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PREFACE

little about my background may be helpful to the reader. I

received a PhD in biochemistry from the University of Cali-

fornia-Berkeley in 1980. For nearly all of the subsequent 45
years, I worked in the field of human genetics. In roughly the first half
of this period, I served as head of a large research lab. I competed for
research grants, carried out research studies, attended research confer-
ences, and authored papers for scientific journals. In the second half of
my career, I served as the founder and head of a clinical DNA testing
laboratory. Therefore, regardless of my other inadequacies, I have over
my career accumulated a great deal of knowledge and experience in
human genetics.

I included a good number of references in this book for two pur-
poses: to provide support for many of the statements made in the text,
and as a source of additional information for those who would like to
learn more. Consistent with the basic level of genetics material in this
book, I avoided comprehensive lists of references and, where possible,
excluded particularly technical references. I also generally referenced
more recent articles, which include references to earlier work. The ref-
erences are numbered separately for each chapter.

I also tried to reference articles that are freely available through the
internet. Such “open source” references are marked with [Open] in
the reference lists. The easiest way to view the open source articles is
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through PubMed, a service of the US government’s National Library of
Medicine. To access references with PubMed, simply go to the PubMed
website and enter into the search box the ID numbers found in the ref-
erence lists. To access articles that are not open source, readers will
probably need to visit a college or university library.

Nine clinical cases involving individual patients and families are
presented in this book. In the interest of privacy, all of these cases are
fictional. They are based, however, on many similar cases that I have
encountered over my career.

I minimized the use of abbreviations in this book, but was unable
to avoid them entirely. Readers may therefore be aided by the list of
abbreviations found near the beginning of the book, just before this
preface.

In a few places in the book, I included costs of DNA testing or
healthcare procedures and treatments. All of these costs are in 2025
US dollars.

Artificial intelligence was not used to write any part of this book.

All income from sale of this book will be donated to charity.

Like all scientists, I stand upon the shoulders of thousands of other
scientists, and have benefited enormously from the time and gener-
osity of many of my colleagues. I am particularly grateful to my early
mentors, David Cole, Jack Gorski, and Wayne Hockmeyer. I also thank
Ginny Brooks and Ann MacLaughlin-Berres for expert assistance with
the illustrations.
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Chapter 1

INTRODUCTION
TO PART I

he field of human genetics has advanced rapidly over the last

several decades. We have gained unprecedented ability to

learn about our own genomes and even to alter the course of
human evolution. The decisions we make—or do not make—over the
next few generations regarding management of the gene pool will pro-
foundly affect the future of our species.

This book has two parts. Part I provides a basic introduction to hu-
man genetics, with emphasis on mutation, heritability of traits, and
human evolutionary history. It concludes with two chapters on clini-
cal DNA testing. Clinical DNA testing is already leading to significant
improvements in healthcare, particularly through genome sequencing.

Part II deals with the gene pool. Because many readers may find
Part IT more interesting than Part I, you may be tempted to jump di-
rectly to Part II. But I encourage you to soldier through the first part of
the book, especially Chapter 2 (things get more interesting beginning
in Chapter 3). The basic information in Part I lays an important founda-
tion without which Part IT cannot be fully understood and appreciated.

This book was written primarily for educated individuals without a
background in genetics or even in science. Although the book was not
tailored for healthcare providers, many providers may find it helpful,
especially those who have not received advanced training in genetics.
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Even professional geneticists may find portions of the book useful, par-
ticularly the later chapters of Parts I and II. To assist readers, I included
numerous figures and tables, as well as brief, bullet-point summaries at
the end of each chapter. The summaries are not substitutes for the text,
but provide a concise review of content. Given the intended audience,
I focused on basic concepts and generally avoided complexities and
rare exceptions to general rules. I refer those who would like to delve
deeper into this subject to some excellent recent textbooks on human
genetics (1-4).

All books about rapidly advancing scientific fields like human genet-
ics become, at least to a degree, outdated relatively quickly. Some may
think it is folly to even attempt such a book. But I counter that if the
only science books ever written were those that would never become
outdated, then no science books would ever be written. I’'m confident
that the basic genetic facts presented in this book, although they will
gradually become better understood and elaborated, will stand the test
of time. Given the current state of healthcare and reproduction, I also
think the time is right for a book about genomes and the gene pool.

Like all scientific disciplines, human genetics has many words or
phrases that are frequently used by geneticists, but rarely used by peo-
ple outside of the field. Learning this jargon is a big part of understand-
ing. Where possible, I avoided jargon. I used, for example, “identical
twins” rather than “monozygotic twins,” the term usually used by ge-
neticists. However, in many places, I found it impossible to avoid jar-
gon. Therefore, when a word is unfamiliar, you are encouraged to refer
to the glossary located after the final chapter. My definitions are rele-
vant and appropriate for this book, but you may also want to refer to
other genetic glossaries (they may be found by searching the internet
for “glossaries of genetic terms”).

This book is not a textbook, but like textbooks, I tried to present
as fact only those scientific concepts that are thoroughly supported by
evidence and upon which experts concur. I mostly avoided newer, un-
proven ideas, but where necessary, tried to clearly indicate their un-
established nature. Hopefully, very little that I have presented as fact
will turn out to be incorrect.
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This book also contains some personal opinions and beliefs, espe-
cially, but not exclusively, in Chapters 7-8 and 15-18. Not all questions
that are important can be answered by science. No experiments or ob-
servations can tell me whether abortion is right or wrong, or which
candidate I should vote for in the next election. In my experience, many
science writers don’t do a good job distinguishing fact from opinion.
In this book, I made a strong effort to clearly distinguish my personal
opinions from scientific fact using such language as “I think” or “my
opinion is.”

To fully appreciate this book, it’s important to have a basic under-
standing of the scientific method and scientific truth. Scientists do not,
and indeed cannot, change how nature works, but rather seek to un-
derstand nature and then communicate this understanding to others.
Science advances through the proposal of new ideas, often called hy-
potheses or theories. A new idea is always received with skepticism
by other scientists, who carefully scrutinize the evidence in favor or
against. Since scientists are at least as fallible as any other group of
professionals, many new ideas turn out to be wrong. Only gradually,
usually over a period of at least several years and often decades—if no
one has found a flaw in the idea, if evidence in support of it has grown
substantially, and if it is independently confirmed by others—will the
idea be accepted as scientific truth.

When a new idea moves from hypothesis to established fact, it works
its way from scientific conferences and scientific journals to textbooks.
It also moves from a proposal by a single scientist or small group of sci-
entists to consensus among all or nearly all scientists within the field.
Almost all the information found in good science textbooks stands the
test of time. Textbooks on human genetics written over 50 years ago (a
long time for a rapidly moving field such as human genetics) are still
useful and almost entirely correct (see, for example, reference 5). How-
ever, the concepts found in textbooks are constantly being extended
and improved. So, the newest textbooks generally contain the most
up-to-date information.

Having worked for many years in both nonprofit research and pri-
vate industry, I have learned that nonprofit scientific research is a
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very competitive activity, generally more competitive even than pri-
vate industry. Nearly every budding young research scientist dreams
of becoming a professor at a major research university and perhaps
winning a Nobel Prize, but few attain these heights. The most success-
ful research scientists are those who generate during their careers the
greatest numbers of correct new ideas and the most valuable new ideas.
Incorrect ideas are shredded by competitors.

Truth is often a squishy concept, but one aspect of truth that is
rock-solid is the way nature works. How do we know that established
scientific concepts are true? First, competitors and critics have tried
hard to find flaws, but have been unsuccessful (6). And second, and
more important, science is eminently useful. Science has achieved
amazing success in advancing human civilization, particularly over
about the last 200 years. No other human endeavor has come even re-
motely close to science in advancing humanity during this period (7).

Human genetics is sometimes an unpleasant subject. It’s frequently
linked to people with serious health problems or disabilities. In some
ways, genetics is similar to phenomena such as hurricanes and earth-
quakes. We don’t like such occurrences, but we can’t stop them. I be-
lieve that we are far better off if we try to understand and prepare for
such occurrences than if we ignore them. This book isn’t gloomy, but
I did attempt to present the unvarnished realities of human individual
and population genetics. Ignoring such realities is dangerous.

But human genetics also often leads to great victories. Patients are
brought back from the brink of death. New cures for disease are found.
Many disorders and disabilities are prevented. Understanding and ap-
propriately utilizing genetics will lead us to a brighter future.



Chapter 2

HUMAN GENETICS
BASICS

Case 1: Back from the Brink

Maria and Dan were overjoyed at the birth of their first
child. Initially the new baby, a boy named Alesandro,
seemed perfectly healthy. But before Alesandro left the
hospital, he developed seizures. Despite intense efforts,
the doctors were unable to control the seizures. They didn’t
have a diagnosis. The outlook for Alesandro was grim.

As alast resort, Alesandro’s doctors decided to try DNA
testing. A small blood sample was drawn and shipped to
a clinical laboratory. In the lab, Alesandro’s DNA was ex-
tracted from the blood, and all of his genes were sequenced.
Analysis of the sequences revealed that Alesandro was het-
erozygous for two deleterious variants in the ALDH7AI
gene. As soon as Alesandro’s doctors received this result,
they placed him on relatively large doses of vitamin B6.
Alesandro improved rapidly and was able to go home with
his parents in a few days.

Most likely, you don’t yet understand all the concepts and jargon
presented in Case 1, but by the time you finish Chapters 2-4, you
should be able to understand this case.
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The Role of DNA

People vary in many ways: some are tall, some short; some have high
blood cholesterol, some low; some have excellent vision, some poor.
Human genetics is the science of the causes and the inheritance of hu-
man variation. You've heard that genetics is connected with something
called DNA. Let’s see how this works.

First, let’s break our bodies down into smaller and smaller parts
(Figure 2.1). You know that inside our bodies we have organs and tis-
sues such as brain, kidneys, and blood. You also probably know that
each of these organs and tissues is in turn composed of billions of tiny,
membrane-enclosed units called cells. But now let’s go beyond the cel-
lular level, even beyond the subcellular level, down to the molecular
level. We have many different types of molecules in our bodies. Some
are relatively small molecules such as sugars and fats. But what distin-
guishes living material from, say, a soft drink are not the small mole-
cules, but rather the large or, as biochemists call them, the macromole-
cules. DNA, RNA, and proteins are all macromolecules.

Brain

Blood
l

Protein

Figure 2.1 Breaking our bodies down
into smaller and smaller parts
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Of the macromolecules in our bodies, the most functionally diverse
are proteins. Proteins are the structural components that comprise
much of muscle, skin, and hair. Proteins are also the enzymes that cata-
lyze the myriad chemical reactions that take place in our bodies. And
many of the signaling molecules that convey information both between
and within cells are proteins. We have about 20,000 basic types of pro-
teins in our bodies (1), and because proteins are tiny, many, many cop-
ies of each type. For example, the protein hemoglobin, which ferries
oxygen in our blood, is present in our bodies in about a billion trillion
(1,000,000,000,000,000,000,000) copies.

Some proteins, often called housekeeping proteins, are manufac-
tured in nearly all cell types, but the majority of our 20,000 proteins
are manufactured in only some organs and tissues (2). Our hearts, for
instance, contain special muscle proteins that are present only in the
heart, and our most complex organ, the brain, contains many proteins
that are specific to brain (3).

Most protein molecules have relatively short lifetimes. They last
only hours or days until they cease functioning and are recycled (4).
Consequently, new proteins need to be continuously manufactured.
This is where DNA comes in. While also a macromolecule, DNA does
not comprise any structures or catalyze any reactions. Yet DNA con-
tains all the information necessary to manufacture new proteins. The
basic flow of information in our cells is from DNA to an RNA interme-
diate to protein (Figure 2.2) (5). This is one of the most fundamental
principles in all of biology.

DNA
Transcription
(in the nucleus)
RNA
Translation
(in the cytoplasm)
Protein

Figure 2.2 Flow of information within cells
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Now let’s consider our bodies from a different viewpoint. As amaz-
ing as it sounds, all human life begins as a single cell, the fertilized egg
cell. A human egg cell is about the size of a small period at the end of a
sentence. As cells go, it’s quite large, but compared to even a baby, it’s
obviously tiny. A human egg cell as observed through a microscope is
shown in Figure 2.3.

Figure 2.3 Human egg cell viewed through a microscope

Centuries ago, many scholars believed that inside the fertilized egg
cell was a tiny person, who grew as the baby developed. We now know
that there are no tiny people or brains or bones or blood within the egg
cell. However, present within this cell are all the DNA instructions nec-
essary to generate all the organs and tissues in our bodies. In this way,
DNA is like a blueprint for a building. The blueprint is not the building
itself, but contains all the information necessary to construct the build-
ing. The DNA blueprint contains all the information necessary to build
a person.

To form a person, the first cell—the fertilized egg cell—divides to
produce two cells. Those two cells then divide to form four, then eight,
and so on until the trillions of cells in our adult bodies are formed (Fig-
ure 2.4) (6). Because of the exponential growth in cell numbers, it only
takes about 40 rounds of cell division to go from one to a trillion cells.

Every time a cell divides, the DNA molecules within that cell are
copied with exceptional fidelity, and a full set of the DNA instructions
is distributed to each daughter cell. As a result, each cell within our
bodies contains the full DNA blueprint.
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l ~40 Rounds of cell division

|

Trillions of cells in the adult body

Figure 2.4 Early cell division in prenatal development

DNA Structure and How Protein Is Manufactured

To understand how the information in the DNA molecules is used to
manufacture protein, we need to learn a little about the structure of
DNA. DNA is a linear, unbranched, chain-like molecule (a type of pol-
ymer) composed of repeating units called nucleotides (Figure 2.5).
Each nucleotide consists of three small molecules bound together: a
phosphate, a type of sugar called deoxyribose, and one of four types
of chemical units called bases. The information in DNA is stored as the
sequence of nucleotides along the polymer.

The four bases are abbreviated by the first letter in their chemical
names: A for adenine, C for cytosine, G for guanine, and T for thymine.
Before the structure of DNA was determined, chemists learned that in
the DNA of any species, including humans, the amount of the A base
was always equal to the amount of the T base, and the amount of G base
was always equal to the amount of C base (7). This was an important
clue in working out the DNA structure.
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Figure 2.5 Basic DNA structure
Only six nucleotides out of a very long polymer are shown. Each
nucleotide consists of a phosphate, the sugar deoxyribose, and
one of four bases.

In cells, DNA is not a single-stranded polymer, but rather consists of
two different polymer strands bound together. In this double-stranded
structure, the bases pair in a special way: A always pairs with T, and G
always pairs with C (Figure 2.6). Because of these base-pairing rules, if
the order, or, as geneticists say, the sequence, of nucleotides along one
of the DNA strands is known, then it’s trivially easy to determine the
sequence of nucleotides along the other strand. In Figure 2.6, for ex-
ample, since the sequence of one strand starting from the top is GAAG,
the sequence of the other strand must be CTTC. The two strands in
DNA are twisted around each other like a spiral staircase. This spiral
structure is called a helix, and because there are two strands bound
together, the DNA structure is called a double helix.

James Watson and Francis Crick (Figure 2.7) reported the
double-helical structure of DNA in the journal Nature in 1953 (8). They
won a Nobel Prize for this work. Near the end of their article, Watson
and Crick placed this famous statement:

It has not escaped our notice that the specific pairing we
have postulated immediately suggests a possible copying
mechanism for the genetic material.
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Sugar-phosphate
backbone

Figure 2.7 Watson (left) and Crick
with their double-helical model of DNA
Photo credit: A. Barrington Brown / Science Photo
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Remember that every time a cell divides, the DNA molecules are
copied and a full set of DNA instructions is distributed to each daughter
cell. The double-helical structure of DNA, and the base-pairing rules,
indicate how DNA is copied. As shown in Figure 2.8, during DNA cop-
ying or, as geneticists say, replication, the two original strands split
apart, and two new strands are produced using the base-pairing rules.
The outcome of replication is two DNA molecules that are identical (or
as explained in the next chapter, nearly identical) in sequence to the
original DNA molecule.

Figure 2.8 Replication of DNA

But how are proteins made? Like DNA, proteins are also un-
branched, linear polymers. But unlike DNA, protein polymers have 20,
rather than 4, different types of repeating units called amino acids. The
names of the 20 different amino acids along with their three-letter ab-
breviations are shown in Table 2.1.
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Table 2.1
Amino acids within proteins
Alanine Ala Leucine Leu
Arginine Arg Lysine Lys
Asparagine Asn Methionine Met
Aspartic acid Asp Phenylalanine Phe
Cysteine Cys Proline Pro
Glutamic acid Glu Serine Ser
Glutamine Gln Threonine Thr
Glycine Gly Tryptophan Trp
Histidine His Tyrosine Tyr
Isoleucine Ile Valine Val

Each of the approximately 20,000 proteins in our bodies has a
unique sequence of amino acids. Proteins range greatly in length, from
some small proteins with just tens of amino acids to the largest protein
called titin with over 35,000 amino acids. The sequence of amino acids
in a protein is coded in a simple way by the sequence of nucleotides in
DNA.

Since there are 20 different amino acids but only four nucleotides,
one nucleotide can’t code for one amino acid. This would provide only
4 codes. And two adjacent nucleotides are also insufficient, since this
would provide only 16 codes. Rather, as shown in Figure 2.9, three ad-
jacent nucleotides code for each amino acid along the protein poly-
mer. Figure 2.9 is the genetic code, which is universal among all living
things on Earth. Each amino acid has at least 1 three-nucleotide code,
and most amino acids have 2 to 6 redundant codes. As an example, the
amino acid proline (abbreviated Pro) is coded by CCT, CCC, CCA,
and CCG. There are also 3 codes for “Stop” (TAA, TAG, and TGA).
When the protein-manufacturing machinery hits a Stop code, it com-
pletes production of the protein.
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TTT  Phe TCT  Ser TAT Tyr TGT Cys
TTC  Phe TCC  Ser TAC Tyr TGC Cys
TTA Leu TCA  Ser TAA  Stwop TGA  Stop
TTG Leu TCG  Ser TAG Swp TGG Trp

CTT Leu CCT Pro CAT  His CGT 4rg
CTC Leu CCC Pro CAC His CGC 4rg
CTA Leu CCA Pro CAA Gin CGA A4rg
CTG Leu CCG Pro CAG GiIn CGG 4rg

ATT Ile ACT Thr AAT A4sn AGT  Ser
ATC 1Ile ACC Twr AAC 4sn AGC  Ser
ATA Ile ACA Thwr AAA Lys AGA A4rg
ATG Met ACG Thwr AAG Lys AGG 4rg

GTT val GCT Ala GAT 4sp GGT Gl
GTC val GCC Aia GAC 4sp GGC Gl
GTA Val GCA Ala GAA Glu GGA Gl
GTG Val GCG 4la GAG Glu GGG Gy

Figure 2.9 The genetic code

By knowing the sequence of nucleotides in the DNA and the ge-
netic code, it’s easy to decipher the amino acid sequence of the coded
protein. Shown in Figure 2.10 is the beginning of the DNA, RNA, and
amino acid sequences of the beta subunit of the protein hemoglobin.
RNA, like DNA, is a linear, unbranched polymer of nucleotides. The
structure of RNA is very similar to DNA, except that RNA is single
stranded, contains the sugar ribose instead of deoxyribose, and con-
tains the base uracil (U) instead of thymine (T). To produce an RNA
molecule, the two strands of the DNA template split apart, much as in
DNA replication, and the RNA molecule is generated using essentially
the same base-pairing rules as in the DNA double helix (U pairs with
A, just like T pairs with A). The sequence information in the DNA is
thereby retained in the RNA.

The segment of a DNA molecule that codes for a single protein is
known as a gene. Our genomes have about 20,000 genes, with one gene
coding for each protein. The gene shown in Figure 2.10 starts with an
ATG code (AUG in the RNA). As indicated in the first column of Fig-
ure 2.9, ATG codes for the amino acid methionine, or Met for short.
The next code, GTG in the DNA and GUG in the RNA (also found in
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the first column of Figure 2.9), codes for the amino acid valine, or Val
for short. The process continues through all portions of the gene until
a Stop code is reached.

DNA is located in a part of the cell called the nucleus, often situated
near the cell center. RNA molecules are produced in the nucleus. After
some important processing of the initial RNA molecule in the nucleus
(see below), the RNA molecule, now called a messenger RNA (mRNA),
moves from the nucleus to the outer portion of the cell, called the cyto-
plasm (Figure 2.2). In the cytoplasm, tiny protein-manufacturing ma-
chines called ribosomes bind to the mRNA and produce protein.

Genome just means the total complement of DNA molecules within
a species or individual. Genome can therefore refer to the human ge-
nome (as opposed to the rice genome), but can also refer to Alesan-
dro’s (or any other person’s) genome.

Chromosomes

The human nuclear genome is composed of 46 DNA molecules of var-
ying lengths, ranging from about 45 million nucleotides to 250 million
nucleotides (about 6.2 billion nucleotides in total). The DNA mole-
cules are much longer than they are wide. For instance, the DNA mole-
cule in our largest chromosome, chromosome 1, is about 8.5 centime-
ters long, but is only 2 nanometers wide (a nanometer is one billionth
of a meter). In addition, since the typical human cell is only about 30
micrometers in diameter (a micrometer is one millionth of a meter),
the length of the chromosome 1 DNA molecule is approximately 3,000
times the cell diameter. Our DNA is therefore highly compacted within
our cells. Compaction is achieved by combining the DNA with sev-
eral different types of protein. The complexes of DNA and protein are
called chromosomes. Shown in Figure 2.11 is a cartoon of chromosome
structure (left), and an electron microscopic image of a chromosome
with most of its proteins removed and the DNA unpacked (right). The
“fuzz” around the chromosome scaffold is the DNA within just this one
chromosome.
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— Short arm

Centromere

Long arm

Figure 2.11 Basic chromosome structure
(left) and electron microscope image of a
partially unraveled chromosome (right)

The 46 human chromosomes are organized into 23 pairs. The nucle-
otide sequences of DNA molecules within a pair of chromosomes are
nearly identical, while the sequences of DNA molecules from different
pairs are totally unrelated. For example, in any person, the nucleotide
sequences of the DNA molecules from the two copies of chromosome
7 are almost identical, but the sequences of the DNA molecules from
one copy of chromosome 7 and one copy of chromosome 19 are com-
pletely different.

When cells divide, the chromosomes compact even more than nor-
mal. When maximally compacted, they can be conveniently viewed
in a microscope. Shown in Figure 2.12 are the compacted chromo-
somes from one cell, all jumbled. Before viewing through the micro-
scope, chromosomes are typically stained with a dye that produces
bands along the chromosome arms. The banding patterns are unique
for each chromosome. Using the banding patterns and chromosome
length, trained experts, assisted by computer programs, can identify
each chromosome. Shown in Figure 2.13 are the chromosomes after
each pair has been aligned.

Most of our chromosomes are named using numbers such that
chromosome 1 has the longest DNA molecule, and chromosome
22 the shortest (well, actually, chromosome 21 has the shortest, but
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geneticists goofed when they were assigning the numbers). The num-
bered chromosomes are called autosomes.
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Figure 2.13 Aligned chromosomes from a human female
(from https://biology.stackexchange.com/questions/47944)

In addition to the 22 pairs of autosomes, humans also have two sex
chromosomes named X and Y. X is an average-sized chromosome; Y is
small. The X and Y chromosomes are called sex chromosomes because
they differ between females and males. Females have two X chromo-
somes and no Y chromosome, while males have one X and one Y. The
chromosomes shown in Figure 2.13 are therefore from a female: 22
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pairs of numbered chromosomes, two X chromosomes, and no Y. And
the aligned chromosomes from a male are shown in Figure 2.14: 22
pairs of numbered chromosomes, one X, and one Y.
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Figure 2.14 Aligned chromosomes from a human male
(from https://biology.stackexchange.com/questions/47944)

Chromosome Distribution During Cell Division
Biologists split the cells in our bodies into two groups: somatic cells
and germ cells. Early in pregnancy, at about 16 days post fertilization,
the cells within the developing embryo split. The larger group of cells
goes on to develop into the somatic cells that are defined as all the cells
in our bodies except for the germ cells. Brain, blood, skin, liver, and
muscle cells are all somatic cells. The smaller group of cells goes on
to develop into the germ cells: the egg cells in the ovaries of females
and the sperm cells in the testes in males. DNA within somatic cells is
not inherited; only DNA from the germ cells is transmitted to the next
generation.

When somatic cells divide, the chromosomes are distributed to the
daughter cells as shown in Figure 2.15. For simplicity, only two pairs of
chromosomes are shown, but the process is the same for all the other
chromosomes. The first step is the replication of each DNA molecule
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in each chromosome. A cell that is about to divide therefore has dou-
ble the normal amount of DNA. Then, as the cell divides, the chromo-
somes split down the middle, and half of each chromosome is pulled
into one of the two daughter cells. Through this process, called mitosis,
each cell starts and ends with two copies of each chromosome type.
Each daughter cell receives a full complement of 46 chromosomes. You
can find videos of this process by searching the internet for “mitosis
videos.”

@ @
DNA replication N
Cell division

Figure 2.15 Mitosis

Only 2 of the 24 pairs of chromosomes are shown. The chromo-
somes inherited from the mother of the person in whom mitosis
is taking place are shown in light gray, and the chromosomes
from the father in dark gray. After DNA replication, the original
DNA molecule and the replicate are bound together at chromo-
some constrictions called centromeres (Figure 2.11). To better
illustrate the principles of mitosis, the chromosomes are shown
only in fully compacted form. In actual cells, DNA replication
takes place before the chromosomes fully compact.

During formation of the egg and sperm cells, and only dur-
ing the formation of these cells, distribution of chromosomes occurs
through a different process called meiosis. Just as in mitosis, the first
step is replication of the DNA molecules to give double the amount
of DNA, but then meiosis and mitosis diverge. In meiosis, as shown
in Figure 2.16, cells divide twice, rather than just once, as in mitosis.
In the first meiotic cell division, the two replicated chromosomes of
each type align, and one of each type goes to each of the daughter cells.
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Next, a second cell division occurs that is much like the cell division in
mitosis; one half of each replicated chromosome goes to each daugh-
ter cell. When meiosis is complete, each germ cell now has only one
of each chromosome type. Egg and sperm cells therefore contain 23
rather than 46 chromosomes and half the normal amount of DNA. You
can find videos of this process by searching the internet for “meiosis
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Figure 2.16 Meiosis
As in Figure 2.15, only 2 of the 24 pairs of chromosomes are
shown. The chromosomes from the mother of the person in
whom meiosis is taking place are shown in light gray, and the
chromosomes from the father in dark gray. Not shown is an ad-
ditional feature of meiosis called recombination, which is intro-
duced in Chapter 4.

When the sperm and egg cells combine during the process of ferti-
lization, the normal two copies of each chromosome type and the nor-
mal amount of DNA are restored. Each child therefore receives one of
each chromosome type from their mother and one from their father.
Which sperm or egg cell gets which copy of each chromosome type is
entirely random. In part, this explains why siblings are not genetically
identical. It also explains how biological sex is determined. Half of the
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sperm cells contain an X chromosome, and half contain a Y chromo-
some. If an egg cell is fertilized by a sperm cell containing an X chro-
mosome, the baby is a girl; if an egg cell is fertilized by a sperm cell
containing a Y chromosome, the baby is a boy (Figure 2.17). Y chromo-
somes are transmitted over multiple generations only in the paternal
line, father to son.

XX = female XY = male
& g

sperm cell sperm cell

egg cell egg cell

Figure 2.17 Chromosome determination of biological sex

The fundamental concepts of meiosis were discovered in the middle
of the 19th century, not by a distinguished professor working at a uni-
versity, but by a rather unlikely character, a Catholic monk named Gre-
gor Mendel. Mendel made his discoveries through his famous breeding
experiments with pea plants in his abbey garden in what is now the
Czech Republic (9-10).

Figure 2.18 Gregor Mendel

In addition to the DNA molecules residing in the cell nucleus that
code for nearly all our proteins, we also have a relatively small (about
16,500 nucleotide) DNA molecule in our mitochondria. Mitochondria
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are subcellular organelles that generate chemical energy—they are the
cell’s power plants. Mitochondria are present in egg cells but not in
sperm cells; therefore, only mothers transmit mitochondrial DNA to
their children. Since sons cannot transmit mitochondrial DNA to their
own children, mitochondrial DNA is inherited over multiple genera-
tions solely through the maternal line, mother to daughter.

Genes

Each gene is located at a specific position along one of the chromo-
somal DNA molecules. A typical human gene is split into segments
called exons (Figure 2.19). While a few human genes have only a single
exon, the vast majority have multiple exons. The largest has over 300
exons. The DNA segments between exons are called introns. The sum
total of all the exons in all of our genes is called the exome. The exome
makes up only a small fraction, about 1.5%, of our total genome. The
remaining 98.5% of our DNA is either intronic or intergenic (between

genes).
Exon 1 Exon 2 Exon 3 Exon 4
DNA - - e
. Exon 1 Exon 2 Exon 3 Exon 4
Primary RNA Iniron 1 Iniron 2 Iniron 3
Transcript
Spliced mRNA

Figure 2.19 Human gene with four exons

The initial (or primary) RNA transcript from a gene contains both
exons and introns (Figure 2.19). Before the RNA leaves the nucleus,
the introns are removed via a process called splicing. Through splicing
and a few other steps, mature mRNA molecules are produced. mRNAs
then move from the nucleus to the cytoplasm, where they bind to ribo-
somes and are decoded to produce protein molecules.
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Each of our approximately 20,000 genes is assigned an official name
by a committee of the international Human Genome Organization. This
avoids the confusion that would ensue if different nations and groups
used different names. By convention, official gene names are italicized
and, with just a few exceptions, are combinations of capital letters and
numbers.

The genes involved in the cases in this book are listed in Table 2.2.
The chromosomal positions of the genes are specified by the number
of nucleotides in the DNA molecules starting from the tips of the short
arms of the chromosomes. A map of the portion of the DNA mole-
cule containing the HT'T gene from the short arm of chromosome 4 is
shown in Figure 2.20. Since DNA polymers are unbranched, chromo-
somal DNA maps are linear. And because all of our somatic cells have
two copies of each chromosome type, we have two copies of each gene
(except for the genes located on the sex chromosomes in males).

Table 2.2
Examples of human genes

Number Chromosome:

Gene Protein Coded of Exons Position
ALDH7AI  aldehyde dehydrogenase 18 5:126.6 mb
ATP7B copper transporter beta 21 13: 52.0 mb
BRCA2 breast cancer 2 26 13: 32.3 mb
DDX3X dead-box helicase 3 17 X:41.3 mb
HBB p subunit of hemoglobin 3 11: 5.2mb
HMBS hydroxymethylbilane 14 11: 119.1 mb
synthase
HTT huntingtin 67 4:3.1 mb
MSH?2 mismatch repair protein 2 16 2:47.4mb
RYRI ryanodine receptor 1 106 19: 38.5 mb

mb stands for megabases, or millions of bases (nucleotides). For the purpose of
describing positions along a DNA molecule, the terms “bases” and “nucleotides” are
used interchangeably.
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Genes: RNF4 SH3BP2? HIT DOK7 ADRA2C

INIP2 NOPI14 HGFAC

Figure 2.20 Map of a portion of the
short arm of chromosome 4

Summary

Human genetics is the science of the causes and the inheritance of
human variation.

Proteins are the primary functional components of our bodies.
We have about 20,000 different proteins, and enormous numbers
of copies of each protein type.

The instructions for the manufacture of our proteins are contained
within our DNA molecules.

These instructions take the form of the sequence of adjacent nucle-
otides along the DNA polymer.

The genetic code is simple. Three adjacent nucleotides in DNA
code for each amino acid in protein. RNA serves as an intermedi-
ate in the transfer of sequence information from DNA to protein.
A gene is a segment of a DNA molecule that codes for a specific
protein. Humans have about 20,000 genes, one for each protein.
Genome is the total complement of DNA within an individual or
species.

The human genome consists of 46 nuclear DNA molecules and
one small mitochondrial DNA molecule.

In our cells, the long, thin DNA molecules are combined together
with proteins. These DNA-protein complexes are called chromo-
somes. The nuclei of our somatic cells have two copies of each of
the 23 different types of chromosomes, 46 chromosomes in all.
The 23 pairs of chromosomes are split between 22 pairs of
numbered chromosomes (the autosomes), and the two sex
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chromosomes X and Y. Females have two X chromosomes and no
Y chromosome, while males have one X and one Y.

Every time a somatic cell divides, each daughter cell receives
the full complement of chromosomes and the full set of DNA
instructions.

Egg and sperm cells (the germ cells) contain only one copy of each
chromosome type and half the normal amount of DNA.

When sperm and egg cells fuse to begin the next generation, the
normal number of chromosomes is restored.

Each person receives one of each chromosome type from their
father and one from their mother.

We have two copies of each gene, except for the genes located on
the sex chromosomes in males.

Each of our approximately 20,000 genes has a specific location
along one of the chromosomal DNA molecules.

Nearly all human genes have multiple coding segments called
exons separated along the DNA by introns. Introns are removed
from the initial RNA transcripts through a process called splicing.
Exons comprise only a small fraction, about 1.5%, of our genomes.



Chapter 3

MUTATION

Significance of Mutation

A basic knowledge of mutation is essential for understanding the
concepts in this book and genetics in general. Mutation is defined as
a change in the nucleotide sequence of a DNA molecule. Mutation
provides the raw material for evolution. Without it, species could not
evolve, and there would be no life on Earth as we know it.

Many non-geneticists think of mutation as a rare, abnormal event.
The word “mutant” often conjures images of individuals with freakish
appearance, or severe health problems, or maybe even special abilities
(like in the X-Men movies). In reality, however, mutation is a normal
and ubiquitous process. Mutations occur in all of our cells throughout
our lifetimes. Mutations also occur at each human generation, past and
present, as DNA molecules are passed down from parents to children.
Therefore, we are all mutants.

Mutations lead to what geneticists call DNA sequence variants, or
variants for short. As you’ll see, variants are responsible for much (but
not all) human variation, including differences among us in health and
abilities.

Types of Mutations

Many different types of DNA sequence changes occur through muta-
tion. Just about any change in nucleotide sequence you can imagine oc-
curs at least occasionally. A list of the major types of sequence changes
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is presented in Table 3.1. Mutation types are listed in approximate or-
der of frequency of occurrence in live-born infants, from most to least

common.

Table 3.1
Major types of mutation

o Changes in the number of copies of tandem repeats

e Nucleotide substitutions

e Deletions or insertions of nucleotides

o Combined deletions of some nucleotides and insertions of
others

e Abnormal numbers of entire chromosomes

 Inversions of segments of nucleotides

e Abnormal joining of DNA molecules from different
chromosomes

Let’s look in greater detail at some of the more common types of
mutations. The most frequent of all occurs at what are called tandem
repeats. Tandem repeats are defined as nucleotide sequences that are
repeated one after another along a segment of a DNA molecule. The
repeated unit can range from one up to many thousands of nucleotides.
Roughly 10% of the human genome is composed of tandem repeats (1).
Four examples are shown in Figure 3.1: a mononucleotide repeat in
the ZMPSTE24 gene, a compound dinucleotide and mononucleotide
repeat in the CFTR gene, a trinucleotide repeat in the HT'T gene, and a

ZMPSTE24: exon 9 CTTTCCTGTG TTTTTTTTIT ATTTGCTGTA
or in abbreviated form CTTTCCTGTG (T)g ATTTGCTGTA
CFIR: intron 9 ATTTTTGA TGTGTGTGTGTGTGTGTGTGTGTTTTITT AACAGGGA
or ATTTTTGA (TG)44(T), AACAGGGA
HITT: exon 1 CAAGTCCTTC (CAG);9g CAACAGCCGC

C90ORF72:intron1  TCGCGCGCTA (GGGGCC)3;GGGGC GTGGTCGGGG

Figure 3.1 Examples of tandem repeats
Shown are the tandem repeats (bold) within four genes, along
with flanking sequences. The subscripts allow an abbreviated
display of the repeated sequences.
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hexanucleotide repeat in the C9ORF72 gene. Mutations within each of
these tandem repeats can cause disease (see the example of Hunting-
ton’s disease below).

Tandemly repeated sequences are particularly prone to mutations
that either increase or decrease the numbers of repeats (Figure 3.2).
The greater the number of adjacent repeats, the higher the rate of mu-
tation (2).

Mutant sequence: ——— P —p —p—p —Pp >

Insertion of one repeat

Original sequence: —— —p —p —p —p —p —p

Deletion of two repeats

Mutant sequence: — — > > > —
flanking sequence Tepeats flanking sequence

Figure 3.2 Changes in numbers of
tandem repeats through mutation

Rarely, variants in tandem repeats are deleterious and cause dis-
ease or disability. An example is Huntington’s disease (3-4), which
is characterized by abnormal movements, personality changes, and
gradual loss of cognitive ability. American folksinger Woody Guthrie,
Scottish actress Marianna Palka, Australian journalist Sally Pryor,
and American scientist Nancy Wexler all developed Huntington’s

Figure 3.3 Woody Guthrie
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disease. The average age of onset is about 40 years. Today, Huntington’s
patients die an average of 17 years after onset of symptoms.

Huntington’s disease is caused by expansion of the repeating trinu-
cleotide CAG (Figure 3.1) in one of a person’s two HT'T genes. Most
HTT genes have fewer than 27 tandem CAG repeats (Table 3.2). Peo-
ple who carry a gene with 27-35 repeats are healthy but are at appreci-
able risk of having affected children because of higher mutation rates.
Those with 36-39 repeats are sometimes, but not always, affected, and
people with more than 39 repeats always develop Huntington’s disease.
The greater the number of repeats, the earlier the onset of disease.

Table 3.2
Effects of numbers of CAG repeats in the HTT gene (4)

Numbers of

CAG Repeats Effect

less than 27 No effect; normal HTT gene

27-35 Healthy, but at risk of having affected children
36-39 Sometimes develop Huntington’s disease
more than 39 Always develop Huntington’s disease

The second most frequent type of mutation is a nucleotide substi-
tution. In substitutions, the number of nucleotides within a segment
of a DNA molecule does not change, but the sequence of nucleotides
does. In the previous chapter, I showed the sequence of nucleotides
at the beginning of the gene encoding the beta subunit of the protein
hemoglobin (Figure 2.10). This is the sequence in the version of the
gene present on the majority of human chromosomes. In Figure 3.4,
this sequence is shown again along with two different versions of the
gene, each containing a different nucleotide substitution. Because of
the redundancy in the genetic code (Figure 2.9), the substitution of a T
nucleotide for the C nucleotide at position 9 (counting from the begin-
ning of coding), does not alter the amino acid sequence of the protein.
Both gene versions (CAC and CAT) code for histidine (His) at amino
acid 3. This variant arose through mutation a very long time ago and is
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relatively common in human populations. As far as geneticists know,
this variant is neutral, having no effect on people’s health.

The substitution of a T nucleotide for the A nucleotide at nucleo-
tide position 20, however, is not neutral. This substitution changes the
amino acid at position 7 from glutamic acid (Glu) to valine (Val). When
present on both chromosomes, this variant causes sickle cell anemia, a
disease in which red blood cells adopt an abnormal sickle shape that re-
sults in rupture of the cells and severe anemia (5). Within most human
populations this variant is very rare, but in Africans, it is relatively fre-
quent, present in up to 30% of chromosomes in some areas. The sickle
cell anemia variant is among the most common strongly deleterious
variants known.

Protein: Met Val His Leu Thr Pro Glu Glu Lys Ser
DNA: AGCAACCTCA AACAGACACC ATG GTG CAT CTIG ACT CCT GAG GAG AAG TCT
Mutation
DNA: AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GAG GAG AAG TCT
Mutation
DNA: AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GTG GAG AAG TCT

Protein: Met Val His Leu Thr Pro Val Glu Lys Ser

Figure 3.4 Variants in the HBB gene that arose in
the past by nucleotide substitution mutation

Another relatively common type of mutation is the deletion or in-
sertion of nucleotides. The deletions or insertions range in size from
just a single nucleotide up to millions of nucleotides. The frequency of
this type of mutation decreases as the size of the deletion or insertion
increases. So, deletions of a single nucleotide are more common than
deletions of two nucleotides, which in turn are much more common
than deletions of thousands of nucleotides. Deletions or insertions of
more than 50 nucleotides are called structural variants.

An example of a variant resulting from a deletion mutation is the
deletion of two nucleotides in the breast cancer 1 (BRCAI) gene shown
in Figure 3.5. Such deletions substantially increase a woman’s risk for
breast and ovarian cancer. This particular deletion is present in about
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Consensus
Protein: Ile Leu Glu Cys Pro Ile Cys Leu Glu Leu Ile Lys Glu Pro Val Ser Thr Lys Cys Asp .

Consensus DNA: ATC TTA GAG TGT CCC ATC TGT CTG GAG TTG ATC AAG GAA CCT GTC TCC ACA AAG TGT GAC ..

ﬁ \ Mutation

Variant DNA:  ATC TTA GTIG TCC CAT CIG TCT GGA GIT GAT CAA GGA ACC TGT CTC CAC AAA GTG TGA CCA ..

Variant
Protein: Ile Leu Val Ser His Leu Ser Gly Val Asp Gln Gly Thr Cys Leu His Lys Val Stop

Figure 3.5 Deleterious frameshift deletion variant in BRCAI
The sequences labeled “Consensus protein” and “Consensus DNA” indicate those sequences present in nearly all
human chromosomes.
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1% of people with Ashkenazi Jewish ancestry (6). The consensus DNA
and protein sequences are those present in nearly all human chromo-
somes. Note that in this case, the deletion changes the sequence of
amino acids downstream of the deletion and creates a new, premature
Stop code. This type of variant is called a frameshift. It’s a little like
when you’re typing on a keyboard and accidentally shift your hand over
by one column. The result is gibberish.

Sometimes mutation results in an aneuploidy which is the gain or
loss of an entire chromosome. Most aneuploidies are incompatible
with life and result in a spontaneous (as opposed to elective) termina-
tion of pregnancy (Chapter 10). But one such change that is sometimes
compatible with life is the gain of a third copy of chromosome 21, or
trisomy 21. Trisomy 21 individuals have intellectual disability along
with other health problems (7). Shown in Figure 3.6 are the chromo-
somes from a male with trisomy 21.
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Figure 3.6 Chromosomes from a male with trisomy 21
(from https://thealevelbiologist.co.uk/downs-syndrome-turn
ers-syndrome-and-klinefelters-syndrome). The arrow points to
the extra copy of chromosome 21.
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In Chapter 2, I described the difference between germ and somatic
cells. Mutations that occur in the sperm or egg cells, or the cellular
precursors to these cells, may be passed on to the next generation and
are called germline mutations. This book deals almost entirely with
germline mutations.

However, mutations also occur in all our somatic cells, and at higher
rates than in germ cells (8-9). The variants that arise from somatic mu-
tations are not passed on to children, but can greatly impact our health.
Cancer, for example, is fundamentally a disease of somatic mutations.
The effect of somatic mutations is an active area of research, but ge-
neticists have already learned that somatic mutations are responsible
for, or contribute to, not only cancer but several other health prob-
lems including kidney cysts, neurological disorders, and aging (10-16).
In contrast to variants that arise from germline mutations, which are
present in every cell in the body, variants that arise from somatic mu-
tations are present in only a fraction of the cells (17). The fraction de-
pends upon when and where during development or postnatal life the
somatic mutation occurs.

Characterization of Germline Mutations

The average numbers of mutations that occur in each live birth by ma-
jor mutation type are shown in Table 3.3 (2, 18-27). Rates for less com-
mon mutation types, like inversions, are thought to be lower than the
smallest number in Table 3.3 (28). Some of the numbers in Table 3.3
are strongly supported by data, but the remainder (marked with as-
terisks) are only current best estimates. These numbers will gradually
solidify as research progresses.

Germline mutations occur more often in fathers than mothers (2,
20-21). Germline mutation rates also increase with the age of the par-
ents (19-20, 22, 26). Roughly speaking, mutations occur at random
locations along our DNA molecules. No portion of our genomes is im-
mune from mutation. Geneticists currently have no ability to reduce
the number of mutations that occur at each generation.
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Table 3.3

Average numbers of mutations per birth by type
Mutation Type Numbers
Changes in number of copies of tandem repeats 1,000%*
Nucleotide substitutions 90
Short (<50 nucleotide) deletions or insertions 8
Structural variants (=50 nucleotide deletions or 0.2*
insertions)
Abnormal numbers of entire chromosomes 0.003
(aneuploidies)

Asterisks indicate numbers that are only current rough estimates.

A thousand mutations per generation may seem like a lot, but com-
pared to the entire genome, mutations affect only a tiny fraction of our
total nucleotides (approximately one mutation for every six million
nucleotides). Nearly all of a child’s DNA is identical in sequence to the
DNA of the parents.

Because the coding regions of our genes, the exons, comprise only
about 1.5% of our genomes, and also because exons are depleted in tan-
dem repeats, nearly all mutations occur outside of exons. On average,
only about two mutations occur within each child’s exome (29-31).
Many people are lucky in the genetic lottery of life. The mutations pres-
ent in their parents’ germ cells do not appreciably affect their health
and abilities. Many other people, however, are not so lucky. They are
born with germline mutations that affect them dramatically. An exam-
ple is presented in Case 2.

Impact of Mutations

Case 2: Mutation Causes a Disorder

Mei noticed early that her infant daughter, Xiang, was not
developing as rapidly as her brother and most other chil-
dren. Xiang’s first simple words didn’t come until about 18
months, and at two years she was just beginning to take
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her first steps. Definitely concerned, Mei brought Xiang
to see her pediatrician. The pediatrician confirmed that
Xiang was experiencing developmental delay, but couldn’t
identify a cause. Over the next four years, Xiang was given
whole batteries of tests, including extensive blood and
urine tests, brain scans, and chromosome analysis. She
was also referred to multiple specialists including neurol-
ogists, speech therapists, and special educators. The costs
mounted, but still, no one could reach a diagnosis.

Although the healthcare providers were stumped, Mei
persisted. Finally, her child was referred to a medical ge-
neticist, who ordered genome sequencing tests for Xiang,
as well as Mei and her husband. The lab report revealed
that Xiang had a deleterious variant in her DDX3X gene.
The variant was not present in Mei or her husband and
was therefore the result of mutation. The mutation was a
C-to-T substitution that converted a CGA (Gln) code to
a TGA (Stop) code. From dozens of other cases reported
in the biomedical literature with similar new variants and
similar clinical features, it was clear that the variant found
in Xiang was the primary cause of her delay.

Mei was happy to finally learn the cause of her daugh-
ter’s problem. She was greatly relieved to learn that Xiang’s
condition was not her fault. Still, she wondered why it took
so long to reach a diagnosis, and why genome sequencing
was not ordered at the start.

Although there is not yet any effective treatment for
Xiang’s condition, Mei joined a patient support group for
families with children who have deleterious variants in
DDX3X. Through attendance at conferences organized by
the patient support group, Mei learned not only about the
experiences of other parents with children like Xiang, and
the latest management approaches for these children, but
also about research to try to find more effective treatments.
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She enrolled Xiang in a research trial and raised some
money to support the research.

Mei also found through the patient support group and
her reading that children like Xiang sometimes develop
movement disorders and hearing and vision loss. There-
fore, Xiang received physical therapy and regular hearing
and vision checks.

The mutation described in Case 2 was deleterious. Deleterious mu-
tations degrade our health and diminish abilities such as vision, hear-
ing, movement, reproduction, thinking, and even socializing. But mu-
tations can also be neutral or even advantageous. Neutral mutations do
not appreciably affect our health and abilities; advantageous mutations
enhance our health and abilities. Whether a mutation is deleterious,
neutral, or advantageous sometimes depends upon the environment.
For example, a mutation that imparts resistance to a specific virus may
be neutral when the virus is absent, but very advantageous when the
virus is present.

In addition, the effects of deleterious and advantageous mutations
range broadly in magnitude. Some deleterious mutations are lethal (in-
compatible with life), some cause severe disease and disability, some
contribute modestly to disease and disability, and others have only a
slight impact on our health and abilities.

Exonic Mutations
Geneticists currently know the most by far about the small fraction
(less than 1%) of mutations that occur within or near exons. In gen-
eral, these “exonic” mutations have a much greater impact on our
health and abilities than mutations that occur deep within introns or
between genes. The exonic mutations can be broken down into three
main groups: synonymous, missense, and loss-of-function.
Synonymous mutations are those that do not alter the amino acid
sequence of the coded protein. Many of the three-nucleotide codes in
the genetic code are redundant (Figure 2.9). Therefore, many nucleo-
tide substitutions do not change the amino acid sequence of the coded
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proteins (see the example in Figure 3.4). Synonymous mutations are
usually neutral or close to neutral.

Missense mutations are those that result in one or more amino acid
substitutions within the coded protein, usually through nucleotide
substitutions (Figure 3.4). Missense mutations have a wide range of
effects. Since most proteins have segments that tolerate at least some
amino acid substitutions, some missense mutations don’t appreciably
alter the function of the protein. Other missense mutations modestly
alter the function of the protein, and some abolish the function of the
protein entirely.

Loss-of-function mutations, as the name suggests, result in the total
loss of the function of the protein coded by that gene. Loss-of-function
mutations include large deletions that remove a significant portion or
even all of a gene, and mutations that result in premature Stop codes.
An example is shown in Figure 3.5. Although some loss-of-function
mutations are tolerated, many are deleterious.

Of the exonic mutations that are not neutral, many more are del-
eterious than advantageous (32-33). This important conclusion is
supported by several lines of evidence. Let’s start by comparing the
human body to a complex machine with thousands of different, inter-
connected parts (keeping in mind that no analogy is perfect) (34). The
machine has been improved through many rounds of engineering such
that it functions with high efficiency. Now, if someone makes a random
change in the parts—for example modifies the shape of a part, or the
connections between two parts, or even removes a part entirely—then
the machine probably will not function as well as it did with the origi-
nal parts. It would be a rare and lucky event for such a random change
to improve the machine. So it is with the complex biological machines
that are our bodies. Our bodies have evolved over millions of years to
function efficiently. When random mutation alters the function of a
protein, or eliminates a protein entirely, our bodies usually don’t func-
tion as well.

Known deleterious exonic variants massively outnumber known
advantageous exonic variants. A few million deleterious exonic vari-
ants have now been identified in humans, and this number is growing
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steadily (35). In contrast, only a handful of exonic variants that are
clearly advantageous have been discovered (36).

Geneticists also have learned through in vitro (a Latin phrase mean-
ing “outside of living organisms”) laboratory experiments that many
more exonic mutations are deleterious than advantageous. In one ver-
sion of such experiments, clever molecular biology tricks are used to
mutagenize a gene in a plastic tube, resulting in many forms of the gene
with random nucleotide substitutions. Each gene variant is then used
to produce protein, and the proteins are tested for function. Experi-
ments like this have now been performed on many different human
genes (37-40). Typical results of such experiments for the BRCAI
gene are shown in Figure 3.7. Synonymous nucleotide substitutions
resulted in no change in protein function compared to the unaltered
gene. Loss-of-function substitutions (leading to premature Stop codes)
resulted in substantial loss of protein function. And missense substitu-
tions resulted in either no change or decreased function ranging from
slight to substantial. Few of the missense variants, if any, improved pro-
tein function.

Finally, geneticists have now identified many thousands of cases in
which healthy parents have children with significant disease or disa-
bility due to mutation (like in Case 2 above). For instance, deleterious
mutations are responsible for about 50% of severe intellectual disabil-
ity cases (41-42) and about 15% of autism spectrum disorder cases
(43-46). Mutations are also responsible for numerous cases of epilepsy,
congenital heart disease, muscular dystrophy, skin disease, and many
other disorders. In contrast, to my knowledge, no cases have ever been
reported in which, for example, nonathletic parents gave birth to an
athletically gifted child as a result of a new advantageous mutation.
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Figure 3.7 In vitro mutagenesis of BRCAI

(adapted from reference 39, Figure 2d)
Random nucleotide substitutions were introduced into the
BRCAI gene, and the resulting proteins tested for function.
The horizontal axis indicates relative protein function, with the
higher numbers indicating greater function. Synonymous vari-
ants are represented by the solid curve; missense variants by the
dotted curve; and loss-of-function variants by the dashed curve.
Variant numbers were normalized.

Extra-Exonic Mutations

In contrast to the small fraction of germline mutations that are exonic
and that often have a strong effect on our health and ability, the vast
majority of mutations that occur outside of the exons are benign; they
have at most only a small effect. If even a handful of the roughly 1,000
mutations that occur each generation were strongly deleterious, hu-
mans could not exist.

Geneticists currently do not know what proportion of the abundant
extra-exonic mutations are deleterious or advantageous, but it is possi-
ble that a larger fraction of these are advantageous compared to exonic
mutations (47-49). Extra-exonic mutations do not affect the amino
acid sequences of the coded proteins, but they may affect the regula-
tion of genes. Gene regulation involves control of the level and timing
of gene activity as well as tissue specificity. Genes may be active at a
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range of levels from low to high, and may be active only at certain times
during our lives. Also, as mentioned in Chapter 2, many of our proteins
are manufactured in only some of our tissues.

A trait called lactase persistence results from advantageous variants
that alter gene regulation. Lactase is a protein enzyme that catalyzes
the breakdown of the sugar lactose. Lactose is present at relatively
high concentrations in human breast milk and the milk of other mam-
mals. Infants produce high amounts of lactase so that they can digest
the lactose. Most people on the planet stop producing lactase around
the time they are weaned. However, in many people from Europe, the
Middle East, and a few places in Africa, lactase continues to be pro-
duced throughout their lives. This lactase persistence is due to variants
near the coding region of the lactase gene that prevent the normal turn-
ing off of the gene. The mutations that created these variants occurred
many generations ago. People with lactase persistence readily consume
dairy products throughout their lives, while those without lactase per-
sistence usually avoid dairy products (50).

Life Course of Variants That Arise Through Mutation
Let’s now shift our perspective from individuals to populations. Over
about the last century, geneticists have developed an elaborate math-
ematical framework to describe how the frequencies of deleterious,
neutral, and advantageous variants change over time in idealized pop-
ulations (51-52). This branch of genetics, called population genetics,
has been tested many times in real populations, and has generally been
found to describe these populations accurately.

Consider a germline mutation involving a T-to-C substitution. In-
itially, the C variant may only be present in one person in the entire
population. This is because at almost all positions along a chromosome,
nearly everyone on the planet has two copies of the same nucleotide
(Chapter 5). Over time, the frequency of the C variant may increase or
decrease in the population.

In the great majority of cases, the new variant, regardless whether
deleterious, neutral, or advantageous, persists in the population
for only one or a few generations (51-52). Imagine that the T-to-C
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mutation described in the preceding paragraph occurred in the sperm
cell of a woman’s father. The woman carries the C variant in each of her
somatic cells, but in only half of her egg cells. The probability that she
will pass on the C variant to any child is 50%. She may also have no chil-
dren, or only one or two. Even if she does pass the C variant to at least
one child, there is a good chance that her grandchildren will not inherit
the variant. The combined effect of these two factors—transmission of
only one of the two chromosomes to each child, and limited numbers
of children—is that after just a few generations, nearly all new variants
vanish from populations simply due to chance.

Table 3.4
Frequencies of neutral variants in populations
from population genetics theory

o Mutation is continually adding new variants to populations,
thereby increasing the population genetic diversity.

o The vast majority of new neutral variants are lost from
populations within a few generations at most.

o New variants that do persist drift randomly up or down
in population frequency. On average and over many
generations, those variants present at less than 50%
frequency tend to vanish from populations, and those at
greater than 50% frequency tend to become fixed.

o When there are reductions in population size, called
population bottlenecks, variant frequencies change more
rapidly than when population size is large.

o If the population bottlenecks are small enough or persist
for enough generations, variants move toward either 0% or
100% population frequency and genetic diversity drops.

« Mutations therefore increase the genetic diversity of human
populations, and bottlenecks decrease the diversity.

Rarely, a lucky new variant may escape this typical variant loss
and increase in a population. The original carrier of the variant may
have many surviving children, and many of those children may have
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inherited the variant. The variant’s rise in population frequency is typi-
cally a very slow process, occurring over hundreds or thousands of gen-
erations and thousands to millions of years. Occasionally, a new variant
will even become fixed in the population, so that, using our example,
all chromosomes in the population have the C variant and none have
the original T variant.

If the variant is neutral, then the changes in population frequency
are purely a matter of chance (53). In Table 3.4, I summarize some of
the primary population genetics results for neutral variants. While not
all of these results are relevant to the current discussion, they will be-
come important later in the book.

Variants That Are Not Neutral

If nearly all new variants with strong effect are deleterious, how can
a species survive over long periods of time? Wouldn’t these delete-
rious variants just accumulate, causing individuals in the species to
get weaker and weaker, generation after generation, until they could
no longer survive to reproduce and the species became extinct? The
solution to this mystery, called natural selection, was independently
discovered by British biologists Charles Darwin and the lesser-known
Alfred Wallace in the middle of the 19th century, about the same time
that Mendel was breeding pea plants in his abbey garden. Darwin’s
book, On the Origin of Species (54), was a tremendous breakthrough in
the understanding of biology. I highly recommend this book, especially
chapters 1-4. It is a masterpiece of careful, detailed observation, mar-
shaled evidence, and brilliant synthesis (55). It certainly ranks among
the most important science books ever written.

Darwin and Wallace realized that survival is a great challenge for
individuals in the wild. In many species, the majority, often the vast
majority, of offspring die before they can reproduce. As just one exam-
ple, consider a large, mature tree in a forest that produces thousands
of seeds each growing season. Only a tiny fraction of those seeds ever
grow into another mature tree. If a seed has a deleterious mutation that
prevents its roots, stems, or leaves from functioning optimally, then
that seed will have an even smaller chance of developing into a new
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tree, and the new deleterious mutation will likely discontinue. Darwin
called this concept “the struggle for existence”; later, others labeled it
“survival of the fittest.” Natural selection keeps species strong. Without
it, no species could survive over long periods of time.

Figure 3.8 Charles Darwin

Geneticists often distinguish negative natural selection (or nega-
tive selection) from positive natural selection (or positive selection).
Negative selection results in a decrease in population frequency of del-
eterious variants because, on average, individuals with these variants
produce fewer descendants than individuals without these variants.
In contrast, positive selection results in an increase in population fre-
quency of advantageous variants because, on average, individuals with
these variants produce more descendants than individuals without
these variants. One of the best-known examples of positive selection
in humans, lactase persistence, was described above. In the past, peo-
ple who were able to use milk as a food source were more likely to
survive and reproduce than those without lactase persistence. Conse-
quently, the regulatory variants that cause lactase persistence gradually
increased in populations that raised milk-producing animals like goats
and cattle (56).

Another example of a variant that rose to relatively high frequen-
cies in human populations through positive selection is the sickle cell
variant described earlier in this chapter (Figure 3.4) (5). This variant
is common in people with African ancestry, but is absent in nearly all
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other individuals. Decades ago, geneticists recognized that the geo-
graphic distribution of the sickle cell variant matched the geographic
distribution of malaria. People with one copy of the sickle cell variant
are more resistant to malaria than people without this variant. Carriers
of the variant were therefore more likely to survive infection and re-
produce, and its frequency rose in regions where malaria was endemic.
The sickle cell variant is an example of a rare type of variant that is
advantageous when present on only one chromosome, but deleterious
when present on both chromosomes.

In his book, Darwin also clearly distinguished natural from artificial
selection. Natural selection is what occurs in nature, and is often a rel-
atively slow process that transpires over many generations. In contrast,
artificial selection is what human breeders of pets and agriculturally
important species employ. In artificial selection, only those individuals
with desirable traits are allowed to reproduce. This results in relatively
rapid changes in the frequencies of variants and their resulting traits.

Our modern maize (corn) is an example of artificial selection. Maize
was domesticated by Native Americans from the wild grass teosinte,
native to Mexico (57-59). Teosinte produces no ears to speak of and
is quite different from our current agricultural varieties (Figure 3.9).
Similarly, all current breeds of dogs were bred by humans from wolves
(60). Every single one of the approximately 400 dog breeds, from Great
Danes to beagles to Chihuahuas arose over the last several thousand
years through artificial selection (Figure 3.10).
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Figure 3.9 Artificial selection of maize (corn)
Teosinte is shown on the far left.
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Figure 3.10 Breeds of dogs
The progenitor of all dog breeds, the wolf, is shown at the upper
left.

Summary
o Mutation is defined as a change in the nucleotide sequence of a

DNA molecule.

Mutation is a normal and ubiquitous biological process that oc-
curs in all of our cells throughout our lives and between every hu-
man generation.

Approximately 1,000 mutations occur in each human child. We
are all therefore mutants.

Mutation alters nucleotide sequences in many ways, although
some types of change, particularly changes in numbers of tandem
repeats and nucleotide substitutions, are much more common
than other types of change.

Roughly speaking, mutations occur at random locations within a
genome, and therefore the vast majority occur outside of genes.
New DNA sequences that arise through mutation are called vari-
ants. Nearly all new variants have little or no effect on our health
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and abilities, but among those with larger effects, deleterious var-
iants greatly outnumber advantageous variants.

Most new variants vanish from populations within a few genera-
tions at most.

Neutral variants are free to randomly drift up and down in popula-
tion frequency by chance.

Natural selection decreases the population frequencies of delete-
rious variants and increases the population frequencies of advan-
tageous variants.

Artificial selection is used by human breeders to rapidly change
traits in commercial species.

Mutation has an enormous impact on our species and all other
living things.

Just as we can’t prevent hurricanes and earthquakes, we have no
ability to stop mutation. Rather, we need to deal with the reality
of mutation as best we can.
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INHERITANCE OF
CHROMOSOMES,
VARIANTS, AND TRAITS

Inheritance of Chromosomes

Through the process of meiosis, each parent contributes one of each
chromosome type to each of their children. However, the chromo-
somes that the parents pass on to their children are not the same as the
chromosomes that the parents inherited from their own parents. The
simplified version of meiosis that I presented in Chapter 2 (Figure 2.16)
omitted an important feature. Prior to the first cell division of meiosis,
when each pair of chromosomes aligns, exchange occurs between the
DNA molecules in the pair (Figure 4.1). Geneticists call this process re-
combination. For each chromosome pair, only one or a few exchanges
occur in each meiosis. Nearly all of the chunks of grandparental chro-
mosomes inherited by the children are therefore relatively large, har-
boring tens to hundreds of genes. It may be helpful to compare Figures
2.16 and 4.1.

Figure 4.2 illustrates the inheritance of two chromosome types by a
couple’s three children. Due to recombination, the children inherit mo-
saics of the grandparental chromosomes. Like mutation, recombina-
tion roughly occurs at random sites along our chromosomes. Because
of this, and because it is entirely a matter of chance whether a segment
at any point along a chromosome is inherited from the grandfather or
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grandmother, each child receives a set of chromosomes that is different
from their siblings’. Except for identical twins (see below), each child
shares half of their DNA sequences with each full sibling.

Mother ‘ Father

Sibling 1 Sibling 2 Sibling 3

Figure 4.2 Inheritance of chromosomes by full siblings
Just 2 of the 23 pairs of chromosomes are shown. The grandpar-
ental origins of the chromosomes are indicated by chromosome
fill.

Distinct from mutation, recombination is a process that scrambles
existing variants. The analogy of a card game may help you understand
the difference between mutation and recombination. Mutation is akin
to changing the nature of the cards, say converting an Ace to a Jack. In
contrast, recombination is akin to shuffling the deck of cards between
hands. Shuffling does not change the nature of the cards, but does
change the combination of cards a player receives in each deal.

Inheritance of Variants

Now let’s shift focus from chromosomes to individual variants. In clin-
ical laboratories, geneticists detect variants by comparing DNA se-
quences from a patient to the human reference sequence. With few
exceptions, the reference sequence has the consensus (the most com-
mon) nucleotide from humanity at each position. Although variants
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are relatively infrequent along DNA molecules, because we have bil-
lions of nucleotides, each person has millions of variants. Nearly all of
these variants are inherited from parents; only a small fraction arise
from mutation.

When at any specific position along a DNA molecule, the same nu-
cleotide is present on both chromosome copies in a person, geneticists
say that this person is homozygous at that position. When two different
nucleotides are present, geneticists say that the person is heterozygous
at that position. In Figure 4.3 is shown the variant that causes sickle cell
anemia, along with some flanking nucleotides. The sickle cell variant
occurs exactly at position 5,227,002 on the current reference sequence
for the DNA molecule in chromosome 11. Another way to define the
position of this variant is that it is the 20th nucleotide from the start of
coding (Figure 3.4). Most people have an A nucleotide at this position
in both copies of chromosome 11. Such individuals are homozygous A
at this position. A minority of individuals, especially those with African
ancestry, have an A nucleotide in one chromosome and a T nucleotide
in the other, making them heterozygous AT at this position. And a very
small fraction of individuals have a T nucleotide in both chromosomes.
These individuals are homozygous T and are affected with sickle cell
anemia.

Homozygous A  Heterozygous AT Homozygous T
Maternal Chromosome 11: CCTGAGGAG CCTGAGGAG CCTGTGGAG

Paternal Chromosome 11: CCTGAGGAG CCTGTGGAG CCTGTGGAG

Figure 4.3 Homozygosity and heterozygosity
The arrows mark the position of the sickle cell variant.

The squares in Figure 4.4 will help you understand how homozy-
gous and heterozygous variants (the sickle cell variant, in this particular
case) are passed from parents to children. For each square, the nucleo-
tides present in one of the mother’s egg cells are indicated at the top of
each column, and the nucleotides present in one of the father’s sperm
cells are indicated to the left of each row. Combinations of nucleotides
in the cells of a square indicate the two nucleotides present in the two
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copies of chromosome 11 in a child of the couple. In Figure 4.4A, both
the mother and father are homozygous A. Barring an extremely rare
mutation event, each egg cell and each sperm cell will have the A nu-
cleotide, and each child will also be homozygous A. In Figure 4.4B, one
parent is heterozygous for the A and T nucleotides (the mother, in this
case), and the father is homozygous A. Half the cells in this square are
AA, and half AT. This means that, on average, half of the children of
such a couple will be homozygous A, and half will be heterozygous AT.
The results would be exactly the same if the father was heterozygous,
and the mother homozygous. In Figure 4.4C, both parents are hete-
rozygous. On average, half the children of such a mating will be hete-
rozygous AT, one-quarter will be homozygous A, and one-quarter (the
unlucky ones) will be homozygous T and be affected with sickle cell
anemia. Similar squares can also easily be used to predict the outcomes
in children when one or both parents are homozygous T.

A A A T A T
A| AA AA A| AA AT A| AA AT
Al AA AA A| AA AT T | AT TT
A B C

Figure 4.4 Inheritance of the sickle cell variant
In panel A, both parents are homozygous AA. In panel B, one
parent is heterozygous AT and the other homozygous AA. In
panel C, both parents are heterozygous AT.

It’s important to understand that the results shown in Figure 4.4 are
averages. Any couple, for example, who are both heterozygous AT, as
in Figure 4.4C, and have four children, may have zero, one, two, three,
or all four children who are homozygous T and affected. It is a matter
of pure chance. The variants that any one child inherits are completely
independent of the variants inherited by the other children. Only when
the offspring of many such couples are examined, is the fraction that
are affected exactly one-quarter.



Chapter 4 Inheritance of Chromosomes, Variants, and Traits 55

Heritability

In Chapter 2, I defined human genetics as the science of the causes and
the inheritance of human variation. We all know that people vary in
many traits. We also know from common experience that children of-
ten resemble their parents in these traits. But how can the inheritance
of specific traits be described more precisely?

Geneticists use a parameter called heritability to measure the de-
gree of inheritance (1-6). Heritability is defined as the fraction of var-
iability in a disease or trait that is due to variations in inherited DNA.
Heritability values range from 0.00 to 1.00, or equivalently, from 0%
to 100%. A trait with 0% heritability is not affected at all by inherited
DNA sequences, and a trait with 100% heritability is determined solely
by inherited DNA sequences.

Heritability can be measured using several different approaches.
One obvious approach is to compare a trait between parents and their
children. However, because similarities among related individuals are
sometimes due not to shared DNA, but rather to shared environment,
this is not a perfect way to measure heritability. Consider native lan-
guage; children nearly always speak the same language as their parents,
yet native language has zero heritability.

Fortunately, there are two good ways to disentangle heredity and
environment. The first is to study relatives who have been reared and
live apart (7). Many variations of this type of study are employed, but
one of the most common is to compare children who are adopted as
infants to both their biological and adoptive parents. For a highly her-
itable trait like adult height, adopted children will be more like their
biological parents than their adoptive parents. For a trait that is not
heritable, like native language, adopted children will be more like their
adoptive parents than their biological parents.

The second approach involves twins (7, 8). There are two types of
twins: identical twins and fraternal twins. Identical twins (and iden-
tical triplets, quadruplets, etc.) arise when an early embryo from the
fertilization of one egg with one sperm splits into two (or three or four)
groups of cells, and each group of cells develops into a separate baby
(Figure 4.5). Identical twins are always same sex (because biological
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sex is determined by the sex chromosomes), and identical twins share
100% of their DNA, except for somatic mutations. Fraternal twins form
when two separate egg cells are fertilized by two separate sperm cells
and each resulting embryo develops into a baby. Fraternal twins can be

same sex or opposite sex and, like any pair of full siblings, share 50% of
their DNA.

Identical Twins O
one egg cell one embryo 00’9
- &
66 two embryos shari
0 embryos sharin;
~® — a\‘f - 100% Of DNA -
fertilizati d b lits
one sperm cell early (1:?111 gilxlfiaslilon il‘:trf)l t:vy(()) ilsli)sters — 0’6"6
of cells q@
_Fraternal Twins
two egg cells two embryos
72 ) o2
- &Y — &
o < &
two sperm cells fertilization and two embryos sharing

early cell division 50% of DNA

e <
0-0-6

Figure 4.5 Types of twins

For any pair of twins for any trait, researchers can measure the de-
gree of similarity, or concordance, between the pair. Since in childhood
twins usually share much of their environment, for instance, same diets
and same exposures to infectious organisms, the differences in con-
cordance between sets of identical and fraternal twins for any trait is a
measure of the influence of inherited DNA on that trait. Consider facial
appearance. Of the three pairs of same-sex twins shown in Figure 4.6,
can you tell which are identical and which are fraternal? It turns out
that the girls on the left and the boys are fraternal, whereas the girls on
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the right are identical. Full siblings are often similar in appearance, and
the fraternal twins in the figure indeed look alike, but they are not ex-
actly the same. Notice, for example, that the boy on the left has a thin-
ner face than his brother. The girls on the right, however, are virtually
identical in appearance. That is, of course, why we call them identical
twins. Identical twins are surprisingly alike for many traits (9). You may
like to view the documentary film Three Identical Strangers, which is
the story about the meeting of identical triplet boys raised apart from
birth.

The concordance for facial appearance is essentially 100% for identi-
cal twins, but appreciably less for fraternal twins. This means that facial
appearance is a trait with close to 100% heritability. Any trait that does
not show 100% concordance between identical twins is not completely
heritable and is affected by factors other than inherited DNA.

Heritability is an average measurement obtained by combining re-
sults from many people. In any individual, however, inherited DNA
and nonheritable factors play varying roles. As an example, intelligent
parents on average have intelligent children. But as described in Case 2
in Chapter 3, mutations can cause intellectual disability in the children
of intelligent parents. Fetal exposure to alcohol during pregnancy can
also lead to reduced intelligence in the children of intelligent parents
(Chapter 12).

Heritability is difficult to measure. No approach is perfect. Different
studies of the same trait usually yield somewhat different values. Never-
theless, the concept of heritability is still useful. Heritability estimates
for a number of human disorders and traits are shown in Table 4.1.

Some human traits, like facial appearance and height, have herit-
abilities at or approaching 100%. Such traits are completely or nearly
completely determined by inherited DNA. Many other traits and
health problems such as diabetes, intelligence, obesity, cancer, and
handedness have intermediate heritabilities. Inherited DNA strongly
influences these disorders and traits, but nonheritable factors are also
important. And some traits, such as native language or the day of the
month on which a person is born, have zero heritability. Our DNA se-
quences have no appreciable influence on these traits.
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Table 4.1
Heritability estimates for selected disorders and traits

Disorder/Trait Heritability Disorder/Trait Heritability

Facial appearance 100% Obesity 60%
Adult height 85% Cancer 30%
Juvenile (type 1) 80% Handedness 25%
diabetes Native language 0%
Intelligence 60% Birth day of the 0%
Adult (type 2) 60% month

diabetes

References: height (8, 10), obesity (8, 11), juvenile diabetes (8, 12), adult-onset
diabetes (8, 13), intelligence (7, 14-16), cancer (17, 18), and handedness (19, 20).

Geneticists still have much to learn about nonheritable factors, but
at the time of writing, I can say that they include environmental ex-
posures, germline and somatic mutations, and random developmental
events. Examples abound of environmental exposures that influence
our health and abilities; for instance, smoking and lung cancer, obesity
and diabetes, and exposure to lead and intelligence. As described in
Case 2 from Chapter 3, disease or disability that is completely absent
in parents can occur in children through germline mutation. The her-
itability of cancer is relatively low because cancer is primarily caused
by somatic mutation. And random developmental events, such as X
chromosome inactivation in females (21), also contribute to human
variation.

It is not opinion, but rather scientific fact, that most common hu-
man health problems and many other human traits have intermediate
heritabilities (that is more than 0% but less than 100%). The DNA we
inherit from our parents affects our lives greatly, but so do nonheritable
factors. So, it’s not nature or nurture, but rather nature and nurture.

Unfortunately, despite this known scientific fact, many people, es-
pecially in the past, but even still sometimes today, have entirely denied
either the role of inherited DNA or the role of nonheritable factors.
More commonly, there are those who, despite paying lip service to the
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role of both inherited DNA and nonheritable factors, still strongly em-
phasize one or the other. We all need to be wary of such zealots (22). I
think that one important aspect of intellectual strength and courage is
not to settle for simple answers to difficult questions, but rather to em-
brace complexity. I tried in this book to portray heritability realistically
and to make clear that in most cases both inherited DNA and nonherit-
able factors combine to determine traits.

Complex Disorders and Traits

Geneticists often make a distinction between complex and single-gene
disorders. Genetically complex disorders and traits are influenced by
variants within and near multiple genes. The variants that influence
complex traits often have substantial population frequencies. Complex
disorders and traits are also typically influenced more by nonheritable
factors and have lower heritabilities than single-gene disorders. Most
common health problems are genetically complex. Examples of genet-
ically complex disorders and traits are shown in Table 4.2.

Table 4.2
Examples of genetically complex disorders and traits
» Hypertension o Asthma
o Diabetes o Coronary artery disease
o Inflammatory bowel disease o Macular degeneration
o Alzheimer’s disease o Obesity
o Height o Intelligence

Most complex disorders and traits have single-gene subforms. These
subforms are caused by variants in single genes, rather than variants in
multiple genes. They typically affect only a small fraction of individuals
with the disorders and traits. For example, although the great majority
of cancer is genetically complex, single-gene subforms, such as Lynch
syndrome (colon cancer) and some types of breast cancer, also exist.
As another example, although nearly all obesity has complex inher-
itance, small numbers of individuals have single-gene defects in their
satiety systems that cause them not to feel full even after large meals. As
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a consequence of their constant hunger, they become severely obese
(23).

Geneticists currently know much less about complex disorders than
single-gene disorders. Still, steady progress is being made, particularly
through the development of polygenic indices (Chapter 6).

Single-Gene Disorders and Traits

As the name suggests, each of the thousands of known single-gene dis-
orders and traits is primarily caused by one or two variants in a single
gene. Single-gene disorders, also called monogenic or Mendelian (af-
ter Gregor Mendel) disorders, are individually uncommon, but since
there are a great many of them, they collectively affect large numbers of
people (Chapter 11). Single-gene disorders are also usually transmitted
between generations with simple patterns, and are caused by highly
penetrant variants (more about penetrance shortly).

Examples of single-gene disorders and the genes that are involved
are listed in Table 4.3. About 5,000 of our 20,000 genes are currently
known to be involved in single-gene disorders, and additional genes
involved in single-gene disorders are continually being identified. It is
thought that eventually the majority of our genes will be connected to a
single-gene disorder (24-25). Geneticists sometimes refer to “disease”
genes such as “BRCAI, the breast cancer gene,” but it’s important to
understand that all of our genes code for normal, functional compo-
nents of our bodies and contribute to health. It’s only when these genes
are altered by mutation that they lead to disease and disability.

Single-gene disorders differ in a number of ways other than the
gene involved. As described below, they differ in their patterns of
inheritance. In addition, a fraction of genes are involved in multiple
disorders. For instance, some deleterious variants in the RYRI gene,
which codes for an essential skeletal muscle protein, cause congenital
muscle disease, while others cause malignant hyperthermia, a severe
adverse reaction to anesthetics (Case 5 in Chapter 6). Also, deleterious
variants in some genes cause disorders that have different modes of in-
heritance. Again, using RYRI as an example, some forms of congenital
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Table 4.3

Examples of single-gene disorders and the genes involved

Disorder/Disability

Cystic fibrosis
Phenylketonuria

Duchenne muscular dystrophy
Huntington’s disease
Deafness, prelingual

Deafness, prelingual

Sickle cell anemia

Malignant hyperthermia
Congenital myopathy

Gene
CFTR
PAH
DMD
HTT
GJB2
TECTA
HBB
RYRI
RYRI

Pattern of Inheritance
Recessive

Recessive

X-linked

Dominant

Recessive

Dominant

Recessive

Dominant

Dominant and recessive

Estimated Incidence in the US

1/4,000

1/15,000

1/10,000

1/20,000

1/2,000

1/30,000

1/3,000

1/100,000

1/90,000
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muscle disease have dominant inheritance, while others have recessive
inheritance. Many single-gene disorders, such as deafness, are caused
by deleterious variants in not just one, but multiple genes. Over 200
deafness genes are currently known, and the list is still growing (26).
Deafness is therefore not a single disorder, but rather a collection of
many single-gene disorders, each caused by abnormalities in a different
gene.

Since mutations occur randomly, there are usually many different
deleterious variants in each gene involved in single-gene disorders. Un-
less they are biologically related, different individuals affected with the
same single-gene disorder therefore usually carry different deleterious
variants. Examples of deleterious variants in the CFTR gene that cause
the single-gene disorder cystic fibrosis are listed in Table 4.4. About
2,000 deleterious variants in CFTR are currently known. Although the
details are not important for this book, rules have been developed for
naming DNA and protein variants. Both the position of the variant
along the gene or protein polymer and the nucleotide or amino acid
change are specified (Table 4.4). Note that some deleterious variants
change the amino acid sequence of the coded protein while others
eliminate protein function altogether by, for example, creating a pre-
mature Stop code or altering splicing. Deleterious variants also differ
greatly in population frequency. The c.1521_1523del (p.Phe508del)
CFTR variant is the most common deleterious CFTR variant found in
people with European ancestry, and is one of the most common dele-
terious variants of all in that population. But the other variants listed in
Table 4.4 have considerably lower population frequencies. With rela-
tively few exceptions, variants that cause single-gene disorders are rare
in human populations.

Another important property of single-gene disorders is the set of
clinical features exhibited by those affected. Clinical features, also
called symptoms or phenotypes, are traits or laboratory results that fall
outside normal ranges. There are thousands of recognized clinical fea-
tures covering all parts of the body and all biochemistry. Examples are
abnormal convolutions of the brain surface (lissencephaly), eyes that
are farther apart than normal (hypertelorism), unusually fragile bones
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Resulting Protein Frequency of Carriers*
DNA Change Change Type with European Ancestry
c.1521_1523del p-Phe508del Deletion of single amino acid 24 per 1,000
c.350G>A p-Argl17His Amino acid substitution 5 per 1,000
c.1652G>A p-Gly551Asp Amino acid substitution 0.8 per 1,000
c.1624G>T p.Gly542* Premature stop code 0.7 per 1,000
¢.3217dup p.Tyr1073Leufs*3 Frameshift 0.02 per 1,000
c.273+1G>A p.? Splicing 0.02 per 1,000

g.117474181-117668151del

Deletion of entire gene Large deletion

Very rare

From the ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and gnomAD (https://gnomad.broadinstitute.org/) databases.

*Carriers are individuals who are heterozygous for the deleterious variants.
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(osteopenia), slower than normal infant and child development (devel-
opmental delay), and high blood sugar (hyperglycemia).

Clinical features for two single-gene disorders, cystic fibrosis and
Huntington’s disease, are listed in Table 4.5. Before the advent of clin-
ical DNA testing, single-gene disorders were diagnosed using clinical
features alone. Today, in developed nations, they are usually diagnosed
through a combination of clinical features and DNA testing. Impor-
tantly, patients with single-gene disorders will often exhibit some, but
not all, of the clinical features associated with that disorder.

Table 4.5
Major clinical features of cystic fibrosis
and Huntington’s disease

Cystic Fibrosis Huntington’s
Failure to thrive Gait ataxia
Elevated sweat chloride Chorea

Chronic sinusitis Bradykinesia
Bronchiectasis Muscle rigidity
Recurrent pneumonia Neuron loss
Decreased forced Depression
expiratory flow (lungs) Cognitive decline
Meconium ileus Personality changes
Diarrhea Abnormal eye movements
Male infertility Weight loss
Pancreatitis

Clubbing of fingers

From the OMIM database (https://www.omim.org/)

A comparison of the properties of single-gene and complex disor-
ders and traits is shown in Table 4.6. Splitting health problems into two
groups with simple and complex inheritance is convenient and some-
times helpful, but it’s also an oversimplification. In reality, single-gene
disorders are modified to a degree by secondary genetic variants and by
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nonheritable factors (see below), and as described above, single-gene
subforms of complex disorders are also usually known.

Table 4.6
Comparison of single-gene and complex disorders
Single-gene Complex
Rare in populations Common in populations
Caused primarily by variantsin ~ Caused by variants in many
one gene genes along with nonheritable
factors
Primary causative variants are Causative variants are both rare
rare and common

Primary causative variants have = Causative variants mostly have
high penetrance low penetrance

Patterns of Inheritance for Single-Gene Disorders
The main patterns of inheritance for single-gene disorders are auto-
somal dominant, autosomal recessive, and X-linked. Examples of dis-
orders with each type of inheritance are shown in Table 4.3. In auto-
somal dominant single-gene disorders, affected individuals have one
functional copy of a gene and one dysfunctional copy. The dysfunc-
tional copy of the gene can be inherited from either parent or can arise
through mutation. When inherited, each child has a 50% chance of re-
ceiving the dysfunctional copy of the gene (Figure 4.4B). Autosomal
dominant inheritance is a little like a bicycle—when either the front or
back tire is flat, you can’t ride.

Shown in Figure 4.7 is a four-generation tree of a family affected
with a dominant disorder. By convention in these types of drawings,
males are represented by squares and females by circles. Each genera-
tion is in a separate row. So, two great-grandparents are shown in the
top row, then the grandparents in the second row, parents in the third,
and children in the fourth. Affected individuals are indicated by filled
symbols. Note that about half of the offspring of affected individuals in
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the family are also affected. None of the offspring of unaffected individ-
uals are affected.

O—|

O @O
0 0 @ OO O
ENO @ O U0 O

Figure 4.7 Four-generation family tree
with dominant inheritance
Females are represented by circles; males by squares. Each gen-
eration is on a separate row. Filled symbols indicate affected
individuals.

In autosomal-recessive single-gene disorders, individuals with one
functional copy and one dysfunctional copy of a gene are unaffected.
Only individuals in which both copies of a gene are dysfunctional are
affected. Affected children arise when both the mother and the father
carry a deleterious variant in the same gene (Figure 4.4C). The dele-
terious variant can be the same or different in the two parents. Since
the parents are unaffected, they usually do not know that they carry
the deleterious variants. Also, for recessive disorders, the numbers of
people in populations who are heterozygous carriers of deleterious
variants greatly outnumber affected individuals. For instance, about 80
out of every 1,000 African Americans carries the deleterious variant for
sickle cell anemia, but only about 1.5 out of every 1,000 African Amer-
icans are affected with the disease. Autosomal-recessive inheritance is
a little like vision. When a person loses vision in one eye, they can still
see, but when a person loses vision in both eyes, they are blind.

In X-linked single-gene disorders, the gene involved is located on
the X chromosome. Typically, mothers have one functional copy and
one dysfunctional copy of an X chromosome gene and are healthy.
Their daughters, regardless of which gene they inherit from their
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mothers, are also usually unaffected because their fathers rarely carry a
dysfunctional copy of the gene. However, half the sons of carrier moth-
ers, on average, will be affected because they do not have a second X
chromosome containing a functional copy of the gene. The frequency
of X-linked disorders is therefore usually much higher in males than
females.

The concept of heritability is most often applied to complex disor-
ders and traits rather than to single-gene disorders. However, recessive
single-gene disorders usually have heritabilities near 100%. In contrast,
dominant and X-linked disorders often, but not always, have lower her-
itabilities because they can arise via mutation rather than being inher-
ited. For many dominant disorders, new mutation is responsible for a
substantial fraction, or even all, of the affected individuals.

Penetrance and Variable Expressivity

Penetrance and variable expressivity are two important properties of
deleterious variants. Penetrance is defined as the fraction of individuals
with one or more specific deleterious variants who are affected with a
disorder or who have a particular trait. Penetrance is usually reported
on a scale of 0% to 100%. Incomplete penetrance (less than 100%) for
deleterious variants is common in single-gene disorders, and nearly
universal for complex disorders. As an example of incomplete pene-
trance, not all women who have a deleterious variant in one of their
breast cancer genes develop cancer. Only about 65% of women who
have a deleterious loss-of-function variant in one of their BRCAI genes
develop cancer by the age of 70, and many never develop cancer during
their lives (27-28).

Another well-studied example is the E4 variant within the APOE
gene. This variant is the strongest common genetic risk factor currently
known for the development of late-onset Alzheimer’s disease. Individ-
uals who are heterozygous or homozygous for E4 have 3 and 12 times
the risk, respectively, for developing the disease compared to people
without E4 (29-30). However, the penetrance for developing Alzheim-
er’s by age 75 is only about 15% for those who are heterozygous E4,
and 30% for those who are homozygous E4. About 60% of individuals
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who are homozygous E4 will never develop Alzheimer’s during their
lifetimes. In addition, about 40% of individuals with Alzheimer’s do not
have E4. Geneticists therefore cannot, by testing APOE alone, deter-
mine whether a person will or will not develop Alzheimer’s disease.
Variable expressivity means that individuals such as a pair of siblings
who carry exactly the same deleterious variant (or variants, in the case
of recessive disease) often have different disease courses and/or severi-
ties and also often have different sets of clinical features. At least part of
the explanation for variable expressivity is that variants in other genes
modify the effect of the primary deleterious variant(s), and also that
different individuals experience different nonheritable factors.

Combined Effect of Risk Factors

Although variants with the strongest effects and the highest penetrance
play alarge role in disease and disability, it would be a mistake to ignore
the combined effect of the many variants with weaker effects and lower
penetrance. Geneticists have now completed many studies comparing
DNA from a group of individuals with a specific complex disorder or
trait (the cases) with DNA from a matched group of individuals with-
out the disorder or trait (the controls) (31-32). Through such case/con-
trol studies, it has been found that tens, hundreds, or even thousands of
different variants, mostly located outside of exons, have an effect upon
individual complex disorders and traits.

In general, as the penetrance of a variant increases, the population
frequency of the variant decreases. Single-gene disorders are nearly
always caused by highly penetrant variants that are rare to very rare
in populations. Genetically complex disorders and traits will typically
have a few risk variants with high penetrance and very low population
frequencies (the single-gene subforms), some risk variants with me-
dium penetrance and low frequencies, and many risk variants with low
penetrance and moderate to high frequencies.

To help you understand the impact of numerous variants and other
risk factors on an individual’s health, I've prepared the “arrow plots”
shown in Figures 4.8 and 4.9. Although these plots are not a perfect
representation of what occurs in nature, they are still a useful learning
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tool. They may seem a little complicated at first, but are not really that
difficult to comprehend. Importantly, the plots portray risks for spe-
cific health problems in individuals, not populations.

Each of the different risk factors, which may be either a DNA variant
or a nonheritable factor, is represented in Figures 4.8 and 4.9 as a sepa-
rate arrow. An arrow pointing up represents a factor that increases risk
for the disease, and an arrow pointing down one that decreases risk.
The length of each arrow indicates the magnitude of risk; long arrows
represent factors with high risk, and short arrows factors with low risk.
Short arrows are common; long arrows are rare. For many disorders
there are hundreds or even thousands of arrows/risk factors. For prac-
ticality, only a small fraction of the arrows are shown in the plots.

A B
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Direction and magnitude of risk
Direction and magnitude of risk

Figure 4.8 Risk factor plots
Panel A: plot for a person with decreased overall risk for dis-
ease. Panel B: plot for a person with increased overall risk.

To determine a person’s overall risk for developing a disorder, the
lengths of all the up-pointing arrows are added together, and the lengths
of all the down-pointing arrows are also added together. The total
length of all the down arrows is then subtracted from the total length of
all the up arrows. This gives a cumulative arrow (shown at the far right
in each plot) that represents a person’s overall risk for disease. If this
cumulative arrow points up, then the person is at higher risk than the
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average person. If the cumulative arrow points down, then the person
is at lower risk.

The arrow plot for a person who has a cumulative decreased risk
of developing a complex disorder compared to the average person
is shown in Figure 4.8A. The down-pointing arrows outweigh the
up-pointing arrows. The plot for an individual who has a cumulative
increased risk for a complex disorder is shown in Figure 4.8B. Here the
arrows pointing up are predominant. The plots help us understand why
knowing any single risk factor for a complex disorder, even if it is a rela-
tively strong one, like the APOE E4 variant, is insufficient to predict the
overall risk for an individual.

The arrow plots can also help us understand single-gene disorders.
In single-gene disorders, there is a primary deleterious variant (or var-
iants, in the case of recessive disease) that outweighs all other risk fac-
tors (see the long up-pointing arrows in Figure 4.9). However, just as
in complex disease, weaker risk factors do exist (33-38). Consider two
siblings who share the exact same deleterious variant for a dominant
single-gene disorder. The sibling in Figure 4.9A has mostly up-pointing
arrows for the other risk factors, while the sibling in 4.9B has mostly
down-pointing arrows for the other risk factors. The sibling in 4.9A will
therefore likely be more severely affected than the sibling in 4.9B. This
helps explain variable expressivity. The clinical features for the sibling
in 4.9B may even be so mild that this person is not considered to be
affected at all (39). This helps explain incomplete penetrance.

The arrow plots also nicely portray how variable traits like blood
pressure, adult height, and intelligence are determined. Trait values
are plotted on the vertical axis, with the horizontal axis indicating the
average value for the trait. The arrows then indicate variants or nonher-
itable factors that individually either add to (up arrows) or detract from
(down arrows) the average value for the trait. Cumulative up arrows
indicate individuals who are above average for the trait, and cumulative
down arrows indicate individuals who are below average.

Aspects of the inheritance of disorders and traits can also be gleaned
from the arrow plots. When both parents have a complex disorder like
type 2 diabetes or are both above average for a trait like height, then
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their children will also tend to be at high risk for diabetes or above aver-
age in height. This is because the children will inherit more factors that
increase risk for the disease or contribute to height than factors that
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Figure 4.9 Risk factor plots for a pair of siblings
with the same dominant deleterious variant
Panel A: Plot for a sibling with a dominant deleterious variant,
but with most other factors increasing risk. Panel B: Plot for a
sibling with the same dominant deleterious variant as in Panel
A, but with most other factors decreasing risk.

reduce disease risk or detract from height. Due to the chance inher-
itance of variants and also to variable nonheritable factors, the chil-
dren will not always become affected or match their parents closely in
height.

In Chapter 6, risk indices, which are similar to the cumulative arrows
in the arrow plots, will be introduced. Risk indices are becoming im-
portant in healthcare generally, and in disease prevention in particular.

Summary
o Parents randomly transmit one of their two genes to each of their
children. This process is independent for each child.
o Independent segregation of genes and meiotic recombination in-
crease the diversity of genomes.
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Geneticists measure the degree of inheritance of a disorder or
trait using a parameter called heritability. Heritability is often esti-
mated through twin or adoption studies.

Many common health problems and other human traits are
strongly influenced by the DNA we inherit from our parents, but
are also strongly influenced by nonheritable factors such as envi-
ronmental exposures and mutation. Hence, they have heritabili-
ties substantially greater than 0%, but less than 100%.

Genetically complex disorders are influenced by variants in many
different genes and by nonheritable factors.

Single-gene disorders are predominantly caused by one or two
rare, highly penetrant deleterious variants in a single gene. Unre-
lated individuals affected with the same single-gene disorder usu-
ally have different deleterious variants in that gene.

Single-gene disorders are primarily inherited in simple dominant,
recessive, and X-linked patterns.

The effects of individual risk factors, both heritable and nonher-
itable, can be combined to estimate a person’s overall risk for
disease.



Chapter 5

HUMAN EVOLUTIONARY
HISTORY AND
GENETIC DIVERSITY

Human Evolutionary History

I'll turn now to the fascinating and important topic of human evolu-
tionary history. Knowledge of our evolutionary history is important for
understanding ourselves, other living things, and how genetics affects
our health and lives.

A few key dates in our evolutionary history are listed in Table 5.1
(1-2). Our planet is old, about 4.5 billion years old. Simple living or-
ganisms are also very old; the first known unicellular organisms date to
sometime around 3.7 billion years ago. Gradually, over very long pe-
riods of time, the first relatively simple life forms evolved into more
complex organisms. Since scientists are still learning a great deal about
the history oflife on our planet, I suspect that the dates in Table 5.1 will
be revised in future. Still, they offer important perspective.

From the numbers in Table 5.1, you can see that humans are a very
young species. Anatomically modern humans have been around only
about 200,000 years, or 0.00005 (five—one hundred thousandths) of the
time that life has existed on our planet. In comparison, although the
species were undoubtedly different from those that exist today, ani-
mals that we would all recognize as fish have been around for about
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530 million years, dragonflies for 320 million years, and snakes for 130
million years. Snakes are therefore about 650 times older than people.

Table 5.1
Selected key dates in human evolutionary history

Event Years Ago

Formation of Earth 4.5 billion
First living organisms 3.7 billion
First animals 600 million
Earliest land plants 470 million
First mammals 230 million
Demise of the dinosaurs 66 million
Last common human-chimp ancestor 7 million
Appearance of Neanderthals 600,000
First modern humans 200,000
Modern human departure from Africa 60,000
Extinction of Neanderthals 40,000
Advent of agriculture 12,000

Biologists often represent the evolution of life on our planet as a
tree, with branches leading to different groups of organisms. At the far
ends of the branches are the individual species living today. Species
that are closely related to each other, such as different species of ducks,
are found on close, adjacent branches that fork near the ends of the
branches. Species that are not closely related, such as dogs and bacte-
ria, are located far apart on the tree, with branches that fork close to the
trunk. Many trees of life have been produced; they can easily be found
by searching the internet for “evolutionary trees of life.” One such tree
is shown in Figure 5.1.

It’s useful to have a basic understanding of how evolutionary trees
are generated. In the past, species were grouped by appearance, anat-
omy, and biology. Today, species are grouped largely by sequencing
their genomes (3). The more closely related are two species, the more
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similar are their DNA sequences. The closest relative to any particular
species is the species with the most similar DNA sequence.
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Thermoproteus

Cyanobacteria Ciliates

.. Entamoebae
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Figure 5.1 Evolutionary tree of life

Like real trees, the tree of life has many branches that are dead and
do not extend to the ends of living branches. These dead-end branches
represent extinct species. From the fossil record, it is known that vast
numbers of species that once lived are now extinct.

DNA sequencing has confirmed that our closest living relatives are
the great apes: orangutans, gorillas, and chimpanzees (4-5). Orangu-
tans are now native only to Southeast Asia. Gorillas and chimps are
native only to Africa. The portion of the tree of life that contains the
great apes and humans is shown in Figure 5.2.
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Figure 5.2 Evolutionary tree of great apes and humans
Before they became extinct, Neanderthals and Denisovans con-
tributed DNA to modern humans.

Of the great apes, chimpanzees are closest in DNA sequence to
ourselves (Figure 5.3). The common ancestor of humans and chimps
lived roughly seven million years ago. Humans and chimps have DNA
sequences that are approximately 98.5% identical (Table 5.2). Gorillas
are almost as close to us as chimps, and orangutans only a little more
distantly related.

Figure 5.3 Chimpanzees are our closest living relatives
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Table 5.2
DNA sequence differences among humans,
Neanderthals, and great apes

DNA Time to Common
Sequence Ancestor

Species Differences  (millions of years)
Human-Human 0.10% 0.2
Human-Neanderthal 0.15% 0.6
Human-Chimp 1.5% 7
Human-Gorilla 1.8% 8
Human-Orangutan 3.4% 12

Over the approximately seven million years between the common
human-chimp ancestor and the present, our ancestors changed con-
siderably in appearance (Figures 5.3 and 5.4), behavior, and abilities
(6-11). Their arms shortened and their legs lengthened. They learned
to make stone tools and to use fire. They gained the ability to speak.
Their brains increased in size about threefold.

Neanderthal Gorilla Chimpanzee

66— Human

Figure 5.4 Comparison of human,
Neanderthal, and ape skeletons

Along the way from the common human-chimp ancestor to ana-
tomically modern humans, there were at least several—and probably
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many—dead ends. These are species who once lived and were more
closely related to us than to chimps, but did not survive to the present.
Scientists know about these dead ends from the fossil record which,
although sparse, still presents a panoply of extinct relatives (6).

The closest of these extinct relatives to ourselves, the Neanderthals,
merit special attention. Neanderthals split from the ancestors of mod-
ern humans about 600,000 years ago (Figure 5.2). At their peak, Ne-
anderthals and a second group closely related to Neanderthals, called
Denisovans, occupied much of Europe and Asia (10-11). Neanderthal
skeletons are distinct from modern human skeletons but still quite
close (Figure 5.4). Like our ancestors, Neanderthals used stone tools
and hunted. They may also have used fire, buried their dead, worn jew-
elry, built boats, and created artwork. Although only their bones and
none of their flesh remain, artists have used the skeletons to attempt
to recreate the appearance of Neanderthals. Two of these attempts are
shown in Figure 5.5; many others can easily be found on the internet.
Neanderthals looked pretty much like ourselves.

Figure 5.5 Re-creations of Neanderthals

From the fossil record and from DNA sequencing in living (extant)
humans, geneticists have learned that anatomically modern humans
originated in Africa roughly 200,000 years ago (11-14). The oldest
modern human fossils come from Africa. Although 4/l humans are
very close genetically, when trees of extant humans are constructed,
the branches that split off earliest are those leading to Sub-Saharan
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Africans. All extant human populations living outside of Africa, includ-
ing Europeans, Asians, Native Americans, Aboriginal Australians, and
Polynesians, are more closely related to each other than they are to
Sub-Saharan Africans.

Although anatomically modern humans apparently made a number
of earlier forays out of Africa (11), the main thrust of modern human
emigration from Africa started about 60,000 years ago (11-14). Mod-
ern humans then spread throughout the entire world (Figure 5.6). This
colonization process was still ongoing in historic times. Polynesians in
their outrigger boats were colonizing islands in the Pacific as recently
as 700 years ago. The emigration of modern humans out of Africa was
certainly not as simple as indicated in Figure 5.6. It undoubtedly in-
volved multiple forward migrations, backward migrations, extinction
of populations, and splitting and mixing of populations (15-16). Iwon’t
attempt to describe current detailed knowledge in this area because it
is not essential for the purposes of this book, and because this field is
advancing so rapidly that any such attempt would become outdated in
just a few years.
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Figure 5.6 Colonization of the world by
modern humans coming out of Africa
The numbers accompanying the arrows indicate approximately
how many years ago the migrations occurred.

Along their way out of Africa, our modern human ancestors encoun-
tered Neanderthals. Neanderthals became extinct about 40,000 years
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ago, relatively soon after contact with modern humans. Since Neander-
thals lived successfully in Europe and Asia for hundreds of thousands of
years before meeting humans, it’s a good bet that our ancestors were at
least a major contributor to their extinction.

A breakthrough in the study of human evolution came in 1985, when
Svante Piddbo reported that ancient DNA extracted from the bones and
other tissues of long-dead individuals, although degraded, could still
be sequenced (17). Since then, methods for sequencing and analyzing
ancient DNA have improved markedly (15, 18-19). DNA has now been
sequenced from over 100,000 human and human-like remains ranging
in age from the near present to about 430,000 years ago (20). Sequenc-
ing of ancient DNA has revolutionized understanding of human evolu-
tionary history. In 2022, Pdibo won a Nobel Prize for his work.

Neanderthals are now extinct, but in a way, they live on through
us. In 2010, Piébo’s research group reported the genome sequencing
of Neanderthal DNA (21). Through analysis of these sequences, ge-
neticists learned that some of our ancestors reproduced together with
Neanderthals, with the result that all or nearly all people living today,
except those from Sub-Saharan Africa, have at least 1%-2% Neander-
thal DNA in their genomes (21-24). People from Asia and Oceania,
in addition to their Neanderthal ancestry, also have Denisovan an-
cestry (25). Sub-Saharan Africans do not have Neanderthal DNA be-
cause Neanderthals did not live in Africa and because the ancestors of
Sub-Saharan Africans remained in Africa when other people emigrated
to the rest of the world. The absence of Neanderthal DNA in the ge-
nomes of Sub-Saharan Africans is further evidence for the African ori-
gin of modern humans.

In people with “Out-of-Africa” ancestry, the Neanderthal and Den-
isovan DNA has been broken up into small segments through meiotic
recombination. The children of human-Neanderthal matings had one
human chromosome and one Neanderthal chromosome of each type
(Figure 5.7). But when these children reproduced with humans with lit-
tle orno Neanderthal ancestry, the human- and Neanderthal-containing
chromosomes recombined. Eventually, after many generations, the re-
maining Neanderthal DNA was reduced to small segments.
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Figure 5.7 Dilution of Neanderthal DNA over generations
Just one of our 23 chromosome pairs and just four generations
are shown.

Human Genetic Diversity
Mutation guarantees that individuals within a species do not have iden-
tical genomes. However, the differences in DNA sequences among in-
dividuals of any species are much smaller than the differences between
species. Humans differ from one another in DNA sequence by about
0.1%, but humans and chimps differ by about 1.5%, 15 times the level
of human-human differences (Table 5.2).

All people on our planet are very similar genetically. It doesn’t mat-
ter if the person is from New Guinea, Japan, the Congo, or Italy. If the
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DNA from any two people on the planet is sequenced and aligned, the
sequences are found to be 99.9% identical; they differ only in about 1
out of every 1,000 nucleotides (26-27). The most common biological
definition of “species” is a group of organisms that can reproduce to-
gether and produce fertile offspring. Since all matings of humans from
anywhere on the planet result in healthy, fertile children, all people
clearly belong to one common species.

Even though all human genomes are very similar, because our ge-
nomes are so large (6.2 billion nucleotides), there are millions of differ-
ences. Comparison of genomes from any two unrelated people reveals
roughly five million differences in sequence. To a considerable degree,
these differences are responsible for the variation among us.

An example of nucleotide sequences from different human DNA
molecules is shown in Figure 5.8. This small DNA segment is from the
beginning of the gene coding for the beta subunit of the protein hemo-
globin (the HBB gene) (see also Figures 2.9, 3.4, and 4.3). Regardless
whether the DNA sequences are from different people or from the two
copies of the gene in any single individual, the sequences are nearly

! !

AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTGACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAT CTG ACT CCT GAG GAG AAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAT CTG ACT CCT GAG GAG AAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTGACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GTG GAGAAGTCT
AGCAACCTCA AACAGACACC ATG GTG CAT CTGACT CCT GAG GAG AAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAT CTG ACT CCT GAG GAG AAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAT CTG ACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTGACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAT CTGACT CCT GAG GAGAAG TCT
AGCAACCTCA AACAGACACC ATG GTG CAC CTG ACT CCT GAG GAGAAG TCT
Met Val His Leu Thr Pro Glu Glu Lys Ser
His Val

identical; only rarely do they differ.

Figure 5.8 Sequences from the beginning of
the HBB gene from different individuals
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The left arrow in Figure 5.8 marks a position (nucleotide 9) in the
HBB gene at which variation is common. Nearly all human DNA mol-
ecules have either a T or a C nucleotide at this position, and this sub-
stitution does not alter the amino acid sequence of the coded protein
(Figure 3.4). Frequencies of the T and C variants in a number of human
populations are shown in Table 5.3. Common sequence variants such
as this one mostly arose many thousands of generations ago, and are
almost always neutral or close to neutral.

The right arrow in Figure 5.8 (at nucleotide 20) marks a rare variant,
the sickle cell anemia variant. Although this variant is relatively com-
mon in people with African ancestry, it is rare in other human popula-
tions (Table 5.3).

Table 5.3
Frequencies of variants at nucleotides 9 and 20 in
the HBB gene in selected human populations

Nucleotide 9 Variant Nucleotide 20 Variant

Population T C A T

East Asian 50% 50% 100% 0%
South Asian 35% 65% 100% 0%
Latin American 34% 66% 100% 0%
European 16% 84% 100% 0%
Ashkenazi Jewish 14% 86% 100% 0%
African American 13% 87% 96% 4%

From the gnomAD database (https://gnomad.broadinstitute.org/)

Deleterious Variants Present in People

Nearly all people carry one or more highly penetrant deleterious vari-
ants, mostly for recessive disorders. These are variants that geneticists
would categorize as causative for a single-gene disorder or that would
be lethal in the homozygous state. Estimates for the average number of
such variants per person generally range from 3 to 10 (28-30). How-
ever, these numbers depend upon the definitions of “highly penetrant”
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and even “disorder.” They are also likely to be at least somewhat under-
estimated since not all deleterious variants can be easily detected with
current sequencing technologies and since many deleterious variants
have not yet been identified.

People also carry many deleterious variants of lower penetrance.
Because negative natural selection is not as efficient at removing these
lower-penetrance variants, all people have some deleterious variants
with intermediate penetrance and thousands of deleterious variants
with low penetrance. There is therefore no such thing as a genetically
perfect person. Even the most fabulous athletes, the richest business
people, the most brilliant scientists, and the most powerful politicians
are genetically flawed.

Evolutionary Changes in Genomes

The numbers of generations between the present and selected events
in human history are shown in Table 5.4. Human and chimp genomes
differ in sequence by about 1.5%, or 45 million nucleotides. Assuming

Table 5.4
Numbers of human generations* between
the indicated events and the present

Number of
Event Generations
Founding of the United States 8
Time of Mohammed 48
Time of Jesus 68
Time of the Buddha 83
First civilizations 200
Extinction of Neanderthals 1,300
Modern human migration out of Africa 2,000
Origin of anatomically modern humans 6,700
Human-Neanderthal common ancestor 20,000
Human-chimp common ancestor 230,000

*Assumes one generation is 30 years.




86 Genomes and the Gene Pool

230,000 generations in both the human and chimp lines since the com-
mon human-chimp ancestor, 1,000 mutations per generation, and an
average reproductive population size for both species of 10,000, there
are approximately 4.6 trillion possible sequence differences between
humans and chimps—nearly 1,000 times the size of the entire human
and chimp genomes. Clearly, therefore, only a minuscule fraction of
the variants that arise from mutation survive over many generations.
Genomes are conservative; they evolve very slowly.

From a long-term genetic perspective, humanity can be considered
to be a collection of DNA molecules that have been passed down from
one generation to the next. Our bodies last a maximum of about 100
years, while DNA molecules live with only slow, gradual change for
many millions of years. Genetically speaking, our bodies serve only to
pass DNA molecules on to the next generation (Figure 5.9).

Figure 5.9 Generations

In Chapter 3, I described how the relentless process of mutation in-
creases DNA sequence diversity in human populations. But there are
also countering forces, especially including random genetic drift and
population bottlenecks, that reduce sequence diversity. Drift tends to
eliminate rare variants and fix abundant variants. Drift is usually a slow
process, but speeds up markedly during temporary reductions in pop-
ulation size, or what geneticists call population bottlenecks (31-34).
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There have probably been many population bottlenecks in the hu-
man line since the common human-chimp ancestor. Almost nothing is
known about most of these, but geneticists do know that when modern
humans successfully migrated out of Africa starting about 60,000 years
ago, they experienced a number of bottlenecks (34). We can readily
imagine that during this migration, relatively small groups of people
moved from their homeland to colonize an area farther along a coast
or into the next mountain valley. These small groups carried with them
only a fraction of the genetic variation present in the homeland popu-
lation and therefore constituted bottlenecks.

As a result of these bottlenecks, DNA diversity in all Out-of-Africa
populations is lower than in Sub-Saharan African populations (34-36).
Many relatively rare sequence variants present in Sub-Saharan Afri-
cans are entirely absent from Out-of-Africa populations. In addition,
the greater the geographic distance between a human population and
Africa, the lower the sequence diversity. Native Americans and Poly-
nesians, for example, have lower sequence diversity than other major
human populations (34-35). While mutation is currently increasing se-
quence diversity in all human populations, it has not yet compensated
entirely for the loss of diversity from the migration out of Africa.

Nearly all common human variants are neutral. In Chapter 3 (Table
3.4), I described how neutral variants are free to randomly increase or
decrease in populations. As modern humans spread out over the globe,
they became reproductively isolated. Neutral variants increased or de-
creased in frequency independently in each population (see HBB nu-
cleotide 9 in Table 5.3). By analyzing variants that differ in frequency
among populations, it is possible, using DNA analysis alone, to deter-
mine the geographic origin of a person’s ancestors (what I call geo-
ancestry) (37). This is the basis of the DNA ancestry industry, which
has become quite large. By the end of 2024, about 30 million people
worldwide had their DNA tested for ancestry.

Summary
 Life has existed on our planet for billions of years.
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Very gradually, over long periods of time, initial, simple organ-
isms evolved into more complex organisms, including eventually
plants and animals.

Anatomically modern humans are a young species, a mere 200,000
years old.

Our closest living relatives are chimpanzees. The common ances-
tor of humans and chimps lived approximately seven million years
ago.

Modern humans arose in Africa and migrated out of Africa about
60,000 years ago to colonize the rest of the world.

During this migration, our ancestors encountered Neanderthals
living in Europe and Asia.

Our ancestors were likely a primary cause of Neanderthal extinc-
tion, but during our relatively brief overlap, humans and Nean-
derthals interbred such that all or nearly all humans living today,
except those from Sub-Saharan Africa, carry a small amount of
Neanderthal DNA in their genomes.

When modern humans migrated out of Africa, they experienced
population bottlenecks. As a result of these bottlenecks, many
rare DNA variants that are present in Africans were lost, and se-
quence diversity was reduced.

All humans living today, from anywhere around the planet, differ
by only about 0.1% in their DNA sequences. These small differ-
ences are insufficient to split humans into different species.

The genomes of all species, including humans, evolve, but only
very slowly over many generations.

From a genetic perspective, humanity is a collection of DNA mol-
ecules that have been passed down from one generation to the
next.

There is no such thing as a genetically perfect person. All people
have many deleterious variants in their genomes and are therefore
genetically flawed.



Chapter 6

APPLICATIONS OF
CLINICAL DNA TESTING

Major Areas of Clinical DNA Testing
DNA testing in healthcare (clinical DNA testing) is a relatively new ac-
tivity. It started slowly in about 1970, but is now expanding rapidly.
Clinical DNA testing is performed in three major areas:

o testing for the microorganisms that infect our bodies

o testing of tumor DNA in cancer patients

o testing of germline DNA for heritable DNA variants

Most of this chapter, and nearly all of this book, is focused on the
third area, testing of germline DNA. Germline DNA is the DNA that
is present in all of our cells and that is passed from one generation to
the next. I will, however, briefly describe the other two major areas of
clinical DNA testing.

Like all species, the microorganisms that infect our bodies have
their own genomes. DNA testing for pathogen genomes has become a
powerful research tool, and is also finding wide application in clinical
diagnostics. For instance, during the 2020-2022 COVID-19 pandemic,
most patients in developed countries were diagnosed only after detec-
tion of the viral genome in their bodies. Billions of COVID-19 DNA
tests were performed worldwide (1). Sequencing of millions of com-
plete virus genomes also helped epidemiologists track the rise and fall
of different virus variants (Alpha, Beta, Delta, Omicron, etc.) (2-3).
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Testing for the DNA variants that arise via somatic mutation in tu-
mor cells has two primary applications. The first is screening for early
detection of cancer (4-6). This involves DNA testing of stool and, more
recently, blood. As most know, cancer is far more treatable when it is
caught at an early stage. Screening for early-stage cancer is a marvelous
example of preventive medicine.

The second application of tumor DNA testing is for advanced can-
cer patients (7-9). The goal here is to tailor treatments to the specific
somatic DNA variants present in the tumors. Different cancer patients,
even those with the same affected organ, have different somatic vari-
ants. The optimal treatment for the patient depends upon the nature
of these variants. This is a great example of precision medicine (10).
Precision medicine means that instead of treating an entire group of
patients, like all breast cancer patients, the same way, treatment is
specified by the variants that are present in individual patients. Clinical
DNA testing is required for most forms of precision medicine.

Primary Applications of Clinical

Germline DNA Testing

The primary healthcare applications of germline testing are listed in Ta-
ble 6.1. Each of these important, overlapping applications is discussed
below. As you’ll see, everyone can benefit from germline DNA testing,
regardless whether the person is healthy, severely ill, or anywhere in
between.

Table 6.1
Primary applications of germline DNA testing in healthcare

« Diagnosis of disease and disability
 Prevention of disease and disability
o Reproductive planning

o Pharmacogenetics

e Research
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Diagnosis of Disease and Disability

Much of germline clinical DNA testing is currently performed for the
purpose of diagnosis. An accurate diagnosis is required for optimal
treatment and management. The absence of a diagnosis or an incor-
rect diagnosis often leads to ineffective, wasteful, and sometimes even
harmful treatments.

Unfortunately, incorrect diagnoses are quite common in health-
care. A large study on diagnosis from 2015 by the US Institute of Med-
icine (now National Academy of Medicine) (11) reached the following
conclusions:

o Most people will experience at least one diagnostic error in their
lifetime, sometimes with devastating consequences.

e 5% of US adults who seek outpatient care each year experience a
diagnostic error.

» Diagnostic errors contribute to approximately 10% of patient
deaths.

 Diagnostic errors account for 6%-17% of hospital adverse events.

o Getting the right diagnosis is a key aspect of healthcare—it pro-
vides an explanation of a patient’s health problem and informs
subsequent healthcare decisions.

o Improving the diagnostic process is not only possible, but also
represents a moral, professional, and public health imperative.

A more recent study reported that about 800,000 deaths or cases of per-
manent morbidity annually in the US are the result of diagnostic error
(12).

While some diagnostic errors are due to human mistakes, most oc-
cur because current knowledge and understanding are simply insuffi-
cient to determine what is wrong with the patient. In many cases, even
after years of costly examinations and testing (a diagnostic odyssey),
the patient still remains without a correct diagnosis (see Case 2 in
Chapter 3 and also Case 3 below).

There are huge numbers of examples that demonstrate why optimal
treatment depends on a correct diagnosis. I’ll present just three, all of
which also nicely exemplify precision medicine.
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Epileptic seizures in an infant or child can have negative long-term
health consequences. Healthcare providers therefore attempt to con-
trol the seizures as early in life as possible. But there are many drugs
that can be prescribed for this purpose. So which drug should be used?
Seizures in children may be caused by deleterious variants in many dif-
ferent genes. The best drugs to be prescribed depend upon the gene
involved (Table 6.2) (13-21). Of course, identifying the gene involved
requires clinical DNA testing. The newborn Alesandro in Case 1 in
Chapter 2 had deleterious variants in both of his ALDH7A1 genes. Pyri-
doxine (vitamin B6) was therefore the most effective treatment for Ale-
sandro. Note also that for children with deleterious variants in SCNI1A,
some drugs are harmful.

Table 6.2
Optimal drugs for treating children with epilepsy

Gene Involved  Drug(s)

ALDH7AI pyridoxine (vitamin B6)

CHRNA4 zonisamide (for p.Ser284Leu variant)

KCNQ2 carbamazepine, phenytoin

KCNTI stiripentol, clonazepam, quinidine

PRRT2 carbamazepine

SCNIA clobazam, stiripentol, diazepam, clonazepam,
valproate
Avoid: carbamazepine, lamotrigine, and
vigabatrin

TSCI1, TSC2 vigabatrin

Cystic fibrosis (CF) is one of the most common recessive single-gene
disorders in people with European ancestry (Tables 4.3-4.5) (22-23).
Roughly 1 in 50 Europeans are carriers for a deleterious CF variant in
the CFTR gene. A century ago, CF patients rarely lived into their 20s.
Today, due to improved treatments and better overall diet and health,
CF patients often live into their 50s and beyond. Over 2,000 different
deleterious variants in the CFTR gene have been identified (a few of
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these are listed in Table 4.4). A number of drugs have recently been
developed that are useful in the treatment of CF (for example ivacaftor,
lumacaftor, tezacaftor, elexacaftor), but these drugs are only effective
in patients with specific deleterious variants. For instance, the combina-
tion drug ivacaftor-tezacaftor is recommended in children more than
6 years of age who are homozygous for the most common deleterious
variant: ¢.1521_1523del (p.Phe508del) (22).

The concept of correcting an abnormal gene in patients with
single-gene disorders, called gene therapy, has been around now for
decades (24). In just the last few years, however, gene therapy has fi-
nally moved from research labs to clinics. Approved gene therapies are
now available for patients with sickle cell anemia, a form of blindness,
spinal muscular atrophy, and hemophilia, and many additional gene
therapies for a wide range of single-gene disorders are under active de-
velopment. Each gene therapy is appropriate only for those patients
with abnormalities in one specific gene. As an example, the first ap-
proved gene therapy was for a rare, recessive form of blindness due to
abnormalities in the RPE65 gene (25). But because retinal blindness
can be caused by deleterious variants in over 300 different genes, clin-
ical DNA testing must be performed to determine whether the RPE65
gene therapy is warranted.

DNA testing in many cases assists healthcare providers reach quick
and accurate diagnoses. Thousands of articles in research journals have
now confirmed this fact. References 26-34 are just a tiny, but hopefully
reasonably representative, sampling of this vast literature. The conclu-
sion that DNA testing aids diagnosis is also confirmed by the direct ex-
periences of clinical testing laboratories. Millions of patients have now
been successfully diagnosed through clinical DNA testing.

Case 3: A Diagnostic Odyssey

John, age 60, had intermittent health problems his entire
adult life. Ever since his college days, he had been expe-
riencing bouts of severe abdominal pain and nausea. The
first episode occurred when he was at a party with his
friends and drank too much. Other episodes occurred after
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he went on a diet, and when he developed a bad sinus in-
fection. These bouts of illness were costly and disruptive to
his life. Twice he was hospitalized. At age 56 he was forced
to quit his job. Despite being examined numerous times,
John never received a correct diagnosis.

Finally, his provider ordered a genome DNA sequenc-
ing test. In two weeks, the lab report came back, showing
that John was heterozygous for a deleterious variant in his
HMBS gene. This variant was the clear cause of his disor-
der: acute intermittent porphyria (35).

To my knowledge, there is not yet any cure for this dom-
inant form of porphyria, but it has been known for many
years that the bouts of illness are triggered by alcohol,
some infections, dieting, and a number of drugs. If John
had received his DNA diagnosis early in life, he could have
avoided these triggers, and his life would have taken a dra-
matically different course.

Also, as a consequence of his testing result, John’s two
children and his sister were tested. His sister had experi-
enced similar symptoms during her life. Not surprisingly,
John’s sister and one of his children were found to be hete-
rozygous for the same deleterious variant. Both were then
counseled to avoid the triggers.

Unfortunately, porphyria is far from the only disorder with missed
diagnoses in the absence of DNA testing. Many cases of heart disease
(36-37), single-gene subforms of cancer (38), and neurological disor-
ders (39) can today be easily diagnosed through DNA testing, yet often
go undiagnosed through standard healthcare (40). And this is certainly
just a small sampling of a very large problem.

Sick newborns in neonatal intensive care units (NICUs) are a current
focus of clinical DNA testing for the purpose of diagnosis. Much recent
research has demonstrated the utility of exome and genome sequenc-
ing for this group of patients (33-34). Slowly, genome sequencing is
becoming standard of care for these infants. But I think this practice
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needs to be extended to all patients with serious health problems. In
my opinion, there is no excuse today for allowing any patient to go un-
diagnosed or to receive an incorrect diagnosis because a DNA test was
not ordered. At a minimum, every healthcare provider should know
both the highly penetrant deleterious variants and the significant new
variants that arose through germline mutation in each patient.

Prevention of Disease and Disability

Preventing disease and disability is nearly always better than dealing
with the problem after it has arisen. The old saying attributed to Ben-
jamin Franklin that “an ounce of prevention is worth a pound of cure”
really is true. Making a little effort and paying a little money to pre-
vent disease is vastly preferable to dealing with the enormous costs that
accompany disease. And disease encumbers not only the direct costs
of treatment, but also other significant costs, such as strains on rela-
tionships, sidetracking of careers, and shorter and lower-quality lives.
Through several avenues, DNA testing is advancing disease prevention.

Iinclude amelioration of disease as an important component of dis-
ease prevention. In many cases, it is not possible today to completely
prevent disease, but it is possible to delay the onset or reduce the se-
verity. Amelioration should not be undervalued. To a 76-year-old who
is beginning to develop Alzheimer’s disease, the difference between
losing mental function at age 78 versus 86 is huge.

There are now thousands of examples of the use of DNA testing for
disease prevention. In nearly all cases, if a person is known to be at
high risk for a disease, then steps can be taken to at least ameliorate
the disease (41). This applies to both single-gene and complex disor-
ders. John’s acute intermittent porphyria in Case 3 is a nice example
of the prevention of a single-gene disorder through DNA testing. Two
other examples involve the recessive disease phenylketonuria and
single-gene subforms of cancer.

Phenylketonuria (PKU) is caused by deleterious variants in the
gene that codes for an enzyme involved in the chemical breakdown of
the amino acid phenylalanine (Phe) (42). Much as a dam on a river cre-
ates a reservoir, when the breakdown of Phe is blocked, levels of this
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amino acid in the body increase. High levels of Phe cause intellectual
disability. Fortunately, this disability can be prevented by giving the
patient a diet that is low in Phe.

Case 4: Cancer Prevention

Jayanti was a vigorous, middle-aged woman and the mother
of two teenagers. Although Jayanti was herself healthy, she
had a family history of cancer. For her own benefit and that
of her children, she underwent testing of her cancer genes
to determine whether there was a single-gene subform of
cancer running in her family. The lab found that Jayanti had
a large heterozygous deletion in one of her MSH2 genes.
This deletion meant that she had Lynch syndrome, a her-
itable cancer predisposition syndrome involving colon and
other types of cancer (43). Her risk of developing colon
cancer by age 70 was about 20 times the risk of the average
person.

As a result of this DNA diagnosis, Jayanti took a num-
ber of preventive actions, including an annual colonoscopy
and annual scoping of her upper gastrointestinal tract. She
also had surgery to remove her ovaries and uterus. With
these measures, her chance of developing life-threatening
cancer was considerably reduced. Jayanti’s children were
also tested for the deletion.

Prevention is also starting to be applied to genetically complex dis-
orders. For most genetically complex disorders, risk for the disease in
a population can be represented by what statisticians call a normal dis-
tribution (Figure 6.1A). Increasing risk for the disease is plotted on the
horizontal axis and numbers of people on the vertical axis. The great
majority of people have risk that is close to the population average
(Figure 6.1B). A relatively few lucky people have especially low risk
(Figure 6.1C), and a relatively few unlucky people have especially high
risk (Figure 6.1D). If those who are at especially high risk can be iden-
tified early in life, before symptoms appear, then available preventive
measures may be deployed.
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Figure 6.1 Risk distributions for complex disorders and traits
Panel A: Risk distribution. Panel B: The great majority of peo-
ple with risk near the average. Panel C: People at low risk. Panel
D: People at high risk.

In Chapter 4, I described how overall risk for a complex disorder
can be estimated by combining many heritable and nonheritable risk
factors (Figures 4.8 and 4.9). Algorithms that combine risk factors into
a single score are under active development and testing (44-49). Such
algorithms yield what are called risk indices. If the algorithms utilize
only genetic variants and not environmental risk factors, then they pro-
duce what are called polygenic indices (also called polygenic scores or
polygenic risk scores). Risk (and polygenic) indices have normal dis-
tributions like those shown in Figure 6.1. Many risk indices have now
been developed for many different complex disorders and traits.

Risk indices are still in the relatively early stages of development and
don’t yet do a great job of predicting risk. Not all risk factors have been
identified, and researchers don’t know the best ways to combine the
factors. The indices also work best in the population from which they
were derived (44-48). For instance, polygenic indices developed from
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people with European ancestry work best in Europeans, but less well
in people with Asian or African ancestry. Nevertheless, despite these
limitations and obstacles, risk indices are gradually moving from re-
search into hospitals and clinics (50-52). Clinical trials of risk indices
are already underway (45, 53-54). Once a patient’s genome sequence
has been added to their electronic health record, a virtually unlimited
number of indices can be calculated at any point in their life at very
little cost.

The potential of risk indices to prevent disease is enormous. Today,
patients typically seek healthcare only after a disease is relatively ad-
vanced and causing them distress. By then, although treatment may
be possible, complete prevention is often ruled out. With risk indices,
however, people with especially high risk for disease can be identified
long before symptoms appear, and then prevention becomes a realistic
option. Examples of disorders for which effective preventive measures
are available today are listed in Table 6.3. And this is just the tip of the
iceberg. New and improved preventive measures are continually being
developed. I think in future providers will be able to prevent nearly all

disorders.
Table 6.3
Examples of disorders at least partially preventable today
Disorder Preventive Measure(s)
Hemochromatosis Phlebotomy
Cancer Enhanced screening; surgery
Coronary artery disease  Statins to reduce cholesterol levels
Type 1 diabetes Metabolic control; immunointervention
Glaucoma Topical prostaglandin analogues; laser
trabeculoplasty
Macular degeneration Antioxidants such as lutein; anti-VEGF
agents
Alzheimer’s disease Anti-Ap antibodies

References: hemochromatosis (55); type 1 diabetes (56); glaucoma (57); macular
degeneration (58-60); Alzheimer’s (61-62).
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If a person’s risk index for a specific disorder is high, and if relatively
safe and inexpensive preventive measures are available, those measures
might be implemented solely based on the index. However, I think a
more common approach for people with high indices will be to look for
the earliest signs of the disease before implementing preventive meas-
ures. For instance, because current measures for preventing Alzheim-
er’s disease are expensive and only modestly effective (61-62), these
measures might be implemented only for patients who are beginning
to demonstrate symptoms of the disease. Fortunately, better screen-
ing methods to detect disease at earlier stages are also being developed
(see, for example, 63-64).

Reproductive Planning

In addition to prevention through healthcare interventions, thousands
of single-gene disorders and aneuploidies can be prevented through re-
productive planning. Nearly all couples want healthy children. Caring
for a child with a severe illness or disability is very costly in many ways.
Reproductive planning through DNA testing involves a number of
different approaches, including partner selection, prenatal screening,
prenatal testing, and assisted reproductive technologies. Reproductive
planning is already reducing the prevalence of a number of disorders,
including Tay-Sachs disease, cystic fibrosis, thalassemia, and trisomy
21 (65-68). The topic of reproductive planning is covered in depth in
Chapter 11.

Pharmacogenetics

Pharmacogenetics (also often called pharmacogenomics) means to
utilize DNA testing to inform drug prescription. In a growing number
of cases, based upon the patient’s DNA sequences, providers can pre-
scribe the safest, most effective drug at the best initial dose (69-71).
Since in developed countries the great majority of people take one or
more pharmaceuticals during their lifetimes, pharmacogenetics can
benefit nearly everyone. Pharmacogenetics is a key component of pre-
cision medicine.
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Each year, enormous numbers of patients are prescribed drugs that
are ineffective and/or cause adverse reactions. An analysis published
in 2015 concluded that for the 10 best-selling drugs in the US at that
time, for every one person helped by the drug, 3-24 people failed to
improve (72). For many disorders, physicians must choose from multi-
ple drugs that may be prescribed (see, for example, Table 6.2). Without
DNA testing, providers often have to try multiple drugs until they find
one that is effective.

Adverse drug reactions (ADRs), which can range from mild dis-
comfort to hospitalization to death, are an enormous health problem
(71, 73-75). Approximately 15% of all hospital patients experience an
ADR. In developed nations, regulatory bodies like the US Food and
Drug Administration (FDA) approve drugs only after extensive safety
testing. Why, then, do ADRs occur? A good part of the answer is that
people differ in their DNA sequences. Over the last few decades, genet-
icists have begun to learn that a person’s genome strongly influences
their reactions to drugs (69-71).

DNA sequences influence a person’s reaction to drugs through a
number of mechanisms. Drugs remain in our bodies for only a limited
time. They are usually chemically modified by enzymes and then ex-
creted in the urine and/or feces. Variations in the genes that code for
these metabolizing enzymes affect the concentration of the drug in
the body over time. Some people have variants that result in unusually
slow drug metabolism. Drugs remain in their bodies at higher concen-
trations for longer periods of time, which can cause an effect similar to
an overdose. Others have variants that result in unusually rapid drug
metabolism. This can reduce the effectiveness of a drug.

The protein target(s) of a drug may also be altered through mutation
such that the drug is ineffective or causes an adverse reaction. Tumor
cells in cancer patients often evolve resistance to chemotherapeutic
agents through somatic mutation. An example involving a deadly ADR
is described in the following case.
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Case 5: Deadly Adverse Drug Reaction

Jason was a 17-year-old high school student who loved to
play sports. His favorite sport was American-type football.
During one of the games, Jason injured his shoulder. His
doctors recommended surgery to repair the injury. Ja-
son and his parents arrived at the hospital for what they
expected would be a routine, relatively minor surgical
procedure.

Unfortunately, when Jason was given standard anes-
thetic, his body temperature zoomed and all the muscles in
his body contracted. Despite intense efforts, his physicians
were unable to save him. Jason died as a result of a rare, se-
vere adverse reaction to commonly used anesthetics called
malignant hyperthermia (MH).

Jason’s parents were, of course, devastated by his death.
But later, when they had begun to recover, it was recom-
mended that they both receive DNA testing for MH to
learn whether they were susceptible. Many cases of MH
are known to be caused by rare variants in the RYRI gene,
which codes for a key protein in skeletal muscle. These var-
iants do not affect the muscle function of the RYRI protein
and therefore usually go undetected. The DNA testing re-
vealed that Jason’s father was heterozygous for the RYRI
¢.7300G>A (p.Gly2434Arg) variant. This variant is known
to cause susceptibility to MH and was very likely the cause
of Jason’s death.

Fortunately for those who are susceptible to MH, al-
ternative anesthetics can be used that do not cause the ad-
verse reaction. As a result of his testing, Jason’s father be-
gan wearing a medical alert bracelet that warned providers
he was susceptible to MH. If Jason had received genome
sequencing early in life, then the dangerous MH variant
would easily have been identified, and he would likely be
alive and healthy today.

101
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Recently, outcomes of clinical pharmacogenetics trials have begun
to be published (76-80). These trials have consistently shown that
pharmacogenetics improves healthcare. In probably the largest clinical
trial completed to date (80), testing of just 12 pharmacogenetics genes
reduced ADRs by about 25%. And there is considerable room for fur-
ther improvement. Much more needs to be learned about the variants
that affect our reactions to drugs, and the ways in which these variants
interact. My opinion is that the field of pharmacogenetics is just in its
infancy. Already, pharmacogenetics is beginning to improve health-
care, and in future, as knowledge grows, it will have a much greater
impact.

Research

These days, many of the biggest advances in human genetics are be-
ing made by researchers who analyze both the DNA sequences and the
clinical features of large numbers of people (10, 81-82). Through such
studies, many deleterious DNA variants that cause or increase the risk
for disease and disability are being identified and characterized. Also
through such studies, polygenic indices are being improved, and new
drugs are being developed.

We thus have a virtuous cycle. As the sequences from more people
are collected and analyzed, DNA testing becomes more effective. And
as DNA testing becomes more effective, more people will demand this
healthcare service. We can all help to improve healthcare by sharing
our de-identified DNA and health information with researchers. I think
we all should.

Other Healthcare Applications

of Germline DNA Testing

Germline testing has several useful applications beyond those listed in
Table 6.1. Among these are identification of individuals, construction
and confirmation of family trees, determination of geoancestry, HLA
(human leukocyte antigen) typing for transplantation, blood typing,
and detection of sequencing errors.
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DNA testing can be used, much like a fingerprint, to identify an in-
dividual. Perpetrators of crimes are frequently identified these days by
small amounts of their DNA left at crime scenes (83). In the US, a large
database of DNA testing results from convicted criminals and some ac-
cused individuals is maintained by the Federal Bureau of Investigation
(FBI). As of 2024, the FBI CODIS database contained DNA data from
about 25 million individuals. DNA testing is also often used to identify
human remains. Many of the remains from the 9/11/2001 terrorist at-
tack on the skyscrapers in New York City were identified using DNA
testing (84). Identifying such remains is important because it brings
closure to the relatives of the deceased.

Because each person inherits half their DNA from their mother and
half from their father, the variants identified through genome sequenc-
ing can readily be used to construct family trees. Accurate family trees
are useful in healthcare. Family history of disease, for example, is one
of the strongest risk factors for many disorders (see Case 7 in Chapter
7). The family trees that people assume to be correct are good starting
points, but are sometimes inaccurate mainly due to false paternity (the
assumed father is not the biological father). If birth years and genome
sequences from a child and his/her biological parents are available,
then even if this information is buried in a database of many millions of
people, geneticists can easily connect the child to the parents.

As described in the previous chapter, it is also possible, using ge-
nome sequence information alone, to determine the geoancestry of
a person. I define geoancestry as the continental origin of a person’s
ancestors as of about the year 1500. In addition to being of personal
interest, geoancestry is also useful in healthcare. Polygenic indices can
be tailored, for instance, to a person’s geoancestry.

These days, most HLA typing, which is essential for transplantation,
is accomplished through DNA testing (85). A special DNA test just for
this purpose is usually performed. But the same information can also
be extracted from a genome sequence. If genome sequencing is per-
formed early in life, and if the data are retained (see the “Data” section
in the next chapter), then the HLA results can easily be recalled if and
when they are needed later in life. Similarly, blood types can also be
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determined using DNA testing (86). Knowing blood types is important

for transfusions and also for maternal-infant Rh factor compatibility.

Finally, sequencing errors in accredited clinical labs, while rare, do

occasionally occur. Using family structure and sequence data from fam-

ily members, geneticists can often detect sequencing errors. A simple

example is shown in Figure 6.2. Because the paternal grandfather and

the grandson both carry the rare G variant, it is very likely the father

also carries this variant, and the apparent sequence for the father from

the laboratory is incorrect.

AG () aA
AA () AA

AG

Figure 6.2 Detection of sequence errors

through DNA testing of family members
The “G” variant is rare. Because both the paternal grandfather
and the grandson carry the G variant, it is likely that the DNA
test for the father is incorrect, and that he is actually heterozy-
gous AG.

Summary

Because of its great benefit to patients, clinical DNA testing is ex-
panding rapidly.

There are three main areas of clinical DNA testing:

o Testing for the microorganisms that infect our bodies

o Testing of tumor DNA in cancer patients

o Testing of germline DNA

The primary applications of germline DNA testing are:

o Diagnosis
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o Disease prevention

o Reproductive planning

o Pharmacogenetics

o Research

DNA testing is a powerful tool to help healthcare providers reach
rapid and accurate diagnoses. An accurate diagnosis is essential
for optimal healthcare.

Through DNA testing and risk indices, geneticists’ capability to
predict a person’s risk for developing a specific disorder is im-
proving rapidly. Gauging a person’s risk for disease is a key step
in prevention.

A significant fraction of disease and disability, particularly
single-gene disorders, can be avoided through reproductive plan-
ning (Chapter 11).

Geneticists are still learning a great deal about pharmacogenetics,
but even so, pharmacogenetics is already helping to reduce ad-
verse drug reactions and improve the efficacy of drugs.

The more DNA sequence and clinical information that becomes
available to researchers, the more rapidly researchers will learn,
and the more beneficial clinical DNA testing will become.
Additional important applications of clinical DNA testing include
individual identification, creation of family trees, and determina-
tion of geoancestry.

Clinical DNA testing benefits everyone.



Chapter 7

CLINICAL DNA
TESTING FACTORS

Limitations of Clinical DNA Testing

In the previous chapter, I presented the many beneficial applications of
clinical DNA testing. But clinical DNA testing is not a panacea. For the
sake of impartiality, I think it’s important to describe what I see as the
current major limitations.

In patients with a significant health problem or disability, even full
genome sequencing yields a clear diagnosis only about a third of the
time (1-6). Partly this is because of geneticists’ limited ability to inter-
pret the sequences. Due to lack of evidence, many rare sequence var-
iants currently have unknown clinical significance. Also, geneticists’
ability to predict the combined effect of two or more rare variants in
different genes is almost nil. Failure to reach a diagnosis is sometimes
due to technical limitation. There are important regions of the genome
that are today difficult to sequence. Environmental causes of disease
are another important reason why diagnosis is not always achieved.
Diagnostic rates through DNA testing will improve in future but, espe-
cially because of environmental factors, will never reach 100%.

Geneticists today do not have good estimates of penetrance for
most deleterious variants. This can lead to rare mistakes. For instance, a
woman may undergo a mastectomy solely because she is heterozygous
for a breast cancer risk variant with 5% penetrance. Similarly, healthy
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fetuses may be aborted solely because they carry a low-penetrance risk
variant.

As described in the “Data” section below, it’s important for health-
care purposes to retain patient DNA sequence information. Yet pa-
tient sequences are just beginning to be entered into patient electronic
health records, and are often not retained today.

Too few healthcare providers have special training and expertise in
genetics. As shown in Table 7.1, there are three major groups of health-
care personnel with expertise in clinical genetics.

Table 7.1
Numbers of healthcare providers with
genetics expertise in the US

Current Number Added Each
Numbers Year by Training
Group Practicing in US Programs
MD medical geneticists 700 100
Genetic counselors 7,500 600
PhD lab geneticists 1,200 130

Physicians with special training in genetics—usually called medical
or clinical geneticists—order DNA tests and diagnose and manage pa-
tients. They also often consult with other providers, lead testing labo-
ratories, and are involved in research. The number of practicing med-
ical geneticists in the US (about 700) (7-8) is very small compared to,
for example, pediatricians (33,000) or general practitioners (168,000)
(9). Some less populous US states today have no practicing medical
geneticists.

Genetic counselors specialize in communicating genetic informa-
tion to patients and providers. Here, numbers are more encouraging
(10-12). Training programs for genetic counselors have grown both in
number and class size in recent years. In the US alone, about 600 new
genetic counselors are graduating from training programs each year.
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Laboratory clinical geneticists (usually PhDs) supervise clinical
DNA testing and interpret test results. Numbers of these specialists ap-
pear to be growing in the US, but not as fast as needed (13).

The number of healthcare genetics specialists worldwide is also
growing, but only slowly (7, 12). Numbers of these specialists per cap-
itain other nations are even lower than in the US (12-14). Some devel-
oping nations have no such specialists at all, and even in some populous
countries like India, the numbers are currently tiny.

Because there are too few genetic specialists to serve entire pop-
ulations, many healthcare providers who are not genetic specialists
will need to deal with genetics. Today, however, many providers avoid
doing so because they don’t understand genetics well and feel it’s too
complex. Patients also often shy away from genetics for the same rea-
sons. Genetics education therefore needs to be improved for providers
and patients alike. This book is one small part of that effort.

Ethical, Legal, and Social Implications

of Germline Testing

In 1990, near the start of the Human Genome Project (see below), the
US National Institutes of Health (NIH) set aside funds to study the eth-
ical, legal, and social implications (ELSI) of the Genome Project and
human genetics more generally (15). Many ELSI studies were subse-
quently completed and published. These studies identified a number
of potential risks associated with germline testing, some of which are
listed in Table 7.2.

Table 7.2
Some of the major ELSI concerns
associated with DNA testing

« Privacy of genetic testing results

o Discrimination in employment

o Discrimination in health and other insurance
 Stigmatization of groups such as minorities and the disabled
« Psychological distress




Chapter 7 Clinical DNA Testing Factors 109

Fortunately, the dire warnings of ethicists have not materialized.
Tens of millions of people worldwide have now had their DNA tested
without triggering the hypothetical problems listed in Table 7.2. Peo-
ple who have had DNA testing are not more emotionally distressed
than those who have not had testing (16-18). The US and other coun-
tries have passed laws prohibiting genetic discrimination in employ-
ment and insurance (19). Examples, especially recent examples, of in-
dividuals who have been harmed through DNA testing are vanishingly
rare. My own opinion is that for most people, having your genome se-
quenced is less frightening than receiving a mammogram or colonos-
copy. Genome sequencing might tell you that you have a predisposition
for cancer, but a mammogram or colonoscopy might tell you that you
have cancer.

This does not mean, however, that we should be cavalier about DNA
testing. DNA sequence information is potent. It informs risk of dis-
ease, reproductive outcomes, and ancestry. Many thorny questions are
raised by DNA testing, a small sampling of which are listed in Table 7.3.

Table 7.3
Some difficult ethical questions raised by
DNA testing and human genetics

o Should adopted individuals be provided with the identities
of their biological parents?

o Should people be permitted to withhold their own DNA
sequence information from being used anonymously to
benefit their relatives?

o Isitaviolation of privacy to sequence DNA from ancient
human remains, especially those that have been identified,
such as remains of famous people?

o Should DNA sequence information in clinical DNA
databases be used to solve crimes?

o Should sperm donors be permitted to father unlimited
numbers of children?

o Should germline DNA editing be permitted?

o Should people be cloned?
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I believe DNA sequence information should be treated with great
respect and kept strictly confidential; DNA sequences should be
among the most private of all personal information. But I also think
that the benefits of DNA testing are so great that the inherent contro-
versies must be overcome. Answering difficult ethical questions such as
those listed in Table 7.3 will require lengthy and careful deliberation,
but such questions can, and will, be answered. Resolving difficult eth-
ical questions is nothing new. Human societies have been doing it for
thousands of years.

What Type of Germline Testing?

Over the last few decades, a number of laboratory methods have been
developed for analyzing the human genome. Several of these methods
are still in use in clinical labs, but the current favored method is DNA
sequencing. Sequencing of the first human genome was completed in
2001 as the primary goal of the Human Genome Project (20). This first
genome sequence was expensive, costing in the neighborhood of $3
billion. The high cost was largely due to the use of older sequencing
technology. Since then, DNA sequencing technology has improved
radically, and costs have dropped over a million-fold. A person’s com-
plete genome can now be sequenced for about $200, and sequencing
technology continues to improve.

Healthcare providers can order many different types of germline
sequencing tests for their patients. They can order a test of a single
nucleotide to determine whether a patient carries a specific deleteri-
ous variant (usually one that has already been found in another fam-
ily member). They can also order sequencing of a gene panel. If their
patient is deaf, for example, they may order sequencing of a panel of
about 200 genes that are known to be involved in hearing loss. They
can also order sequencing of the exons of all 20,000 genes (an exome
sequencing test). Or, they can order sequencing of the entire genome
(a genome sequencing test). So, what type of germline test is best?

To help answer this question, I'll recount an old Indian fable.
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A group of blind men lived in a rural village in India. To pass
the time, the men often talked and argued among them-
selves. One of their favorite topics was the fabulous animal,
the elephant. There were no elephants in their village.

One day, as a special treat, the blind men were led to the
raja’s palace grounds where they encountered an elephant.
One of the blind men touched the elephant’s ear and said:
“An elephant is like a great fan.” Another touched the ele-
phant’s trunk and said: “No, you’re wrong, an elephant is
like a big snake.” A third touched the elephant’s tusk and
said: “The elephant is like a giant spear.” And so they ar-
gued all the way home and long thereafter.

The moral of the story, of course, is that people need to
experience the whole object for understanding. Just expe-
riencing a portion of the object is often misleading.

So it is with germline DNA sequencing. When geneticists sequence
just a single gene or even hundreds of genes, they often get a distorted
view of the patient’s situation. Even the best medical geneticists can-
not always predict which genes are involved in the patient’s problem.
And because expert medical geneticists are scarce, more and more
providers who are not genetic experts are ordering DNA tests. Full ge-
nome sequencing for patients bypasses the need to make guesses about
which genes might be involved. Genome sequencing covers all people
and all disorders.

Genome sequencing also often reveals totally unanticipated health
problems. Consider the following case.

Case 6: Unanticipated Diagnosis

Zahra, a four-month-old girl, had congenital heart disease.
In an attempt to reach an accurate diagnosis, her provider
ordered genome sequencing. The sequencing revealed that
Zahra was heterozygous for a large three-million-nucleo-
tide deletion on chromosome 22 (21). This deletion was
very likely the primary cause of her heart disease.
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But the sequencing also revealed that Zahra was het-
erozygous for deleterious variants in both of her ATP7B
genes on chromosome 13. These variants meant that she
had a second, unrelated disorder called Wilson disease
(22).In this disease, levels of copper build up to toxic levels
in the body and cause irreversible damage to a number of
organs, particularly the brain and liver. Fortunately, there
is a treatment called chelation that removes the copper
from the body. If Zahra can overcome her heart disease,
it will be important for her providers to monitor her cop-
per levels and perform the chelation or other therapy as
needed.

If Zahra’s provider had ordered sequencing of just
known heart disease genes, then the Wilson disease diag-
nosis would have been missed. Only because all the genes
were sequenced was it possible to make this diagnosis.

Multiple genetic diagnoses, such as in Zahra’s case, are relatively
common, occurring in roughly 5% of patients with significant health
problems (23-25). In addition, many people are totally unaware that
they are at high risk for developing a preventable disorder like cancer
later in life. Genome sequencing uncovers such risks.

Many limited, specialized germline DNA tests are carried out to-
day for purposes other than diagnosis. Large numbers of DNA tests
are performed solely for pharmacogenetics, reproductive planning,
cancer predisposition, geoancestry, HLA typing, and other purposes.
Genome sequencing serves all of these applications and much more. It
is a universal test for all parts of the genome.

Another common reason today for performing limited germline
tests is that healthcare funders, such as health insurance companies
in the US or provincial governments in Canada, assume they will save
money by paying only for tests that cover a portion of the genome. In
my experience, this is false economy. The difference in cost between
gene panel sequencing and genome sequencing is dropping. Also, if the
gene panel test is negative, it is often followed by genome (or exome)
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sequencing. This ultimately increases total patient costs and prolongs
diagnostic odysseys (see Cases 2 and 3) (26-28). In patients who are
severely ill, like infants in NICUs, rapid diagnosis is especially impor-
tant (29). Such babies need immediate help; they cannot wait for a di-
agnostic odyssey.

A substantial, but gradually shrinking, group of geneticists still to-
day prefers exome to genome sequencing. Remember that exome se-
quencing involves sequencing only about 1.5% of the total nucleotides
in the genome. This makes exome sequencing less expensive than ge-
nome sequencing. However, genome sequencing has substantial ad-
vantages over exome sequencing, as shown in Table 7.4 (30-34). These
advantages are a bit technical, but to summarize, genome sequencing
provides information on sequence variants located outside of exons
that are important in diagnosis and for generating polygenic indices.
Genome sequencing is also superior in detecting large deletions and in-
sertions and analyzing some of the more difficult regions of the genome.

Table 7.4
Advantages of genome sequencing over exome sequencing

o Detection of highly penetrant deleterious variants for
single-gene disorders that are located outside of exons

o Superior detection of large deletions and insertions of DNA

o Superior analysis of tandem repeats

« Detection of low-penetrance noncoding risk variants

 Superior analysis of genes present in the genome in multiple
copies

Michael Astion, a physician leader in laboratory medicine at Seattle
Children’s Hospital, introduced me to the following equation:

Value of a _ Quality of Test
Clinical Test - Cost of Test

The value to patients of a particular laboratory test is the quality of the
test divided by its cost. Value is improved either by increasing the qual-
ity of the test and/or by decreasing the cost. Based on this equation,
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and considering the information provided above, I strongly feel that
genome sequencing provides the best value to patients. No other
germline test provides even close to the amount of information for the
price. Therefore, to return to the question of what type of germline
test, I conclude that the answer is full genome sequencing.

Who Should Receive Genome Sequencing?

Another important question in clinical DNA testing is who should re-
ceive genome sequencing. Should it be only those with significant dis-
ease or disability? Should it be all newborns? Or should it perhaps be
everyone?

Cost is an important factor in answering such questions. Today, a
human genome can be sequenced for about $200. However, when the
costs of drawing and shipping blood, extracting DNA, interpretating
the sequence, and generating test reports are added, the total cost for
clinical genome sequencing is in the range of $1,000. That is certainly
a good amount of money, but compared to many other common ex-
penditures such as a new cell phone ($900), a new car ($40,000), or
raising a child ($250,000), genome sequencing is not especially pricey.
In the US, the current average lifetime cost of healthcare is approaching
$1 million (35). Genome sequencing, even after adding in the cost of
counseling and repeated interpretation of the sequence (see below), is
less than 0.3% of this total. Other developed nations spend less per cap-
ita on healthcare than Americans, but the costs for genome sequencing
would still be less than 1% of lifetime healthcare costs. In my opinion,
this is a pittance compared to the vast benefits received.

Healthcare economists have repeatedly concluded that for people
with significant healthcare problems, especially sick infants and chil-
dren, genome sequencing is cost effective (36-40). Fewer studies have
been reported on the cost effectiveness of germline testing in healthy
individuals, but even here the results have been encouraging. Germline
testing has been reported to be cost effective for prevention of breast/
colon cancer and hypercholesterolemia (41-42), skin cancer (43), and
recessive disease through carrier testing (44). Given these results,
and given that these studies considered pretty much all of the costs of
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testing, but only a small fraction of the benefits (usually just diagnosis),
I personally am certain that population-level genome sequencing will
be cost effective. Cost, in my opinion, should never prevent anyone in
a developed nation from receiving genome sequencing. It is one of the
best bargains people will ever see in their lives.

Healthy individuals can benefit from genome sequencing through
reproductive planning, pharmacogenetics, and prevention of disease.
Even for those rare individuals who never take any prescription drugs
and are never sick, sequencing of their genomes will benefit family
members directly (see Case 7 below) and all others indirectly through
research. Therefore, my answer to the question who should receive ge-
nome sequencing is everyone.

When in Life Should Genome

Sequencing Be Performed?

Except for somatic mutation, our genomes remain unchanged from the
moment of fertilization until the day we die. The genome sequencing
performed on a newborn is useful to that same person at age 95. As
long as the sequence information is retained, clinical genome sequenc-
ing needs to be performed only once in a lifetime.

For over 50 years now, nearly every baby born in the US and other
developed nations has received testing within a few days of birth for a
panel of single-gene disorders (45-48). The purpose of these newborn
screening programs is to catch a limited number of rare disorders as
early in life as possible so that treatment can begin immediately.

The single-gene disorder that initiated newborn screening is phe-
nylketonuria (PKU) (49). In PKU, unusually high levels of the amino
acid Phe impede normal brain development and lead to intellectual
disability. This disability can be prevented if the patient is given a diet
low in Phe as early in life as possible. If the disease is diagnosed later in
life, it is too late. The intellectual disability cannot be reversed.

Newborn screening panels in the US currently test for up to about
50 different single-gene disorders (46), but screening is not performed
today for many other disorders for which early diagnosis is important.
Consider autism and autism-like disorders (collectively termed autism
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spectrum disorders or ASDs). ASDs affect up to 2% of children (50—
52). The average age at ASD diagnosis today is four years (53). Early
diagnosis is important because interventions are most effective when
started early (54-55). Because ASDs are highly heritable, they can of-
ten be diagnosed through DNA sequencing (56-58). For ASD patients,
therefore, the earlier in life genome sequencing is performed and diag-
nosis established, the better.

Many geneticists, myself included, advocate complementing and
eventually replacing the current newborn screening programs with ge-
nome sequencing. Research projects involving genome sequencing for
hundreds of thousands of newborns, healthy and ill, are now underway
(47).1applaud the direction this research is headed. My answer, there-
fore, to the question when should genome sequencing be performed is
at birth.

DNA Banking

DNA banking is the long-term, secure storage of a person’s DNA, even
after death, for the purpose of future testing. Consider the following
case.

Case 7: Importance of DNA Banking
Helen was a 42-year-old mother of two daughters. As
shown in her family tree in Figure 7.1, Helen had a fam-
ily history of cancer. Her mother, aunt, and great-aunt all
had breast or ovarian cancer. She was concerned about her
own risk for cancer, as well as cancer risk for her daughters.
Helen therefore decided to have her genome sequenced.
The lab determined that Helen carried a rare sequence
variant in one of the copies of her breast cancer 2 (BRCA2)
gene. This variant altered one of the amino acids in the
coded protein. It is known that deleterious variants in
BRCA2 significantly increase a woman’s risk of breast and
other cancers, but there was not enough evidence in the
biomedical literature or databases to determine whether
Helen’s specific variant was deleterious or not. The lab



Chapter 7 Clinical DNA Testing Factors 117

therefore interpreted this variant as “uncertain clinical sig-
nificance”—not very helpful to Helen or her family.

But wait. What if more members of Helen’s family were
explored? If the affected women in her family were also
found to carry Helen’s rare variant, then the probability
that it is deleterious would be greatly increased.

Notice in Figure 7.1 that the symbols for Helen’s aunt
and great-aunt have X’s through them. An X means that the
person is deceased. If the aunt and great-aunt had banked
their DNA, then the DNA could easily be retrieved and
tested, but if they did not, Helen would be out of luck.

¥
ol

AGE:42
—_—

00 000

Figure 7.1 Case 7 family tree
The arrow indicates Helen. BrCa is breast cancer; OvCa is ovar-
ian cancer. X’s through symbols indicate that the individual is
deceased.

Diagnosis of disease and interpretation of sequence variants are
both significantly improved by using sequence and clinical informa-
tion from family members. This is why DNA banking is so important.
As mentioned in Chapter 5, geneticists now have the capability to se-
quence DNA from human remains that are many thousands of years
old. Storing DNA in freezers for decades or even a few centuries before
sequencing is therefore trivial. DNA banking is also easy and inexpen-
sive. In scale, it can be completed for a onetime cost of less than $100.

The importance of DNA banking is not widely recognized. Many
healthcare providers today know nothing about it. Nevertheless, DNA
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banking can be enormously important to families. It’s a little like pre-
paring a will—you don’t do it for yourself, but rather for your family.
After a person has been buried or cremated, it is difficult or impossible
to obtain their DNA, so it’s best to do the banking while they are still
alive. My strong opinion is that everyone should bank their DNA.

Data

To be of the greatest value, the results of germline DNA tests must be
saved indefinitely in electronic medical records. There are at least four
good reasons for this. First, except for somatic mutation, our DNA se-
quences do not change over our lifetimes. If stored and retained, the se-
quence information can be used over a person’s entire life to diagnose
and prevent disease, inform reproduction, and prescribe drugs. Even
after a person dies, this information will benefit family members and
others. Most sequence analyses will be completed by computer pro-
grams and so will be relatively inexpensive.

Second, our collective knowledge about genes and variants is con-
stantly growing, and geneticists’ ability to interpret a person’s ge-
nome sequence is steadily improving. Periodically reinterpreting the
sequence is essential to make it optimally useful. Diagnoses that were
originally missed when the sequence was first generated can some-
times be made upon reinterpretation (59-61). Risk indices and com-
puter processing of the raw sequence data are also steadily improving.
Portions of the genome that, for technical reasons, are currently diffi-
cult to analyze will become tractable in the future.

Third, a person’s genome sequence helps family members. Because
each child inherits their DNA from their parents, family members are
inextricably linked genetically. Even distant cousins share appreciable
amounts of DNA. In most of healthcare, the unit of care, as I like to call
it, is the individual. When a person comes to a hospital with a broken
leg or a severe infection, the unit of care is, as it should be, that individ-
ual. But in genetics, the unit of care is not the individual, but the family
(see all nine cases in this book). To maximize the benefit of genetics for
individual patients, providers must have access to sequence informa-
tion from relatives.
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The phase of variants—defined as whether two or more variants
within or near a gene are located together on one chromosome or are
located on different chromosomes—is often important in healthcare.
If, for example, two rare variants in a recessive gene are found in a
child, then it is critical to determine the phase of the variants. If both
variants are located on the same chromosome, then it is unlikely that
they are the cause of disease, but if the variants are located on differ-
ent chromosomes, then they are much more likely to be the primary
cause. In many cases, phase cannot currently be determined simply by
sequencing the patient alone. The easiest way to determine phase is to
sequence DNA from the parents (Figure 7.2). Phase of variants is also
particularly important in pharmacogenetics.

c.1210C>T (p.Arg404Cys) c.452G>A (p.Trp151Stop) ¢.452G>A (p.Trp151Stop)
¢.1210C>T (p.Arg404Cys)

c.452G>A (p.Trp151Stop) c.452G>A (p.Trp151Stop)
¢.1210C>T (p.Arg404Cys) ¢.1210C>T (p.Arg404Cys)
A B

Figure 7.2 Determination of phase using
sequence information from parents

The girl in the family is heterozygous for two deleterious variants
in the DHCR7 gene c..452G>A (p.Trp151Stop) and ¢.1210C>T
(p.Arg404Cys). If, as in panel A, the child inherited one vari-
ant from each parent, then the variants are on different chro-
mosomes, and the child has a genetic diagnosis of the recessive
disease Smith-Lemli-Opitz syndrome. However, if, as in panel
B, the child inherited both variants from a single parent, then
because the child has one normal chromosome, it is unlikely
that she is affected with this recessive disease.

The fourth reason is that sequence information from individuals
coupled with their clinical information is vital to advancing human ge-
netics research (62-65). Geneticists use such data to improve knowl-
edge of heritability of disorders and traits, penetrance of variants,
clinical significance of variants, polygenic indices, and many other
parameters and phenomena. The more data that are available to re-
searchers, the more rapidly clinical genetics and healthcare in general
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will improve. Data retention is an essential component of the virtuous
cycle described in the previous chapter. More data improves the value
of genome sequencing, which encourages more people to have their
genomes sequenced, which allows researchers to gain new knowledge,
and so on, indefinitely.

Many sequence variants are extremely rare, present in less than one
per million people. Nearly all highly penetrant deleterious variants are
rare, but not all rare variants are deleterious. The trick is to determine
which of the many rare variants are a primary cause of disease. To ob-
tain reliable information about such variants, researchers need clinical
information from more than just one or two people with the variant.
If geneticists can identify, say, 20 people with the same rare dominant
variant, and they all live healthy lives into old age, then this variant
cannot be a highly penetrant cause of disease. But if, say, 16 of the 20
people have an unusual health problem—for instance a particular type
of kidney disease—then the variant can be confidently interpreted as
deleterious with relatively high penetrance. Therefore, to provide opti-
mal benefit, research databases need to be very large, containing infor-
mation from millions, and someday billions, of people.

Especially over about the last century, medicine has made remark-
able progress. Many patients who even a few decades ago would have
struggled to survive now lead healthy lives. However, one area where
our healthcare systems are still deficient is in the reliable, long-term
retention of healthcare data. To my knowledge, no nation is yet rou-
tinely storing clinical DNA sequences in electronic health records, and
no nation is permanently retaining these records.

Should People Wait for Better DNA
Testing Technology to Be Developed?
The technology for DNA testing is steadily improving (66). Genome se-
quencing technology and geneticists’ ability to interpret the sequences
will have improved appreciably even five years from now. So, should
someone who wants to have their genome sequenced wait?

I think the answer to this question is no. Although sequencing tech-
nology will undoubtedly improve, it is still pretty good today. And if
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the raw sequence data is retained, then the sequence can be repeatedly
reanalyzed in the future. Once the sequence is obtained, people can
begin to benefit from it; waiting postpones these benefits. In addition,
none of us knows how long we will live. After a person dies, even if
they have banked their DNA, healthcare funders are reluctant to pay
for DNA testing. A much better approach is to complete the sequenc-
ing while the person is still alive.

Summary

In contrast to preceding chapters, most of the summary points for this
chapter, although they are strongly supported by evidence, are still my
personal opinions. These opinions are shared by many, but certainly
not all, geneticists.

e Genome sequencing will significantly improve healthcare, but
there are limitations. Chief among these are the inability to
achieve a genetic diagnosis in the majority of cases and a lack of
genetics knowledge and understanding among healthcare provid-
ers and patients.

o DNA testing does not harm the individuals tested. It does, how-
ever, raise some difficult ethical, legal, and social questions.

o Full genome sequencing is the best germline test to perform in
most situations. It provides the best value for the patient’s money.

« Genome sequencing should ideally be performed at birth.

» Genome sequencing is for everyone because it benefits everyone.
The cost is modest, and should not be an obstacle to taking advan-
tage of this valuable service.

o DNA banking is not widely appreciated, yet it is simple, inexpen-
sive, and valuable.

 Healthcare institutions need to do a much better job of retaining
patient clinical and DNA sequence data. These sequence data
should be retained permanently, and should be available both to
providers and anonymously to researchers.

 There are good reasons for individuals to have their genomes se-
quenced now, as opposed to waiting for improved technology.



Chapter 8

SUMMARY OF PART I,
GENETICS AND
HEALTHCARE

A Brief Review of Chapters 1-7

In Part I of this book, I described how our DNA molecules serve as
blueprints for our bodies. I explained how the information contained in
the sequence of nucleotides along the DNA molecules is used to manu-
facture protein. I portrayed how DNA molecules are transmitted from
one generation to the next, and emphasized that mutation is not a rare,
freakish event, but rather is a continuous, natural process that occurs
between each human generation. I presented a little about the fascinat-
ing story of human evolution, and made the case for genome sequenc-
ing as an integral and routine component of healthcare.

The summaries at the ends of each chapter provide a quick means of
reviewing the major concepts of Part I. I encourage readers to reread
these points. It doesn’t take long and reinforces learning. To facilitate
this step, I have repeated the summary points here. Statements that
are my personal opinions as opposed to scientific facts are marked by
asterisks (¥*%).

Chapter 2: Human Genetics Basics
o Human genetics is the science of the causes and the inheritance of
human variation.
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Proteins are the primary functional components of our bodies.
We have about 20,000 different proteins, and enormous numbers
of copies of each protein type.

The instructions for the manufacture of our proteins are contained
within our DNA molecules.

These instructions take the form of the sequence of adjacent nucle-
otides along the DNA polymer.

The genetic code is simple. Three adjacent nucleotides in DNA
code for each amino acid in protein. RNA serves as an intermedi-
ate in the transfer of sequence information from DNA to protein.
A gene is a segment of a DNA molecule that codes for a specific
protein. Humans have about 20,000 genes, one for each protein.
Genome is the total complement of DNA within an individual or
species.

The human genome consists of 46 nuclear DNA molecules and
one small mitochondrial DNA molecule.

In our cells, the long, thin DNA molecules are combined together
with proteins. These DNA-protein complexes are called chromo-
somes. The nuclei of our somatic cells have two copies of each of
the 23 different types of chromosomes, 46 chromosomes in all.
The 23 pairs of chromosomes are split between 22 pairs of num-
bered chromosomes (the autosomes), and the two sex chromo-
somes X and Y. Females have two X chromosomes and no Y chro-
mosome, while males have one X and one Y.

Every time a somatic cell divides, each daughter cell receives
the full complement of chromosomes and the full set of DNA
instructions.

Egg and sperm cells (the germ cells) contain only one copy of each
chromosome type and half the normal amount of DNA.

When sperm and egg cells fuse to begin the next generation, the
normal number of chromosomes is restored.

Each person receives one of each chromosome type from their
father and one from their mother.

We have two copies of each gene, except for the genes located on
the sex chromosomes in males.
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Each of our approximately 20,000 genes has a specific location
along one of the chromosomal DNA molecules.

Nearly all human genes have multiple coding segments called
exons separated along the DNA by introns. Introns are removed
from the initial RNA transcripts through a process called splicing.
Exons comprise only a small fraction, about 1.5%, of our genomes.

Chapter 3: Mutation

Mutation is defined as a change in the nucleotide sequence of a
DNA molecule.

Mutation is a normal and ubiquitous biological process that oc-
curs in all of our cells throughout our lives and between every hu-
man generation.

Approximately 1,000 mutations occur in each human child. We
are all therefore mutants.

Mutation alters nucleotide sequences in many ways, although
some types of change, particularly changes in numbers of tandem
repeats and nucleotide substitutions, are much more common
than other types of change.

Roughly speaking, mutations occur at random locations within a
genome, and therefore the vast majority occur outside of genes.
New DNA sequences that arise through mutation are called vari-
ants. Nearly all new variants have little or no effect on our health
and abilities, but among those with larger effects, deleterious var-
iants greatly outnumber advantageous variants.

Most new variants vanish from populations within a few genera-
tions at most.

Neutral variants are free to randomly drift up and down in popula-
tion frequency by chance.

Natural selection decreases the population frequencies of delete-
rious variants and increases the population frequencies of advan-
tageous variants.

Artificial selection is used by human breeders to rapidly change
traits in commercial species.

Mutation has an enormous impact on our species and all other
living things.
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o Just as we can’t prevent hurricanes and earthquakes, we have no

ability to stop mutation. Rather, we need to deal with the reality
of mutation as best we can.

Chapter 4: Inheritance of Chromosomes, Variants and Traits

Parents randomly transmit one of their two genes to each of their
children. This process is independent for each child.
Independent segregation of genes and meiotic recombination in-
crease the diversity of genomes.

Geneticists measure the degree of inheritance of a disorder or
trait using a parameter called heritability. Heritability is often esti-
mated through twin or adoption studies.

Many common health problems and other human traits are
strongly influenced by the DNA we inherit from our parents, but
are also strongly influenced by nonheritable factors such as envi-
ronmental exposures and mutation, and hence have heritabilities
greater than 0%, but less than 100%.

Genetically complex disorders are influenced by variants in many
different genes and by nonheritable factors.

Single-gene disorders are predominantly caused by one or two
rare, highly penetrant deleterious variants in a single gene. Unre-
lated individuals affected with the same single-gene disorder usu-
ally have different deleterious variants in that gene.

Single-gene disorders are primarily inherited in simple dominant,
recessive, and X-linked patterns.

Effects of individual risk factors, both heritable and nonheritable,
can be combined to estimate a person’s overall risk for disease.

Chapter 5: Human Evolutionary History and Genetic Diversity

Life has existed on our planet for billions of years.

Very gradually, over long periods of time, initial, simple organ-
isms evolved into more complex organisms, including eventually
plants and animals.

Anatomically modern humans are a young species, a mere 200,000
years old.
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Our closest living relatives are chimpanzees. The common ances-
tor of humans and chimps lived approximately seven million years
ago.

Modern humans arose in Africa and migrated out of Africa about
60,000 years ago to colonize the rest of the world.

During this migration, our ancestors encountered Neanderthals
living in Europe and Asia.

Our ancestors were likely a primary cause of Neanderthal extinc-
tion, but during our relatively brief overlap, humans and Nean-
derthals interbred such that all or nearly all humans living today,
except those from Sub-Saharan Africa, carry a small amount of
Neanderthal DNA in their genomes.

When modern humans migrated out of Africa, they experienced
population bottlenecks. As a result of these bottlenecks, many
rare DNA variants that are present in Africans were lost, and se-
quence diversity was reduced.

All humans living today, from anywhere around the planet, differ
by only about 0.1% in their DNA sequences. These small differ-
ences are insufficient to split humans into different species.

The genomes of all species, including humans, evolve, but only
very slowly over many generations.

From a genetic perspective, humanity is a collection of DNA mol-
ecules that have been passed down from one generation to the
next.

There is no such thing as a genetically perfect person. All people
have many deleterious variants in their genomes and are therefore
genetically flawed.

Chapter 6: Clinical DNA Testing Applications

Because of its great benefit to patients, clinical DNA testing is ex-
panding rapidly.

There are three main areas of clinical DNA testing:

o Testing for the microorganisms that infect our bodies

o Testing of tumor DNA in cancer patients

o Testing of germline DNA
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The primary applications of germline DNA testing are:

o Diagnosis

o Disease prevention

o Reproductive planning

o Pharmacogenetics

o Research

DNA testing is a powerful tool to help healthcare providers reach
rapid and accurate diagnoses. An accurate diagnosis is essential
for optimal healthcare.

Through DNA testing and risk indices, geneticists’ capability to
predict a person’s risk for developing a specific disorder is im-
proving rapidly. Gauging a person’s risk for disease is a key step
in prevention.

A significant fraction of disease and disability, particularly
single-gene disorders, can be avoided through reproductive plan-
ning (Chapter 11).

Geneticists are still learning a great deal about pharmacogenetics,
but even so, pharmacogenetics is already helping to reduce ad-
verse drug reactions and improve the efficacy of drugs.

The more DNA sequence and clinical information that becomes
available to researchers, the more rapidly researchers will learn,
and the more beneficial clinical DNA testing will become.
Additional important applications of clinical DNA testing include
individual identification, creation of family trees, and determina-
tion of geoancestry.

Clinical DNA testing benefits everyone.***

Chapter 7: Clinical DNA Testing Factors

Genome sequencing will significantly improve healthcare, but
there are limitations. Chief among these are the inability to
achieve a genetic diagnosis in the majority of cases and a lack of
genetics knowledge and understanding among healthcare provid-
ers and patients.

DNA testing does not harm the individuals tested. It does, how-
ever, raise some difficult ethical, legal, and social questions.***
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Full genome sequencing is the best germline test to perform
in most situations. It provides the best value for the patient’s
money.***

Genome sequencing should ideally be performed at birth.***
Genome sequencing is for everyone because it benefits everyone.
The cost is modest, and should not be an obstacle to taking advan-
tage of this valuable service.***

DNA banking is not widely appreciated, yet it is simple, inexpen-
sive, and valuable.***

Healthcare institutions need to do a much better job of retaining
patient clinical and DNA sequence data. These sequence data
should be retained permanently, and should be available both to
providers and anonymously to researchers.***

There are good reasons for individuals to have their genomes se-
quenced now, as opposed to waiting for improved technology.

Genetics and How We Think About Ourselves

Four of the most important facts presented in Part I are repeated here:

The information stored within the DNA molecules that comprise
our genomes greatly affects our appearance, health, and abilities.
There is no such thing as a genetically perfect person.

People are not equally fortunate in the genetic lottery of life.

No one has any appreciable control over their own genome.

The heritabilities of health problems and other human traits vary

over a wide range (Table 4.1), but are nearly always substantial. All

people are mutants, and all people carry many DNA variants that in-

crease our risk for disease and disability. Although there are no genet-

ically perfect people, this does not mean that our genomes are equal.

The reality is that some people have genomes that allow them to thrive

and excel, while others have genomes that make them sick or disabled.

Finally, no one has any control over their own genome. Just like a per-

son doesn’t get to choose their relatives, so no one has any choice about

their genome.
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I ran for exercise and pleasure nearly all my adult life. In the many
road races I entered, I invariably finished somewhere in the middle of
the pack—not the worst, but certainly not among the best. When I was
ayoung man, I occasionally thought that if I trained really hard, I could
become an elite runner. But I now understand that was just youthful
fancy. Yes, if I had trained harder, I could have run faster, but regardless
of how much I trained, I never could have become an elite runner. I
simply did not have the build, the fluidity of motion, and endurance of
the best runners.

Just as my running ability was limited by my genome, so every per-
son’s abilities are limited by theirs. Nonheritable factors such as nutri-
tion, injuries, and infections can add or detract from our talents, but
ultimately, we are constrained by our genomes. Not everyone is capa-
ble of becoming a professional athlete, or a surgeon, or a top business
executive. That does not mean, however, that our fates are fixed by our
genomes. Within our genetic limits, there is considerable variation
in what people actually achieve. We all have known people who are
talented but, for various reasons, achieve relatively little in their lives.
And we have also all known people who are not particularly talented
but nevertheless achieve a great deal. Determination, courage, indus-
try, and other such virtues are very real and greatly affect what we ac-
complish in life.

Precision Medicine

A great deal of interest and excitement about precision medicine has
arisen in recent years (1-3). One of my favorite quotes on this topic
comes from Matt Hancock, a former senior minister in the United
Kingdom (UK) government who was responsible for the National
Health Service (NHS):

My ambition is that eventually every child will be able to
receive whole genome sequencing. ... We will give every
child the best possible start in life by ensuring they get the
best possible medical care as soon as they enter the world.
Predictive, preventative, personalized healthcare—that is
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the future of the NHS—and whole genome sequencing and
genomics is going to play a huge part in that. (2019)

Although progress has certainly been slower than I would like,
many nations are now advancing toward Mr. Hancock’s ambition. Tens
of millions of people worldwide have now had at least significant por-
tions of their genomes sequenced (4-6). Research projects involving
the genome sequencing of hundreds of thousands of newborns are un-
derway (7-8). In the UK, already 500,000 volunteers (about 1% of the
population) have had their genomes sequenced in the UK Biobank pro-
ject (9), and the NHS recently announced plans to begin sequencing
the genomes of all newborns by 2035 (10). Singapore plans to complete
genome sequencing on 10% of the nation’s population by 2031 (11-12).
Researchers in Finland have already generated substantial genome data
on 10% of the population and combined it with clinical data (13-14).

My Vision

In Chapter 6, I described how germline DNA testing, and genome se-
quencing in particular, will substantially improve disease diagnosis and
management, drug prescription, disease prevention, and reproductive
planning, among other applications. This improvement has, I think,
been one of the greatest achievements to date of the science of human
genetics. It is a great victory over disease and disability—one that I
think we should all celebrate.

I'll conclude Part I with my vision for the future of clinical genetics
and my recommendations for people regarding their genomes.

A baby born in the year 2040 is shown in Figure 8.1, upper left. At
birth, after the baby’s umbilical cord is cut, a small volume of blood is
collected from the cord. Since the cord has already been cut, no possi-
ble harm or pain can come to the baby from the blood draw. The cord
blood cells contain DNA from the baby, not the mother. Most of the
DNA extracted from the cells is banked for future testing, but a portion
is used for genome sequencing. If the baby has a health problem at birth
or is likely to develop one during the early years of life, the sequence
information is used to assist with diagnosis and disease management.
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Figure 8.1 My vision for the future of clinical genetics

The baby at seven years of age is shown in Figure 8.1, upper right.
Her DNA sequence has been stored in her electronic health record.
Because geneticists’ ability to interpret genome sequences is steadily
improving, her sequence is reinterpreted periodically throughout her
life. DNA sequence information from her parents and other relatives is
used to assist in the interpretation. All the new variants present in the
girl that arose through mutation are evaluated.

In Figure 8.1, lower left, the girl is now a young woman. She is think-
ing about getting married and starting a family. The sequence infor-
mation generated at birth helps her with reproductive planning and
hopefully in choosing a spouse (Chapter 11). Also, throughout her life,
the DNA information is used to inform drug prescription, making sure
that, as needed, she receives the safest, most effective pharmaceutical
at the correct initial dose.
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As the years go by (Figure 8.1, lower right), the woman’s healthcare
providers use the DNA sequence information plus nonheritable factors
to predict her risk for cancer and many other later-onset disorders. En-
hanced screening and other preventive measures are implemented for
any disorders for which she is at especially high risk.

During my tenure as the head of a germline clinical DNA testing lab,
I oversaw the testing of about 500,000 patients. I observed firsthand,
over and over, the value to the patients of DNA testing. Based on this
experience, I’'m absolutely certain that DNA testing will substantially
improve people’s health and lives.

Here, then, are my recommendations regarding genetics and
healthcare:

« Bank your DNA.

« Have your genome sequenced as soon as practical.

o Treat your genome sequence as potent, private information, but
do not be afraid of your genome. Danger comes from genetic ig-
norance, not genetic knowledge.

e Demand that your providers use your genome sequence to im-
prove your healthcare.

o Make sure your genome sequence is retained indefinitely via se-
cure data storage.

» Be willing to share your genetic information anonymously to ben-
efit family members and all others.

No one can hide from genetics. Our genomes affect our lives pro-
foundly whether we like it or not. The real choice is whether to remain
ignorant about our genomes or to learn about them and use this infor-
mation to improve our lives.
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Chapter 9

INTRODUCTION
TO PART I1

n 1958, the distinguished medical geneticist James Neel wrote (1):

We are all familiar with the complex apparatus of modern
medicine, which briskly and efficiently swings into action
when a patient with congenital heart disease enters hos-
pital for surgery, or a patient with acute renal shutdown
comes in for dialysis. But, in our concern for the individual,
have we forgotten to set up the team which has as its con-
cern the species as a whole?

Part II of this book is about the genetics of the human species as a
whole.

I define the gene pool as the sum of all the genomes of all people
alive at any particular time. National and local gene pools can certainly
be considered, but in this book, I deal mostly with the gene pool of all
living people.

Like Part I of this book, Part II shows how human genetics can be
used to improve people’s lives. But Part IT also covers some topics, such
as reproductive planning and the gene pool problem, that are more
sensitive and difficult than those covered in Part I. I wrote about these
matters not to provoke, but rather because I believe the status of the
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gene pool is one of the most important issues facing humanity today
(2).

Also like Part I, Part II is about the science of human genetics. As
I explained in the first chapter, scientists cannot control how nature
works, but rather try to learn about nature and then communicate this
knowledge to others. My scientific analysis of the human gene pool has
led me to conclude that there is a problem, and that it is essential that
we devise solutions.

People sometimes wonder whether humans are still evolving. The
answer is absolutely, positively yes. The gene pool is constantly chang-
ing through the processes of mutation, random drift, and natural se-
lection. DNA sequence variants are constantly arising, changing in fre-
quency, and vanishing from the gene pool.

I begin Part II with some basic biology about human reproduction
and a fairly detailed discussion of reproductive planning. I then pro-
ceed to cover the genetics of intelligence—not because intelligence is
the only important trait, but rather because it is the one trait that sets
humans apart from all other species. I then tackle the difficult and spec-
ulative subject of the evolution of human intelligence. Over about the
last seven million years, humans evolved from relatively dull, ape-like
creatures to a species that has built computers and spacecraft. No one,
certainly not myself, knows exactly how this occurred, but I think it’s
useful to at least try to identify some of the major forces that were in-
volved. Next, I make my best effort to describe how these evolutionary
forces have changed in relatively recent times. Through this analysis, I
identify the gene pool problem. Finally, I recount some events in the
history of gene pool management, and offer some possible solutions
to the gene pool problem—solutions that do not resort to racism or
elitism.



Chapter 10

PRENATAL
DEVELOPMENT AND
PRENATAL DNA TESTING

This brief chapter provides some basic information about prenatal de-
velopment and prenatal DNA testing, which serves as an introduction
to the next chapter on reproductive planning.

Overview of Human Prenatal Development

Prenatal development begins with the fusion of an egg cell from the
mother’s ovaries with a sperm cell from the father’s testes. Biologists
call this union fertilization (also sometimes called conception). One
or two egg cells are usually released from the ovaries during each men-
strual cycle. The egg cells are captured into the fallopian tubes, and
travel over a period of days through the tubes into the uterus (also
called womb) (Figure 10.1). Sperm cells travel through the cervix and
uterus into the fallopian tubes where fertilization usually takes place.
The fertilized egg cell begins dividing immediately; the dividing cells
are now called an embryo.

By day 5 post fertilization, the embryo consists of a ball of over 100
cells (1). At this stage, the embryo has already split into two groups of
cells. One group develops into the baby, while the other group devel-
ops into the extraembryonic tissues (see below). At days 6-12 post fer-
tilization, the embryo reaches the uterus and implants into the uterine
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wall. Formation of the nascent structures of the body then proceeds
rapidly. At about day 16 post fertilization, the cells that will develop
into the child’s egg or sperm cells split off from the other cells of the
embryo (2-4). Mutations that occur in these precursors to the egg and
sperm cells may become germline mutations in the child’s children. By
about day 22 post fertilization, the rudimentary heart begins beating.
By day 56, most of the tissues and organs of the body can be recog-
nized. At about this point, the developing baby is no longer called an
embryo, but begins to be called a fetus.

Uterus

Fallopian tube

Figure 10.1 Female reproductive system

Pregnancy timing is calculated from the first day of the mother’s last
menstrual period, about two weeks before fertilization. A pregnancy
normally lasts about 40 weeks (9 months) and is typically split into
three trimesters: the first trimester (weeks 1-12), the second trimester
(weeks 13-27), and the third trimester (weeks 28-40). Note that weeks
post fertilization are about two weeks less than weeks of pregnancy.

As mentioned above, a portion of the cells from the early embryo
develop not into the baby, but rather into the extraembryonic tissues:
the amnion, chorion, placenta, and umbilical cord (Figure 10.2). The
amnion forms an inner membrane that encloses the fetus in a protec-
tive fluid. The chorion forms an outer membrane that also encloses
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the fetus and that extends into the uterine wall (chorionic villi). The
placenta, which develops from the chorion, serves as an intermediate
organ between the mother and the baby. Oxygen, nutrients, and other
molecules pass from the blood vessels in the mother’s uterus to vessels

in the placenta and then on to the fetus though the umbilical cord.

Figure 10.2 Human fetus at about
15 weeks post fertilization

During normal birth, the membranes rupture, releasing fluid, and
the baby is delivered first, followed by the placenta. After the umbilical
cord is cut, blood can be easily drawn from the cord without any pos-
sible harm to the baby. Importantly, because cells in the placenta, cho-
rion, amnion, cord, and cord blood developed from the early embryo,
they have the DNA sequences of the baby, not the mother.

Many things can and often do go wrong during prenatal develop-
ment. Many pregnancies naturally terminate in what is called a spon-
taneous abortion (also called a miscarriage if it occurs before about 20
weeks, or a stillbirth after about 20 weeks). Spontaneous abortions are
estimated to occur in 40%-75% of all pregnancies and about 15% of
recognized pregnancies (5-8). Often the spontaneous abortion occurs
so early in development that the woman does not realize that she is
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pregnant. The frequency of spontaneous abortion drops as pregnancies
proceed. There are many causes of spontaneous abortion, but certainly
a frequent cause—and probably the most frequent—is aneuploidy, or
an abnormal number of chromosomes in the developing baby (Chapter
3) (6,9-11).

Only a small fraction of aneuploid pregnancies result in live births.
All pregnancies in which the fetus has three or four copies (instead of
the normal two copies) of every chromosome, called triploidy or tetra-
ploidy, spontaneously abort. All pregnancies in which the fetus has
only one copy (monosomy) of one of the autosomes spontaneously
abort. Nearly all pregnancies in which the fetus has three copies (tri-
somy) of one of the autosomes also spontaneously abort (6, 12-14).
Rarely, babies with three copies of chromosome 13, 18, or especially 21
are born alive. Trisomies 13 and 18 are severe disorders; affected babies
usually die in infancy (14). Individuals with trisomy 21, however, often
survive these days into their 50s and 60s. Although many individuals
with trisomy 21 live long lives, about 80% of trisomy 21 pregnancies
end in spontaneous abortion (6, 12).

Aneuploidies involving the sex chromosomes have less severe health
effects than those involving the autosomes. For example, although
they do have health problems, females with only one X chromosome
(Turner syndrome) or with three X chromosomes are relatively healthy.
Similarly, males with one Y and two X chromosomes (Klinefelter syn-
drome), or one X and two Y chromosomes are also relatively healthy.
About 99% of female pregnancies with one X chromosome spontane-
ously abort (6, 12). Why only a tiny fraction of monosomy X pregnan-
cies progress to live birth is not completely understood. However, one
reason appears to be that some living monosomy X individuals are mo-
saics—that is, they have one copy of X in only a portion of their cells,
with the normal two copies in the remainder of their cells (15).

Most germline mutations occur in fathers (Chapter 3). Aneuploi-
dies, however, are an exception; most occur in mothers. The frequency
of both aneuploid pregnancies and aneuploid births increases sharply
with advancing maternal age (8-10, 16) (Figure 10.3).
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Figure 10.3 Rates of miscarriage due to
aneuploidy versus maternal age
(adapted from reference 8, Figure 1)

Invasive Prenatal Testing

Prenatal testing means testing of DNA, or other biomolecules, from a
fetus before birth. Invasive testing means that a small tissue specimen
needs to be collected from the fetus. For most invasive prenatal test-
ing, one of two types of tissue are collected: either chorionic villi or
amniotic fluid (Figure 10.2). Chorionic villus sampling (CVS) is typi-
cally performed between 10 and 13 weeks of pregnancy (17) (descrip-
tions of CVS for patients can easily be found by searching the internet).
Chorionic villi—projections of the chorion into the uterine wall—are
collected either by inserting a thin tube through the vagina and cervix
or by inserting a needle through the abdomen. In either approach, ul-
trasound is used to guide the procedure.

Amniocentesis is usually performed between 15 and 20 weeks of
pregnancy (18) (descriptions of amniocentesis for patients can easily
be found by searching the internet). In amniocentesis, a small volume
of the amniotic fluid that surrounds the developing fetus within the am-
niotic sac is collected by inserting a long needle through the mother’s
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abdomen and uterine wall. Insertion of the needle is guided by ultra-
sound imaging. Suspended in the amniotic fluid are cells from the fetus.

Both CVS and amniocentesis are generally safe procedures. How-
ever, with both procedures there is a small chance that the fetus may
be harmed. In the hands of experienced practitioners, the current
risks of fetal loss are about 1 per 500 procedures for both CVS and
amniocentesis.

Invasive prenatal testing is performed for three primary reasons.
First, an abnormality may be detected in the fetus via ultrasound im-
aging. Second, there may be a positive result on non-invasive prenatal
screening (NIPS) (see below). And third, one or both of the parents
may be known to carry a deleterious DNA variant that is relevant to the
baby’s health. Because of the risk, even though small, that the fetus may
be harmed, invasive testing is rarely performed today on apparently
healthy fetuses, although this might change in future (19).

Fetal DNA from an invasive procedure can be tested using the full
range of available DNA laboratory tests. Sometimes just one nucleotide
at a single chromosomal position is tested. Sometimes a panel of genes
is sequenced, or even the entire fetal genome may be sequenced. When
prenatal testing is indicated by an abnormal ultrasound, it’s common
for the DNA of both parents and the fetus (a trio) to be tested concur-
rently. This is done so that new deleterious variants in the fetus that
arise through mutation can be identified (see Case 2 in Chapter 3).

Depending upon the type of prenatal test performed and the amount
of fetal tissue collected, test results are available anywhere from a few
days up to about three weeks after the procedure. Parents will there-
fore receive the results from invasive testing anywhere from about 12
to 23 weeks of pregnancy.

Many parents elect abortion if the DNA results indicate that the
baby will have a significant health problem, but many others do not.
It’s not unusual for parents to opt for prenatal testing to prepare for the
birth and care of an affected child. At least where abortion is legal, the
choices are always made by the parents. Genetic counselors and other
healthcare providers are trained to be, and I think nearly always are,
nondirective in their conversations with the parents. They provide the
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parents with as much relevant information as possible, but then leave
decisions solely to the parents. I don’t know of any laws or regulations
in any country that require an affected fetus to be aborted.

Elective abortion is clearly a sensitive and controversial subject.
National and regional statutes regarding elective abortion vary widely
(20-21). Some nations and regions ban abortion in all or almost all cir-
cumstances. Many others permit abortions, but only up to a certain
point in the pregnancy. The situation is in flux, but as of the time of
this writing there are states in the US like Texas and North Dakota that
ban abortion entirely, states like Georgia and Florida that ban abortion
after 6 weeks of pregnancy, states like North Carolina and Nebraska
that ban abortion after 12 weeks, and states like Ohio and Massachu-
setts that permit abortions up to 22-24 weeks. There is also variation
in whether the abortion limits apply to weeks of pregnancy or weeks
post fertilization. Clearly, in nations or regions that ban abortions after
12 weeks of pregnancy or less, invasive prenatal testing cannot be per-
formed early enough for elective abortion. Also, only a small fraction
(I estimate this fraction in the US to be 2%) of total elective abortions
are performed because of a health problem in the fetus. Nearly all are
performed because the pregnancy was unintended.

Non-Invasive Prenatal Screening (NIPS)

In 1997, Dennis Lo and colleagues reported that the blood of a preg-
nant woman contains extracellular (“cell-free”) DNA from the fetus
(22-23). This discovery led to the rapid development of maternal blood
tests to screen for DNA abnormalities in the fetus (24-25). These tests
are called non-invasive prenatal screening (NIPS) (also sometimes
called non-invasive prenatal testing, or NIPT). The primary advantage
of NIPS over invasive tests is that there is no risk to the fetus. NIPS is
also less expensive than invasive DNA testing.

NIPS is methodologically complicated by the fact that the cell-free
DNA within a pregnant woman’s blood contains more DNA from the
mother than from the fetus. The fraction of cell-free DNA from the fe-
tus ranges from 0% at the start of pregnancy up to about 30% in the
third trimester (25-26). Despite this obstacle, careful analysis of the
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test results usually allows detection of abnormalities in the fetal DNA.
Today, the primary application of NIPS is to detect aneuploidies.

NIPS for detection of aneuploidies is highly accurate (27-28). False
results do rarely occur, however, particularly with twin pregnancies
and when the mother is obese. In addition, because the “fetal” cell-free
DNA in the mother’s blood comes from the placenta and not from the
fetus proper (29), there is a chance that the placenta is aneuploid, but
the fetus has normal chromosome numbers. A positive NIPS result
should therefore always be confirmed by an invasive DNA test, usually
amniocentesis.

NIPS is typically performed at 11-12 weeks of pregnancy (24-25,
30). This allows time for the confirmatory amniocentesis to be com-
pleted before the end of the second trimester. Although, as described
above, aneuploid pregnancies are common, the great majority of an-
euploid pregnancies spontaneous abort earlier than 11 weeks. There-
fore, only a small fraction (roughly 1%) of NIPS tests for aneuploidy
are positive (27).

Although the primary purpose of NIPS today is to detect ane-
uploidy, researchers have demonstrated that cell-free DNA from
the mother’s blood can be used to test for single-gene disorders and
may even be used to perform full fetal exome or genome sequencing
(30-36). These other applications of NIPS have not yet been widely
adopted, but could be in future.

NIPS is now widespread throughout the developed world (24, 37).
It is generally offered to all pregnant women, although it is particularly
recommended to older mothers. NIPS has resulted in a substantial de-
crease in the number of invasive prenatal tests (25). It has also resulted
in a substantial decrease in the number of aneuploid babies born, al-
though the rate of elective abortion of aneuploid fetuses varies greatly
among nations and regions (24, 38-39).

Summary
o Prenatal development is a complex 38-week process that begins
with a fertilized egg cell and ends with the birth of an infant.
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Some of the cells from division of the fertilized egg cell develop
into the baby and others develop into the extraembryonic tissues:
the amnion, chorion, placenta, and umbilical cord.

Many things can and often do go wrong during prenatal devel-
opment. Roughly 60% of all pregnancies and 15% of recognized
pregnancies spontaneously abort.

The most frequent known cause of spontaneous abortion is aneu-
ploidy, or an abnormal number of chromosomes. Nearly all aneu-
ploid embryos and fetuses spontaneously abort.

DNA from the developing fetus may be tested through both inva-
sive and non-invasive procedures.

Invasive testing is practiced on only a small fraction of pregnan-
cies and nearly always involves either chorionic villus sampling
(typically performed at 10-13 weeks of pregnancy) or amniotic
fluid collection (typically performed at 15-20 weeks).

All types of clinical DNA tests may be performed on fetal DNA
obtained from the invasive procedures.

Non-invasive prenatal screening (NIPS) is a maternal blood test
used to assay the fetal DNA. Today, NIPS is used primarily to test
for aneuploidies, but in the future may be used to test for other
genetic abnormalities.

In developed countries, NIPS for aneuploidy detection is cur-
rently performed on a substantial fraction of all pregnancies.



Chapter 11

GENETIC REPRODUCTIVE
PLANNING

Impact of Single-Gene Disorders

As presented in Chapter 4, each single-gene disorder is caused by
one or two highly penetrant, deleterious sequence variants. Deleteri-
ous variants in about 5,000 different genes are known today to cause
single-gene disorders (1). Although individually each of these disor-
ders is rare (Table 4.3), because there are so many of them, they collec-
tively make a substantial impact on human health.

It is estimated that 2%-6% of people, or approximately 350 mil-
lion people worldwide, are affected with single-gene disorders (2-4).
Single-gene disorders comprise at least half of what are known as rare
diseases. The definition of rare disease varies from country to country
(2, 5), but the term often refers to a disease that affects less than 1 in
2,000 people.

Average healthcare costs are much higher for those with single-gene
disorders or other rare disease compared to those who are unaffected
(2-4, 6-12). A study in Western Australia concluded that individuals
with a rare disease comprised 2% of the population yet consumed 5%-
10% of the inpatient hospital costs (9). A group of Canadian investiga-
tors reported that patients with genetic disorders incurred healthcare
costs per patient that were 5-20 times those for the general population
(10). In the US, children with genetic disease were reported to account
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for between 11% and 46% of total pediatric healthcare costs in 2012
(11). And also in the US, a 2016 analysis of healthcare expenses found
that children and adults with rare diseases accounted for nearly half the
national total (12).

In addition to the direct healthcare costs of single-gene disorders,
there are also indirect costs to the caregivers, often parents. Caregivers
frequently see negative impacts on their employment, finances, health,
and relationships (13-16). Economists who have tried to quantify these
indirect costs have reported that they amount to 14% (6) and 21% (17)
of the total cost of the rare disease.

Although treatments for single-gene disorders are steadily im-
proving, many of these treatments are exceptionally expensive. For
instance, the newer drugs mentioned in Chapter 6 for treating cystic
fibrosis typically cost over $250,000 per year (18-20). Gene therapy is
another promising avenue for treating patients with single-gene dis-
orders (21-22). Gene therapies, however, are also extraordinarily ex-
pensive, typically costing $1 million or more per treatment (23-24).
Although the new treatments for single-gene disorders are wonderful
advances for patients, there is no denying their enormous cost. And in
most cases, the new treatments are not completely effective; they im-
prove the patient’s condition, but don’t entirely cure the disease.

Nearly all parents would like to avoid having a child with a signifi-
cant health problem or disability. Fortunately, current genetic knowl-
edge and technology allow this to be achieved in many cases through
a process called reproductive planning. Medical geneticist Aubrey
Milunsky succinctly described reproductive planning as “choices not
chances” (25).

Reproductive planning is expanding steadily throughout the world.
Currently, it mainly covers aneuploidies and single-gene disorders, but
genetically complex disorders may be included in the future. Aneuploi-
dies are mostly avoided through NIPS (previous chapter). Reproduc-
tive prevention of single-gene disorders is the focus of this chapter.
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Assisted Reproductive Technologies (ARTS)

Infertility is common. Approximately 15% of couples fail to achieve
pregnancy after 12 months of regular unprotected intercourse. The
cause of infertility is about equally likely in the man or woman. Primar-
ily in an effort to help infertile couples, a number of new reproductive
technologies have been developed, most over the last few decades. Col-
lectively, these are termed assisted reproductive technologies (ARTS).
Rather than trying to describe all procedures and practices that have
been developed, I cover only the primary ARTs. Note also that since
ARTs are changing rapidly, this section will probably become outdated
more rapidly than other portions of the book.

Although most do not, I include artificial insemination (AI) (also
called intrauterine insemination) as one of the primary ARTs. Al is the
earliest and simplest type of ART (26-27). It has been known for at
least 130 years that donated sperm can be used to impregnate women.
Sperm from a donor is simply injected, at the appropriate point in her
menstrual cycle, into the uterus of a woman who desires to become
pregnant. Sperm from donors is often frozen within large commercial
sperm banks. Women pore through catalogues to choose their donor
based on characteristics such as appearance, education, health, and oc-
cupation. Tall, handsome, and highly educated men are favored. Sperm
donors are paid, and these days, donors are usually tested for at least
some genetic abnormalities. Although widely available, AI is still re-
sponsible for only a small fraction of live births. It was reported in one
study that 0.7% (1 in 140) of American women of reproductive age had
used donated sperm in the period 2015-2017 (28).

Al was previously used primarily by couples in which the woman
was fertile, but her husband was not. Today in the US, Al is used mainly
by lesbian couples and single women. Rarely, Al is used by heterosex-
ual couples in which the man carries a dominant deleterious variant
for a single-gene disorder; in these cases, sperm from another man
who does not have such a variant will then be used to impregnate the
woman. Also rarely, when the man is fertile but the woman is not, or
when the woman carries a dominant deleterious variant, a surrogate
mother (also called a gestational carrier) will receive Al using the man’s
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sperm. For a fee, the surrogate will carry the baby to term and deliver.
By legally binding contract, the baby is then turned over to the man
and his partner. The current going rate for surrogate mothers in the US
is about $50,000 per pregnancy.

Fertile women produce about 400 mature egg cells during their life-
times. Fertile men produce roughly 200 million sperm per ejaculate.
Therefore, women can have only a limited number of offspring during
their lifetimes, while men can have an essentially unlimited number of
children. In principle, through ARTSs, one man could easily biologically
tather all 3.6 million babies born each year in the US.

Another primary ART is in vitro fertilization (IVF) (29). IVF is de-
fined as fertilization of egg cells outside of the body. Mature egg cells
are collected from a female donor. Under normal conditions, only one
or two egg cells are released from the ovaries per menstrual cycle. To
stimulate the maturation of larger numbers of egg cells, the woman re-
ceives multiple hormone injections. At the appropriate time, egg cells
are harvested from the ovaries by a minor surgical procedure. In most
cases, 10-20 egg cells are harvested per cycle. These egg cells may be
immediately fertilized or frozen for future use (30).

Originally, the harvested egg cells were fertilized by simply mixing
an egg cell with sperm cells in a small plastic container, but more re-
cently, intracytoplasmic sperm injection (ICSI) has been employed.
In ICSI, a single sperm cell is injected directly into an egg cell. ICSI
was originally utilized in cases where the man was subfertile, with low
sperm count or abnormal sperm. Currently, however, in many IVF
labs, ICSI is the preferred method of fertilization (31-32).

After fertilization, the resulting embryos are cultured for three to six
days in incubators before being transferred into the mother’s uterus.
During this culturing, cell division occurs; the transferred embryos of-
ten contain over 100 cells. Unused embryos are usually frozen so that
they are available for future attempts at pregnancy. Donated egg cells,
sperm cells, and/or embryos, as well as surrogate mothers (33), may
be used in IVF.
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Sometimes, DNA from the embryos is tested prior to transfer
into the uterus. This process is called preimplantation genetic testing
(PGT) (34). In PGT, one or more cells are removed from the embryo,
and DNA is extracted from the cells and tested. These days, the cells
removed from the embryo are usually those that give rise not to the
fetus, but rather to the extraembryonic tissues (Chapter 10). Usually,
removal of the cells does not appear to harm the embryo. Although
PGT is technically demanding because of the small amounts of DNA
obtained, virtually all types of clinical DNA tests can be performed on
the material. PGT is often performed when the mother is older (be-
cause of the increased risk of aneuploidy with maternal age), or when
the mother and/or father carry variants that cause single-gene disor-
ders. Only embryos that are expected to lead to children without ge-
netic disorders are then transferred.

The process of IVF is rough on the woman and is quite expensive.
The woman receives a number of painful hormone injections and
must endure unpleasant procedures. And since pregnancy is often not
achieved on the first or second try, she may have to undergo the pro-
cess multiple times. The overall rate of successful pregnancy through
IVF in the US in 2021 was approximately 30% per cycle, although this
rate strongly depends upon a number of factors, especially the age of
the mother (35-36). At the time of writing, the cost in the US of a sin-
gle IVF cycle is on the order of $25,000 (this price does not include
costs of purchasing donated eggs, sperm, or embryos, freezing of eggs
or embryos, or PGT). Despite the difficulties and the high cost, the de-
sire of many people to have children is so strong that IVF is extensively
utilized. About 2.5% of newborns in the US today result from preg-
nancies achieved using IVF (35). Worldwide, about 10 million people
(roughly 1 out of every 1,000) were conceived using IVF (34, 37).

Are ARTs safe? The short answer is yes. Millions of healthy babies
have been born using ARTs. However, there are reports of slightly in-
creased rates of health problems in children born using ARTs compared
to children who were naturally conceived (37-39). And since ARTs are
relatively new, it is not yet known whether they will have long-term
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effects on the health of the offspring. At the time of writing, the oldest
individuals born via IVF are only about 45.

Options for Couples at Risk of Having a Child
with a Recessive Single-Gene Disorder

Case 8: Reproductive Planning for Recessive Disease
Jolanda and Eric were a young married couple who very
much wanted children. Because they were both of African
ancestry, they knew they had a much higher risk than most
couples of having a child with sickle cell anemia. This they
wanted to avoid. What could they do?

To start, Jolanda and Eric could have their own DNA
tested. Sickle cell anemia is a recessive disease—both
Jolanda and Eric needed to be carriers for them to have
an affected child (Figure 4.4C). They each had a roughly
8% chance of being a carrier for the sickle cell variant, and
there was a 0.6% chance (about 1 in 150 African Ameri-
can couples) that they would both be carriers. Despite this
small chance, they decided that the consequences of hav-
ing an affected child outweighed the trouble and cost of
DNA testing.

Jolanda and Eric made an appointment with a genetic
counselor. The counselor told them that they had a few op-
tions for testing. They could be tested for only the sickle
cell variant; they could have what is called a carrier test,
in which hundreds of different genes involved in recessive
disorders, including the sickle cell gene (HBB), are se-
quenced; or they could have whole genome sequencing,
which would provide them with the maximum amount of
genetic information about reproduction, as well as much
other information that could be used to improve their own
healthcare. After carefully considering the matter, they
decided to go for the works: genome sequencing. A small
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vial of blood was drawn from each and sent to a lab for the
testing.

In three weeks, they returned to the counselor to receive
the test results. They were relieved to learn that neither car-
ried the sickle cell variant. However, they also learned that
Jolanda carried recessive, deleterious variants in five differ-
ent genes, and Eric had recessive, deleterious variants in
three genes. But since the couple did not have deleterious
variants in the same gene, they were at low risk for having
a child with a recessive disease. This was great news. They
were also happy that their DNA sequences would now be
available to help with their own drug prescription and dis-
ease prevention.

Fortunately for Jolanda and Eric, they were not at high risk for hav-
ing a child with a recessive disease. However, for couples in which both
the man and woman are heterozygous for deleterious variants in the
same gene, there are three primary options for avoiding the birth of
an affected child. These options are listed in Table 11.1 and described
below.

Table 11.1
Options for couples who are heterozygous for
deleterious variants in the same recessive gene

« Do not reproduce together

» Conceive naturally, followed by invasive prenatal testing
and elective abortion in the case of an affected fetus

« Conceive using in vitro fertilization (IVF) coupled with
preimplantation genetic testing (PGT)

First, the couple could decide not to have children together. They
could go childless, adopt, or split up and find different reproductive
partners. They could also choose to use a sperm, egg, or embryo donor.
Second, the couple could become pregnant, and then opt for invasive
prenatal testing. If the fetus is affected, it could be aborted. The chance
of an affected child is 25% with each pregnancy (Figure 4.4C). Third,
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the couple could opt for IVF coupled with PGT. Only embryos that
do not have both of the deleterious variants would be transferred into
the mother. Note that of these three options, only the second involves
elective abortion.

It’s important to understand that reproductive planning is not just
for healthy individuals. In many cases people affected with genetic dis-
orders can, with care, have healthy children. For example, if a person
with a single-gene recessive disorder reproduces together with a per-
son who does not carry a deleterious variant in the same gene, then all
the offspring of that couple will be unaffected carriers.

Options for Couples at Risk of Having a Child
with an Inherited Dominant Disorder

Case 9: Reproductive Planning for Dominant Disease
John was a 24-year-old man with a family history of Hun-
tington’s disease, a dominant, deadly, late-onset neurologi-
cal disorder (Chapter 3). John’s maternal grandmother and
uncle died of the disease, and his mother was beginning to
show symptoms. John was therefore likely at 50% risk for
developing Huntington’s. John and his wife, Sandy, wanted
to have children, but they didn’t want to have a child who
would develop Huntington’s. What could they do?

Fortunately, John was open with Sandy about his fam-
ily history even before they were married. If he had not
been open, the news would have been a shock to her. Even
worse, she could have learned of John’s family history after
they had children.

The first reproductive planning decision for John and
Sandy was whether John should receive DNA testing to de-
termine whether he would develop Huntington’s. This was
obviously a very difficult decision. Some in John’s position
decide to be tested; others do not. After careful consider-
ation, including genetic counseling, John decided to pro-
ceed with the testing. Unfortunately, John was found to be
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heterozygous for an expanded run of repeats in the HTT
gene and therefore would develop Huntington’s disease
later in life (Table 3.2).

After digesting this information, John and Sandy de-
cided that they still wanted to have a child. They opted for
IVF coupled with PGT. The first cycle was unsuccessful,
but Sandy became pregnant in the second cycle. About
eight months later, she delivered a healthy baby boy who
would not develop Huntington’s. They named him John.

The options for couples in which either the man or woman carries a
deleterious variant in a dominant gene are much the same as for reces-
sive disease (Table 11.1). The couple could decide not to reproduce to-
gether; they could become pregnant, test the fetus, and elect abortion
ifit is affected; or they could choose IVF with PGT.

Preconception Reproductive Planning

Although most reproductive planning today occurs affer the woman
is pregnant, I think a much better approach is to begin planning before
the woman becomes pregnant. One option for preconception repro-
ductive planning is to choose a reproductive partner based in part on
the partner’s genome. This approach may sound strange or unrealistic,
but as you’ll see, is already being effectively implemented.

Rabbi Yosef Ekstein and his wife lost four children to Tay-Sachs
disease. This recessive disease is caused by defects in the HEXA gene,
which codes for an enzyme that catalyzes the breakdown of a specific
type of lipid (40). In the absence of this enzyme, levels of this lipid
build up to toxic levels in the body. Tay-Sachs is a severe disease. There
is currently no cure, and affected children usually don’t live more than
five years. In the past, Tay-Sachs was relatively common in the Ashke-
nazi Jewish population due to what geneticists call founder variants
(Chapter 13).

Rabbi Ekstein didn’t want other couples to suffer like he and his wife
did, so he started a program called Dor Yeshorim, a Hebrew phrase that
roughly translates as “righteous generations” (41-42). Here’s how Dor
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Yeshorim works. Young people who want to someday get married have
their DNA tested for the Tay-Sachs founder variants and a number of
other Jewish deleterious founder variants. The current standard test-
ing panel covers more than 50 single-gene disorders. When a couple
is thinking about possible marriage, they query the Dor Yeshorim da-
tabase to learn if they are carriers for deleterious variants in the same
gene. Nearly all of the small fraction of couples who are genetically
incompatible in this way do not get married, but rather find different
partners.

Dor Yeshorim has been a resounding success. Without resorting to
abortion, the birth rate of Tay-Sachs disease in many Jewish commu-
nities has dropped to near zero (40). The following is an excerpt from a
letter written in 2008 by the director of pediatrics at Kingsbrook Jewish
Medical Center to Rabbi Ekstein:

We met many years ago and I just wanted to write to
you a final chapter regarding Tay-Sachs disease. As you
know Kingsbrook Jewish Medical Center was the largest
Tay-Sachs Center for the United States. Each Tay-Sachs pa-
tient who was admitted to the hospital for Long Term Care
would cost Medicaid at least $130,000 per year. Through
your aggressive genetic testing program to prevent this
serious medical problem we have eliminated this disease.
Our last Tay-Sachs patient passed away five years ago and
there have been no admissions since.

Geneticists have now accumulated sufficient knowledge and tech-
nology to greatly reduce the incidence of thousands of recessive dis-
eases. Preconception reproductive planning would rule out only a
small number of potential reproductive partners. Nearly all people
carry a few highly penetrant deleterious variants, mostly for recessive
disease (see Chapter 5 and Case 8 above), but the probability that two
individuals picked at random from the human population have dele-
terious variants in the same gene is low—on the order of 1% (43-45).
Therefore, 99 out of 100 individuals would be genetically acceptable as
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a reproductive partner for someone who wants to avoid a child with
recessive disease.

However, if the couple are both from the same reproductively iso-
lated group, such as a small island population or a religiously isolated
group like Ashkenazi Jews, or if the couple are from a society where
marriages between cousins are common, then the probability of an in-
compatible partner for recessive disease increases substantially (44—
45). For first cousins, it is about 15% (1 in 7 couples) (Figure 15.1) (43).

But what about preconception planning for dominant disorders?
With dominant disorders, the situation is more difficult. A person who
is heterozygous for an autosomal dominant or X-linked deleterious var-
iant cannot eliminate their risk of having an affected child by choosing
a different partner. My strong opinion is that anyone in this situation
should discuss the matter openly with their prospective reproductive
partner before marriage/conception (Case 9 above). Yes, such a discus-
sion could cause the couple to break up, but I think it is much better to
be open at the start than to have the truth come out later. Some readers
may conclude that this will make such individuals unmarriageable, but
I disagree. None of us is perfect; we all have many flaws. Yet most peo-
ple still manage to find partners. And as I described above, there are
other options to avoid the birth of a child who is affected.

Complex Disorders

To date, little reproductive planning has been devoted to genetically
complex disorders, but that may change in the future. As risk indices
(Chapters 4 and 6) improve, it will gradually become possible for a pro-
spective reproductive couple to learn their chances of having a child
affected with a genetically complex disorder. These risks will only be
imprecise estimates, but for some complex disorders, like type 1 dia-
betes and Alzheimer’s disease, the risks calculated in this way may be
significant.

Although I don’t think consideration of complex disorders would
rule out many prospective partners, it would rule out more than when
considering only single-gene disorders. Also, for complex disorders,
rather than a partner just being acceptable or unacceptable, there
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would be gradations in genetic compatibility. A prospective reproduc-
tive partner might be highly compatible in terms of complex disorders,
highly incompatible, or anything in between. I can even envision that
someday an online service will, for a fee, take a person’s genome se-
quence, compare it to the genome sequences of many individuals of the
opposite sex, and return a list of individuals who are most compatible
genetically.

One type of reproductive planning for complex disorders is already
available, although it is controversial and rarely used (46-48). When
multiple embryos from a couple are generated by IVF and tested via
PGT, it is possible to compute risk indices for each embryo and then
transfer the embryo with the lowest risk scores. The majority of ge-
neticists today disapprove of this approach (47-48), mainly, I think,
because the indices are at such an early stage of development, but the
broader public is not so negative (46, 49).

Aneuploidies

Aneuploidy in fetuses can now be detected relatively early in preg-
nancy by NIPS (Chapter 10). NIPS involves no risk to the fetus and is
relatively inexpensive. When parents receive a positive NIPS result for
aneuploidy, and this result is confirmed by invasive testing, their only
choice to avoid the birth of an affected child is elective abortion.

Elective Abortion
Reproductive planning involves many difficult ethical and moral issues.
I won’t delve deeply into this topic, but I will include a little informa-
tion here about elective abortion. As mentioned in the previous chap-
ter, only a small fraction of elective abortions (perhaps 2% in the US)
are performed because the fetus has a genetic abnormality. Nearly all
are performed because the pregnancy was unintended (50-51).
However, in cases where the fetus is known to carry a genetic ab-
normality, parents face an obviously difficult and intensely personal
decision about elective abortion. I would never presume to try to make
such a decision for others. Some of the primary factors couples may
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take into account when considering a decision about elective abortion
are listed in Table 11.2.

Table 11.2
Some factors to consider when faced with
a fetus with a genetic abnormality

 Severity of the disorder

o Penetrance of the deleterious variant(s) (many who carry
low-penetrance deleterious variants remain unaffected
throughout their lives)

o Whether the disorder exhibits variable expressivity (often
the severity of a disorder cannot be predicted from DNA
sequences alone)

« Financial costs of caring for the affected child

o Time and energy required for caregiving

 Effect on other family members

o Chance that research may lead to effective treatments for
the disorder during the lifetime of the child (for instance, a
child born today with a causative variant for Huntington’s
disease might have effective treatment options by the time
the child is 40 years old and begins to develop symptoms)

It’s unfortunate that such tough decisions fall on the shoulders of
young adults. Young adults face many challenges; they are actively es-
tablishing relationships, careers, finances, and personal philosophies.
It’s hard to add the burden of reproductive planning. But we have no
choice. Older, more experienced people rarely reproduce.

I’'m not a fan of abortion, but I think severe restrictions on elective
abortion are unwise. I would never support any requirement that par-
ents abort a fetus with a particular genetic makeup, but I also feel that
this option should not be ruled out. I don’t in any way blame parents
for wanting healthy children. Hopefully, shifting much reproductive
planning from postconception to preconception will reduce the de-
mand for genetic elective abortion.
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Impact of Reproductive Planning

If current trends continue, reproductive planning will steadily expand
around the globe. DNA testing for healthcare will catalyze reproduc-
tive planning. When virtually everyone has their genome sequenced
as a routine part of healthcare, reproductive planning will accelerate.

Because the costs of caring for people with serious genetic disorders
are so high, reproductive planning has the potential to substantially re-
duce healthcare costs (or, perhaps more realistically, allow available
healthcare dollars to be redirected to other purposes). Although we
are in the very early stages, the incidences of some genetic disorders in
some places have already begun to decline through reproductive plan-
ning (52-57).

Regarding the gene pool, if reproductive planning becomes widely
and consistently applied, it could have an effect on highly penetrant
deleterious variants. Population frequencies of deleterious variants for
severe dominant disorders like Huntington’s disease (see Case 9 above)
could drop. Frequencies of variants that cause recessive disease could
also decrease, but the rate of decrease would be much slower than for
dominant disease (58-59). Frequencies of lower-penetrance delete-
rious variants, however, are unlikely to be much affected by current
forms of reproductive planning.

Finally, it’simportant to keep in mind that although the incidence of
severe disease can be reduced through reproductive planning, no cou-
ple can produce a genetically perfect child. Genetically perfect people
do not exist.

Summary

o Although single-gene disorders are individually rare, because
there are thousands of them, total societal costs of caring for peo-
ple with single-gene disorders are high. These costs include both
direct healthcare costs and indirect costs to the caregivers.

o Assisted reproductive technologies (ARTs) have been developed
to help subfertile and infertile couples reproduce and avoid ge-
netic disease. ARTs include artificial insemination (AI), in vitro
fertilization (IVF), and preimplantation genetic testing (PGT).
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o Through DNA testing, geneticists can now predict a reproduc-
tive couple’s chance of having a child with a single-gene disorder.
This ability may expand in future to include genetically complex
disorders.

o Couples can avoid the birth of a child with a genetic disorder via
several options, including partner selection, prenatal testing, and
ARTs. Abortion can be avoided through partner selection and
ARTs.

o Preconception reproductive planning through selecting a geneti-
cally compatible partner is an attractive option that will hopefully
grow in popularity.

o At least in the near future, genetic reproductive planning will
probably have only a limited impact on the gene pool.



Chapter 12

GENETICS OF
INTELLIGENCE

Definition and Rationale

For this book, I broadly define intelligence as the ability to solve prob-
lems of all types. People who are more intelligent solve problems more
rapidly than people who are less intelligent. More intelligent people
can also solve difficult problems that less intelligent people cannot
solve at all.

Why focus on intelligence? If I had just wanted to describe the ge-
netics of a complex trait, there are plenty to choose from. I chose in-
telligence because it is the one trait that distinguishes humans from all
other species. Humans are the only species that can communicate flu-
ently via speech and written language. Humans are the only species that
has developed mathematics. Humans are the only species that has built
complex machines. Humans now dominate the globe, not because of
our physical attributes, but because of our special level of intelligence.

Few people are upset by discussion of the genetics of, say, height
or blood pressure, but intelligence is different. Any discussion of the
genetics of intelligence arouses passions and invites criticism and even
condemnation. I assume this is because labeling people as less intelli-
gent may result in their suffering even more denigration, and also be-
cause ithasbeen claimed that average intelligence differs among human
populations. I don’t relish delving into such a controversial subject,
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but I think intelligence is so important to humanity that it needs to be
carefully considered. My purpose in writing this chapter was not in any
way to demean those with lower intelligence, but rather to accurately
and realistically describe what is currently known about the genetics of
intelligence.

Variation in Intelligence

There is no perfect way to measure intelligence. We instead need to rely
on flawed methods such as intelligence (IQ) tests, school achievement
tests, and years of educational attainment. Intelligence tests are cultur-
ally biased (1-2). School achievement is greatly influenced by access
to quality education. And years of educational attainment depend in
part upon financial resources. Nevertheless, when the best measures of
intelligence are examined, considerable differences among people are
found. Some have IQs of 140; others 70. Some score in the top 10% in
their college entrance exams; others in the lowest 10%. Some obtain
doctorate degrees, while others do not finish high school.

Imagine a group of 10-year-old schoolchildren. On a few separate
days spaced out during the school year, the children are organized into
races across the playground to determine who are the fastest runners.
Some of the kids will consistently place high in the races. No one is
surprised by this. Some people are naturally more athletic than others.
Now bring the same group of children into the classroom and give them
tests in various subjects over the course of the school year. Again, some
will consistently get the highest marks on the tests. This should sur-
prise no one. Some people are naturally more intelligent than others.

As described in the next chapter, our special intelligence evolved
during the millions of years since the common human-chimpanzee an-
cestor. This change could not have occurred unless individuals varied
in intelligence. Mutation created the variants that caused higher intel-
ligence in our ancestors, and natural selection and other evolutionary
forces led to the increases in population frequencies of these variants.
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Importance of Intelligence

Despite the imperfections in the available methods to estimate intel-
ligence, these estimates correlate with many things that we connect
to success in life (3-15). Compared to people who score low by these
measures, individuals who score high, on average, have higher incomes
and largely comprise professions such as medicine, law, and business
leadership. They also live longer lives and are more likely to be married
and employed. Of course, there are many individuals who are excep-
tions, but overall, these trends hold firm.

It was only in about the last 6,000 years that human civilizations be-
gan to develop. Why didn’t our ancestors create advanced civilizations,
say, three million years ago? In my opinion, they didn’t do so because
they simply weren’t smart enough. I think our current level of intelli-
gence is probably just barely sufficient to develop modern societies. If
collectively our intelligence were to drop appreciably, human societies
would crumble.

As a thought exercise, consider a human society that consists en-
tirely of people with intelligence well below average. Could this society
develop or maintain a level of civilization even close to what we have
today? I'm very confident that the answer is no. There would be no
competent teachers or leaders in such a society.

What about a society that consists entirely of people with average
intelligence? I’'m also confident that such a society would not be able
to develop or maintain a high level of civilization. The absence of above
average intelligence professionals would be an enormous, probably in-
surmountable, obstacle.

What about a society that consists entirely of people with above av-
erage, but not exceptional, intelligence? Here, I’'m uncertain. Maybe
the absence of geniuses, people like Newton and Einstein, with intelli-
gence far above average, would impede development and maintenance
of that society.

Real human societies, of course, do not consist entirely of people
with one level of intelligence, but rather people with a wide range of in-
telligence. I don’t think anyone knows what mix of intelligences is suf-
ficient to maintain our societies, but very likely, societies with a higher
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average intelligence and with a larger fraction of highly intelligent indi-
viduals have a better opportunity to thrive.

For millennia, scholars have attempted to understand why some hu-
man societies are more successful than others (for just a tiny sampling
of such attempts, see references 16-23). Although these scholars have
identified many of the factors involved, I am certain that no one un-
derstands the matter completely. There are too many factors, and they
interact in too many complex ways. I am convinced, however, that one
important factor, one that is often neglected, is the distribution of in-
telligence in the society (24-26).

Many human traits, such as adult height or blood pressure, follow
normal distributions (Figure 6.1). One property of normal distribu-
tions is that a relatively small change in the mean (the highest part of
the curve) leads to relatively large changes at the extremes (Figure
12.1). This is just mathematics, as reliable as 2 + 2 = 4. It is not known
whether intelligence closely follows a normal distribution at the ex-
tremes, but if it does, then small changes in the average intelligence in
a society could result in a big difference in the number of exception-
ally intelligent people, which could have a significant impact on that
society.

Iworked with top-level research scientists all my adult life. Top-level
scientists are in many ways like all other people. They are tall and short,
slender and stout, handsome and plain. They are also kind and vicious,
reckless and cautious, extroverted and introverted. But top-level re-
search scientists differ from most other groups in that they are, with-
out exception, highly intelligent. Harness these individuals to specific
goals, and they will accomplish amazing things.

I was fortunate in my life to have observed one such project first-
hand. The sequencing of the first human genome in what was called
the Human Genome Project was the organized international effort to
map and sequence the first human genome. It lasted roughly 15 years,
from about 1986 to 2001. At its height, the Genome Project employed
no more than a few thousand people, yet the accomplishments of
this group of scientists were spectacular. The project went from what
seemed to be an outrageous goal in 1986 to a good draft sequence by
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Figure 12.1 Changes in the averages of normal distributions
Both plots have exactly the same width, but the upper plot has
a higher average than the lower plot. The sizes of the shaded
areas represent the total number of people who have values of
the trait above the level at the start of the shading. This level is
the same in both plots.

2001. The project was completed ahead of schedule and under budget.
I personally knew most of the project leaders and attest that they were
exceptionally intelligent. I am certain that the project could not have
been successfully completed with individuals of low or average intelli-

gence. The challenge was too great.
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Heritability of Intelligence

Back in Chapter 4 (Table 4.1), I listed the heritability of intelligence to
be approximately 60%. This means that about 60% of the variation in
intelligence can be attributed to heritable differences in our DNA. It
also means that the remaining 40% of variation is due to nonheritable
factors. What is the evidence for the approximately 60% heritability?

Biological Plausibility

It is known that thousands of our genes are expressed at significant
levels in our brains. The brain is likely the most complex organ in our
bodies. It is also known that mutation creates variability in all genes.
Therefore, it is no surprise that DNA variants affect brain function. In
fact, it would be biologically implausible for DNA variants to have no
effect on intelligence.

Experiments with Lab Animals

Scientists have attempted to study intelligence in a number of lab-
oratory animals, especially rats and mice (27-28). Lab rats and mice
can be either inbred or outbred. Inbred strains have undergone many
generations of brother-sister matings (an exceptionally severe popu-
lation bottleneck) such that essentially all genetic diversity has been
eliminated. Except for mutations, individuals within each inbred strain
are identical in DNA sequence. Outbred animals are genetically more
like humans. Each individual animal has an appreciably different DNA
sequence.

A number of researchers attempted to breed rats with high and
low intelligence (28-33). These researchers started with a group of
outbred animals. They then ran the individuals through a test for “in-
telligence,” usually some form of maze. In each generation, they took
the highest-scoring individuals and bred them together, and took the
lowest scoring individuals and bred them together. This process was
continued over multiple generations. Invariably, these experiments
resulted in “maze-bright” and “maze-dull” strains of rats that differed
significantly from each other in performance on the tests and that bred
true. Results from one such experiment are shown in Figure 12.2. Since
all the rats in these experiments were raised under exactly the same



Chapter 12 Genetics of Intelligence 167

conditions, there was no environmental variation. The bright and dull
strains therefore must have differed in their germline DNA sequences.
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Figure 12.2 Selective breeding of
maze-bright and maze-dull lab rats
(adapted from reference 32)

Typically, with lab mice, an alternative approach was used. Differ-
ent inbred strains of mice were run through mazes and other tests of
“intelligence” (34-35). The strains differed significantly in their perfor-
mance on the tests. Again, since all the mice were raised under iden-
tical conditions, the differences in maze performance must be due to
differences in DNA sequences among the inbred strains.

Certainly, human intelligence and maze running in lab animals are
not equivalent. Nevertheless, the experiments with lab animals provide
evidence for the heritability of intelligence.

Family Studies

If intelligence has substantial heritability, then children should resem-
ble their parents in intelligence. Francis Galton was probably the first
to attempt to show (in about 1865) that exceptional life achievement
runs in families (36). Galton subjectively identified men in fields such
as law, warfare, science, and the arts who rose to especially high posi-
tions and/or were exceptionally accomplished. He then examined the
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life achievements of male biological relatives of these illustrious men.
He found that eminence (his term) in the relatives was much more
common than expected by chance. He also reported that eminence in
the relatives was more common among close biological relatives, such
as sons, fathers, or brothers, than in more distant relatives, such as
cousins or nephews.

Much more recently, Gregory Clark published analyses of father-to-
son (patrilineal) inheritance of social status (income, wealth, educa-
tion level, occupation, and longevity) (37-39). Clark’s analyses are
largely based on rare family names—think Buddenbrock, not Baker.
Clark reported that high social status stubbornly persisted through
patrilineal lines, in some cases for up to 10 generations or more.
Thus, sons on average tended to resemble their fathers, grandfathers,
great-grandfathers, etc. in social status. High social status did decay,
but only gradually over many generations. Clark posited that the slow
decay was due to substantial inheritance of talent, as well as marriages
between high-status men and high-status women. Clark’s reasons for
excluding environment as the primary cause for the persistence in so-
cial status were that government social spending, such as subsidized
education, has not markedly altered social mobility, and that windfall
wealth, such as winning a lottery, does not translate to high social sta-
tus in succeeding generations.

More concrete evidence that relatives resemble each other in intel-
ligence comes from the degree of similarity in intelligence test scores
for various pairs of relatives (40-41). The numbers shown in Table 12.1
were taken from a comprehensive review of over 100 different studies
(40, Figure 1). Correlation is the resemblance in scores among the pairs
of relatives. The higher the correlation, the closer the scores for pairs of
individuals within the groups. The results shown in Table 12.1 are what
would be expected if intelligence has substantial heritability—correla-
tions drop as the fraction of shared DNA decreases.

However, as described in Chapter 4, similarity in intelligence among
relatives could be due to shared environment, rather than shared DNA.
Siblings, for example, generally share a more similar environment than
cousins. And because they are the same age, twins likely share a more
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similar environment than other sibling pairs. Scientists have there-
fore turned to twin and adoption studies to disentangle heredity and

environment.
Table 12.1
Correlation of intelligence test scores
among various pairs of individuals*

Fraction of
Relationship Correlation** DNA Shared
Identical twins 0.86 100%
Fraternal twins 0.60 50%
Midparent-children*** 0.50 50%
Full siblings 0.47 50%
First cousins 0.15 12%
Unrelated individuals 0.00 0%

*Results for twins, midparent-children, and full sibs are mostly for individuals reared
together. Results for first cousins and unrelated individuals are mostly for individuals
reared apart.

**Weighted averages of various studies.

***Midparent-children is defined as a comparison of the average scores of the parents
to the scores of their children.

Twin Studies

Since identical twins share 100% of their DNA, while fraternal twins
share only 50%, it’s expected that for any trait with substantial herita-
bility, identical twins will be closer to each other than fraternal twins.
Dozens of studies involving thousands of twin pairs from several coun-
tries have compared measures of intelligence between identical and
fraternal twins (40-43). All of these studies have reported greater sim-
ilarity in intelligence between identical than between fraternal twins.
The numbers shown in Table 12.1 are representative of these studies.

Adoption Studies
Another standard approach for separating the influence of genes
and environment is the study of adopted children. If heritability of
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intelligence is low, and environment is most or all, then the intelligence
of adopted children should more closely match that of their adoptive
parents (with whom they grew up) than their biological parents (with
whom they did not grow up). However, if shared DNA is the predom-
inant factor, then adopted children should more closely match their
biological parents. Many studies carried out over decades have shown
that adopted children more closely resemble their biological parents in
intelligence, especially as the children get older (4, 44-47).

An approach that combines twin and adoption studies is the study
of twins raised apart (48-50). Since twins are relatively rare, and twins
raised apart are exceptionally rare, these studies are hampered by small
numbers. Nevertheless, the results of such studies are illuminating. Re-
united identical twins, even after decades of living apart, were found
to be very similar in intelligence test scores. Correlations between 162
identical twin pairs reared apart from four studies completed over five
decades are shown in Table 12.2. The correlations are all high, and are
close to those reported for identical twins raised together (Table 12.1).

Table 12.2
Correlations in intelligence test scores
for identical twins raised apart

Study Numbers of Twin Pairs Correlations
1 19 0.68
2 12 0.64
3 38 0.74
4 48 0.69
5 45 0.78
Totals 162 0.73

Taken from reference 50, p. 189.

Genes Involved in Intellectual Disability

In genetic terms, intelligence is clearly a complex trait. Variants in
thousands of different genes have been shown to affect intelligence.
However, like many other genetically complex traits, intelligence has
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single-gene subforms (Chapter 4). These subforms occur at the low-
est end of the intelligence range, or what is typically called intellectual
disability.

Intellectual disability (abbreviated ID and formerly called mental
retardation) is defined as having intelligence test scores that are within
the lowest 2.5% of scores (51-53). ID is therefore fairly common. Be-
fore children reach the age when intelligence tests become reliable, ID
is often identified by developmental delay, which means the child is not
hitting developmental milestones like walking and talking at the same
age as most other children. While ID is not exactly the same as devel-
opmental delay, there is substantial overlap.

As covered in Chapter 4, each single-gene disorder can be described
by one or more clinical features (see, for example, Table 4.5). The larg-
est compilation of single-gene disorders lists ID as a clinical feature for
over 1,000 single-gene disorders, and developmental delay as a clinical
feature for over 3,000 single-gene disorders (54). Therefore, brain func-
tion is adversely affected by deleterious variants in a minimum of 5%,
and probably more than 15%, of all genes. These variants have a mix of
dominant, X-linked, and recessive inheritance (55-63).

Children with ID are often born to parents with normal or high in-
telligence. This can happen due to recessive inheritance or environ-
mental factors, but is more often due to mutation. Roughly half of all
ID cases are attributed to new, heterozygous variants that arise through
mutation (62, 64-66) (see Case 2 in Chapter 3). All types of mutations,
including nucleotide substitutions, can cause ID. This is an important
and weighty observation: a change in a single nucleotide out of six bil-
lion can spell the difference between a person with normal or high in-
telligence and a person with ID.

Although ID is often caused by variants in single genes, variation
in intelligence within the normal range shows different genetics (67).
Thousands of variants are involved in normal intelligence, each with
relatively small effect. Most of these variants were identified by ana-
lyzing the DNA of large groups of individuals, ranging from tens of
thousands to millions, for which estimates of intelligence were availa-
ble (68-72). Because intelligence tests are rarely, if ever, administered
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to such large groups these days, educational attainment, which is rela-
tively easy to obtain, was often substituted as a crude measure of intel-
ligence. Variants involved in intelligence were identified by differences
in frequency among the groups with different levels of educational
attainment. For example, a variant might have the highest frequency
in the group of subjects who did not complete high school education,
a lower frequency in those who attended college, and the lowest fre-
quency in those with postgraduate degrees. The differences in variant
frequencies were typically small, and could be identified only through
studying large numbers of individuals.

Using the variants that influence educational attainment, indices
have been constructed that explain about 10% of the variation in ed-
ucational attainment (45, 72). Although average results from these in-
dices appear impressive (Figure 12.3), individual results are far less so
(Figure 12.4). In other words, although current polygenic indices for
educational attainment on average distinguish those with high intelli-
gence from those with low intelligence, their predictive power for any
one person is quite limited. Many people with high indices have low
educational attainment, and many with low indices have high educa-
tional attainment.

Percent college completion

0 2 4 6 8 10
Polygenic index score

Figure 12.3 Predictive power of a current polygenic
index for educational attainment: average results
(adapted from reference 72)
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Nearly all the DNA variants from the large group studies that affect
intelligence have relatively high population frequencies. This contrasts
with the many single-gene variants that cause ID and have very low
population frequencies. Recently, researchers have also begun to iden-
tify variants with intermediate population frequencies that also affect
intelligence (73-77). Combining the effects of rare, intermediate, and
frequent variants enhances the predictive power of polygenic indices
(75-76). 1t is likely that the predictive power of the indices for intelli-
gence will continue to improve in coming years.
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Figure 12.4 Predictive power of a current polygenic
index for education attainment: individual results
(adapted from reference 72). Only a relatively few
representative individuals are displayed.

Nonheritable Factors
Because this book is about genetics, I emphasized the heritability of
intelligence. But it’s important to keep in mind that roughly 40% of var-
iation in intelligence is due to nonheritable factors.

As presented in Chapter 4, nonheritable factors include germline
mutations, somatic mutations, chance events, and environment. The
strong impact of some germline mutations on intelligence is described
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above. Although less is known about the impact of somatic mutations,
there are early indications that they also play a role (78-79). It’s also
likely that random events in fetuses and children, such as X chromo-
some inactivation in females, affect development of the brain. Finally,
a number of environmental factors have been linked to variation in in-
telligence. I’ll cover just a few of these.

Excessive consumption of alcohol by a pregnant woman can result
in a child with fetal alcohol syndrome (80-81). Fetal alcohol syndrome
is characterized by a number of health problems, including ID. Even
when alcohol consumption by the mother does not cause frank ID, it
may still impair development of the fetal brain.

Premature birth, typically defined as birth before the 37th week of
pregnancy, is another relevant environmental factor. Premature birth
is common, comprising close to 10% of all births (82). Like fetal alco-
hol syndrome, premature birth is associated with a host of problems in
the child, including reduced intelligence (83-84). The earlier the birth,
the greater the likelihood of significant deficits.

Malnutrition in children can affect development of their brains (85).
Diets deficient in a number of individual nutrients, like iodine, are still
common in developing nations. These deficiencies can cause cognitive
deficits (86-87).

Lead from paints, pipes, gasoline, and other sources has been shown
to cause a number of health problems, including cognitive deficits (88—
89). One study concluded that Americans born between 1951 and 1980
lost an average of 1% on intelligence test scores due to lead poisoning
(88). People living in low-income areas of US cities have generally re-
ceived higher lead doses than those living in affluent areas.

Good evidence also exists that upbringing has an effect on intelli-
gence. Rats raised in a “enriched” environment that included ramps,
mirrors, balls, and tunnels performed significantly better on maze
tests than genetically identical rats raised in “restrictive” environments
without any of these accoutrements (90). Human children raised in
extremely deprived environments have cognitive deficits (91-92).
Children adopted into high-status homes demonstrate significant
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improvements in intelligence test scores compared to biological sib-
lings raised with their biological parents (4, 93-96).

Average raw intelligence test scores have increased substantially
throughout much of the 20th century in many countries (4, 97-99).
This improvement in scores has come to be known as the Flynn effect,
after James Flynn, who was one of the first to report this phenome-
non. Since changes to the gene pool are unlikely to explain the Flynn
effect (Chapter 14), changes in environment are the likely explanation.
General improvements in diet and health are probably at least partly
responsible; average adult height also increased significantly during
the same period. Flynn himself concluded that the primary cause was
improvements in test-taking skills (100). A number of researchers have
recently reported that the Flynn effect has plateaued or even reversed
in developed nations in the late 20th and early 21st centuries (101-105).

Conclusions

Virtually no one disagrees that tall parents tend to have tall children,
and short parents tend to have short children. People also have little
trouble agreeing that genetically complex health problems, such as
cancer or heart disease, often run in families. Yet, when it comes to
intelligence, people often reflexively reject even the possibility of her-
itability. This is illogical and wrong.

The lines of evidence in support of the substantial heritability of
intelligence are summarized in Table 12.3. Individually, each of these
lines provides compelling evidence for the substantial heritability of
intelligence. Together, they comprise an overwhelming case.

Other scientists who have reviewed the genetics of intelligence have
also concluded that intelligence has substantial heritability (4, 45, 106—
108). The most thorough, balanced summary I have found was written
by N. J. Mackintosh (4). Mackintosh carefully described the evidence,
along with the limitations of the methods employed. I don’t know of
any reputable human geneticist who today disputes the substantial
heritability of intelligence. The substantial heritability of intelligence is
not hearsay, nor opinion, nor hypothesis, but scientific fact.
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Table 12.3
Sources of evidence for the substantial
heritability of intelligence

» Biological plausibility

o Experiments with lab animals

« Resemblance of family members

o Twin studies

o Adoption studies

 Single-gene subforms of intelligence (intellectual disability)
« Polygenic indices for intelligence

 Scientific consensus

o Evolution of human-level intelligence (next chapter)

As mentioned in Chapter 4, heritability is difficult to measure, and
there is no perfect method for doing so. Different studies have obtained
estimates for the heritability of intelligence that range, with few excep-
tions, between 40% and 80%. The 60% number I presented in this book
is a conservative midpoint of these estimates.

But regardless of the true numeric value, the important point is that
heritability of intelligence is substantial. For the purposes of this book,
it matters little whether it is 40% or 80%. What is important is the fact
that our DNA sequences strongly influence our intelligence, and that
children usually resemble their parents in intelligence.

In contrast to geneticists’ knowledge of variants that cause ID,
next to nothing is known about the genetics of high intelligence. No
variants have yet been identified to explain exceptional intelligence. I
don’t know of any cases in which a brilliant child was born to parents
of limited intelligence as a result of mutation. My best guess is that ex-
ceptional intelligence involves having a fortuitous combination of rela-
tively few deleterious variants that impair brain function and favorable
nonheritable factors, but this is just my educated guess. We need to
learn much more about the genetics of intelligence (Chapter 17).

Since about 2% of people have ID, and half of ID cases are caused by
germline mutation, mutation is responsible for ID in roughly 1 out of
every 100 newborns. This is not too surprising when we consider that



Chapter 12 Genetics of Intelligence 177

an average of two mutations occur within each baby’s genes, that many

of these mutations are deleterious, and that probably 15% or more of

our genes are involved in brain function. However, in addition to the

mutations that cause frank ID, there are many other mutations that

cause a smaller decrease in intelligence. Mutations have a wide range
of impacts (Chapter 3). It is possible that as many as 1 in 20 or even 1

in 5 newborns has a significant decrease in innate intelligence due to

mutation (109). Germline mutation relentlessly erodes the intelligence

of human populations.

Summary

Intelligence, broadly defined as the ability to solve problems, var-
ies over a wide range among individuals.

Higher intelligence is a significant factor in both individual and so-
cietal success. Human civilizations could not have arisen without
our special intelligence.

There are multiple compelling lines of evidence that intelligence
has significant heritability. These include family studies, twin
studies, adoption studies, and the genetics of intellectual disabil-
ity (ID) (Table 12.3).

Geneticists have now identified the specific DNA causes of many
thousands of cases of ID. A change in a single nucleotide out of
six billion can spell the difference between a person with normal
intelligence and a person with ID.

Although different studies have produced a range of estimates for
the heritability of intelligence, it is a scientific fact that intelligence
has substantial heritability (on the order of 60%).

Nonheritable factors also strongly influence intelligence. These
include mutations and environmental factors such as premature
birth, lead poisoning and upbringing.

The mutations that occur in every child in every generation (Ta-
ble 3.3) cause frank ID in about 1 out of every 100 newborns, and
somewhat reduced innate intelligence in an unknown larger frac-
tion of newborns.

Germline mutation relentlessly erodes the intelligence of human
populations.



Chapter 13

EVOLUTION OF OUR
SPECIAL INTELLIGENCE

This chapter focuses on the evolution of human special intelligence,
with emphasis on the forces that shaped this evolution.

Human-Ape Common Ancestors

Today, humans dominate the globe. But this was not always the case.
Roughly eight million years ago, our ancestors were a relatively small
population of ape-like creatures (Chapter 5). These creatures were the
common ancestors of chimpanzees, gorillas, and humans. First, the an-
cestors of gorillas split from the ancestors of chimps and humans, and
then about seven million years ago, the chimp and human lines split
(Figure 5.2).

Very little is known about the common ancestors of humans and
apes. Only a few fossils that could (but are not certain to) be from the
common ancestors have been discovered (1-4). However, it is known
that over the millions of years since the common ancestors, human
anatomy changed considerably (Figure 5.4). The arms of our ancestors
shortened and their legs lengthened. Their muzzles receded. Most im-
portantly for this chapter, their brain volume increased about three-
fold (5-8). Artists working with paleontologists have attempted to cre-
ate images of how our ancestors may have looked based on the fossil
bones. Although they are only approximations, these images are still
fascinating (9).
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Chimps and gorillas are probably the most intelligent animals out-
side of humans. It’s therefore likely that the common human-ape an-
cestors were relatively intelligent. But the intelligence of the common
ancestors did not match our own. There is absolutely no evidence that
they created tools, built structures, or manufactured items. Over the
last seven to eight million years, our ancestors evolved the special in-
telligence that allowed us to dominate the world.

Available Evidence Relevant to

Evolution of Human Intelligence

The major sources of evidence relevant to the evolution of human in-
telligence are listed in Table 13.1. Some evidence comes from the be-
haviors of living wild and captive chimpanzees and gorillas. However,
these behaviors can be misleading. Chimps and gorillas are not iden-
tical in their behaviors. Also, the common human-ape ancestors were
not humans nor chimps nor gorillas, but different creatures (2). So, at
best, the behaviors of apes living today may provide vague clues.

Many thousands of ancient bones dating from as far back as eight
million years have been discovered. However, most of these remains
are fragments, rather than full skeletons, and as the specimens go fur-
ther back in time, they become scarcer (10).

Nonbiological evidence includes the stone tools constructed by our
ancestors that have been dated as far back as 3.3 million years (11-12).
As time passed, these tools slowly became more sophisticated. There
is also evidence of fire usage dating from about 400,000 years ago, per-
haps earlier (13-14). Archaeological artifacts such as cave paintings,
jewelry, sculptures, remains of buildings, and even musical instruments
have been discovered going back about 50,000 years, with a few earlier
specimens (15). And there are written historical records of human so-
cieties accumulated over the last several thousand years.

DNA has been extracted and sequenced from many human and
human-like remains (Chapter 5). Over 100,000 ancient DNA sequences
have now been generated, a few dating to over 50,000 years ago (16-17).

The results of modern anthropological studies on isolated
hunter-gatherer populations who were still using Stone Age technology
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are also available. Most of these studies were carried out in the 20th

century.
Table 13.1
Major sources of evidence about human
evolution over the last several million years
Time Span Dating
Back from Present
Evidence (Years)
Behaviors of extant wild chimps and gorillas 8 million
Fossil bones 8 million
Stone tools 3.3 million
Ancient DNA sequences 200,000
Archaeological artifacts 50,000
Historical records 10,000
Modern study of hunter-gatherer populations 200

The volume of evidence relevant to the evolution of human intel-
ligence decreases as we go back in time. For a large part of the eight
million years since the common human-chimp-gorilla ancestor, very
little information is available. Most of this time is therefore dark to us.

What Is Known About the Evolution

of Human Intelligence

Although a great deal is still unknown, three important facts have been
established about the evolution of human special intelligence. First,
evolution of our special intelligence primarily involved changes to our
genomes. Undoubtedly, establishment of human civilization was in
part dependent upon cultural and technological developments such
as domestication of plants and animals, written language and smelting
of iron. But these developments would not have been possible with-
out changes in the genome. If learned culture and technology alone
were responsible for our civilizations, then chimps and gorillas raised
as humans should be able to function like humans. This experiment
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has been performed multiple times (see, for example, 18-19), but the
result is always the same. Although the great apes are remarkable an-
imals, chimps and gorillas raised as humans grow up to become adult
chimps and gorillas, not adult humans. They can’t write, they can’t do
mathematics, and they can’t build computers.

Second, the new DNA variants that led to improved intelligence
arose through mutation. This is an obvious point, but still important to
keep in mind. By comparing genome sequences from gorillas, chimps,
Neanderthals, and modern humans, researchers have tried, and con-
tinue to try, to determine which changes in our genomes have led to
our special intelligence (8, 20-23). It turns out, however, that this is a
very difficult problem. Despite the high degree of sequence similarity
between the genomes of these four species (Table 5.2), the numbers
of nucleotide differences are still daunting. The human and chimp ge-
nomes, for example, differ by more than 40 million nucleotides. Al-
though researchers have identified some sequence differences that may
be important, this approach still leaves us far from understanding the
evolution of our special intelligence.

And third, over the long haul, the more intelligent of our ancestors
reproduced at higher rates than our less intelligent ancestors (24).
Gradually, over millions of years, mutation created new sequence var-
iants that caused some of our distant ancestors to be more intelligent.
Because individuals who carried these new variants left more descend-
ants than those who did not, the population frequencies of the new
variants increased. Eventually, many of the new variants reached 100%
population frequency. This would not have been possible without the
differences in reproduction.

In addition to these three facts, there is a fourth important point
that, although not certain, is I think very likely. From the work that
has been done to date comparing genome sequences among our closest
relatives, it can be concluded with reasonable certainty that evolution
of our special intelligence was not due to just a handful of variants in
a few genes, each with relatively large effect. Rather, it was due to the
gradual accumulation of many variants, each with relatively small effect
(20-22, 25-26). Many of these variants are located outside of exons,
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within gene regulatory regions. A gradual increase in the intelligence
of our ancestors is also consistent with the fossil (increasing brain size)
and stone tool records.

Forces Involved in the Evolution

of Human Intelligence

The process through which our special intelligence evolved was un-
doubtedly highly complex. No one, certainly not myself, currently has
a good understanding of this process. I think that the best that can be
done at this point is to describe some of the major forces that were in-
volved. The forces that I have identified are listed in Table 13.2. The re-
mainder of this chapter is devoted to a one-by-one description of these
forces, along with some thoughts on the role they may have played in
the evolution of our intelligence. There is substantial overlap among
many of these forces.

Table 13.2
Primary forces involved in human evolution

Differential Reproduction
Natural Selection
Genealogical Demography
Polygyny

Population Size
Migration

Infanticide

Assortive Mating
Population Crashes
Mutation

Chance

Differential Reproduction

As long as a population does not have appreciable immigration or emi-
gration, a variant within that population can only increase or decrease
in frequency if carriers of the variant reproduce at higher or lower rates
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than those without the variant. As previously mentioned, our ances-
tors who carried variants that increased intelligence must on average
have reproduced at higher rates than those without such variants.
Furthermore, because throughout evolutionary history mutation has
constantly created variants that decreased intelligence, ancestors who
carried such deleterious variants must have reproduced at lower rates
than those without them.

Natural Selection
Natural selection means that those individuals (of any species) that are
best adapted to their environment are the ones most likely to survive
and reproduce (Chapter 3). There is considerable evidence that natural
selection has shaped human genomes. Let’s start with negative natu-
ral selection. Evidence for negative selection comes from the finding
that DNA variants that disrupt the function of many genes are depleted
in the current human gene pool (27-28). Shown in Table 13.3 are ob-
served numbers divided by expected numbers (ratios) for selected
exonic variants of three types: loss-of-function variants, which gener-
ally abolish gene function; missense variants, which lead to changes in
amino acid sequences in proteins; and synonymous variants, which do
not alter amino acid sequences (Chapter 3). Expected variant frequen-
cies were determined by assuming random mutation and no natural
selection. Loss-of-function variants are depleted more than missense
variants, while synonymous variants show little or no depletion.
Comparing the genome sequences of different species provides ad-
ditional evidence for negative selection. When DNA sequences of ver-
tebrates are compared, for example, exon sequences are found to be
much more conserved than intronic and intergenic sequences (29-30).
This is because deleterious exonic variants generally have a stronger
adverse effect on the health and abilities of individuals than deleterious
variants located outside of exons, and are therefore more efficiently re-
moved by negative selection. Furthermore, because of the redundancy
in the genetic code (Figure 2.9), amino acid sequences of proteins are
more highly conserved among different species than exonic DNA se-
quences (31). Changing the amino acid sequence of a protein often ad-
versely affects the protein’s function, but exchanging one redundant
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DNA code for another does not alter the amino acid sequence or the
function of the protein.

Table 13.3
Ratios of observed to expected variants
in selected genes by variant type

Loss-of-
Gene Disorder function Missense Synonymous
DDX3X Intellectual 0.00 0.28 1.09
disability
FBNI Marfan syndrome 0.08 0.63 0.90
PTPNI11 Noonan syndrome 0.08 0.51 0.83
CHD7 CHARGE 0.08 0.82 0.99
syndrome
ARIDIB Intellectual 0.15 0.96 1.16
disability
TSCI Tuberous sclerosis 0.16 0.74 0.87
NF1 Neurofibromatosis 0.38 0.60 0.89
RYRI Myopathy 0.59 0.87 0.98
G6PC1  Glycogen storage 0.66 0.85 0.88
disease
BRCAI  Breast cancer 0.77 0.87 0.83

Data taken from the gnomAD database (https://gnomad.broadinstitute.org/).

Studies in lab animals called mutation accumulation experiments
offer further evidence for negative selection. In these complex and dif-
ficult experiments, mating conditions are arranged so that nearly all
mutations, except for those incompatible with life and reproduction,
are allowed to accumulate over multiple generations (32-35). The lines
of animals (worms, flies, and mice) in which the mutations accumulate
are weaker and less fertile than control animals in which deleterious
variants were removed by negative selection.

Positive natural selection leads to increases in the frequencies of ad-
vantageous variants. Several examples of this phenomenon in humans
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have been discovered (36-39), including the variants that cause lactase
persistence and resistance to malaria (Chapter 3). I do not know of any
confirmed reports of positive selection for variants that increase intel-
ligence. If, as I think likely, there are many such variants, each with a
small effect, then signals of positive selection for intelligence may be
too weak to detect using current methods. However, it’s easy to im-
agine how natural selection could have worked in our ancestors to
gradually increase intelligence. Individuals who were more intelligent
could more efficiently obtain food and mates, and better plan attacks
and defenses against neighboring groups. And perhaps most impor-
tantly, more intelligent parents would be more likely to raise children
who survived to reproductive age than less intelligent parents.

Natural selection is not a perfectly efficient process. Often, espe-
cially in the past, a child who was especially healthy and bright died be-
cause of a chance event such as a drought or a storm. And sometimes,
a less healthy and talented child happened by chance to be born into a
group that was relatively prosperous and peaceful, and therefore sur-
vived and reproduced. But over the long term, those who were health-
ier and more talented produced more descendants and contributed
more to the gene pools of subsequent generations.

Genealogical Demography

I define genealogical demography as a branch of demography con-
cerned with the numbers and characteristics of ancestors and de-
scendants of individuals. In the next chapter, I focus on descendants of
people who are currently living; in this chapter, I focus on ancestors.
For adults of reproductive age living at any time in the past, geneticists
would like to know the contributions of those individuals to the cur-
rent gene pool. Genealogical demography exerts a strong influence on
the gene pool.

Consider two famous people from history who lived at about the
same time: President Abraham Lincoln in the US (1809-1865) and
Queen Victoria in England (1819-1901). Lincoln and his wife, Mary,
had 4 sons, but only 1 of the 4 (Robert) survived to adulthood. Robert
had 3 children of his own, but Robert’s children either had no children,
or their children (President Lincoln’s great-grandchildren) had no
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children (Figure 13.1). Therefore, none of Abraham’s and Mary’s DNA
is present in today’s gene pool. In contrast, Victoria and her husband,
Albert, had 9 children who lived to adulthood and 42 grandchildren
(Figure 13.2). Today, Victoria and Albert have roughly 1,000 living de-
scendants. They therefore made an appreciable contribution to today’s
gene pool.
Abraham Lincoln —— Mary Todd Lincoln
(1809 - 1865) (1818 - 1882)

Mary Eunice Harlan ——Robert Lincoln Edward Lincoln William Lincoln Thomas Lincoln
(1846 - 1937) T (1843-1926)  (1846-1850) (1850 -1862) (1853 - 1871)

I | |

Charles Isham Mary Lincoln  Abraham Lincoln I Jessie Lincoln Warren Beckwith

(1853 - 1919) —|_ (1869 - 1938) (1873-1890) (1875 - 1948) (1874 - 1955)
Lincoln Isham Mary Beckwith ~ Robert Beckwith
(1892 - 1971) (1898 - 1975) (1904 - 1985)

Figure 13.1 Descendants of Abraham and Mary Lincoln

Figure 13.2 Queen Victoria’s family
Shown are Victoria, her husband, Albert, their (adult) children,
and many of their grandchildren.
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Although only limited information is available about the number of
descendants of people who lived in the past, two firm conclusions can
still be made. First, many adults who lived in the past made no con-
tributions at all to the current gene pool (40-43). Throughout all of
human history, there have been many individuals who were childless,
due, for example, to infertility or the inability to find a reproductive
partner. Also, in the past, a large fraction of the children who were
born did not survive to reproductive age. Even for those who had chil-
dren who reached reproductive age, there were many, like Abraham
and Mary Lincoln, whose line of descent winked out after just one or a
few generations.

A study of four generations of people living in northern Sweden
from 1885 to 2007 found that 48% of the people in the first genera-
tion (age 15 and above) did not have any living great-grandchildren
(44). Going back 8-10 generations, there is evidence that the fraction
of people who did not contribute any of their DNA to the present was
more than 50% (45-46). And another study concluded that of the peo-
ple living at the dawn of modern humans, more than 90% did not con-
tribute to the current gene pool (47).

The second firm conclusion is that for those from the past who did
contribute to the current gene pool, their contributions varied widely.
Some contributed only a small amount and others a great deal. This
conclusion came from the study of established genealogies (43-46, 48—
49) and also from what are known as founder variants.

Founder variants are variants, usually causative for recessive dis-
ease, that are found predominantly in a single population. Frequencies
of founder variants are relatively high in those populations. Populations
that harbor founder variants were, at least in the past, reproductively
isolated. Members of these populations reproduced almost exclusively
among themselves, as opposed to reproducing with people outside
of the populations. Reasons for reproductive isolation included geo-
graphic separation and cultural and religious practices. A small sam-
pling of the many known founder variants is presented in Table 13.4.

Every mutation arises on a particular chromosomal background of
nearby variants. When geneticists examine the backgrounds of founder



Table 13.4
Examples of founder variants

Approximate Current
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Number of People
Population Gene Disease Variant with the Variant
Europeans CFTR Cystic fibrosis AF508 10 million
Ashkenazi Jews HEXA Tay-Sachs ¢.1275_1278dup 260,000
East Asians PAH PKU p-Arg413Pro 200,000
Amish APOB Hypercholesterolemia p-Arg3527Gln 50,000
French Canadians SACS Ataxia c.8844del 30,000
Finns SLC26A2 Diastrophic dysplasia c.-26+2T>C 25,000

References: 50-57.
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variants, they find that, with rare exceptions, each person who car-
ries a specific founder variant has the same chromosomal background.
This means that nearly all people living today with these variants are
descended from the single person in whom the mutation originally
occurred. As an example, almost all of the approximately 10 million
people living today who carry the AF508 variant in the CFTR gene
are descended from an individual who is thought to have lived about
50,000 years ago (50).

What were the people like who lived in the past and who made es-
pecially large contributions to the current gene pool? Unfortunately,
almost nothing is known about them. But there is evidence that, on
average, those who had large numbers of surviving children were more
likely to make any contribution (45) and to also make greater contribu-
tions (44). This makes intuitive sense. The line of descent from Victo-
ria and Albert, who had nine surviving children, continues to this day,
while the line from Abraham and Mary, who had only one surviving
child, ended. There is also evidence, although the effect is relatively
weak, that children from large families also tended to have large fami-
lies (45, 54, 58—59). Those of our ancestors whose descendants favored
large families over multiple generations contributed more than most
others to the current gene pool.

In summary, the contributions of people who lived in the past to the
current gene pool range from zero to exceptionally large. However, we
should also keep in mind that the genome of any single person living to-
day is a composite of DNA from many different ancestors (60). Susumu
Ohno calculated that about 4,000 ancestors who lived 20 generations
ago contributed to the genome of each person alive today (61). Accord-
ing to Ohno, we are all descendants of local kings as well as “murder-
ers, thieves, embezzlers, prostitutes, and all other social misfits of the
times.”

Polygyny

Polygyny is defined as males reproducing with multiple female part-
ners. Polygyny contrasts with polyandry, in which females reproduce
with multiple male partners, and monogamy, in which males and fe-
males reproduce with only a single partner. Remember from Chapter
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11 that males have virtually unlimited reproductive potential, but fe-
males can only have limited numbers of children. Polygyny may have
been a significant force in the evolution of our special intelligence.

Polygyny is present in both of the African great apes. Gorillas have
a harem reproductive pattern (62-63). A dominant male will repro-
duce together with a group of about five females whom he aggressively
controls. When a new male defeats the previous dominant male, he
will gain control of the females and may even kill the young offspring
of the previous dominant male. Although chimps do not have a harem
structure, males live within a clear pecking order. Dominant males
have more sex with females and almost certainly sire more offspring
(62, 64). Although no direct evidence is available, it therefore seems
likely that our distant ancestors practiced polygyny.

By comparing the evolution of the Y chromosome, which is inher-
ited solely from fathers to sons, to the evolution of mitochondrial DNA,
which is inherited over multiple generations solely from mothers to
daughters (Chapter 2), geneticists have concluded that the number of
males who contributed to the current gene pool were fewer than the
number of contributing females (65-66). This result indicates that po-
lygyny was likely practiced in anatomically modern humans.

In the past, and still today, deceased family members are some-
times buried together at the same site. Sequencing of DNA from bones
found in ancient cemeteries has recently allowed family trees to be
constructed. In several cases, these ancient family trees, ranging from
about 5,700 to 1,300 years ago, demonstrated polygyny (67-70).

From studying modern hunter-gatherer populations, anthropolo-
gists have concluded that polygyny was common in preagricultural hu-
man societies (63, 71-72). Dominant males often had multiple wives,
while non-dominant males often had one or no wives. From the study of
some pre-metal populations in the Amazon, James Neel reported that
there was large variation in the number of grandchildren descended
from different adult males (72). Just considering those men who had
grandchildren, the number of grandchildren per man ranged from 1 to
62. Furthermore, about half of the grandchildren were descended from
only 13% of the men.
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From historical records, it is known that polygyny was also common
in agricultural societies (73). The transition from a hunter-gatherer to
an agricultural lifestyle may even have been accompanied by an in-
crease in polygyny (66, 73). It was not unusual for kings, emperors, etc.
to have harems of hundreds or even over 1,000 females and to father
hundreds of children. As just one of many examples, Moulay Ismail Ibn
Sharif of Morocco (1645-1727) is reported to have had about 700 wives
and concubines and to have fathered over 1,000 children (74-75). Al-
though in Europe, the Catholic Church was effective in gradually elim-
inating polygyny, polygyny was frequently practiced in many other
parts of the world until relatively recent times. In Japan and China, po-
lygamy did not become illegal until 1880 and 1949, respectively.

From the study of Y chromosome DNA in men living today, geneti-
cists have concluded that some men who lived in the past made spectac-
ular contributions to the current gene pool. Probably the best-known
example is Genghis Khan (1162-1227), the founder of the Mongol Em-
pire. Genghis Khan had over 500 wives and concubines, many of whom
were queens or princesses who were either taken captive or gifted to
him. He is thought to have fathered hundreds of children. A study of
the Y chromosomes of men living today in Asia indicated that 8% of
the men share the same basic Y chromosome (76). This is roughly 20
million men, or 1 out of every 200 men on the planet. The authors of
the study speculated that this common Y chromosome was directly in-
herited from Genghis Khan and/or his close male relatives. The geog-
raphy, genetics, and history all fit this speculation. A similar study in
Ireland identified a Y chromosome shared by about 300,000 men that
is thought to have been descended from the medieval Ui Néill dynasty
(77).

From past examples of polygyny, it is known that it was the leaders of
groups who tended to have the most wives and who fathered the most
children. Male leaders often achieved their positions through intense
competition. Although I’'m sure there were exceptions, male leaders
were usually among the healthiest and most intelligent men (78-79).
As Neel put it: “Dummies don’t become headmen” (80). Because intel-
ligent male leaders generally had the most wives and fathered the most
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children, polygyny probably played a major role in the evolution and
maintenance of our special intelligence.

Finally, although numbers of offspring for women did not vary as
much for men, it should not be ignored that women living in the past
also differed in their numbers of children and contributions to the gene
pool (81). More intelligent mothers were undoubtedly more success-
ful, on average, in achieving survival of their children, and perhaps also
in partnering with more intelligent men.

Population Size

Throughout at least much of human evolutionary history, people lived
in relatively small groups of no more than tens to a few thousand indi-
viduals. Both chimps and gorillas live in small groups (62-64). Most
hunter-gatherers who have been studied in modern times lived in small
groups (82). Modern humans experienced population bottlenecks
when they migrated out of Africa (Chapter 5). And after the develop-
ment of agriculture, when by far the most common human occupation
was farming, many people lived in small, rural communities.

When population sizes were small and travel over long distances
was difficult, out of necessity people reproduced together with their
biological relatives. This doesn’t mean close relatives. Taboos on in-
cest (83) (Chapter 15) and the practice of men acquiring their wives
from other groups often tempered mating among close relatives, but
small populations still meant that matings between, for example, sec-
ond cousins were relatively common. Geneticists call such matings
inbreeding. Ancient DNA studies have confirmed that inbreeding was
common in our past (84-86).

From a genetic viewpoint, there are atleast four primary outcomes of
inbreeding. First, the frequency of recessive disease is higher in inbred
compared to outbred populations (Figure 15.1). Second, as described
in Chapter 3 (Table 3.4), inbreeding tends to reduce the number of rare
variants in a population and overall genetic diversity (87-88). Third,
inbreeding increases the rate of change of variant allele frequencies.
Rare variants can rise in frequency relatively rapidly. Fourth, and most
importantly for this discussion, studies in other organisms (89-90),
as well as in humans (91-98), have shown that inbreeding generally
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reduces health and abilities. Although the effect is modest, intelligence
is one of many human traits that has been shown to be adversely af-
fected by inbreeding (92-94, 96-98).

Migration

There is abundant evidence that even in the absence of modern methods
of transportation, some of our ancestors migrated over long distances.
For instance, prior to the appearance of modern humans, and starting
about two million years ago, Homo erectus—one of our ancestors (or
close relatives)—migrated from Africa into much of Eurasia (99-100).
Beginning about 60,000 years ago, modern humans migrated out of Af-
rica to colonize the rest of the world (Chapter 5). Study of both ancient
and extant DNA has shown that migrations of later, but still prehistoric,
humans were also common (101). As just a few of many prehistoric ex-
amples, Europe has seen waves of migration transform the genomes of
its populations (101-105). Bantu-speaking people migrated from west-
ern to eastern and southern Africa (106), and people from mainland
East Asia migrated to the islands of Japan (107). There are also many
examples of migration in historic times. Consider the migration of Eu-
ropeans to the Americas and Australia, and the forced movement of
African slaves to the Americas and other parts of the world.

Migration has always been accompanied by reproduction between
individuals from the immigrating and native groups (101-105). In some
cases, this intergroup reproduction was minimized by the immigrat-
ing group displacing the resident group and/or maintaining strictures
on reproduction. But in other cases, there was extensive reproduction
between the groups, and in all cases, there was at least some genetic
mixing.

Migration, through reproduction among people who were previ-
ously genetically isolated, tends to counteract the effects of inbreeding.
It increases the numbers of variants and the combinations of variants
upon which evolutionary forces may act. Consider two variants, 1 and 2,
each of which slightly increases intelligence. Variant 1 is unique to pop-
ulation A, and Variant 2 unique to population B. As long as populations
A and B remain apart, then Variants 1 and 2 won’t be found together in
individuals, but when populations A and B mix reproductively, some of
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the children will inherit both Variant 1 and Variant 2, and may be more
intelligent than either of their parents.

Infanticide

Infanticide is the killing of infants, usually by their parents, either di-
rectly or through abandonment (often called exposure). Although cer-
tainly an unpleasant subject, infanticide was practiced in the past by
many, perhaps nearly all, human societies (72, 74, 108-110). Depend-
ing on the society and the circumstances, up to about 50% of newborns
were killed.

The three main reasons for infanticide appear to have been shortage
of food, illegitimacy, and preference for male children. It’s difficult for
us today to understand, but for most of the existence of modern hu-
mans, famine was a frequent companion. Mothers in hunter-gatherer
societies often nursed their children for three to five years. When, for
instance, a woman who was nursing a healthy two-year-old gave birth
to another child, there often simply wasn’t enough milk for two chil-
dren. It was then a very hard, but pragmatic, decision to continue to
feed the healthy child, rather than risk the lives of both children. In
many human societies in the past, it was a serious crime for women to
have extramarital sex; the penalty was often death. Therefore, many
women who became pregnant outside of marriage hid their pregnan-
cies and killed their babies as soon as they were delivered. Finally, es-
pecially when resources were limited, many human societies favored
male children. The preferential killing of female babies usually resulted
in more men than women of reproductive age. This meant more com-
petition among males for female partners. Also, where women did have
a choice, they could be more selective in choosing partners.

In societies where infanticide was common, even healthy, strong ba-
bies had limited odds of surviving to reproductive age. Babies that were
physically abnormal had even less chance. Several investigators have
reported that infants with congenital abnormalities were preferentially
killed (72, 78, 108).
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Assortive Mating

Assortive mating means that people often choose reproductive part-
ners who are similar to themselves in various traits. Assortive mating
has been demonstrated for traits such as age, height, weight, religious
beliefs, political views, and intelligence (111-112). Intelligence is one
of the traits that shows the strongest assortive mating. Because of the
significant heritability of intelligence, assortive mating guarantees that
human societies will continue to have some individuals of high intelli-
gence in future generations. While assortive mating does not alter the
average trait value for a population, it does broaden the spread of val-
ues (113-114) (Figure 13.3).

T T T T T

No assortive mating

Number of people

Trait

Figure 13.3 Assortive mating
The solid curve represents the population distribution of a trait
in the absence of assortive mating, and the dashed curve repre-
sents the distribution in the presence of assortive mating.

Population Crashes

I define a population crash as a relatively rapid drop in the size of a hu-
man population. Although population crashes are rare today, they were
frequent in the past. Many such crashes are known from recorded hu-
man history, and it is likely that they occurred frequently throughout
all of human history (115-118). Just a few relatively recent examples
are listed in Table 13.5.
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Table 13.5
Selected relatively recent population crashes

Number Fraction of

Event and Location Dates of Deaths Population
Black Death in Europe 1347-1351 30 million 50%
Epidemics in Native ~1500-1800 48 million 90%
Americans

Potato famine in Ireland 1846-1852 1 million 15%

Great Leap Forward famine  1959-1961 20 million 3%
in China

Famine in North Korea 1995-2000 1 million 4%
World War IT in Europe 1939-1945 42 million 10%
Genocide in Cambodia 1975-1979 2 million 25%

References: Black Death (117, 119-120); Native Americans (121); famines (118);
WWII (116); Cambodia (122). Although all the events listed in the table were clearly
population crashes, the numbers of deaths are only rough estimates and carry
significant uncertainty. The Native American numbers are particularly uncertain.

Causes of population crashes include famines, wars, and epidem-
ics. After the development of agriculture but prior to the dramatic
improvements in agricultural yields beginning in about the year 1800,
famine was probably the most frequent cause of crashes. This concept
was most famously described by Thomas Malthus in 1798 (123). Mal-
thus claimed that people were capable of reproducing much faster than
food supplies could increase, and this led to boom-and-bust cycles. In
good times, when food was plentiful, populations grew rapidly, but
when drought, floods, or other factors reduced the food supply, people
starved to death or curtailed population by other means, such as fewer
and later marriages and infanticide. In this way, over the long term,
population sizes didn’t change much (Figure 14.1).

Probably the greatest effect of population crashes on the gene pool
is the differential survival of people through the crashes. If people who
possessed or were missing a particular variant preferentially survived
a crash, then the population frequency of that variant could change
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appreciably and rapidly. Ancient DNA evidence was recently pub-
lished indicating that those in Europe who survived the Black Death
emerged with shifted frequencies for variants in some immune system
genes (120).

Evidence is accumulating that healthier and wealthier people pref-
erentially survived crashes (118-119, 124-125). This is especially
well-documented for the 2020-2022 COVID-19 pandemic (124-125),
during which roughly 20 million people died worldwide. At least in de-
veloped nations, those with lower levels of education and income died
at higher rates. Higher-income individuals quarantined themselves by
vacating cities and working from home. Many lower-income individu-
als had no choice but to continue working in crowded workplaces and
therefore were more frequently infected.

A similar scenario likely played out during earlier crashes (118-119,
124). During famines, the wealthy could continue to buy food even
when supplies were limited. They could also sometimes travel away
from battlefields and disease-ridden cities. Wealth is only a crude proxy
for intelligence, but it is still known that, on average, wealthy individu-
als are more intelligent than poor individuals (Chapter 12). Population
crashes may therefore have contributed to the evolution of our special
intelligence by preferential survival of those who were more intelligent.

Mutation

As described in Chapter 3, the natural process of mutation produces
roughly 1,000 new variants in each human child. Mutation provides the
raw material on which the various forces described in this chapter act.
Our special intelligence could not have evolved without mutation.

Chance

In all the hundreds of millions of years that complex organisms have
existed on our planet, human-level intelligence evolved only once.
Chimpanzees, gorillas, and orangutans didn’t evolve human levels of
intelligence, even though millions of years ago, humans and these spe-
cies had common ancestors. Birds that mimic human speech haven’t
evolved special intelligence. Octopuses have had eight arms to effi-
ciently manipulate objects for over 300 million years, yet have not built
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underwater cities. If the evolution of human-level intelligence were a
normal progression in the evolution of all living things, then why didn’t
it evolve earlier, and why aren’t there many species with human levels
of intelligence?

I think at least part of the answer to these questions is that random
chance played a major role in the evolution of our special level of intel-
ligence. Key mutations may have occurred in just the right nucleotides,
at just the right times, and in just the right individuals.

Almost nothing is known about such hypothesized chance events.
Scientists do know, however, that about 66 million years ago, a large
asteroid smashed into the Yucatan Peninsula in Mexico, causing the ex-
tinction of the dinosaurs and many other species. Although mammals
coexisted with dinosaurs for millions of years prior to the asteroid, the
absence of dinosaur competitors allowed mammals to diversify into
many different and larger forms. Without the asteroid collision, there
quite possibly would have been no apes and no humans.

Could chance events be solely responsible for the evolution of hu-
mans’ special intelligence? I think this is unlikely. The evidence de-
scribed in this chapter strongly indicates that other forces were in-
volved. Without positive natural selection, it is improbable that the
many new variants that slightly increased intelligence could have in-
creased in frequency in our ancestors solely by chance. But if, as I sus-
pect, the evolution of our intelligence was an especially lucky event,
then our species is even more precious than we generally assume. I
think it is therefore logical to expend exceptional effort to ensure that
humanity, with our special skill, survives (126).

Summary
o Over about the last seven million years, since the time of the com-
mon human-chimpanzee ancestor, humans evolved a special level
of intelligence that is unique among all species on the planet.
 Although the process that led to our special intelligence was un-
doubtedly complex and is still largely a mystery, three facts about
the process are known:
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o Our special intelligence evolved through changes to our
genomes.

o Mutation created the new DNA variants that increased the in-
telligence of our ancestors.

o On average, our more intelligent ancestors reproduced at
higher rates than our less intelligent ancestors.

Geneticists have identified at least several of the major forces that

were likely involved in the evolution of our special intelligence

(Table 13.2). There is considerable overlap among many of the

forces.

Differential reproduction is defined as differences in reproductive

rates among people who carry different DNA variants.

Natural selection acts by decreasing the frequencies of deleterious

variants and increasing the frequencies of advantageous variants.

Genealogical demography is the study of the numbers and charac-

teristics of people’s ancestors and descendants. Many people who

lived in the past made no or only small contributions to the cur-

rent gene pool, and others made large contributions.

Polygyny, which means one male reproducing together with mul-

tiple females, was likely common throughout human evolutionary

history.

Changes in population size can affect the gene pool by altering the

level of genetic diversity and the rates at which variant frequen-

cies change.

Migration leads to new combinations of variants.

Infanticide, the killing of infants, was in the past common in many,

perhaps nearly all, human societies.

Assortive mating means that women and men who are similar in

various traits, such as height or education level, tend to reproduce

together.

Population crashes, defined as relatively rapid drops in population

size, were common in our past.

Random chance events also played a role, perhaps a major role, in

evolution of our special intelligence.



Chapter 14

THE PROBLEM:
RECENT CHANGES IN
EVOLUTIONARY FORCES

Starting about 12,000 years ago, life for our ancestors changed dramat-
ically. Agriculture was developed; cities were built; written languages
appeared. The Industrial Revolution, beginning in about the year 1800,
accelerated the rate of change. Human populations exploded in size;
lifespans doubled; fabulous new technologies were developed.

These changes improved people’s lives enormously, but they also al-
tered the forces that guided human evolution for millions of years. This
chapter focuses on how the evolutionary forces introduced in the pre-
vious chapter have changed in relatively recent times, and how these
changes are likely to affect the gene pool. As in the last chapter, I dis-
cuss the forces one by one, although in this chapter I invert the order
from the previous one. I also add a new force, reproductive planning,
which has arisen in just the last few decades. I continue to focus on in-
telligence, while not completely ignoring other traits.

It’s important to keep in mind that the last 12,000 years are only a
very small fraction (about 0.2%) of the seven million years since the
human-chimp common ancestor. Very little is known about how evo-
lutionary forces changed over nearly all of this time. As a baseline for
discussing recent changes in these forces, I'm using what is known
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historically about early human agricultural societies and also what has
been learned from studying hunter-gatherer populations.

Reproductive Planning

As described in Chapter 11, reproductive planning is expanding world-
wide. Still, as of the time of writing, with the exception of NIPS, re-
productive planning is utilized in only a small fraction of births, even
in the wealthiest countries. In many developing countries, there is
currently almost no reproductive planning at all. Therefore, to date,
I gauge that the impact of reproductive planning on the gene pool has
been minimal. If reproductive planning becomes more widespread in
future, then this force may have an appreciable effect on the gene pool
(Chapter 11), but not yet.

Chance

Random chance events probably occur today much as in the past. New
variants and combinations of variants are certainly arising. Because the
current human population is much larger than in the past, there is more
opportunity for advantageous variants to arise, but less opportunity for
population frequencies of these variants to change rapidly. With today’s
large populations, it would take many generations for even a decisively
advantageous new variant to reach significant frequencies.

Even if chance events played a major role in the evolution of our spe-
cial intelligence, I think it is less likely that chance will play a major
role in the maintenance of our intelligence, at least over the next few
generations. Other forces described in this chapter will probably have
a much greater impact.

Mutation
The rate of germline mutation has probably not changed a great deal
over the last seven million years. Germline mutation rates and muta-
tion patterns in chimpanzees and gorillas are close to those in humans
(1-4).

Especially after World War II, there was concern that radiation
from nuclear weapons or from nuclear power plants would substan-
tially increase human germline mutation rates. However, study of the
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incidence of single-gene disorders in the children of survivors of the
atomic bombs dropped on Hiroshima and Nagasaki failed to detect in-
creases in frequency (5-6).

Compared to currently available methods, the approaches used
to detect changes in mutation rates in Japanese bomb survivors were
crude. Today, genomes of parents and children can be directly se-
quenced to obtain much more sensitive measures of germline mutation
rates. Although I know of no evidence for an increase in baseline muta-
tion rates in the general population in recent decades, it is conceivable
that small increases have occurred, due perhaps to all the chemicals
in our modern world that were absent in the past. Since many more
mutations are deleterious than advantageous (Chapter 3), any increase
in the germline mutation rate would be detrimental to the gene pool.

One influence on mutation, however, that we know has changed
substantially in recent decades is age at reproduction. In at least many
nations, the age at which people reproduce is significantly higher today
than in the past, and this is especially true for those who continue their
education into college (7-8). As mentioned in Chapter 3, germline mu-
tation rates (at least for nucleotide substitutions and short deletions and
insertions) increase steadily with parental age (9-10). As an example,
the number of nucleotide-substitution mutations in the average sperm
cell increases by about one-third between 20-year-old and 30-year-old
fathers. This increase in germline mutation due to increasing age at re-
production is adversely affecting the gene pool.

Population Crashes

Today, population crashes are considerably less frequent than in the
past. Famines, wars, and pandemics certainly still occur, but they are
much less frequent and involve much smaller fractions of populations
(11-12). Although the 2020-2022 COVID-19 pandemic undoubtedly
qualified as a major disaster, causing severe economic disruption and
killing about 20 million people, the fraction of the world population
that died was only about 0.25%. This small fraction is dwarfed by the
approximately 90% of the Native American population who died from
infectious disease introduced by Europeans in the 16th—18th centuries,
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or the 50% of Europeans who died during the 14th-century Black Death
(Table 13.5).

If, as I surmised in the last chapter, population crashes tended to
favor survival of the healthier and more talented, then the reduction
in crashes, as beneficial as it is to humanity, is detrimental to the gene
pool. Those who are less healthy and talented are more likely today to
survive and reproduce than in the past.

Assortive Mating

Assortive mating for intelligence has been strong in at least some coun-
tries for centuries (13-14). However, the ongoing trends throughout
the world for greater numbers of women to attend college and to enter
the workforce may be increasing assortive mating for intelligence by
providing more opportunity for men and women of higher intelligence
to interact and reproduce together (14-17). An increase in assortive
mating for intelligence would broaden the distribution of intelligence
in a population and increase the numbers of people with both high and
low intelligence, but would not change average population intelligence
(Figure 13.3). I conclude that assortive mating for intelligence is likely
increasing, but don’t think that this change by itself is having a big ef-
fect on the number of deleterious variants in the gene pool.

Infanticide

Infanticide is one of the evolutionary forces that has clearly changed
enormously in recent times. Throughout the world today, infanticide is
greatly reduced compared to the past. In developed nations, it has been
nearly completely eliminated.

The near elimination of infanticide is a wonderful advance for hu-
manity, but this change has not been positive for the gene pool. Many
more babies with congenital abnormalities and with poor health sur-
vive today than in the past. Many of these survivors reproduce, thereby
passing on their deleterious variants to future generations. These are
not pleasant thoughts, but they are genetic reality.
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Migration

Migration has always been a part of human behavior (see previous
chapter), but modern methods of transportation have dramatically in-
creased the rates of migration and the distances traveled. As just one
example, prior to the Africa-America slave trade, there were almost no
individuals with (recent) African ancestry in America. Today, at least
15% of people in the US (18-19) and at least 50% in Brazil (20-21) have
relatively recent African ancestry.

Family trees also provide evidence that migration has increased
over time. In a study involving the construction of family trees for mil-
lions of individuals, mostly from the US and northwestern Europe, it
was reported that the distance between birthplaces of married couples
increased approximately 10-fold from 1800 to 1950 (22). Relatedness
between spouses also decreased as the distance between birthplaces
increased.

The vast ongoing movement of people from rural areas to cities in re-
cent decades is further evidence for increased migration. In 1900, about
87% of people throughout the world lived outside of cities whereas in
2024, the number was 42% (23-24). When people lived their entire
lives near or within small rural towns and villages, they had little choice
but to reproduce with people from the same area to whom they were
sometimes distantly related. But when people move to large cities, the
chance that they will mate with a related person is diminished (25-28).

In plant breeding, crosses between two inbred strains usually result
in offspring that have higher agricultural yields than either parental
strain (29). This phenomenon is called hybrid vigor, or heterosis. Al-
though it does not appear to be a major factor, there is evidence that
heterosis also occurs in humans (25, 30-34). On average, the health,
height, and talents of children increase as the ancestral distance be-
tween the parents increases. It has even been suggested that heterosis
is responsible for the Flynn intelligence effect (Chapter 12) (35).

I judge that the increase in migration is one of the few recent
changes in evolutionary forces that has been positive for the gene pool.
Increased rates of migration have reduced inbreeding and the rates of



Chapter 14 The Problem: Recent Changes in Evolutionary Forces 205

recessive disease, and increased the combinations of variants upon
which evolutionary forces may act.

Population Size

A plot of world human population size over time is shown in Figure
14.1. Prior to the advent of agriculture, the human population may have
been only a few million or even fewer (36). Agriculture allowed the
world population to grow, hitting 10 million about 8,000 years ago, and
100 million about 2,500 years ago (37-39). This early growth was slug-
gish, however, compared to the population explosion that took place
over about the last 250 years. World population has gone from about
0.8 billion in 1775 to 8 billion today. So, the human population grew
10-fold from 10 million to 100 million over 5,500 years, and 10-fold
from 0.8 billion to 8 billion in just the last 250 years.
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Figure 14.1 Human population growth
(adapted from references 37-39)

Like increased migration, increased population size has contributed
to reductions in inbreeding and incidences of recessive disease (25-
27). Population growth has also increased the amount of raw material
on which natural selection and other evolutionary forces can act. Both
the number of rare variants and the number of combinations of variants
are increased.
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Polygyny
Although polygyny still exists today, it is greatly reduced compared

to the past (40-41). Polygamy is illegal throughout the world except
in most Muslim-majority countries and in some African countries.
Whereas nearly all hunter-gatherer societies practiced polygyny, very
few men these days, even in the Muslim world, have more than one
wife. Certainly, some men divorce and remarry. Some men also father
children outside of their marriages. But the blatant polygamy/harem
practices of the past have almost entirely disappeared.

I think the great majority of people, myself included, consider the
reduction in polygyny a positive human development. But I also think
the reduction in polygyny has had a negative impact on the gene pool.
In the past, when polygyny was common, there was robust competi-
tion among men for wives. It was the dominant, leading men who had
the most wives and produced the most children. When men with lower
social status had few or no children, deleterious variants were reduced
or eliminated from the gene pool. The reduction in polygyny has al-
lowed deleterious variants to accumulate.

Genealogical Demography

In the previous chapter, I focused on the ancestors of people living to-
day; in this chapter, I focus on their descendants. I attempt to answer
the question: who living today will make the greatest contributions to
future gene pools?

Obviously, people who are childless make no contributions to future
human gene pools. People are childless for many reasons, including
infertility, homosexuality, and a conscious decision not to have chil-
dren. Because of substantial improvements in methods for and access
to birth control and abortion, people today can much more easily avoid
having children than in the past. Rates of childlessness have changed
substantially over time and also vary considerably today from country
to country (42-43). However, rates of 20%-30% for women are not
unusual, and rates for men are higher—in some countries more than
1.5 times the female rate (44). In at least many parts of the world, rates
of childlessness are currently increasing (42, 45). In a 2023 survey from
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the US, 47% of adults aged 18-49 said they are unlikely to ever have
children, up from 37% in 2018 (46).

For those who do have children, their expected numbers of descend-
ants can be gauged by modeling. In Tables 14.1 and 14.2 are shown
the expected average numbers of descendants in various future gener-
ations as a function of the number of children in the current families.
To generate these numbers, I set childlessness at 30%. For Table 14.1,
I assumed that each descendant who reproduces has an average of 2.8
children, keeping the total population size constant. For Table 14.2, I
assumed that each descendant who reproduces has the same number
of children as the people in the current generation. For instance, if a
person has three children, then each of those children who reproduces
will also have three children, and all their descendants who reproduce
will also have three children.

Table 14.1
Projections of average numbers of descendants of people
living today as a function of family size (each reproducing
descendant has the same number of children)

Generation Number of Children

(Years into Future) 1 2 3 5 10
1(30) 2 4 6 10 20
2 (60) 4 8 12 19 38
3(90) 8 15 23 38 75
10 (300) 837 1,673 2,510 4,183 8,367
20 (600) 0.70M 1.40M 2.10M 3.50M 7.00M

The first generation are the grandchildren of parents living today; the second
generation are the great-grandchildren, etc. Numbers are rounded to the nearest
whole number except when they approach or exceed one million (M).

My models show, not surprisingly, that people living today who have
the most children are those who will on average contribute the most to
future gene pools. For instance, even when family size is not transmit-
ted across generations (Table 14.1), a person today who has 10 children
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Table 14.2
Projections of average numbers of descendants
of people living today as a function of family
size (each reproducing descendant has the same
number of children as the original individuals)

Number of Children
Generation of People Living Today
(Years into Future) 1 2 3 5 10
1(30) 1 3 6 18 70
2 (60) 0 4 13 61 490
3(90) 0 5 28 214 3,430
10 (300) 0 58 5,004 1.38M 2.82B
20 (600) 0 1,673 8.35M 0.38T 0.80MT*

The first generation are the grandchildren of parents living today, the second
generation are the great-grandchildren, etc. Numbers less than one million are
rounded to the nearest whole number. M is million; B is billion; T is trillion. *0.80
million trillion

is still expected to have 10 times as many descendants as a person with
only 1 child. And when family size is transmitted across generations
(Table 14.2), the differences are greatly magnified. A person today who
has 10 children is expected to have 686 times the number of descend-
ants as a person with 2 children after just 3 generations. After 10 gener-
ations, the person with 10 children is expected to have 49 million times
the number of descendants as the person with 2 children. Results from
my models match fairly well what is known from real human families
(47-49). So, the answer to the question I posed at the beginning of this
section—namely, who living today will make the greatest contributions
to future gene pools—is the people with the most children, and espe-
cially those with the most children whose descendants also have large
families.

Although family size is not perfectly transmitted from one genera-
tion to the next, there is evidence that it is transmitted to a modest de-
gree (50-55). There are also groups today who, for cultural or religious
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reasons, favor large families. If (and this is a very big IF), these groups
maintain their preference for large families over many generations,
they will come to dominate future gene pools (49).

I also conclude that the probability of a person’s line of descent ter-
minating decreases as their number of children increases. The study
of four generations of people living in northern Sweden from 1885 to
2007 found that people in the first generation who had 1, 2, or 3 chil-
dren, had a 55%, 22%, and 13% chance, respectively, of not leaving any
great-grandchildren (56).

Another important factor in determining the number of descend-
ants is the age of the person at the time of reproduction. The numbers
in Table 14.3 show how the numbers of descendants of early reproduc-
ers (reproduction at age 20) differ from those of late reproducers (re-
production at age 33). After just a single century, an early reproducer
has four times the number of descendants as a late reproducer. There is
evidence from real human families that age at first birth is transmitted
to a modest degree from one generation to the next (49-51, 57). And
the trend toward intergenerational transmission of age at first birth
may have accelerated in recent decades, especially for women. In the
past, women rarely attended college, but today in developed nations,
women frequently attend college and delay childbirth until their edu-
cation is complete. In contrast, women who do not attend college often
begin reproducing shortly after completing secondary school. Since
educational attainment is significantly heritable, intergenerational
transmission of age at first birth may be increasing. Under the simple
model of Table 14.3, late-reproducing individuals would need to have
3.2 children for every 2 children in the early-reproducing individuals to
make the total number of descendants equivalent.

Demographers have identified a transition, which nearly all nations
outside of Africa are currently undergoing or have already completed,
from relatively large families and rapid population growth, as shown in
Figure 14.1, to relatively small families, increased age at reproduction,
and population plateau or even decline (58-59). If current trends con-
tinue, the populations of Brazil, Japan, Italy, and China, for example,
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are projected to decline by 23%, 37%, 38%, and 55%, respectively, by
the year 2100 (60).

Table 14.3
Numbers of descendants of earlier versus later reproducers
Reproduction = Reproduction Ratio of the
Years at Age 20 at Age 33 Two Groups
100 32 8 4
200 1,024 64 16
300 32,768 512 64

Numbers in the table assume that all people have exactly two children, and that early
or late reproduction continues in the two groups generation after generation.

This demographic transition affects the gene pool in at least three
ways. First, as mentioned above, because germline mutations increase
with age, increased age of parents at the time of reproduction will in-
crease the numbers of mutations in the children. Second, the smaller
families will reduce the effectiveness of natural selection (61). And
third, those relatively rare families today with especially large numbers
of children will make relatively greater contributions to the future gene
pool than in past decades when large families were common. I rate
these changes as negative for the gene pool.

Natural Selection

Over about the last 200 years, average human lifespan has approxi-
mately doubled (58, 62-63). While reductions in both maternal mor-
tality and overall adult mortality have contributed to this doubling, by
far the largest factor has been massive drops in infant and child mor-
tality (58, 64-67). In nearly all preindustrial human societies, both
hunter-gatherer and agricultural, 30%-50% of all newborns died be-
fore reaching reproductive age. Today, in wealthy nations, the rate is
well under 1%. Little is known about mortality rates prior to the advent
of anatomically modern humans, but pre-reproductive mortality rates
in wild chimpanzees and gorillas may be even higher than in preindus-
trial human societies (64, 67-69).
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It’s therefore likely that for nearly all of the seven million years be-
tween the human-chimp common ancestor and the present, a large
fraction of newborns did not survive to reproductive age. Famine,
disease, infanticide, violence, storms, accidents, and predators killed
many children. When such a large fraction of offspring died, the odds
against those who were unhealthy or disabled were high. For the most
part, it was those who were above average in health, vitality, and intel-
ligence who survived and reproduced. Although it is indeed a marve-
lous advance for humanity, the huge drop in pre-reproductive mortal-
ity over the last two centuries has profoundly altered natural selection.
It is difficult to overstate the magnitude and significance of this change.
Enormous numbers of people who would not have survived in the past
are now surviving and reproducing. There are many examples of this
phenomenon, but I will present only four: people with type 1 diabetes,
severe bacterial infections, congenital heart disease, and deafness.

The onset of type 1, also known as juvenile, diabetes is usually be-
tween 4 and 14 years of age. In this disease, the cells in the pancreas that
produce the hormone insulin are destroyed by autoimmunity. Without
insulin, blood sugar rises unchecked, and in the past invariably resulted
in death (70-71). However, after insulin started to be produced phar-
maceutically in 1922, children with type 1 diabetes began to survive.
Today, nearly all affected children in developed nations survive to re-
productive age. Reproduction in type 1 diabetics is reduced compared
to unaffected individuals, but is still substantial (72-74).

In the past, huge numbers of people died from bacterial infections.
As just one example, bubonic plague caused by the bacterium Yersinia
pestis is estimated to have killed 100 million people in the years 541-
543 and 200 million in 1347-1351 (75). Today, due to improved sani-
tation, as well as vaccines and antibiotics, the annual worldwide num-
ber of deaths from plague, despite massive population growth, is only
about 2,000. Our immune systems, which protect us against bacterial
and other infections, are complex and like all other biological systems
are susceptible to degradation by mutation (76). Although in the past
bacterial infections undoubtedly took the lives of many healthy and tal-
ented people, those with weakened immune systems were particularly
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susceptible. Today, most individuals with weakened immune systems
survive bacterial infections, and many reproduce.

Congenital heart disease affects about 1 in 100 newborns (77-78).
Many types of heart defects occur, including holes in the chambers of
the heart, faulty valves, and abnormal plumbing. In the past, nearly
all such babies succumbed early in life. Modern surgical techniques,
however, can repair many of these defects and allow the babies to sur-
vive. ’'m amazed at what can be done these days to help these children.
A significant fraction of congenital heart disease is explained by rare
DNA variants (79-82), and complex inheritance likely explains many
other cases (83). Although fertility likely depends upon the severity of
disease, reproduction overall in congenital heart disease patients ap-
pears to be only modestly reduced compared to unaffected individuals
(84-85).

Substantial hearing impairment (deafness) affects about 1 in 1,000
newborns (86-87). Most cases of newborn deafness are single-gene
disorders, with over 200 different genes involved. Deafness is inherited
in recessive, dominant, and X-linked patterns; recessive inheritance
predominates. Although data are sparse, it appears that in the past,
reproduction by deaf individuals was low (88-89). The introduction
of sign languages and dedicated schools for the deaf over the last few
centuries markedly improved the lives of deaf individuals. Recent rates
of reproduction of deaf individuals have been reported to be about 60%
those of hearing individuals in developing nations (90-91), and about
90% in developed nations (89, 92). In addition, probably in large part
because of schools for the deaf, deaf individuals practice a high level of
assortive mating. There is evidence that this assortive mating has in-
creased the incidence of deafness (93-95).

Readers need to understand that I am not attempting, here or else-
where in the book, to denigrate those with poor health or disabilities.
No one chooses to have diabetes, bacterial infections, congenital heart
disease, or deafness. Also, most people with these conditions can have
healthy children through careful reproductive planning. Nevertheless,
the unpleasant reality is that deleterious variants that in the past would
have been removed by natural selection are now accumulating in the



Chapter 14 The Problem: Recent Changes in Evolutionary Forces 213

gene pool (96-97). This is true not only for the four examples described
above, but for many other health problems and disabilities.

Although natural selection has been substantially relaxed in our
modern societies, it has not been abolished entirely. Many aspects of
natural selection are still active today. For example, all embryos and
fetuses that have lost one of the two autosomal chromosomes sponta-
neously abort. All embryos and fetuses that entirely lack essential pro-
teins due to the presence of loss-of-function variants in both gene cop-
ies spontaneously abort. People with especially severe health problems
or disabilities often do not reproduce (98-102). Any new variant that
causes death before reproductive age or results in sterility is immedi-
ately removed from the gene pool in that generation.

Differential Reproduction

In the previous chapter, I pointed out that in order for our special intel-
ligence to have evolved, the more intelligent of our ancestors must have
reproduced at higher rates than the less intelligent. Furthermore, be-
cause mutation continually erodes our collective intelligence, the more
intelligent among us today must reproduce at higher rates than the less
intelligent just to maintain humanity’s current average level of intelli-
gence. A critical question, then, is: Are the more intelligent currently
reproducing at higher rates than the less intelligent?

Abundant evidence exists that in preindustrial societies, high-status
men—as indicated by income, wealth, authority, occupation, and ed-
ucation—reproduced at higher rates than low-status men (103-110).
Although status is certainly not the best measure of intelligence,
higher-status men then, as now, are on average more intelligent than
lower-status men (Chapter 12). In preindustrial societies, therefore,
more intelligent men likely out-reproduced less intelligent men. But
beginning with the Industrial Revolution, the trend for higher-status
men to out-reproduce lower-status men, which had probably been
in effect for millions of years, slowed or in some cases reversed (106,
108-110).

Almost nothing is known about the influence of talent on women’s
reproduction prior to the Industrial Revolution. It is certainly plausible
that higher-intelligence women left more descendants due to greater
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success in raising children who survived to adulthood and in attaching
themselves to high-status men, but this remains unproven.

In the 20th century, it became possible to relate reproduction to bet-
ter measures of intelligence than status—namely, educational attain-
ment and results of intelligence tests. The quality of population data
also improved, allowing reproduction to be more accurately assessed.
The two most important parameters for reproduction are total num-
bers of children produced over a lifetime and parental age at birth of
the children.

Many studies, mostly nation-based, have now been published on
the relationship between total lifetime reproduction and educational
attainment or intelligence testing. These studies have consistently con-
cluded that in most of the 20th century, in developed nations, women
with higher intelligence gave birth to substantially fewer children than
women with lower intelligence. This result holds for the US (105, 111-
117), Canada (118-119), Europe (120-129), Japan (130-131), Taiwan
(132), and South Korea (133).

For men, the data are sparser and the conclusions mixed. In some
countries, including especially the US, more intelligent men had fewer
children than less intelligent men, although the gap was not as large as
for women (112, 117, 125, 127, 130, 133-135). In other countries, mid-
and high-intelligence men had about the same total number of chil-
dren, but low-intelligence men had substantially fewer children (125,
131, 136-139). Some representative results for both men and women
in the US are shown in Figure 14.2, and for women in Japan in Figure
14.3.

Another important finding, which is universal among all countries
studied and applies to both women and men, is that on average, over
the last several decades, lower-intelligence individuals began repro-
ducing earlier in life than higher-intelligence individuals (see, for ex-
ample, 116, 118, 129, 135, 137). This is not surprising since those who
undertake higher education typically postpone having children until
their education is complete. As shown in Table 14.3, over multiple gen-
erations, those who reproduce earlier in life will make greater contri-
butions to future gene pools than those who reproduce later.
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There is also evidence that lower-intelligence individuals more often
produce large families (three or more children) than higher-intelligence
individuals (119, 137, 140-142). As noted in the section above on ge-
nealogical demography, people with three or more children are likely
to make greater contributions to the future gene pool than people with
one or two children.
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Figure 14.3 Total number of children for women versus
educational attainment in Japan for the indicated dates
Bar shading, from lightest to darkest, indicates level of educa-
tional attainment: junior high, senior high, junior college, uni-

versity (adapted from reference 130, table 2).

There are at least two significant limitations to the conclusions of
the previous few paragraphs. One is that, for the most part, usable
demographic data are available only for developed nations. The situ-
ation in developing nations is unknown. Even for China, few results
are available (143-144). A second limitation is that data on completed
reproduction is only available for women who have reached the age of
about 45 (born in 1980 or earlier), and men about 65 (born in 1960 or
earlier). Results for people who are reproducing today are unavailable.
Demographers have taken current reproduction rates and extrapolated
to total lifetime fertility (see, for example, reference 115), but I don’t
know the accuracy of this extrapolation.
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Results for differential reproduction as a function of intelligence are
not all gloomy; there are some encouraging signs. As noted above, the
gap in total number of children between higher- and lower-intelligence
menisconsiderablysmallerthanbetweenhigher-andlower-intelligence
women. Also, over the last few decades, the reproductive gap between
higher- and lower-intelligence women has narrowed appreciably in
some, but not all, developed nations (125, 127-128, 131, 133, 141, 145).

Nevertheless, despite these encouraging signs, available evidence
for differential reproduction indicates that at least in developed na-
tions, for the trait of intelligence, the gene pool took a hit in the 20th
century. More intelligent individuals had fewer children, reproduced
later in life and were less likely to have large families than less intelli-
gent individuals. DNA variants that are deleterious for the trait of intel-
ligence accumulated in gene pools. This decline appears to be continu-
ing in the 21st century in at least many parts of the world.

The Net Effect of Changes in Evolutionary
Forces: The Gene Pool Problem
My estimation of the effect of relatively recent changes to each of the
evolutionary forces discussed in this chapter on the trait of average in-
nate intelligence is summarized in Table 14.4. Note that these results
are for average intelligence of populations; they do not apply to the dis-
tribution of intelligence (which has probably broadened in recent years
through increases in assortive mating). Of the 12 evolutionary forces, I
rate two—migration and population size—as modestly beneficial to the
gene pool; three— assortive mating, chance, and reproductive plan-
ning—as neutral; and the remaining seven—genealogical demography,
infanticide, mutation, polygyny, population crashes, natural selection,
and differential fertility—as detrimental to the gene pool. Clearly, by
this analysis, negative changes outnumber positive changes.
Furthermore, it is very unlikely that all 12 forces have equal impact.
I subjectively rated impact in the second column of Table 14.4. The
changes to the forces that I think are having the greatest impact—mu-
tation, polygyny, population crashes, natural selection, and differen-
tial fertility—are all negative. I conclude, therefore, that deleterious
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variants for intelligence and many other traits are currently accumulat-
ing in the gene pool. This is the gene pool problem.

Table 14.4
Effect of recent changes in evolutionary
forces on average innate intelligence

Impact on Effect on Gene Pool
Force Gene Pool Positive Neutral Negative
Migration + X
Population size + X
Assortive mating + X
Chance + X
Reproductive + X
planning
Genealogical + X
demography
Infanticide + X
Mutation ++ X
Polygyny ++ X
Population crashes ++ X
Natural selection +++ X
Differential fertility +++ X

This conclusion is so important that I will restate it using different
words. The relentless process of mutation continually generates new
deleterious variants that erode human health, intelligence, and other
abilities. In the past, natural selection and other evolutionary forces
efficiently kept these deleterious variants in check. These forces were
also effective in increasing the frequency of rare advantageous variants.
But beginning about the year 1800, impressive human advances such
as reductions in infant and child mortality have had the unintended
and largely unrecognized effect of altering the evolutionary forces
such that the gene pool is degrading and our average health and abili-
ties are dropping. Our special intelligence is fragile (146-147). It took



Chapter 14 The Problem: Recent Changes in Evolutionary Forces 219

millions of years to evolve, but can be significantly damaged in just a
few generations.

The deleterious variants with large effects are not the only concern,
or even the greatest concern. Many of the dominant deleterious vari-
ants that cause severe disease or disability are removed from the gene
pool even today within one or a few generations. I think the greatest
concern are the deleterious variants that clearly diminish our health
and abilities, yet have small enough effects that they escape removal
from the gene pool via relaxed natural selection and other changes to
the evolutionary forces.

There is another approach, other than analyzing changes in evolu-
tionary forces, that has been used to attempt to determine whether av-
erage, innate intelligence is changing over time. This approach involves
the use of polygenic indices to estimate the intelligence of people born
at different times. Very likely, the best study to date using this approach
was carried out using nearly the entire population of Iceland (148). The
authors of this study concluded that for Icelanders born from 1915 to
1985, indices for educational attainment dropped consistently and sig-
nificantly with time. A second study from a much smaller US cohort
also concluded that polygenic indices for educational attainment were
dropping over a period of decades (149).

Many of the concepts described in this chapter, although updated by
me, and although based on much more evidence than was previously
available, are not new. Many other geneticists, perhaps most notably
Francis Galton (150), Charles Darwin (151-152), Ronald Fisher (153),
Hermann Muller (154), James Crow (155-156), William Blau (157),
and Michael Lynch (158-159), have previously described the gene
pool problem—in the case of Galton and Darwin, over 100 years ago.
None of these men were/are perfect, but they all accomplished a great
deal in their lives. Anyone who thinks these men were monsters should
read an article by Muller on the gene pool problem (160), and also read
obituaries for Crow (161-162). Why do geneticists keep bringing up
the gene pool problem decade after decade? I think it is because this
problem is real and needs to be addressed.
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What Is the Impact of Deleterious Variants
Accumulating in the Gene Pool?

If, as I and other geneticists have concluded, deleterious variants are
currently accumulating in the gene pool, then critical questions are
what is the rate of degradation and how long before we begin to ob-
serve noticeable effects? Unfortunately, I don’t think anyone can yet
confidently answer these questions. But at least we can begin to con-
sider them.

A number of researchers have attempted to measure the rate of de-
cline of average, innate intelligence by analyzing differential fertility
as a function of intelligence (112, 132, 163-164) or by using polygenic
indices (149). Estimates generally are in the range of 0.5%-1% decline
per generation. I stress that these are initial, crude estimates, and that
they should not be taken as scientific fact. Still, even a 1% decline in
average innate intelligence could have an appreciable effect, and if
these trends continue generation after generation, the combined effect
would be ruinous.

I don’t think anyone knows what the first signs of a gradual decrease
in average intelligence would be, but I suggest it might be effects such
as declines in the effectiveness and efficiency of schools, businesses,
infrastructure, and governments. Many tasks would take longer to ac-
complish. More mistakes would be made in nearly all activities. Smaller
problems would become larger problems, and larger problems would
become insurmountable. I am particularly fearful for democracy. Peo-
ple with lower intelligence are more easily confounded by demagogues,
and it takes only 51% of votes to win elections.

A case could be made that we are already witnessing the effects of
a reduction in average intelligence. I think this is a distinct possibility,
but I am far from certain. We need to keep in mind that humans have
always faced daunting problems. Just because humanity faces big chal-
lenges today does not mean these problems are due to a drop in average
intelligence.

If deleterious variants are accumulating in the gene pool, then
why do impressive scientific and technological advances continue to
be made? Part of the answer, I think, is that the momentum built up
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especially since the start of the Industrial Revolution has not yet dis-
sipated. Another factor may be that due to assortive mating, our soci-
eties continue to have many highly intelligent people, even as average
intelligence is dropping. I think it is possible that our rapid scientific
and technological progress has at least partially masked the effect of a
drop in average intelligence.

The gene pool is probably degrading at different rates in different
parts of the world. Perhaps it is degrading the fastest in the most de-
velopmentally advanced nations. However, even the poorest regions
of the world have seen large changes in the evolutionary forces. Infan-
ticide, polygyny, and infant and child mortality have dropped every-
where. Natural selection has been substantially relaxed. I'm convinced
that the gene pool problem is global.

I think it would be extremely foolish to ignore the gene pool prob-
lem. Complacency could be disastrous. In Chapter 12, I expressed the
opinion that humanity has just barely evolved sufficient intelligence to
form advanced civilizations. If this is correct, then even small drops in
intelligence could be devastating. And our societies certainly cannot
tolerate continued drops in average intelligence generation after gener-
ation. If my analysis is correct, and if we want to maintain our advanced
human societies, then we must address the gene pool problem. It’s also
clear that the longer we wait to tackle this problem, the harder it will be
to solve (158-159). We need to face the gene pool problem and begin
to devise solutions now.

Summary

o In the past, the various evolutionary forces described in Chapter
13 kept mutation at bay by efficiently removing new deleterious
variants from the gene pool.

» Asaresult of relatively recent changes to the evolutionary forces
(summarized in Table 14.4), deleterious variants are now accumu-
lating in the gene pool. Average health and abilities of our species
are declining. This is the gene pool problem.

o Many other geneticists have recognized the gene pool problem in
modern times, beginning with Francis Galton and Charles Darwin
over 100 years ago.
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o The rate at which the gene pool is degrading is unknown, but it
would be dangerous to ignore this problem.

o If my analysis is correct, and if we want to maintain our advanced
human societies, then we must solve the gene pool problem. We
have no choice.



Chapter 15

HISTORY OF GENE
POOL MANAGEMENT

In the previous chapter, I defined the gene pool problem. In Chapters
16 and 17, I cover possible solutions to this problem. In this chapter, I
present a brief history of gene pool management as an introduction to
Chapters 16 and 17.

I define gene pool management as active steps taken by human soci-
eties to prevent single-gene disorders and to control the number of del-
eterious variants in the gene pool. Some gene pool management steps
have likely been employed in the human ancestral line for millions of
years.

I’m a geneticist, not a historian. The vignettes presented in this chap-
ter provide only a taste of the history of gene pool management. My
strong guess is that I have missed many examples of gene pool manage-
ment for which historic evidence exists, and that an even larger num-
ber of examples from the past have gone unrecorded and will never be
known to us.

Except for the discussion of flaws in the Eugenics Movement, I do
not offer personal opinions in this chapter. My presentation of this his-
tory does not in any way indicate my approval of the ideas or events.

Consanguineous Matings
Consanguineous matings are reproduction between closely related
individuals. Because nearly all individuals are heterozygous for a few
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recessive deleterious variants with high penetrance (Chapter 5), and
because closely related individuals often inherit the exact same delete-
rious variant from a common ancestor, consanguineous matings pro-
duce offspring with increased rates of recessive single-gene disorders
(1-3). The closer the relationship between the parents, the more likely
it is that the children will be homozygous for deleterious variants. The
family tree of a child who is the offspring of a first-cousin marriage and
who is homozygous for a recessive deleterious variant is shown in Fig-

ure 15.1.

—

c.452G>A c.452G>A

c.452G>A

c.452G>A c.452G>A

c.452G>A
c.452G>A

Figure 15.1 Recessive disease in a
child of a first-cousin mating

Arare deleterious variantin the DHCR7 gene (c.452G>A (p.Trp-
151Stop)), causative for the recessive disease Smith-Lemli-
Opitz syndrome, is inherited by both daughters of the
great-grandfather, and also by the children of the daughters,
who are first cousins. A son born to the first cousins inherits the
deleterious variant from both his father and his mother and is
consequently affected. The double line between the cousins in-
dicates that this is a consanguineous mating.

Rates of consanguineous matings vary dramatically across the world
(4-5). In many parts of the Muslim world, marriages between first
cousins are common, comprising a large fraction of all marriages. In
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parts of India, especially in the past, uncle-niece marriages were pre-
ferred. In places with high rates of consanguineous marriages, the inci-
dence of recessive single-gene disorders is much higher than in regions
with low rates (6-9).

In Europe, the Catholic Church banned marriages between cousins
beginning in about the year 600 (10). Consequently, first-cousin mar-
riages are relatively rare in predominantly Christian countries. In the
US, first-cousin marriages are prohibited by law in 24 of the 50 states
(11).

Incest is a rare, extreme form of consanguineous mating. It is often
defined as a parent-child or sibling mating. A large fraction of the off-
spring of incestuous matings have significant health problems and/or
disabilities. In a series of studies involving 190 such children, 83 (44%)
had severe health problems, and about one-quarter were intellectually
disabled (12). More recent studies have confirmed the high rates of dis-
ease and disability among children of incestuous matings (13-15).

Incest has been taboo and/or formally prohibited in nearly all hu-
man societies for which records are available (12). It was also proba-
bly avoided in the human lineage for millions of years before that. In-
cestuous matings are rare even in chimpanzees. Chimp females, when
they reach reproductive age, usually leave their home group and join
another group (16-18). Control of consanguineous matings and avoid-
ance of incest are simple forms of gene pool management.

Classical Greece

Gene pool management was widely considered by classical Greek phi-
losophers (19). About 2,400 years ago, Plato, in Book V of The Republic,
after briefly discussing the use of artificial selection in the breeding of
birds, dogs, and horses, had this to say about Auman gene pool man-
agement (20):

It follows from what has already been granted that the
best of both sexes ought to be brought together as often
as possible, and the worst as seldom as possible, and that
the issue of the former unions ought to be reared, and that
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of the later abandoned, if the flock is to attain first rate
excellence....

and

These officers (appointed to care for children) will take
the children of good parents and place them in the general
nursery under the charge of certain nurses, living apart in
a particular quarter of the city: while the issue of inferior
parents, and all imperfect children that are born to the oth-
ers, will be concealed, as is fitting, in some mysterious and
unknown hiding place.

Aristotle in Politics wrote (21):

As regards whether to expose or nourish what is born, let
the law be to nourish nothing that is defective.

Although gene pool management was an active topic of discussion in
classical Greece, it is not clear to what extent it was actually practiced.
There is evidence, however, that it was at least occasionally practiced.
Abandonment (often called “exposure”) of infants was mentioned by
several Greek authors (22). In describing the militaristic Spartan soci-
ety, the historian Plutarch wrote (23):

The father of a newborn child was not entitled to make his
own decision about whether to rear it, but brought it in his
arms to a particular spot termed a lesche where the eldest
men of his tribe sat. If after examination the baby proved
well-built and sturdy they instructed the father to bring it
up, and assigned it one of the 9,000 lots of land. But if it
was puny and deformed, they dispatched it to what was
called “the place of rejection”, a precipitous spot by Mount
Taygetus, considering it better both for itself and the state
that the child should die if right from birth it was poorly
endowed for health or strength.
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Prussian Long Guys

King Friedrich Wilhelm I of Prussia, who reigned from 1713 to 1740,
really liked tall soldiers. He scoured Europe for the tallest men he could
find, sometimes resorting to kidnapping, and assembled them into a
special regiment, numbering about 3,000, based in Potsdam, near Ber-
lin. He also recruited tall women to marry the tall soldiers so that his
regiment, often called the Potsdam Giants, would be perpetuated. In
his book The Descent of Man, Darwin mentioned the Potsdam Giants
as the only example he knew of attempted human artificial selection
(24). A club was founded in Potsdam in 1990 called Die Lange Kerls
(tall guys). For a fee, these tall men will dress in 18th century military
uniforms and parade at festivals throughout the world (25).

“Good Breeding”

People in England, especially in the 17th-19th centuries, were often
described as having good or bad breeding (26-27). “Good breeding”
was used to describe a person, usually of the upper class and well ed-
ucated, with good manners and pleasant speech, whereas “bad breed-
ing” meant a loutish, uneducated person. The philosopher John Locke
used the term, as did a number of novelists, including Jane Austen. In
Pride and Prejudice (1813), Austen described one of her characters,
a Mr. Bingley, as a man with “so much ease, with such perfect good
breeding.”

The Eugenics Movement
The Eugenics Movement started in England in the late 19th century,
reached its peak in the 1920s and 1930s, and largely ended with World
War II. The movement was started by the English polymath Francis
Galton (1822-1911). Galton made major contributions to fingerprint-
ing, weather maps, and especially statistics (28). Later in his career, he
became interested in the inheritance of human traits (29).

In 1883, Galton coined the term “eugenics” to describe the genetic
improvement of humanity and other species (30). He was worried that
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more talented people were reproducing at lower rates than less tal-
ented individuals. Galton wrote (31):

If a twentieth part of the cost and pains were spent in meas-
ures for the improvement of the human race that is spent
on the improvement of the breed of horses and cattle, what
a galaxy of genius might we create.

Starting with Galton, the Eugenics Movement grew and spread (32-
35). Eugenics societies sprang up in the US, Sweden, Germany, and
many other countries. Whereas Galton seemed to be more interested
in increasing the reproductive rate of the most talented, most of those
who followed emphasized reducing the reproductive rate of the least
talented, mainly through involuntary surgical sterilization.

At its height, the Eugenics Movement had many prominent advo-
cates, including Winston Churchill, Theodore Roosevelt, Alexander
Graham Bell, H. G. Wells, John D. Rockefeller, Luther Burbank, and
George Bernard Shaw. Up until 1954, one of the most prominent hu-
man genetics journals was titled Annals of Eugenics. Physicians were
nearly always the ones who selected individuals for sterilization, and,
of course, were the ones who performed the sterilizations.

Ultimately, about 30 of the (then) 48 US states passed mandatory
sterilization laws, beginning with Indiana in 1907. In the US, the Eu-
genics Movement was aided by concerns about immigration and the
costs to taxpayers of institutions that in those days housed many of
the intellectually and psychiatrically disabled. Not everyone, how-
ever, supported the movement. The Catholic Church, in particular,
was steadfastly opposed. A number of legal challenges were mounted
against the American mandatory sterilization laws. In 1927, the Vir-
ginia sterilization law was adjudicated by the highest American court,
the Supreme Court, in the case of Buck v. Bell. The Supreme Court up-
held the Virginia law by a vote of 8-1. In the majority court opinion,
Chief Justice Oliver Wendell Holmes wrote:

It is better for the world, if instead of waiting to execute de-
generate offspring for crime, or to let them starve for their
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imbecility, society can prevent those who are manifestly
unfit from continuing their kind.

and
Three generations of imbeciles is enough.

Total numbers of persons who were involuntarily sterilized will
probably never be known with certainty, but some rough estimates
by country are shown in Table 15.1. Germany is a special case that is
discussed below. Altogether in the US, about 60,000 individuals were
involuntarily sterilized, the great majority in the 1920s and 1930s (33,
35). Perhaps another 60,000 were sterilized in Sweden (36-38), and
smaller numbers in other countries (38-43). Although not listed in
Table 15.1, involuntary sterilizations were also carried out in Estonia,
Finland, Iceland, Poland, Switzerland, and probably other countries
(38, 44-47). Interestingly, mandatory sterilization was never practiced
in England, the birthplace of the Eugenics Movement.

Table 15.1
Estimates of the numbers of individuals involuntarily
sterilized during the Eugenics Movement by country

Country Numbers
Germany 400,000
United States 60,000
Sweden 60,000
Japan 17,000
Denmark 10,000
Canada 4,000
Norway 4,000

Even excluding the Nazi atrocities, nearly everyone, including my-
self, has concluded that the Eugenics Movement was fatally flawed. The
primary flaws as I see them are listed in Table 15.2.

Many of the leaders of the Eugenics Movement were racists, at least
by today’s standards. As was common in that period, they took for
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granted that leading individuals with ancestry from northwest Europe
were superior to all other people on the planet. Advocates in the US
considered high rates of reproduction among those at the bottom of
society, as well as immigration, to be threats to the “American race.”

Table 15.2
Fatal flaws of the Eugenics Movement

e Racism was a primary motivation.
o Understanding of human genetics was poor.
» Advocates used derogatory terms such as “moron,”

» «

“lunatic,” “parasite,” “ballast,” and many others to describe
those they considered genetically flawed.
o The movement advocated and practiced mandatory

sterilization.

Many in the Eugenics Movement had only a weak understanding of
human genetics. They incorrectly assumed that behaviors like crime,
prostitution, sloth, and alcoholism were single-gene traits with simple
inheritance patterns (see, for example, 48). The best human geneticists
of those days fairly quickly realized that such assumptions were incor-
rect (see, for example, 49), but these geneticists didn’t immediately
prevail.

Proponents of the Eugenics Movement used derogatory terms to
describe those they considered unfit. These terms tended to demean
people who were disabled and to decrease public sympathy for them.
Compare the term “idiot” to the current favored term “intellectually
disabled.”

Finally, many (although not all) of the leaders of the Eugenics Move-
ment advocated and helped to implement mandatory sterilization. The
majority of those sterilized in the US were residents of institutions for
the intellectually and psychiatrically disabled.

After World War II, the Eugenics Movement rapidly dissipated.
There were relatively few involuntary sterilizations performed after
the war. In contrast, voluntary surgical sterilizations, for purposes
of birth control, increased substantially after the war. Some of these



Chapter 15 History of Gene Pool Management 231

“voluntary” sterilizations were probably coerced to control population
size, as in China, but do not appear to have been performed overtly to
manage the gene pool (35).

Except perhaps in Germany, I don’t think that the Eugenics Move-
ment had any appreciable impact on even national gene pools, much
less on the worldwide gene pool. The numbers of people sterilized
were too small.

Nazi Germany

The Nazis in Germany in the 1930s and early 1940s carried ideas from
the Eugenics Movement to a chilling and gruesome extreme. The Eu-
genics Movement meshed with Nazi and pre-Nazi German ideas of Ar-
yan racial superiority. In 1933, the Nazis began with involuntary steri-
lization of individuals deemed to be genetically flawed. Between 1933
and 1939, an estimated 400,000 were sterilized (50). In 1939, the Nazis
switched from sterilization to outright murder (50-53). About 90,000
are thought to have been killed with bullets or gas. Later during the
war, gassing of those deemed genetically flawed was largely discontin-
ued so that genocidal efforts could be redirected toward Jews and the
Romani. However, another approximately 150,000 of the intellectually
or psychiatrically disabled were killed through starvation or exposure
to the elements.

Singapore

Lee Kuan Yew, served as Singapore’s first prime minister (in office
1959-1990) and is considered by many to be the “founding father” of
Singapore. Lee was an ardent advocate of gene pool management. In
1983, he said (54-55):

Whilst we have brought down the birth rate, we have re-
duced it most unequally. The better educated the woman
is, the less children she has.

and
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If we continue to reproduce ourselves in this lopsided way,
we will be unable to maintain our present standards. Stand-
ards of competence will decline. Our economy will falter,
administration will suffer, and society will decline.

In 1984, the Singapore government introduced a number of meas-
ures to attempt to increase the reproduction of more educated women
and decrease the reproduction of less educated women (56-58). Tax
breaks were given to more educated women with three or more chil-
dren, and their children were given priority for entrance into the
best schools. The government also tried matchmaking services and
all-expenses-paid “Love Boat” cruises for educated people. Cash pay-
ments were offered to less educated women who were willing to be
voluntarily sterilized.

These government measures turned out to be highly unpopular.
Educated women resented attempts to encourage them to have more
children. Very few less educated women were sterilized. The programs
were so unpopular that they were abandoned by the government
within a few years. They appear to have had no appreciable effect on
the Singapore gene pool.

Nobel Prize Sperm Bank

It has been known for many years that donated sperm could be used
to impregnate women through the process of artificial insemination
(Chapter 11) (59-60). Because fertile men produce vast numbers of
sperm, men can in principle father virtually unlimited numbers of chil-
dren through artificial insemination and/or in vitro fertilization.

In 1980, an optometrist named Robert Graham started a sperm bank
in the US using donors who were deemed by Graham to be especially
talented (61). The openly declared purpose of the bank was to produce
unusually intelligent children. Graham’s Nobel Sperm Bank operated
from 1980 to 1999, but was ultimately unsuccessful. Apparently, only
three of the donors were actual Nobel Prize winners. Only about 200
children were born using sperm from the bank.
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Although the Nobel Sperm Bank flopped, other sperm banks are
active and thriving today (Chapter 11) (62-63). Sperm banks are an
ongoing form of gene pool management.

Reproductive Planning

Enhanced knowledge and capabilities in human genetics have led to
dramatic improvements in reproductive planning to avoid single-gene
disorders, aneuploidies, and other health problems in children (Chap-
ter 11). Reproductive planning is another active type of gene pool
management.

I think the most important point of this chapter is that gene pool man-
agement is not a new human concept, but rather has been considered
for thousands of years and has probably been practiced in simple forms
for millions of years. It did not arise with the Eugenics Movement and
the atrocities of the Nazis.

Another important point is that gene pool management is being ac-
tively practiced today. Incest and often other consanguineous matings
are avoided. Various assisted reproductive technologies are being em-
ployed in a small, but significant fraction of births.

Summary

e Gene pool management is not a new concept. Incest avoidance
has probably been practiced in the human lineage for millions of
years.

o Classical Greek societies considered and implemented gene pool
management.

o The Eugenics Movement started in England in the 1880s and for a
few decades was popular in a number of countries, including the
US. The movement was fatally flawed for a number of reasons (Ta-
ble 15.2), including racism, poor understanding of genetics, and
restriction of reproductive freedom.
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o The Nazis in Germany in the 1930s and 1940s carried ideas from
the Eugenics Movement to a horrific extreme. The Nazis steri-
lized about 400,000 people and murdered another approximately
240,000 people they deemed genetically flawed.

o Aggressive gene pool management efforts in Singapore in the
1980s failed.

o Some forms of gene pool management are being practiced today.
These include avoidance of consanguineous matings, sperm dona-
tion, and reproductive planning.



Chapter 16

RACISM, ELITISM,
AND OTHER RISKS

In this chapter, I cover some of the risks inherent in gene pool manage-
ment programs, with an emphasis on racism and elitism.

Racism

It’s important for readers to understand that the gene pool problem
is not restricted to any one group or groups of people. Mutation oc-
curs in everyone. Deleterious variants are accumulating in all societies.
No group or groups of people can be correctly or justly blamed for the
gene pool problem.

In the previous chapter, I listed racism as one of the fatal flaws of
the Eugenics Movement (Table 15.2). I define racism as discrimina-
tion against a person solely because that person belongs to a particular
group. The group may be based upon geoancestry, religion, language,
or other factors. I have been adamantly opposed to racism my entire
life, and I reject any proposed solution to the gene pool problem that
is racist in nature.

Although I have written extensively in this book about the genet-
ics of intelligence, I have not up to this point mentioned possible dif-
ferences in average intelligence among different human groups, par-
ticularly among what are commonly called races. I have avoided this
topic because it does not alter the major themes of this book, and be-
cause I think discussion of this topic is harmful (1-2). I don’t deny that
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differences in average innate intelligence among human groups are ge-
netically possible, but even if such differences exist, many individuals
within groups with lower averages will have higher intelligence than
many individuals within groups with higher averages (Figure 16.1).
There are highly intelligent people within a// human societies. All soci-
eties can benefit from gene pool management.

T T T T

Number of people

Intelligence

Figure 16.1 Normal distributions with
slightly different averages
The dashed curve is a distribution with a slightly lower average
than the solid curve. The shaded area represents the many in-
dividuals in the group with the lower average who have higher
intelligence than the lower half of the group with the higher
average.

Another reason why I think possible small differences in averages
among groups are not a major factor is that migration is continually
bringing together people with widely differing geoancestries. As his-
tory has shown countless times, when people live close to each other,
they reproduce together (3-4). Especially in countries like the US, Bra-
zil, Canada, and Australia, in which nearly all people are immigrants
or the descendants of immigrants, large fractions of the populations
already have relatively recent ancestors from two or more continents.
In the US, about 20% of the population classifies themselves as His-
panic, and another 14% as African American (2023 US Census data).
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Nearly all Hispanics have European (and sometimes African) ancestry
in addition to their Native American ancestry (5-8), and many African
Americans have European (and sometimes Native American) ances-
try in addition to their African ancestry (4-5, 8-9). The ancestry of
the Brazilian population is even more mixed (10-11). In addition, the
fraction of reproductive couples who have widely differing ancestry
is steadily increasing (4, 12). Therefore, in the future US there will be
many fewer people with ancestry from only one continent, and many
more with ancestry from multiple continents. In nations with fewer
immigrants, the mixing may be slower, but is still occurring. I don’t
claim that such mixing will eliminate all racism, but I think there is
good reason to hope it will be tempered.

Elitism

It’s been said many times that one of the greatest injustices in life is
that you don’t get to pick your relatives. But I say that an even greater
injustice is that you don’t get to pick your genome. No one has any
appreciable control over their own genome; it is just something with
which you are born.

I define elitism (also sometimes called ableism) as discrimination
against the less fortunate, including the sick, disabled, and less tal-
ented, at the hands of the more fortunate. Elitism is certainly a risk
in any program of gene pool management. I think that one of the pri-
mary reasons people dislike the subject of gene pool management is
that they feel it is just another way in which the more fortunate can
take advantage of the less fortunate. I reject any gene pool management
program that is elitist.

The leaders of the Eugenics Movement did not treat less fortunate
people with respect (Table 15.2). Instead, they used derogatory names
such as “imbeciles” and “degenerates.” Over my lifetime, I have seen
much improvement in the language used by geneticists and others. For
instance, people are no longer called mutants, but rather, are said to
carry pathogenic variants. I applaud this important change in language.
We need to continue to work to ensure that our language conveys re-
spect for all people.



238 Genomes and the Gene Pool

I tried hard in this book to use terms that are not offensive. Never-
theless, I feel that euphemistic language can be carried too far. One
important exception to my efforts to avoid offensive language was my
use of the word “deleterious,” as in “deleterious variants.” I carefully
considered using alternatives such as “dysfunctional” or “disruptive”
or “pathogenic” (which is the term geneticists usually use), but I stuck
with “deleterious” to make a point. Although I firmly oppose discrim-
ination against those who are sick or disabled (13), I do not think hu-
manity is better off if, for example, there are more individuals with
kidney disease in the world. I believe it takes discipline and perhaps
also some strength and courage to understand and accept that while
humanity is not better off with more deleterious variants in the gene
pool, it is still wrong to denigrate someone because of their genome.

Although our fate is not fixed by our genomes, it would also be a big
mistake to discount the role our genomes play in our lives. We all know
that life is not fair, but I think we often don’t grasp how truly unfair it
really is. In terms of our genomes, people are most decidedly not equal.
Some unlucky people are born with genomes that place them at a sig-
nificant disadvantage in life. Others are much more fortunate. Many
successful people like to explain their success as a result of hard work.
While I agree that most successful people do work hard, I also think
that many talented people underestimate the enormous advantage that
they have in life. Many others simply do not have the ability to achieve
what they have achieved.

Many presume that if gene management programs were imple-
mented, those with lower reproductive promise would be worse off
than they are today. I disagree. To paraphrase lines from the musical
Fiddler on the Roof, there is no shame in being born with a crummy
genome, but it’s no great honor either. Many of the least intelligent
in our societies live their entire lives in poverty. They are trapped in
low-income jobs. They will commit and be the victims of most crime.
Through clever advertisements, they will be encouraged to abuse cig-
arettes and alcohol and to gamble. They will live fewer years. They will
be tricked by demagogue politicians. They will be economically domi-
nated and exploited their entire lives by those who are more talented. I
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see promise in improving the human gene pool and boosting the aver-
age intelligence of human populations. If sufficient numbers of people
are capable of standing up for themselves, then I think we will see pro-
gress on fundamental problems like economic inequality.

Other Risks

Mistakes in gene pool management programs could be costly to our
species. Inaction will likely be disastrous, but there is also risk in rash
action. I think much additional study of the gene pool is needed. Man-
agement programs should only be implemented after careful delibera-
tion. We need to proceed slowly and cautiously.

A majority of people would probably agree that a boost in average
intelligence would be beneficial to human societies. But intelligence is
only one of many desirable traits. No one knows what combination of
traits and talents are optimal for a human society. Any gene manage-
ment program carries the inherent risk that efforts to boost some traits
may diminish other desirable traits. I think we need to retain diversity
in human traits.

One approach to minimizing the impact of mistakes in gene pool
management is to restrict the size of management programs. Rather
than one universal, worldwide gene pool management program, for
example, we need to have many independent programs. Each program
should have its own criteria and approaches. In this way, mistakes in
any one program will not doom our entire species.

Ilisted as another fatal flaw of the Eugenics Movement that the lead-
ers had a faulty understanding of human genetics (Table 15.2). Genet-
icists have certainly learned a great deal in the century or so since the
height of the Movement, but there is also much that geneticists still do
not understand. Is current knowledge sufficient to begin managing the
gene pool? I think the answer is probably yes, but I also feel that we
need to aggressively pursue additional human genetics research.

Nearly everyone today would probably agree that involuntary steri-
lization was one of the greatest evils of the Eugenics Movement. I doubt
anyone likes the idea of a government telling them whether or not they
can have children. Reproductive incentives and/or disincentives may
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need to be applied, but reproductive decisions must always remain
solely with individuals. I therefore reject any gene pool management
program that restricts reproductive freedom.

I also reject any gene pool management program that is ordered by
a totalitarian government. Gene pool management programs should
never be subject to the whims of dictators. The people, through their
freely elected leaders, must make the decisions.

Restrictions on Gene Pool Management
I think that risks from gene pool management programs can be reduced
by scrupulously abiding by the restrictions listed in Table 16.1.

Table 16.1
Steps to reduce the risks of gene pool management

o Go slowly and act only after careful study and deliberation.

» Reject any gene pool management program that curtails
reproductive freedom.

« Reject any gene pool management program that is racist.

» Reject any gene pool management program that diminishes
the rights and opportunities of those who are less healthy
and talented.

o Retain broad diversity in traits. Programs that aggressively
select for just one specific trait like intelligence should be
avoided.

« Avoid any gene pool management program that
encompasses hundreds of millions or billions of people.
Instead, require that nations and regions adopt separate and
different gene pool management programs.

o Censure and defeat any gene pool management programs
that arise in a totalitarian state. Only programs developed
through the slow, messy process of democracy should be
employed.
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Summary
Management of the gene pool involves risks to our species.

These risks can be mitigated by rejecting any gene pool manage-

ment program that includes any of the following features (see also
Table 16.1):

o

o}

o}

Racism

Elitism

Restrictions on reproductive freedom

Rash, aggressive actions

Substantial loss of genetic diversity

Selection for only one or a few traits

Large programs involving hundreds of millions of people
Programs developed in totalitarian states



Chapter 17

POSSIBLE SOLUTIONS
TO THE GENE
POOL PROBLEM

Because of the relaxation of natural selection and other relatively re-
cent changes to evolutionary forces, we can no longer rely on nature
to maintain the human gene pool. Deliberate actions on the part of
individuals and probably also governments will be necessary. In this
chapter, I present some possible solutions to the gene pool problem,
emphasizing those solutions that I feel are likely to be the most accept-
able and effective.

Overcoming Taboos
If there is only one outcome from Part II of this book, then I hope it
will be to stimulate contemplation, discussion, and investigation of the
gene pool. The Eugenics Movement and especially the Nazi atrocities
swung the pendulum of public (and scientific) opinion strongly against
even consideration of the gene pool. It’s time to allow the pendulum
to swing more freely. The Eugenics Movement was a dark episode in
human history that hopefully will never be repeated. But it would be
a huge mistake to let it paralyze us forever from attending to the gene
pool.

I will go further—I think it is irresponsible to continue to avoid
this topic. It is simply too important to ignore. The future of human
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civilization is at stake. I call on courageous individuals to delve into
the gene pool problem. We need to make it an acceptable and frequent
subject of discussion at universities, in the media, and throughout our
societies.

I plead for people to avoid the word “eugenics” in discussions of the
gene pool. This word has such negative connotations that it is impossi-
ble to hold productive discussions when it is employed. I recommend
that this word be used only to refer to the Eugenics Movement of his-
tory. Of course, people who don’t like even discussion of the gene pool
will label me and others as eugenicists, but I say this is intellectually
deceitful. The gene pool problem and its solutions need to be consid-
ered dispassionately.

Study of the Gene Pool

My undoubtedly imperfect analysis of the gene pool problem needs
to be bolstered by much additional scientific investigation. Knowledge
of the gene pool is puny. Some of my thoughts on the most important
areas for study are listed in Table 17.1 and discussed below. I raise many
questions that need answers. I don’t claim that this list is even close to
complete, but it should at least offer a few starting points.

Table 17.1
Important areas for gene pool study

o Numbers, types, and impact of mutations

 Possible changes to mutation rates

 Natural history of deleterious DNA variants

» Genealogic demography

o All other evolutionary forces

o Practical and humane solutions to the gene pool problem
o Ideal combinations of traits in future human populations
» Genetics of intelligence

In Table 3.3, I listed the average numbers and types of germline mu-
tations that occur in each newborn. These numbers, however, are just
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a snapshot of current knowledge; they need to be investigated further
and solidified.

Knowledge of the impacts of germline mutations needs to be im-
proved. What fractions of mutations are deleterious, neutral, and
advantageous? What is the distribution of penetrance values for del-
eterious mutations? Do these values depend upon mutation type or lo-
cation? Are mutations in noncoding regions of the genome more likely
to be advantageous than mutations in coding regions?

Geneticists need to determine whether the germline mutation rate is
changing. Even small changes in the mutation rate, when compounded
over many generations, could have a strong effect on human evolution.
Studies completed to date probably rule out large, recent changes to
the germline rate (1-4), but small changes due to synthetic chemicals
or other agents cannot be excluded (5).

The natural history of deleterious DNA variants refers to the num-
ber of generations such variants persist in human populations and how
their frequencies wax and wane. How does the natural history vary
with penetrance of the variants? Are deleterious variants persisting
in populations today for more or less time than in the past? Although
geneticists know much less about advantageous variants, the same
questions should be posed for them. Since variants that have arisen in
a person through mutation can now be easily identified, it will be rela-
tively straightforward to follow them through subsequent generations.
Living five-generation families are available today.

To advance the study of genealogical demography, I think that ac-
curate biological family trees for entire populations need to be con-
structed. These trees will benefit people through both research and
directly improved healthcare (see, for example, Case 7 in Chapter 7).
With such family trees, it will be possible to determine which individu-
als make contributions to future gene pools and the range of contribu-
tions. Much more also needs to be learned about the average traits of
people who have especially large numbers of children.

More investigation is needed into each of the other evolutionary
forces that I outlined in Chapters 13 and 14. Is the direction of impact
on the gene pool correct for recent changes in each of the forces shown



Chapter 17 Possible Solutions to the Gene Pool Problem 245

in Table 14.4? What is the relative impact of each of these forces? Can
recent changes in these forces be quantified? Are there other important
evolutionary forces that I have not identified?

Table 17.2
Some unanswered questions about
the genetics of intelligence

o What is the distribution of effect sizes for DNA variants that
adversely affect intelligence?

o What are the DNA features of people with exceptionally
high intelligence? Human societies may depend upon
geniuses more than we realize.

» Are people with especially high intelligence more
susceptible to mental illness or other health problems?

o Over what range do full siblings differ in intelligence, and
how can these differences be explained?

o Do parents with below-average intelligence occasionally
have a child with significantly above-average intelligence,
and if so, is there a genetic explanation?

» Do somatic mutations have a significant effect on
intelligence?

» How far can polygenic indices for intelligence be taken?

There are drawbacks to all solutions to the gene pool problem that I
have considered. We need many people around the world to devise su-
perior solutions. We need solutions that not only are effective in solv-
ing the problem, but also are acceptable to people and don’t violate the
restrictions shown in Table 16.1.

If governments attempt to incentivize the reproduction of those
who are more fortunate in their genomes and/or disincentivize those
who are less fortunate, then criteria will need to be developed to cat-
egorize those individuals. Should intelligence, health, athleticism, fer-
tility, or other traits be prioritized, and if so, to what relative degree?
What mix of traits is needed to allow a human society to thrive? Can
analysis of genomes alone determine optimal reproductive potential?
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I think that we need to dramatically increase the number of research
dollars that are devoted to understanding the genetics of intelligence.
It is known that intelligence is heritable, and that deleterious variants
in many different genes can cause cognitive deficits, but beyond this,
our ignorance is great. There are many unanswered questions about the
genetics of intelligence; a short list is shown in Table 17.2. In my opin-
ion, we need to devote at least as many resources to the study of the
genetics of intelligence as we now devote to, say, the study of diabetes.

Monitoring the Gene Pool

The British engineer William Thomson (1824-1907), who made major
contributions to the understanding of electricity and thermodynamics,
famously said:

I often say that when you can measure what you are speak-
ing about, and express it in numbers, you know something
about it; but when you cannot express it in numbers, your
knowledge is of a meager and unsatisfactory kind; it may
be the beginning of knowledge, but you have scarcely, in
your thoughts, advanced to the stage of science, whatever
the matter may be.

I think Thomson’s comments apply perfectly to the gene pool.
Only when we can accurately monitor the gene pool will we be cer-
tain whether the gene pool is improving or degrading, and only then,
will we learn the true rate of change. In the following paragraphs, I
describe a few possible approaches to monitoring the gene pool. These
approaches can be binned into two groups: those that rely on people’s
genomes and those that rely on people’s traits. Ultimately, some com-
bination of the two may be required. I'll start with approaches that uti-
lize genomes.

In principle, the gene pool could be monitored by simply count-
ing all of the deleterious variants in individuals. A problem with this
approach is that although many human genomes have now been se-
quenced, they haven’t been generated from a representative sampling
of human populations. Eventually, when genome sequencing becomes
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near universal in healthcare, the necessary representative data should
become available, but we aren’t there yet. Another problem is that ge-
neticists haven’t yet identified all deleterious variants. A few million
deleterious variants are now known (6), but many millions more re-
main to be characterized. Geneticists are particularly lacking in knowl-
edge of deleterious variants with intermediate penetrance values.

Another approach using genome sequences would be to apply poly-
genic indices to estimate various traits. Additional investment into re-
search on the genetics of intelligence, as described above, will acceler-
ate improvement in the indices for this trait. When sufficient numbers
of representative genomes have been accumulated, and when the indi-
ces have sufficiently improved, it should become possible to determine
how these traits are changing over time. This approach has already
been attempted for educational attainment in Iceland (7).

Improvements in polygenic indices for intelligence and other
traits also provide the opportunity to attempt to measure traits in
long-deceased individuals through the study of ancient DNA (8). This
approach could give geneticists a much longer time frame over which
to measure changes to the gene pool. The big problem with this ap-
proach is that DNA sequences are available from only a very small frac-
tion of people who lived in the past, and it is unlikely that this small
sampling is representative. Still, such studies would be interesting, and
possibly enlightening.

As an alternative to using genomes to monitor the gene pool, peo-
ple’s traits can be measured directly (9). Some traits, like height or
blood glucose, are relatively easy to measure accurately, but as de-
scribed in Chapter 12, there is no easy and accurate method for meas-
uring intelligence. A further, perhaps insurmountable, difficulty would
be to convince entire populations to submit to intelligence testing.

Probably a better way to use traits to monitor the gene pool would
be to more carefully measure differential reproduction. As described
below, gene pool management is in essence a matter of differential
reproduction. Despite the limitations in available measures of intelli-
gence, it should be possible to accurately determine reproductive rates
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as a function of these measures, especially as a function of educational
attainment.

Reproductive Planning

Many people strive to make the world a better place for succeeding
generations. Most parents make great efforts to care for their children,
and even to provide for them after death through life insurance and
wills. Yet, despite these massive efforts, few people currently take re-
sponsibility for one of the actions that will most affect future genera-
tions—namely, reproduction.

In the past, reproduction was almost entirely a roll of the dice. Par-
ents had no idea whether their children would be sick or sound. But
today, with the accumulated new knowledge and technology described
in Chapter 11, it is possible in many cases to avoid single-gene disor-
ders in children. Parents can take responsibility for the genetic health
of their children.

In my opinion, by far the best method of avoiding severe disease and
disability in children is genetic selection of reproductive partners. Peo-
ple can practice reproductive planning after they have paired, or even
after the woman becomes pregnant, but then more difficult decisions
about whether to split up or whether to have an abortion often need to
be made. Although many may find this extreme, I don’t think it makes
any sense these days for a knowledgeable person who wants to repro-
duce responsibly to choose a reproductive partner without knowing
whether the partner is genetically compatible. For anyone who is plan-
ning to reproduce, getting your genome (and also the genome of your
prospective partner) sequenced is an obvious and extremely valuable
step.

Differential Reproduction

Studying and monitoring the gene pool and improving reproductive
planning will all help to resolve the gene pool problem, but barring
the application of the “exotic” approaches discussed below, differen-
tial reproduction is the only effective means that I have identified to
effectively manage the gene pool. To control the number of deleterious
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variants in the gene pool, those who are fortunate to be healthier and
more talented must out-reproduce those who are less fortunate.

There are some crucial unknowns regarding differential reproduc-
tion. One unknown is the magnitude of the difference in reproduction
necessary to maintain the gene pool. Just considering intelligence, do
those who are more intelligent need to have 1 more child on average
than those who are less intelligent, or should the difference be, say,
2.17 children? The difference must be great enough to compensate for
mutation, relaxed natural selection, older age at reproduction, other
changes to evolutionary forces, and ideally also to make up for the gene
pool deficit accumulated throughout the 20th century and continuing
today.

Another great unknown is which portions of the distribution should
out-reproduce which other portions. Again, for intelligence, should
the top 75% out-reproduce the bottom 25%, or should the top 50%
out-reproduce the bottom 50%? Obviously, most people need to re-
produce to maintain our societies. Unless they had exceptionally large
families, it would be totally unworkable, for example, for only the top
25% to reproduce. Investigation of these unknowns will be vital to de-
vising successful solutions to the gene pool problem.

There are some rays of hope for differential reproduction. As de-
scribed in Chapter 14, the deficit in reproduction among highly edu-
cated men is smaller than for highly educated women, and the deficit in
highly educated women is beginning to recede in at least some places.
If this trend for women continues, then the gene pool problem could
conceivably be solved without any intervention by governments. This
is another reason why monitoring the gene pool is so important.

Voluntary Actions
Management of the gene pool is obviously a sensitive topic. Mild meas-
ures, especially voluntary actions, are likely to be the least controver-
sial, the most widely accepted, and the least expensive for taxpayers.
Voluntary measures also maximize individual choice.

For voluntary approaches to have the greatest impact, people must
be aware of the gene pool problem. This book will hopefully help a lit-
tle, but much more is needed. Genetics education needs to be improved
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at all school levels, from grade school through medical school. Educa-
tion must continue for adults who are out of school. And, as mentioned
above, discussion of the gene pool problem needs to be much more
widespread. When large numbers of people understand that their own
reproduction impacts the future of our species, then I think we will see
at least some improvement in the gene pool problem.

I believe that solving the gene pool problem is of such high impor-
tance that I make the following plea. I ask that those who are healthier
and more talented have more children than they planned to have before
they learned about the gene pool problem. If you would prefer to have
no children, please reconsider. If you plan to have two children, please
consider having three, four, or more. I particularly direct my request
to those who are college educated and to women. I understand this is
a huge request. Raising children requires large investments of time and
energy. Children often detract from careers and earnings, particularly
for women (10-11). But humanity needs more children from those
who are genetically fortunate.

A voluntary action that employers can take is to offer generous em-
ployee benefits for infant and child care, especially for their highest paid
employees. As I former employer, I understand the loss of productivity
that results when a valuable employee becomes pregnant, but if gener-
ous accommodations are provided to employees with young children,
those employees are more likely to be retained. Maternity and pater-
nity leave can seem lengthy to employers, but in reality, it is a relatively
short period of time compared to an entire work career.

Limited Government Actions
There are a number of relatively simple and inexpensive steps that gov-
ernments can take to address the gene pool problem. For a start, gov-
ernments can encourage and fund genome sequencing for all individ-
uals as a routine part of healthcare. As described in Part I, widespread
genome sequencing will significantly improve healthcare. The cost is
only a tiny fraction of lifetime healthcare costs.

Governments can also encourage individuals to at least consider ge-
netic reproductive planning. When young people who have had their
genomes sequenced at birth reach about 17 years of age, they should
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be given the option of learning which deleterious variants they carry in
their genomes. They should also be given information about reproduc-
tive planning, including partner selection. These steps can be mostly
completed using computer programs and will therefore incur relatively
little cost. Couples who apply to governments for marriage licenses
could be required to receive genetic counseling and/or DNA testing.
These steps were recently implemented in both the United Arab Emir-
ates (12) and Qatar (13). Although it would be more expensive, govern-
ments could also consider providing at least some assisted reproduc-
tive technologies (Chapter 11) to its citizens free of charge.
Governments can make birth control and elective abortion com-
pletely free to all citizens, regardless of ability to pay. In my opinion,
no one, especially including those who have been less fortunate in the
genome lottery of life, should become pregnant if they want to avoid
pregnancy, or should be forced to continue a pregnancy if they want to
electively abort. Government measures that encourage reproduction
among those who are genetically less fortunate are self-defeating.

More Aggressive Government Actions

I think the moderate government actions described in the previous
section should be taken first. However, it may well turn out that more
aggressive actions are required. Since I have ruled out infringements
on reproductive freedom (Table 16.1), I think this leaves reproductive
incentives. There are many possible approaches for such measures; I
describe only a few.

One of the primary difficulties with incentives is that they would
need to be applied selectively. In other words, individuals would need
to be categorized for their reproductive value to societies. To my
knowledge, all current approaches to perform such categorization are
flawed; some who are deemed to have low reproductive promise would
actually have high promise and vice versa. However, the categorization
may not need to be perfect to be effective at the societal level. Per-
haps the simplest and most effective approach today would be to use
educational attainment (at least in developed nations). Educational
attainment is relatively easy to measure. Those who do not complete
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high school are often at a cognitive disadvantage; those who attain a
four-year college degree are usually relatively healthy and talented.

Incentives could be offered to individuals with higher educational
attainment to encourage them to have more children. For instance, free
child care and/or college debt forgiveness could be provided to all par-
ents with a four-year college degree. Such incentives could be increased
with the number of children and reduced with the parents’ age. Free or
reduced-cost storage of eggs/sperm for future personal use could also
be considered. If individuals who reproduce later in life use sperm and
eggs that were collected when they were younger, numbers of muta-
tions will be reduced.

Another possibility is flipping the usual order in life of advanced
education and reproduction. For those parents with college under-
graduate degrees who want to pursue graduate studies, professional
internships could be offered with government assistance during the
time when they are having babies and raising young children. As an
example, young parents who aspire to become physicians could take
positions as some type of medical assistant while they are reproduc-
ing. This would allow them to continue to learn and gain experience
while having babies and help them gain entrance into medical school
at a later date. Continued improvements in health and lifespan should
allow young people to begin their professional educations a little later
in life and still have long, productive professional careers.

Governments could also introduce measures to encourage individ-
uals with low educational attainment to have fewer children. Raising
children is difficult for all parents, but especially for parents with lim-
ited education and (often) low income. In my opinion, fewer children
in families with low education would benefit both the parents and chil-
dren. It would provide more opportunity for parents to continue their
education and develop their careers, and it would allow more time and
money to be devoted to each child.

As for possible incentives to encourage individuals with lower edu-
cation attainment to have fewer children, I think providing free birth
control and abortion services, as mentioned above, would be an im-
portant step. Child support payments could also be provided that are
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especially generous for those with one child, but that are reduced per
child for those with more than one child.

Incentives are expensive. Tax revenue is always limited and demands
on revenue are always great. Therefore, I think it might be most work-
able to provide incentives primarily to individuals at the extremes of
health and talents. This approach would mean that the majority of peo-
ple with near average health and abilities would be unaffected by the
incentives. This could make the measures more politically palatable.

It is difficult for governments to influence the reproductive deci-
sions of their citizens (14). Government leaders in Japan, for example,
have been trying to counter reproductive decline for decades without
much success (15). Singapore’s plan for differential reproduction in-
troduced in 1984 was a total failure (Chapter 15). Incentives definitely
have an effect, but they may need to be relatively large to solve the gene
pool problem.

Trial and error in many different countries will likely be necessary
to find the most effective solutions to the gene pool problem. Persis-
tence will also be an essential component of any effective program. It
will likely take at least a few generations for improvement to be ap-
parent even for highly effective programs. Gene pool management is a
long-term task for humanity.

Exotic Solutions

I think that differential reproduction will likely be the most effective
means of solving the gene pool problem. However, it is possible that
other, mostly highly technical solutions will be attempted. A list of
some of these exotic solutions is presented in Table 17.3. I briefly dis-
cuss each of these possibilities, along with some of the obstacles to im-
plementation; all of these approaches face major difficulties.

Population Isolation

It is conceivable that some our healthiest and most talented people
could be relocated to one region of the planet or to a space colony.
These individuals would then live relatively isolated from the rest of
humanity, and could potentially be founders of new, large human
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populations. A problem with isolated colonies on Earth would be jeal-
ousy, friction, and competition with neighbors. The colonies would
need to displace most people originally living in their territories and
prohibit most immigration. Outsiders would perceive the colonists as
conceited elitists. Unless they adopted a very simple, nontechnological
lifestyle, the Earth colonies would also be dependent upon outsiders
for many goods and services. The colonists would also probably need
to reproduce at a relatively high rate.

Table 17.3
Exotic approaches for solving the gene pool problem

o Population isolation

e Sperm, egg, and embryo donation
o Embryo selection

o Cloning

o Artificial wombs

o DNA editing

o DNA synthesis

Given that our astronauts have been stringently selected to be
among our brightest and best, I think it likely that the first space col-
onies will be populated by some of our healthiest and most talented.
However, problems such as dependence upon Earth and friction with
other human groups would apply to the space colonies just as with iso-
lated Earth colonies. In addition, all isolated colonies, whether in space
or on Earth, would always need to deal with children who have dimin-
ished health and abilities due to mutation. The colonists would presum-
ably need to either expel such individuals or inhibit their reproduction.

Sperm, Egg, and Embryo Donation

Sperm, eggs, or embryos could be donated by healthy, talented indi-
viduals and then used to impregnate women through artificial insem-
ination (AI) or in vitro fertilization (IVF). This was the concept be-
hind the Nobel Prize Sperm Bank described in Chapter 15. The basic
problem with this approach is that parents prefer to carry, deliver, and
raise children who are biologically related to themselves. People who
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are infertile may be willing to accept donated sperm, eggs, or embryos,
but fertile individuals usually are not.

Over about the last two decades, it has become possible to reverse
and redirect the development of cells. In nature, early embryonic cells
differentiate into all of the various cell types in our bodies, but this dif-
ferentiation is always one way. Skin cells, for instance, don’t naturally
convert into muscle or nerve cells. However, scientists have recently
learned how to achieve such conversions in cell culture outside the
body. Many cell types can be converted into “pluripotent” cells capa-
ble of differentiating into nearly all cell types, including muscle and
nerve cells (16-17). Recently, these pluripotent cells have also been
converted into precursors of egg cells (18-20). Although this technol-
ogy is still at an early stage, within a relatively few years it may become
possible to generate a virtually unlimited number of egg cells from do-
nors, and unlimited numbers of embryos from couples. It is far from
clear, however, whether this technology can be safely used to produce
healthy children. The relatively high rates of somatic mutation and the
considerable manipulation of the cells in culture may appreciably affect
the health of offspring.

Embryo Selection
In Chapter 11, I described how cells could be removed from embryos
generated by IVF for preimplantation genetic testing. Today, this tech-
nology is used primarily to avoid single-gene disorders and aneuploi-
dies. However, there are no technical barriers to performing more ex-
tensive DNA testing on the embryos, including full genome sequencing.
Genome sequencing allows polygenic risk indices to be generated for
an unlimited number of traits and disorders. Parents could then select
what they consider to be the genetically best embryo for transfer into
the uterus. Some companies are already beginning to offer this service.
There are several problems with embryo selection, including the
problem of trade-offs. How, for example, do parents choose between
an embryo with a relatively high index for intelligence but also with
poorer indices for cancer and diabetes, and another embryo that is
likely to result in a healthier child but one with lower intelligence? An-
other problem is the current crude nature of most risk indices. They
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don’t yet do a great job of predicting traits and disorders (Figure 12.4).
Finally, embryo selection is expensive. Without substantial govern-
ment support, only the wealthy could afford such a process. High cost
is a problem with nearly all of the exotic approaches.

Cloning

Clones are individuals, other than identical twins, who are genetically
identical (21). Today, cloning is typically accomplished by fusing a so-
matic cell from a donor with an egg cell that has had its nucleus (along
with all DNA except for mitochondrial DNA) removed. The resulting
embryo is then transferred into a uterus, and the resulting newborn is
a clone of the somatic cell donor. The first mammal to be cloned was
the sheep Dolly in 1996. Cloning of dogs and cats is now relatively com-
monplace (22). Although apparently no humans have yet been cloned,
monkeys have (23), and so there are probably no insurmountable tech-
nical obstacles to human cloning. In principle, given sufficient money,
it should be possible to produce a large number of genetically identical
babies from particularly healthy and talented individuals. However, the
same objection that people want to raise their own biological children
also applies to cloning. In addition, human cloning is generally viewed
with repugnance. Every nation that has considered the matter has pro-
hibited the practice (24). Another problem with cloning is that it would
eliminate meiosis and the accompanying meiotic recombination that is
essential for long-term maintenance of human health and vigor (25).

Artificial Wombs

In an attempt to decrease morbidity and mortality in babies born pre-
maturely, researchers are developing “artificial wombs” (26-27). The
current stage of this research is far from enabling the complete gesta-
tion of a baby from embryo to birth outside of a woman’s body, but if
this technology continues to advance, then it is conceivable that some-
day it will be possible to produce babies without pregnancy. Because
this would reduce the burden and health risks of reproduction, it might
encourage talented women who are devoted to their careers to have
more children.
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DNA Editing

Over the last few decades, geneticists have developed sophisticated
methods for editing DNA sequences in any organism. Application of
these methods, through what is often called genetic engineering, has
enabled the genomes of many species to be modified to serve human
purposes. In humans, DNA editing—usually called gene therapy—has
been applied to somatic cells in efforts to treat cancer and a rapidly
growing list of single-gene disorders (28-29). Editing of somatic cells
does not affect the egg and sperm cells, so resulting changes are not
passed on to children. In contrast, germline DNA editing in humans,
which would affect the genomes of children, has to date been prohib-
ited by governments.

In principle, if DNA editing became sufficiently inexpensive, it
could be used to modify the genomes of large numbers of people. Some
futurists have predicted that DNA editing will be used to radically alter
humans, such as making people resistant to all viruses or capable of us-
ing sunlight as an energy source, like plants (see, for example, 30-32).
One of the many barriers to germline DNA editing is that the required
experiments on people would strike many, including me, as unethical.
Imagine that, based on studies in mice and monkeys, a group of geneti-
cists becomes convinced that inserting two genes into human genomes
would boost intelligence by 5%, but to prove their hypothesis, they
would need to edit the genomes of 100 embryos. They estimate that 2
of the treated embryos would lead to children with significant health
problems. Would it be ethical to edit the embryos’ genomes in this way
without the children’s consent, knowing that intelligence might not
even be boosted as predicted?

DNA Synthesis

Biochemists have learned how to synthesize fragments of DNA us-
ing chemicals produced from petroleum. Synthetic DNA fragments
in the range of 10-100 nucleotides are now used ubiquitously in ge-
netics research and clinical DNA testing. Longer DNA fragments can
also be synthesized and stitched together to produce entire genomes.
Genomes of viruses (thousands of nucleotides) and bacteria (one to a
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few millions of nucleotides) have now been synthesized, and after be-
ing introduced into cells, found to be perfectly capable of supporting
life (33-34). Geneticists are close to completing the synthetic genome
of brewers’ yeast (12 million nucleotides) (35-37) and have targeted
the genome of a moss (480 million nucleotides) (38). Although the ge-
nomes of mammals (about 3 billion nucleotides) are currently out of
reach, it is not hard to project that researchers will get there some day
(34). With synthetic human genomes, it would be possible to change
many sites in the genome at one time. Theoretically, it would be possi-
ble to create genetic “super people.” Among the many problems with
synthetic genomes are the need for extensive, ethically dubious, exper-
imentation and conflicts with “natural” people. The latter objection has
been exploited many times by fiction writers.

Because of all the problems with the exotic solutions, and possibly also
because I'm old and uncomfortable with these approaches, I strongly
favor differential reproduction as the best solution to the gene pool
problem. However, I don’t pretend to be able to predict the future. It’s
certainly possible that one or more of the exotic approaches that I've
described (or another) will ultimately prove to be the solution to the
gene pool problem. People’s aversions to new technologies can and
have changed. When AI and IVF were first introduced, most people
were opposed, but now most (although certainly not all) accept them
without concern.

Summary

o To improve our understanding of the gene pool problem and to
devise effective solutions, we need to overcome the taboos now
associated with this subject. We need to openly discuss and inves-
tigate the gene pool.

» Use of the word “eugenics” should be restricted to the Eugenics
Movement of history.

o Much more needs to be learned about the genetics of intelligence.
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Accurate means of measuring and monitoring the gene pool need
to be developed.

Barring exotic approaches, differential reproduction will be nec-
essary to solve the gene pool problem. Just to maintain the status
quo, those who are fortunate to be healthier and more talented
need to out-reproduce those less fortunate.

Voluntary measures should at least help to solve the gene pool
problem. Governments can take a number of steps to facilitate
voluntary approaches.

If voluntary approaches prove insufficient, then financial incen-
tives or disincentives may be required to increase the reproduc-
tion of those more genetically fortunate and/or to decrease the
reproduction of those less fortunate. There are many possible op-
tions for such incentives/disincentives.

Several possible exotic solutions to the gene pool problem exist,
as listed in Table 17.3, but all of these exotic approaches currently
have significant drawbacks.



Chapter 18

SUMMARY OF PART II,
THE GENE POOL

Brief Review of Chapters 9-17
In Part I1, I described how reproductive planning can be used in many
cases to avoid severe health problems and disabilities in children. I out-
lined the abundant evidence that human intelligence has substantial
heritability. I covered forces involved in the evolution of our special
intelligence and explored how these forces have changed over about
the last 200 years. Through this analysis, I identified the gene pool
problem. Finally, I presented some possible approaches to gene pool
management—approaches that avoid racism, elitism, and other risks.
The summaries at the ends of each chapter provide a quick means
of reviewing the major themes of Part II. I encourage readers to reread
these points. To facilitate this step, I have repeated the summary points
here. Statements that are my personal opinions rather than scientific
facts are marked by asterisks (***).

Chapter 10: Prenatal Development and Prenatal DNA Testing
o Prenatal development is a complex 38-week process that begins
with a fertilized egg cell and ends with the birth of an infant.
« Some of the cells from division of the fertilized egg cell develop
into the baby and others develop into the extraembryonic tissues:
the amnion, chorion, placenta, and umbilical cord.
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e Many things can and often do go wrong during prenatal devel-
opment. Roughly 60% of all pregnancies and 15% of recognized
pregnancies spontaneously abort.

o The most frequent known cause of spontaneous abortion is aneu-
ploidy, or an abnormal number of chromosomes. Nearly all aneu-
ploid embryos and fetuses spontaneously abort.

o DNA from the developing fetus may be tested through both inva-
sive and non-invasive procedures.

o Invasive testing is practiced on only a small fraction of pregnan-
cies and nearly always involves either chorionic villus sampling
(typically performed at 10-13 weeks of pregnancy) or amniotic
fluid collection (typically performed at 15-20 weeks).

o All types of clinical DNA tests may be performed on fetal DNA
obtained from the invasive procedures.

o Non-invasive prenatal screening (NIPS) is a maternal blood test
used to assay the fetal DNA. Today, NIPS is used primarily to test
for aneuploidies, but in the future may be used to test for other
genetic abnormalities.

o In developed countries, NIPS for aneuploidy detection is cur-
rently performed on a substantial fraction of all pregnancies.

Chapter 11: Reproductive Planning

o Although single-gene disorders are individually rare, because
there are thousands of them, total societal costs of caring for peo-
ple with single-gene disorders are high. These costs include both
direct healthcare costs and indirect costs to the caregivers.

o Assisted reproductive technologies (ARTs) have been developed
to help subfertile and infertile couples reproduce and avoid ge-
netic disease. ARTs include artificial insemination (AI), in vitro
fertilization (IVF), and preimplantation genetic testing (PGT).

o Through DNA testing, geneticists can now predict a reproduc-
tive couple’s chance of having a child with a single-gene disorder.
This ability may expand in future to include genetically complex
disorders.
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Couples can avoid the birth of a child with a genetic disorder via
several options, including partner selection, prenatal testing, and
ARTs. Abortion can be avoided through partner selection and
ARTs.

Preconception reproductive planning through selecting a geneti-
cally compatible partner is an attractive option that will hopetully
grow in popularity.***

At least in the near future, genetic reproductive planning will
probably have only a limited impact on the gene pool.***

Chapter 12: Genetics of Intelligence

Intelligence, broadly defined as the ability to solve problems, var-
ies over a wide range among individuals.

Higher intelligence is a significant factor in both individual and so-
cietal success. Human civilizations could not have arisen without
our special intelligence.

There are multiple compelling lines of evidence that intelligence
has significant heritability. These include family studies, twin
studies, adoption studies, and the genetics of intellectual disabil-
ity (ID) (Table 12.3).

Geneticists have now identified the specific DNA causes of many
thousands of cases of ID. A change in a single nucleotide out of
six billion can spell the difference between a person with normal
intelligence and a person with ID.

Although different studies have produced a range of estimates for
the heritability of intelligence, it is a scientific fact that intelligence
has substantial heritability (on the order of 60%).

Nonbheritable factors also strongly influence intelligence. These
include mutations and environmental factors such as premature
birth, lead poisoning, and upbringing.

The mutations that occur in every child in every generation (Ta-
ble 3.3) cause frank ID in about 1 out of every 100 newborns, and
somewhat reduced innate intelligence in an unknown larger frac-
tion of newborns.
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Germline mutation relentlessly erodes the intelligence of human
populations.

Chapter 13: Evolution of Our Special Intelligence

Over about the last seven million years, since the time of the com-

mon human-chimpanzee ancestor, humans evolved a special level

of intelligence that is unique among all species on the planet.

Although the process that led to our special intelligence was un-

doubtedly complex and is still largely a mystery, three facts about

the process are known:

o Our special intelligence evolved through changes to our
genomes.

o Mutation created the new DNA variants that increased the in-
telligence of our ancestors.

o On average, our more intelligent ancestors reproduced at
higher rates than our less intelligent ancestors.

Geneticists have identified at least several of the major forces that

were likely involved in the evolution of our special intelligence

(Table 13.2). There is considerable overlap among many of the

forces.

Differential reproduction is defined as differences in reproductive

rates among people who carry different DNA variants.

Natural selection acts by decreasing the frequencies of deleterious

variants and increasing the frequencies of advantageous variants.

Genealogical demography is the study of the numbers and charac-

teristics of people’s ancestors and descendants. Many people who

lived in the past made no or only small contributions to the cur-

rent gene pool, and others made large contributions.

Polygyny, which means one male reproducing together with mul-

tiple females, was likely common throughout human evolutionary

history.

Changes in population size can affect the gene pool by altering the

level of genetic diversity and the rates at which variant frequen-

cies change.

Migration leads to new combinations of variants.
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Infanticide, the killing of infants, was in the past common in many,
perhaps nearly all, human societies.

Assortive mating means that women and men who are similar in
various traits, such as height or education level, tend to reproduce
together.

Population crashes, defined as relatively rapid drops in population
size, were common in our past.

Random chance events also played a role, perhaps a major role, in
evolution of our special intelligence.

Chapter 14: The Problem: Recent
Changes in Evolutionary Forces

In the past, the various evolutionary forces described in Chapter
13 kept mutation at bay by efficiently removing new deleterious
variants from the gene pool.

As a result of relatively recent changes to the evolutionary forces
(summarized in Table 14.4), deleterious variants are now accumu-
lating in the gene pool. Average health and abilities of our species
are declining. This is the gene pool problem.***

Many other geneticists have recognized the gene pool problem in
modern times, beginning with Francis Galton and Charles Darwin
over 100 years ago.

The rate at which the gene pool is degrading is unknown, but it
would be dangerous to ignore this problem.***

If my analysis is correct, and if we want to maintain our advanced
human societies, then we must solve the gene pool problem. We
have no choice.***

Chapter 15: History of Gene Pool Management

Gene pool management is not a new concept. Incest avoidance
has probably been practiced in the human lineage for millions of
years.

Classical Greek societies considered and implemented gene pool
management.
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The Eugenics Movement started in England in the 1880s and for a
tew decades was popular in a number of countries, including the
US. The movement was fatally flawed for a number of reasons (Ta-
ble 15.2), including racism, poor understanding of genetics, and
restriction of reproductive freedom.

The Nazis in Germany in the 1930s and 1940s carried ideas from
the Eugenics Movement to a horrific extreme. The Nazis steri-
lized about 400,000 people and murdered another approximately
240,000 people they deemed genetically flawed.

Aggressive gene pool management efforts in Singapore in the
1980s failed.

Some forms of gene pool management are being practiced today.
These include avoidance of consanguineous matings, sperm dona-
tion, and reproductive planning.

Chapter 16: Racism, Elitism, and Other Risks

Management of the gene pool involves risks to our species.***
These risks can be mitigated by rejecting any gene pool manage-
ment program that includes any of the following features (see also
Table 16.1).%%*

o Racism

o Elitism

o Restrictions on reproductive freedom

o Rash, aggressive actions

o Substantial loss of genetic diversity

o Selection for only one or a few traits

o Large programs involving hundreds of millions of people

o Programs developed in totalitarian states

Chapter 17: Possible Solutions to the Gene Pool Problem

To improve our understanding of the gene pool problem and to
devise effective solutions, we need to overcome the taboos that
are now associated with this subject. We need to openly discuss
and investigate the gene pool.***



266 Genomes and the Gene Pool

o Use of the word “eugenics” should be restricted to the Eugenics
Movement of history.***

e Much more needs to be learned about the genetics of
intelligence.***

o Accurate means of measuring and monitoring the gene pool need
to be developed.***

» Barring exotic approaches, differential reproduction will be nec-
essary to solve the gene pool problem. Just to maintain the status
quo, those who are fortunate to be healthier and more talented
need to out-reproduce those less fortunate.

o Voluntary measures should at least help to solve the gene pool
problem. Governments can take a number of steps to facilitate
voluntary approaches.***

 If voluntary approaches prove insufficient, then financial incen-
tives or disincentives may be required to increase the reproduc-
tion of those most genetically fortunate and/or to decrease the
reproduction of those least genetically fortunate. There are many
possible options for such incentives/disincentives.***

o Several possible exotic solutions to the gene pool problem exist,
as listed in Table 17.3, but all of these exotic approaches currently
have significant drawbacks.

Those Who Are Genetically Less Fortunate

All people want dignity and respect. Many people also have a strong
drive to reproduce. In my opinion, gene pool management should
never be used as a club to bash those less fortunate in the genetic lot-
tery of life. Listed in Table 18.1 are some of my thoughts about those
who are genetically less fortunate.
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Table 18.1
Thoughts about people who are genetically less fortunate

My respect for people does not depend upon their genome,
but rather upon the decisions that they make and the
actions that they take during their lives. Many who are
genetically fortunate live deplorable lives, and many who
are not live sterling lives.

No one can justly be blamed for their genome. No one
should ever be ashamed of their genome.

There is no such thing as a genetically perfect person.
Everyone is genetically flawed.

All people should be entitled to the same human rights and
opportunities, regardless of their genomes. No one should
ever accept the idea that some are more entitled because
they are genetically more fortunate.

All current approaches for measuring reproductive promise
are flawed. A person may have higher or lower reproductive
promise than indicated.

Everyone should have the freedom to have as many children
as they like.

Some people require more support than others. That does
not make them selfish.

Gene pool management is not punishment.

We all have a duty toward others. Part of that duty involves
planning our reproduction to promote the overall good of
society.

Having only a single child may benefit both the parent and
the child. For the parent, it may provide a better chance to
advance their education and career. For the child, it may
improve their home environment.

We all have the right to laughter, love, happiness, and a
wonderful life.
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Final Words on the Gene Pool Problem

It’s important to understand that the gene pool problem is not based on
racism or elitism, but rather on science. I think nearly all people, my-
self included, wish that we didn’t have to worry about the gene pool,
but my scientific analysis indicates that deleterious DNA variants are
accumulating and that this situation needs to be addressed. Although
our special intelligence distinguishes us from all other species on Earth,
humans are not immune from the laws of genetics.

Heritabilities of nearly all human traits, including intelligence,
are substantially less than 100%. Average human intelligence could
be boosted solely by improving the environmental factors that influ-
ence intelligence. Why not, therefore, just focus on the environment
and forget about the gene pool? The reason is that environmental im-
provements in the presence of a deteriorating gene pool will only be a
short-term fix. No matter how hard we try, if the gene pool is deteri-
orating, then efforts to improve the environment will ultimately fail.
This does not mean, however, that environmental factors are unimpor-
tant or that they should be ignored. The environment is probably more
malleable than the gene pool.

When considering the gene pool, we need to broaden our time ho-
rizons. People are experienced at dealing with time frames of months,
years, or occasionally a few decades, but we rarely consider time frames
of centuries or millennia. Yet this is just what is needed for the gene
pool. Persistence will be an essential component of any successful gene
pool management program.

Experts have compiled lists of threats that could result in the ex-
tinction or irreversible decline of our species (see, for example, 1-4).
I think the gene pool problem needs to be added to these lists. If our
civilizations crumble because of degradation of the gene pool, then al-
though our species may survive, we will have lost what it really means
to be human. Maybe if such a calamity occurred, our species could re-
cover and regain civilization, but there is no guarantee. As I pointed
out at the end of Chapter 13, evolution of higher intelligence on our
planet has been an exceptionally rare event. It may not happen again.
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Advantageous mutation/variant: A mutation or variant that enhances
the health or abilities of an individual.

Amniocentesis: An invasive prenatal test, usually performed between
15 and 20 weeks of pregnancy, in which a small volume of the amniotic
fluid surrounding the fetus is collected. The fluid contains fetal cells
that may be used for DNA testing.

Aneuploidy: An abnormal number of chromosomes in an individual.
The only human chromosomal abnormalities that are compatible with
life are trisomies 13, 18 and 21, and variations in the numbers of the sex
chromosomes.

Artificial insemination (AI): The artificial introduction of sperm from
a donor into the uterus of a woman who intends to become pregnant.

Artificial selection: The intentional human selection for desirable
traits through controlled breeding of a species. Farmers have used arti-
ficial selection for millennia to improve yields in agriculturally impor-
tant plant species (Figure 3.9). Breeders of animals such as dogs also
used artificial selection to achieve remarkable variation within species
(Figure 3.10).

Assisted reproductive technologies (ARTs): Various, mostly newer,
technologies that were developed to help infertile couples have



272 Genomes and the Gene Pool

children. ARTs include artificial insemination, in vitro fertilization,
and preimplantation genetic testing.

Assortive mating: People choosing reproductive partners who are
similar to themselves for various traits.

Autosomal chromosomes (or Autosomes): The numbered chromo-
somes 1-22. Chromosome 1 is the largest, and chromosome 21 is the
smallest. Compare with sex chromosomes.

Base: A component of a nucleotide. There are four bases in both DNA
and RNA (Figures 2.5 and 2.6). In DNA, an A base always pairs with a
T base, and a C base always pairs with a G base.

Carrier: A person who is heterozygous or homozygous for a DNA var-
iant of interest. If the variant is rare, the frequency of homozygotes will
be very low, and therefore carrier often refers just to heterozygotes.

Centromere: The place along a replicated chromosome where the
chromosome arms are bound together. Centromeres appear in the mi-
croscope as constrictions in the chromosome arms.

Chorionic villus sampling (CVS): An invasive prenatal test, usually
performed between 10 and 13 weeks of pregnancy, in which a small
specimen of the chorionic villi (extraembryonic tissue) is collected.
Chorionic villi have the same DNA sequences as the fetus.

Chromosome: A highly compacted macromolecular complex consist-
ing of one very long, thin DNA molecule and many protein molecules.

Clinical feature (also called symptom or phenotype): A trait or lab-
oratory result outside of the normal range. Examples are abnormal
convolutions of the brain surface (lissencephaly), eyes that are farther
apart than normal (hypertelorism), unusually fragile bones (osteope-
nia), slower than normal infant and child development (developmental
delay), and high blood sugar (hyperglycemia). All disorders, whether
single gene or complex, are characterized by their clinical features (Ta-
ble 4.5).
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Complex disorders and traits: Health problems or traits that are
caused and influenced by variants in multiple genes and usually also by
non-heritable factors.

Concordance: The degree of similarity in a specific trait between a pair
of individuals or two groups of individuals.

Consanguineous matings: Reproduction between relatively closely
related individuals such as cousins. Consanguineous matings include
incestuous matings, which usually refer to parent-child or sibling mat-
ings, but is a broader term that includes reproduction among more dis-
tantly related individuals.

Cytoplasm: The outer portion of a cell. Protein manufacture takes
place in the cytoplasm.

Disability: A physical or mental condition that limits a person’s move-
ment, senses or activities. Disease and disability often, but do not al-
ways, overlap. For example, clinical features of trisomy 21 include intel-
lectual disability, but also heart disease and susceptibility to leukemia.

Deleterious mutation/variant (also called pathogenic mutation/
variant): A mutation or variant that diminishes the health or abilities
of an individual. Some deleterious variants only manifest their effect
when present in both copies of a gene.

Disease (or Disorder): An abnormal condition resulting in pain, dys-
function, distress, weakness or death. A disease is a significant devia-
tion from normal healthy life. Diseases usually result from a malfunc-
tion or disruption of one or more biological systems, and are described
by a set of clinical features.

DNA: Deoxyribonucleic acid. DNA is the genetic material. It is a linear,
unbranched polymer composed of four chemical units called nucleo-
tides (Figures 2.5 and 2.6).

DNA banking: The long-term, secure storage of a person’s DNA, even
after the person’s death, for the purpose of future testing.



274 Genomes and the Gene Pool
DNA sequence variant: See Variant.

Dominant (or autosomal dominant) single gene disorder: A single
gene disorder in which affected individuals have one dysfunctional
copy and one functional copy of a gene located on one of the auto-
somes. The dysfunctional gene can be inherited from either of the par-
ents, or can arise through mutation. When inherited, each child has an
independent, 50% chance of receiving the dysfunctional gene (Figure
4.4B). Contrast with recessive and X-linked single gene disorders.

Egg cell (also called ovum): The female cell that can be fertilized by a
sperm cell and that develops into a baby. All people arise by cell divi-
sion from a single fertilized egg cell.

Elective abortion: Termination of a pregnancy that occurs through a
deliberate, intentional procedure. Contrast with spontaneous abortion.

Embryo: A developing baby during about the first 8 weeks of preg-
nancy post fertilization.

Enzyme: A protein that catalyzes (speeds) a specific chemical reaction.

Exome: All of the exons within a genome. The human exome com-
prises about 1.5% of the total genome.

Exome sequencing: Sequencing of just the exons of the genes. Exome
sequencing covers roughly 1.5% of the total nucleotides in the genome.
Contrast with genome sequencing (Table 7.4).

Exon: A segment of a gene that is present in the mature mRNA (Figure
2.19).

Family tree drawing (also called kindred or pedigree drawing): A
drawing that indicates the biological relationships among multiple
generations of family members. By convention in family tree draw-
ings, each generation is listed on a separate row, males are indicated
by squares, and females by circles (an example in shown in Figure 4.7).
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Fertilization (also called conception): The fusion of a sperm and egg
cell leading to the next generation.

Fetus: A developing baby after about the first 8 weeks of pregnancy
post fertilization until birth.

Fixed variant: A new variant that achieves 100% frequency in a popu-
lation over many generations.

Founder variants: Deleterious variants, usually causative for recessive
disease, that have relatively high frequencies in reproductively isolated
populations (Table 13.4).

Frameshift mutation/variant: A mutation or variant that, through the
loss or addition of a number of nucleotides other than integer multiples
of three, changes the reading frame of translation. Frameshift variants
usually create new premature stop codes downstream of the site of de-
letion or insertion (Figure 3.5). Frameshift variants can also extend the
length of proteins by eliminating a normal stop code.

Fraternal twins (also called dizygotic or two egg twins): Twins that
arise from the fertilization of two separate egg cells by two separate
sperm cells (Figure 4.5). Fraternal twins share 50% of their DNA, and
are no more genetically alike than any pair of full siblings. Fraternal
twins may be same sex or opposite sex.

Gene: The segment of a DNA molecule that encodes a single protein.

Gene pool: All the DNA molecules within people currently living.
Gene pool can refer to all people living anywhere on the planet (the
usual meaning in this book), or to a smaller population, such as the
gene pool of Switzerland.

Gene pool management: Active steps taken to prevent single gene dis-
orders and to control the number of deleterious variants in the gene
pool.

Gene regulation: See Regulation of genes.
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Gene therapy: A treatment for single gene disorders that involves
overcoming a dysfunctional gene by adding a normal gene, silencing
the dysfunctional gene, or directly correcting the dysfunctional gene.
Several gene therapy treatments have already been approved for use in
patients, and many others are under development.

Genealogical demography: A branch of demography concerned
with the numbers and characteristics of ancestors and descendants of
individuals.

Genetic engineering: The deliberate modification of the genomes of
individuals of a species to serve human purposes. Many economically
important plant and animal species have already been genetically en-
gineered. Genetic engineering of somatic cells (but not germ cells) of
people (usually called gene therapy) is now being performed to treat
single gene disorders.

Genome: The total complement of DNA molecules within a species or
individual.

Genome sequencing (also called full or whole genome sequencing):
Sequencing of the entire genome of an individual. Contrast with exome
sequencing (Table 7.4).

Geoancestry: The continental origin of a person’s ancestors as of about
the year 1500.

Germ cells: The egg cells within the ovaries in females and the sperm
cells within the testes in males.

Germline: The lineage of cells leading to the sperm and egg cells.
Germline DNA testing means testing of the DNA molecules that are
present in all of a person’s cells. Germline mutations are mutations that
occur in the egg and sperm cells or the cellular precursors to the egg
and sperm.
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Healthcare provider: A professional provider of healthcare services.
Healthcare providers can be physicians, genetic counselors, nurses,
physician assistants, psychologists, etc.

Hemoglobin: The protein in blood that ferries oxygen from the lungs
to all the cells and returns carbon dioxide from the cells to the lungs.
Hemoglobin is a complex composed of four protein subunits (two
alpha and two beta protein molecules) along with a non-protein
iron-containing molecule called heme.

Heritability: The fraction of variability in a disorder or trait that is
attributable to variations in inherited DNA. Heritability values range
from 0% to 100%.

Heterosis: The phenomenon, mostly known from plant breeding, in
which the offspring of crosses between inbred parental strains show
greater vigor than either parent. There is evidence that heterosis occurs
in humans through matings between people who are not related.

Heterozygous: Having two different nucleotides at a specific position
in a pair of chromosomal DNA molecules of one type (Figure 4.3). Peo-
ple can be heterozygous for nucleotide substitutions, deletions or in-
sertions, or other types of variants.

Homozygous: Having the same nucleotide at a specific position in a
pair of chromosomal DNA molecules of one type (Figure 4.3). People
can be homozygous for nucleotide substitutions, deletions or inser-
tions, or other types of variants.

Human genetics: The science of the causes and the inheritance of hu-
man variation.

Human reference genome sequence: The genomic sequence with the
most frequent (the consensus) nucleotide among unrelated individuals
at each position along each DNA molecule. DNA sequence variants are
typically detected as differences between the DNA sequences of indi-
viduals and the reference sequence (Figure 5.8). The human reference
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sequence is freely available through the internet, and is infrequently
updated.

Identical twins (also called monozygotic or one egg twins): Twins
that arise from the splitting of an early embryo derived from a single
fertilized egg cell into two clumps of cells, each of which develops into
a baby (Figure 4.5). Identical twins are always same sex and are 100%
alike in their DNA sequences (except for somatic mutations).

Inbred: Plants or lab animals that have undergone many generations
of self or brother-sister matings until essentially all DNA diversity has
been eliminated. Except for mutations, each individual in each inbred
strain is homozygous for the same nucleotide at each chromosomal
DNA position.

Inbreeding: Mating between related individuals.

Incest: Reproduction among closely related individuals, usually
parent-child or sibling matings.

Infanticide: The killing of infants, usually by their parents, either di-
rectly or through abandonment (often called exposure).

Intellectual disability (ID): Intelligence within the lowest 2.5% of test
scores.

Intracytoplasmic sperm injection (ICSI): The in vitro fertilization of
an egg cell by injection of a single sperm cell into an egg cell.

Intron: A segment of a gene between exons (Figure 2.19).

Invasive prenatal testing: Prenatal testing in which a small tissue spec-
imen, nearly always chorionic villi or amniotic fluid, is collected from
the fetus for testing.

In Vitro: Outside the body. Refers to laboratory experiments and pro-
cedures that take place outside of living organisms.
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In Vitro fertilization (IVF): Fertilization of an egg cell that takes place
in a plastic container outside of the body.

Loss-of-Function mutation/variant: A mutation or variant that re-
sults in complete loss of the function of the coded protein. Loss-of-
function variants include those that delete an entire gene or a signifi-
cant part of a gene, nucleotide substitutions that create premature stop
codes (nonsense variants), deletions or insertions of numbers of nu-
cleotides other than integer multiples of three that change the reading
frame of translation (frameshift variants) (Figure 3.5), and variants that
disrupt normal intron splicing.

Macromolecule: A large molecule. Examples include DNA, RNA, and
proteins. Nearly all of the macromolecules found in living organisms
are polymers.

Meiosis: The process of chromosome distribution that occurs during
the formation of the egg and sperm cells (Figures 2.16 and 4.1). Both
egg and sperm cells have only 23 chromosomes, one of each type.

Messenger RNA (mRNA): An RNA molecule complementary in se-
quence to a DNA template that is used to manufacture a protein. nRNA
is the intermediary that conveys the information within a sequence of
nucleotides along a DNA molecule into the sequence of amino acids in
a protein.

Miscarriage: A spontaneous abortion that occurs during the first half
of a normal pregnancy (less than about 20 weeks).

Missense mutation/variant: A mutation or variant within an exon that
results in an amino acid substitution in the coded protein. Such mu-
tations/variants often, although not always, alter the function of the
protein.

Mitochondria: Subcellular organelles that generate chemical energy
for cells. Mitochondria are the cell’s power plants. Each mitochondrion
has a relatively small (approximately 16,500 nucleotide) chromosome.



280 Genomes and the Gene Pool

The mitochondrial chromosome is present in egg cells but not in sperm
cells, and is therefore inherited only from mothers.

Mitosis: The process of chromosome distribution that occurs during
the division of somatic cells (Figure 2.15). The result of mitosis is two
daughter cells, each with 46 chromosomes.

Monogamy: People reproducing during their lives with only a single
partner.

Monosomy: One copy of a specific chromosome in an individual. An
example is one copy of the X chromosome in women with Turner
syndrome.

Mutation: A change in the nucleotide sequence of a DNA molecule.
Mutations result in DNA sequence variants. Mutation is a normal and
ubiquitous biological process. Mutations are deleterious, neutral or ad-
vantageous, and vary in the strength of their effect. Mutations can also
be either germline or somatic.

Natural selection: The process by which nature selects for individuals
with the greatest ability to survive and reproduce in their particular
environment. Natural selection leads to decreases in population fre-
quencies of deleterious variants and increases in frequencies of advan-
tageous variants.

Negative selection (or negative natural selection): An evolutionary
process that results in a decrease in population frequency of delete-
rious variants because individuals with these variants produce fewer
descendants than individuals without these variants.

Neutral mutation/variant (also called benign mutation/variant): A
mutation or variant that does not appreciably affect the health or abil-
ities of an individual.

Non-invasive prenatal screening (NIPS): The testing of cell-free fetal
DNA present in the mother’s blood during pregnancy. NIPS is also of-
ten called non-invasive prenatal testing (NIPT).
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Nucleotide: The fundamental molecular unit (monomer) of DNA and
RNA polymers. Each nucleotide consists of a phosphate, a sugar (deox-
yribose in DNA and ribose in RNA), and a base (Figure 2.5). Lengths of
DNA segments are measured in nucleotides, although the word “base”
is often substituted for nucleotide. For example, kb is an abbreviation
for thousands of bases/nucleotides, and mb is an abbreviation for mil-
lions of bases/nucleotides.

Nucleus: A membrane-enclosed organelle within the cell that contains
all the chromosomes except for the small mitochondrial chromosome.
Replication, production of RNA molecules, and splicing all take place
within the nucleus.

Outbred: Lab animals or plants that have not been inbred, and that
retain substantial DNA diversity.

Penetrance: A property of variants defined as the fraction of people
with one or more specific variants who are affected with a disorder or
have a particular trait. Penetrance values range from 0% to 100%. For
many variants involved in many different disorders and traits, pene-
trance is incomplete (less than 100%).

Pharmacogenetics (or pharmacogenomics): The use of genetics to
improve the efficacy and safety of prescription drugs.

Phase: In genetics, phase means whether two or more sequence var-
iants are present on only one or both chromosomes of a type (Figure
7.2). Relatedly, it is sometimes also important to determine whether
the variants are located on the maternally or paternally inherited
chromosome.

Phenotype: See Clinical feature.

Placenta: The organ that serves as the intermediary between the
mother and fetus during pregnancy. The placenta develops from em-
bryonic cells and therefore has the same DNA sequences as the fetus.

Polyandry: One woman reproducing with multiple men.
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Polygenic index (also called polygenic score or polygenic risk
score): A score determined by combining many individual DNA risk
factors to predict the likelihood that a person will develop a specific
genetically complex disorder or trait. Contrast with risk index.

Polygyny: One man reproducing with multiple women.

Polymer: A chain-like macromolecule composed of repeating chemi-
cal units joined together.

Population bottleneck: A temporary (anywhere from a few to many
generations) reduction in population size.

Population genetics: The mathematical branch of genetics dealing
with changes in the frequencies of variants in populations.

Positive selection (or positive natural selection): An evolutionary
process that results in an increase in population frequency of advan-
tageous variants because individuals with these variants produce more
descendants than individuals without these variants.

Precision (also called personalized or individualized) medicine:
The treatment and management of patients not on the basis of their
broad disease group, such as all cancer patients or all epilepsy patients,
but rather on the basis of their individual DNA sequences or other in-
dividual features.

Preconception reproductive planning: Reproductive planning that
begins before conception. Choosing a reproductive partner based (in
part) on the person’s genome is one form of preconception reproduc-
tive planning.

Preimplantation genetic testing (PGT) (also called preimplantation
genetic diagnosis (PGD)): DNA testing of an embryo resulting from
IVF prior to transfer of the embryo into the mother’s uterus.

Prenatal DNA testing: Testing of DNA from a fetus before birth. Pre-
natal testing can be invasive, in which a small tissue specimen from the
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fetus is collected and tested, or non-invasive, in which fetal cell-free
DNA from the mother’s blood is tested.

Protein: A linear, unbranched polymer composed of twenty different
chemical units called amino acids (Table 2.1). Proteins are the most
diverse and functionally important macromolecules in our bodies.

Provider: See Healthcare provider.

Recessive (or autosomal recessive) single gene disorder: A single
gene disorder in which both copies of a gene, located on one of the au-
tosomes, are dysfunctional in affected individuals. With recessive dis-
orders, both parents are healthy but have one functional and one dys-
functional gene. Each child of such a couple has an independent, 25%
chance of inheriting both dysfunctional genes and being affected (Fig-
ure 4.4C). Contrast with dominant and X-linked single gene disorders.

Recombination (or meiotic recombination; also called crossing
over): The exchange of DNA between pairs of chromosome DNA mol-
ecules of one type during meiosis (Figure 4.1). Recombination ensures
that the chromosomes inherited by children are mosaics of the grand-
parental chromosomes (Figure 4.2).

Reference genome sequence: See Human reference genome sequence.

Regulation of genes: The body’s control of gene function. Many genes
are active (used to produce the coded protein) only in specific tissues.
Genes may also be active only at particular times during our lives, and
can be used to produce widely varying amounts of protein.

Replication: The copying of a DNA molecule to produce two nearly
identical daughter molecules.

Reproductive planning: The process of planning pregnancies such
that aneuploidies, single gene disorders and other genetic abnormal-
ities are avoided in the child.

Ribosomes: Tiny molecular machines located in the cytoplasm that
bind mRNA and manufacture proteins. Ribosomes are a complex of
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about 80 different proteins and 4 RNA molecules. The RNA molecules
in ribosomes are different from mRNA.

RNA: Ribonucleic acid. A linear, unbranched polymer composed of
four chemical units called nucleotides. The structure of RNA is very
similar to DNA, except that RNA is single stranded, uses the nucleo-
tide uridine instead of thymidine, and uses the sugar ribose instead of
deoxyribose.

Riskindex: A score determined by combining individual DNA risk fac-
tors plus environmental factors to predict the likelihood that a person
will develop a specific genetically complex disorder or trait. Contrast
with polygenic index.

Sequence variant: See Variant.

Sequencing: The process of determining the order of nucleotides along
a DNA molecule. Powerful, inexpensive methods have been developed
to sequence DNA.

Sex chromosomes: The X and Y chromosomes. Compare with
autosomes.

Single-gene disorders (also called monogenic or Mendelian (after
Gregor Mendel) disorders): A disorder or disability primarily caused
by one or two variants in a single gene. Thousands of single-gene dis-
orders are known.

Somatic cells: Any cell within our bodies other than the germ cells.
Examples include blood, brain, skin and muscle cells. Mutations within
somatic cells are not passed on to children.

Sperm cell: The male germ cell produced in the testes that is capable
of fertilizing an egg cell.

Splicing: The process of removal of introns from an initial RNA tran-
script to produce a mature messenger RNA (mRNA) molecule.
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Spontaneous abortion: Termination of a pregnancy that occurs natu-
rally without any type of intervention. Spontaneous abortions can oc-
cur at any stage of pregnancy and are common, occurring in roughly
60% of all pregnancies. Spontaneous abortions that occur up to about
the 20th week of pregnancy are called miscarriages. Those that occur
after about the 20th week are called stillbirths. Contrast with elective
abortion.

Stillbirth: A spontaneous abortion that occurs during the second half
of normal pregnancy (more than about 20 weeks).

Structural mutation/variant (also called copy number mutation/
variant): A mutation or variant involving the deletion or insertion of
more than 50 nucleotides of DNA.

Symptom: See Clinical feature.

Synonymous mutation/variant: A mutation or variant within an exon
that does not alter the amino acid sequence of the coded protein. Most
synonymous mutations/variants are neutral or close to neutral.

Tandem repeats: Nucleotide sequences that are repeated one after an-
other along a segment of a DNA molecule. The repeated unit can range
in length anywhere from a single nucleotide to many thousands of nu-
cleotides. Examples are shown in Figure 3.1.

Transcription: The process of producing RNA molecules from DNA
templates. Transcription takes place in the cell nucleus.

Translation: The process of producing protein molecules from mRNA
templates. Translation takes place in the cell cytoplasm.

Triploidy: Three copies of every chromosome in an individual instead
of the normal two copies.

Trisomy: Three copies of a single chromosome in an individual instead
of the normal two copies. An example is trisomy 21, also called Down
syndrome (Figure 3.6).
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Variable expressivity: When individuals (such as a pair of siblings)
have exactly the same deleterious variant(s) for a single gene disorder
yet have different disease courses and/or severities. Such individuals
also often have different sets of clinical features.

Variant (also called sequence variant or DNA sequence variant): A
difference between an individual’s DNA sequence and the human ref-
erence sequence. In most cases, variant refers to sequences with less
than 50% population frequency. Variants arise from mutations. Vari-
ants can be deleterious, neutral or advantageous.

X chromosome: One of the sex chromosomes. Females have two X
chromosomes, and males one (Figures 2.13, 2.14, and 2.17).

X-linked single gene disorder: A single gene disorder in which the
dysfunctional gene is located on the X chromosome. For the great ma-
jority of X-linked disorders, affected males greatly outnumber affected
females. Typically, carrier females with one functional and one dys-
functional gene are unaffected or only mildly affected. However, be-
cause they have only one X chromosome, males who inherit the dys-
functional gene from their mothers will be fully affected. Each son of a
carrier mother has an independent, 50% chance of inheriting the dys-
functional gene and being affected. Contrast with dominant and reces-
sive single gene disorders.

Y chromosome: One of the sex chromosomes. Males have one Y chro-
mosome, and females none (Figures 2.13, 2.14, and 2.17). Y chromo-
somes are inherited solely from fathers to sons.
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