. Lynch points out that bloated genomes are not found in
small organisms which typically have large population in which selection can effectively remove even slightly
harmful variants.

More traditional evolutionary biologists have tried to answer the apparently inexorable logic of Lynch’s
argument though none of these responses have been particularly convincing.53 For instance, if genes are
clustered, then breaks in chromosomes which often occur randomly during the formation of gametes, are
much more likely to take place in a long non-functional segment than in a tiny functional one. Thus, such a
structure could be the result of selection. The problem is that there is an equally plausible counter-argument:
if a break, however rare, does occur in a funcitonal part in such a structure, the results may be much more
devastating. Arguments of this sort can go back and forth endlessly and they can rarely be settled using
data that can be collected. (After all, we are talking about events that took place long ago in evolutionary

49Lynch 2007.
50Sarkar 2015.
51Lynch 2007.
52See Lynch 2007.
53Reviewed in Sarkar 2015.
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history.) The dust from Lynch’s arguments will take time to settle. Meanwhile the evolution of genomic
architecture will remain one of biology’s most intriguing problems. Here at least, the HGP has changed the
course of biological research.

In 1991, in an enthusiastic endorsement of the fledgling HGP, Collins had argued that the HGP “will
yield a harvest of information that will drive the research enterprise for at least the next 100 years.”54 Collins
may well be right though not for the reasons he gave at the time. It may well take until the end of the
century to understand why the human genome—and other genomes—have evolved to have so strange an
architecture. No such positive assessment is possible for the medical effects of the HGP. But, perhaps, that
will change with CRISPR. We turn to the discovery of that technology next.

54Collins 2001, p. 77.
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