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PREFACE

A little about my background may be helpful to the reader. I received a PhD in biochemistry from the University of California–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 conferences, 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 purposes: 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 references 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 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 reference 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 generosity 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

The 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 profoundly affect the future of our species.

This book has two parts. Part I provides a basic introduction to human genetics, with emphasis on mutation, heritability of traits, and human evolutionary history. It concludes with two chapters on clinical 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 II more interesting than Part I, you may be tempted to jump directly 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 foundation without which Part II 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. Even professional geneticists may find portions of the book useful, particularly 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 genetics 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 people outside of the field. Learning this jargon is a big part of understanding. Where possible, I avoided jargon. I used, for example, “identical twins” rather than “monozygotic twins,” the term usually used by geneticists. However, in many places, I found it impossible to avoid jargon. Therefore, when a word is unfamiliar, you are encouraged to refer to the glossary located after the final chapter. My definitions are relevant 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, unproven ideas, but where necessary, tried to clearly indicate their unestablished nature. Hopefully, very little that I have presented as fact will turn out to be incorrect.

This book also contains some personal opinions and beliefs, especially, but not exclusively, in Chapters 7–8 and 15–18. Not all questions that are important can be answered by science. No experiments or observations 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 understanding of the scientific method and scientific truth. Scientists do not, and indeed cannot, change how nature works, but rather seek to understand nature and then communicate this understanding to others. Science advances through the proposal of new ideas, often called hypotheses 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 scientists 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). However, 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 private industry, I have learned that nonprofit scientific research is a very competitive activity, generally more competitive even than private 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 successful 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 remotely 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 earthquakes. We don’t like such occurrences, but we can’t stop them. I believe 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 appropriately 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 a last 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 extracted from the blood, and all of his genes were sequenced. Analysis of the sequences revealed that Alesandro was heterozygous for two deleterious variants in the ALDH7A1 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.

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 human 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 tissues 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 cellular 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 distinguishes living material from, say, a soft drink are not the small molecules, but rather the large or, as biochemists call them, the macromolecules. DNA, RNA, and proteins are all macromolecules.

[image: image]

Figure 2.1Breaking our bodies down into smaller and smaller parts

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 catalyze 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 proteins in our bodies (1), and because proteins are tiny, many, many copies 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 manufactured 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 contains all the information necessary to manufacture new proteins. The basic flow of information in our cells is from DNA to an RNA intermediate to protein (Figure 2.2) (5). This is one of the most fundamental principles in all of biology.

[image: image]

Figure 2.2Flow of information within cells

Now let’s consider our bodies from a different viewpoint. As amazing 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.

[image: image]

Figure 2.3Human 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 necessary 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 building. 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 (Figure 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.

[image: image]

Figure 2.4Early cell division in prenatal development

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.

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 polymer) 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.

[image: image]

Figure 2.5Basic 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.

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.

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 example, 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.

[image: image]

Figure 2.6Double-helical structure of DNA

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.



[image: image]

Figure 2.7Watson (left) and Crick with their double-helical model of DNA
Photo credit: A. Barrington Brown / Science Photo

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 copying 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.

[image: image]

Figure 2.8Replication of DNA

But how are proteins made? Like DNA, proteins are also unbranched, 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 abbreviations are shown in Table 2.1.


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 adjacent nucleotides code for each amino acid along the protein polymer. 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 completes production of the protein.

[image: image]

Figure 2.9The genetic code

By knowing the sequence of nucleotides in the DNA and the genetic 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 contains 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 Figure 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 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.
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Figure 2.10Beginning of the sequence of the beta subunit of hemoglobin

Shown are 20 nucleotides prior to the beginning of the gene, followed by 10 three-nucleotide codes for the first 10 amino acids in the protein.

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 cytoplasm (Figure 2.2). In the cytoplasm, tiny protein-manufacturing machines 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 genome (as opposed to the rice genome), but can also refer to Alesandro’s (or any other person’s) genome.

Chromosomes

The human nuclear genome is composed of 46 DNA molecules of varying lengths, ranging from about 45 million nucleotides to 250 million nucleotides (about 6.2 billion nucleotides in total). The DNA molecules are much longer than they are wide. For instance, the DNA molecule in our largest chromosome, chromosome 1, is about 8.5 centimeters 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 several 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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Figure 2.11Basic chromosome structure (left) and electron ­microscope image of a partially unraveled chromosome (right)

The 46 human chromosomes are organized into 23 pairs. The nucleotide 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 completely different.

When cells divide, the chromosomes compact even more than normal. When maximally compacted, they can be conveniently viewed in a microscope. Shown in Figure 2.12 are the compacted chromosomes from one cell, all jumbled. Before viewing through the microscope, 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.
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Figure 2.12Jumbled human chromosomes
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Figure 2.13Aligned chromosomes from a human female
(from https://biology.stackexchange.com/questions/47944)

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 geneticists goofed when they were assigning the numbers). The numbered chromosomes are called autosomes.

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 chromosomes 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 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 2.14Aligned 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 in each chromosome. A cell that is about to divide therefore has double the normal amount of DNA. Then, as the cell divides, the chromosomes 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.”
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Figure 2.15Mitosis

Only 2 of the 24 pairs of chromosomes are shown. The chromosomes 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 chromosome 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 during 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. Next, a second cell division occurs that is much like the cell division in mitosis; one half of each replicated chromosome goes to each daughter 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 videos.”
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Figure 2.16Meiosis

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 additional feature of meiosis called recombination, which is introduced in Chapter 4.

When the sperm and egg cells combine during the process of fertilization, the normal two copies of each chromosome type and the normal 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 sperm cells contain an X chromosome, and half contain a Y chromosome. If an egg cell is fertilized by a sperm cell containing an X chromosome, 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 chromosomes are transmitted over multiple generations only in the paternal line, father to son.
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Figure 2.17Chromosome 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 university, but by a rather unlikely character, a Catholic monk named Gregor 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).
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Figure 2.18Gregor 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 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 generations solely through the maternal line, mother to daughter.

Genes

Each gene is located at a specific position along one of the chromosomal 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).
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Figure 2.19Human 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 ribosomes and are decoded to produce protein molecules.

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 molecule containing the HTT gene from the short arm of chromosome 4 is shown in Figure 2.20. Since DNA polymers are unbranched, chromosomal 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



	Gene

	Protein Coded

	Number of Exons

	Chromosome: Position




	ALDH7A1

	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

	β subunit of hemoglobin

	3

	11: 5.2 mb




	HMBS

	hydroxymethylbilane synthase

	14

	11: 119.1 mb




	HTT

	huntingtin

	67

	4: 3.1 mb




	MSH2

	mismatch repair protein 2

	16

	2: 47.4 mb




	RYR1

	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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Figure 2.20Map 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 nucleotides 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 intermediate 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 chromosomes. 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 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 mutation. Just about any change in nucleotide sequence you can imagine occurs at least occasionally. A list of the major types of sequence changes is presented in Table 3.1. Mutation types are listed in approximate order of frequency of occurrence in live-born infants, from most to least common.


Table 3.1
Major types of mutation

•  Changes in the number of copies of tandem repeats
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