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Preface

Genetics is a relatively young science that has made major strides since the beginning 
of the twentieth century. A closer examination reveals that progress in genetics, like all 
science, moves forward in �ts and starts. At the moment, unexpected discoveries are 
opening new subdisciplines, re-energizing old ones, and expanding the role of genetics 
as one of the foundations of biology. For example, epigenetics is providing answers to old 
questions and is rapidly emerging as an important �eld linking the environment with 
the genome and providing insights into the evolution of our species. New approaches in 
gene therapy o�er hope that this �eld can �nally live up to the hopes and expectations 
that it can be used to treat genetic disorders. Other �ndings are also rapidly moving 
from the laboratory to medical practice. �ese include discoveries about the role of 
stem cells in the development of cancer and the mobilization of the immune system to 
�ght cancer. �e contents of this edition, like the others that have preceded it, have been 
extensively rewritten and updated to re�ect these discoveries, but as with past editions, 
the underlying rationale and aims have remained constant. 

�is book is written for a one-term human genetics course for students in humani-
ties, social sciences, business, engineering, and other �elds. It assumes that the students 
who come to this course will have little or no background in biology, chemistry, or 
mathematics and will have personal, professional, or intellectual reasons for wanting 
to learn something about human genetics. �e book is also intended to serve those who 
will become consumers of genetic-based health care services and those who may become 
providers of health care services.

Because genetic knowledge and technology is rapidly being transferred to many areas 
of our society, it is imperative that the general public, elected o�cials, and policy makers 
outside the scienti�c community have a working knowledge of genetics to help shape 
how genetics and its associated technologies will be used in our society. To communi-
cate this knowledge, Human Heredity is written to transmit the principles of genetics 
in a straightforward and accessible way, without unnecessary jargon, detail, or the use 
of anecdotal stories in place of research-based content. Some descriptive chemistry is 
used a�er an appropriate introduction and de�nition of terms. In the same vein, no 
advanced math skills are required to calculate elementary probabilities or to calculate 
genotype and allele frequencies.

Goals of the Text

From its beginnings, this book has held to a few simple goals for teaching students 
about human genetics. �is edition continues that tradition with the following goals:

1.   Present the concepts underlying human genetics in clear, concise, jargon-free lan-
guage to give students a working knowledge of genetics. Each chapter presents a 
limited number of clearly stated concepts and examples to assist learning a com-
plex topic.

2.  Begin each chapter with a relevant example in the form of a case study that non-
majors can understand and which provides examples that students can apply to 
themselves, their families, and their work  environments.
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3.  Examine the social, cultural, and ethical implications associated with the use of 
 genetic technology.

4.  Explain the origin, nature, and amount of genetic diversity present in the human 
population and how that diversity has been shaped by natural selection.

To achieve these goals, emphasis has been placed on clear writing and the use of 
accompanying photographs and artwork that teach rather than merely illustrate the 
ideas under discussion.

Organization

Although it is without formal divisions, the text is organized into four sections: Chapters 1  
through 7 cover cell division, transmission of traits from generation to generation, 
and development. Chapters 8 through 12 emphasize molecular genetics, mutation, 
and cancer. Chapters 13 through 16 include recombinant DNA technology, genomics, 
and biotechnology. �ese chapters cover the basic methods of genetic technology and 
how they are used in agriculture, medicine, and the biotechnology industry. In addi-
tion, these chapters cover genetic screening, genetic testing, and genetic counseling. 
Chapters 17 through 19 cover specialized topics: the immune system, the genetics of 
behavior, and population genetics and human evolution.

Instructors teaching genetics to nonmajors come from many di�erent backgrounds 
and use a wide range of instructional formats, including active learning, peer-to-peer 
instruction, and adaptive learning. To facilitate this array of approaches, the book is 
organized to allow both students and instructors to use the material no matter what 
order of topics is selected. A�er the �rst section, the chapters can be used in any order. 
Within each chapter, outlines and end-of-chapter activities let the instructor and stu-
dents easily identify and explore central ideas.

What’s New in the Eleventh Edition

Each chapter has been updated to re�ect the latest advances in genetics. Listed below 
are some of the most signi�cant revisions in this edition. 

Chapter 1: A Perspective on Human Genetics
 ■ New chapter opening photo
 ■ New opening case study on translational medicine
 ■ Revised and updated text throughout

Chapter 2: Cells and Cell Division
 ■ Text edited throughout for clarity 
 ■ Revised Figure 2.6 �e Nucleus
 ■ Revised Figure 2.7 �e Cell Cycle 

Chapter 3: Transmission of Genes from Generation to Generation
 ■ Revised Section 3-3 Mendel’s Experimental Design 
 ■ Revised Section 3-4 Crossing Pea Plants 

Chapter 4: Pedigree Analysis in Human Genetics
 ■ New chapter opening photo
 ■ Edited and revised Section 4-2 Pedigree Analysis 
 ■ Revised Section 4-3 Autosomal Recessive Traits 
 ■ Revised Section 4-4 Autosomal Dominant Traits 
 ■ Replaced Figure 4.20 OMIM Home Page 
 ■ Redrawn Figure 4.23 Common Autosomal Trait 

Chapter 5: The Inheritance of Complex Traits
 ■ Revised Section 5-2 Polygenic Traits Are Controlled by Two or More Genes
 ■ Revised Section 5-3 Complex Traits and Variation in Phenotype
 ■ Revised Section 5-9 Skin Color and IQ Are Complex Traits
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 ■ Replaced and updated Figure 5.12 Obesity in the United States 
 ■ New Figure 5.17 Skin Color and Latitude

Chapter 6: Cytogenetics: Karyotypes and Chromosome Aberrations
 ■ Revised Section 6-2 �e Human Chromosome Set
 ■ Section 6-4 Analyzing Karyotypes, new subsection on noninvasive prenatal diagnosis
 ■ Revised Section 6-7 Sex Chromosome Aneuploidy
 ■ New Figure 6.1 Human Chromosome
 ■ New Figure 6.2 Telomeres
 ■ New Figure 6.12 Free Fetal DNA

Chapter 7: Development and Sex Determination
 ■ New chapter opening photo
 ■ Revised Section 7-2 �e Human Reproductive System
 ■ Revised Section 7-3 Human Development
 ■ Revised Figure 7.10 Sex Determination
 ■ Revised Figure 7.11 �e Segregation of Sex Chromosomes

Chapter 8: The Structure, Replication, and Chromosomal Organization of DNA
 ■ Revised Section 8-3 �e Chemistry of DNA
 ■ Revised Section 8-6 DNA Replication

Chapter 9: Gene Expression and Gene Regulation
 ■ Revised Section 9-4 Tracing the Flow of Genetic Information
 ■ Revised Section 9-6 Translation Requires the Interaction of Several Components
 ■ Revised Section 9-9 Several Mechanisms Regulate the Expression of Genes
 ■ New Figure 9.5 mRNA Processing
 ■ New Figure 9.8 Transfer RNA Molecule
 ■ New Figure 9.13 Prion Protein Folding
 ■ Revised Table 9.2 Amino Acids Commonly Found in Proteins

Chapter 10: From Proteins to Phenotypes
 ■ Revised Section 10-4 Phenylketonuria: A Mutation �at A�ects an Enzyme
 ■ Revised Section 10-8 Pharmacogenetics and Pharmacogenomics

Chapter 11: Genome Alterations: Mutation and Epigenetics
 ■ Reorganized and revised entire chapter
 ■ Revised and expanded Section 11-3 Detecting Mutations and Measuring Mutation Rates 
 ■ New Section 11-4 Mutations Can Be Spontaneous or Induced
 ■ Revised Section 11-5 Mutations at the Molecular Level
 ■ Revised Section 11-6 Mutations Can Be Repaired
 ■ Revised Section 11-8 Epigenetic Changes 
 ■ New Figure 11.4 Errors in DNA Replication
 ■ New Figure 11.5 Base Pairing in Tautomeric Shi�s
 ■ New Figure 11.13 Proofreading in DNA Polymerase
 ■ Revised Figure 11.14 Base-Pair Substitutions
 ■ New Figure 11.15 A DNA Repair System
 ■ New Figure 11.19 Epigenetic Changes to DNA
 ■ New Figure 11.24 �e Hypothalamus

Chapter 12: Genes and Cancer
 ■ Revised Section 12-5 Cancer-Causing Mutations  
 ■ Revised Section 12-7 Mutant Cancer Alleles 
 ■ Revised Section 12-10 Genomics, Epigenetics, and Cancer
 ■ Revised Figure 12.5 �e Eukaryotic Cell Cycle
 ■ New Figure 12.6 Normal and Mutant Tumor-Suppressor Genes
 ■ Revised Figure 12.16 Gene Fusion in 9;22 Translocation
 ■ New Figure 12.19 Cigarette Consumption and Lung Cancer
 ■ Updated Table 12.1 Estimated New Cancer Cases 
 ■ Updated Table 12.3 Colorectal Cancer in the United States 
 ■ New Table 12.7 Cancer-Related Genes Inactivated by Hypermethylation
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Chapter 13: An Introduction to Genetic Technology
 ■ Revised Section 13-5 Finding a Speci�c Gene in a Library
 ■ New Figure 13.12 Extinct Ground Sloth

Chapter 14: Biotechnology and Society
 ■ Revised Section 14-6 DNA Pro�les as Tools for Identi�cation
 ■ Revised Table 14.1 Some Products Made by Recombinant DNA Technology

Chapter 15: Genomes and Genomics
 ■ Revised Section 15-6 What Have We Learned So Far About the Human Genome?
 ■ New Section 15-8 �e Human Microbiome Is Our Other Genome
 ■ Revised Section 15-9 Proteomics Is an Extension of Genomics
 ■ Revised Figure 15.5 History and Timeline for Genome Projects
 ■ New Figure 15.11 Single Nucleotide Polymorphisms
 ■ New Figure 15.14 Body Sites Sampled for Human Microbiome Project

Chapter 16: Reproductive Technology, Genetic Testing, and Gene Therapy
 ■ Revised Section 16-3 Assisted Reproductive Technologies
 ■ Revised Section 16-5 Genetic Testing and Screening
 ■ Section 16-6 �erapy for Genetic Disorders, new subsection on exon skipping therapy
 ■ New Figure 16.7 Stages in the IVF Procedure 
 ■ New Figure 16.8 Injection of Single Sperm into Egg
 ■ Revised Figure 16.16 Gene �erapy
 ■ New Figure 16.17 Exon Skipping
 ■ Revised and updated Figure 16.18 Gene �erapy Clinical Trials 2014
 ■ New Table 16.3 History of Gene �erapy

Chapter 17: Genes and the Immune System
 ■ Revised Section 17-7 Organ Transplants Must Be Immunologically Matched
 ■ Revised Section 17-8 Disorders of the Immune System
 ■ New Figure 17.16 Herrick Twins
 ■ New Figure 17.18 Jim Finn
 ■ New Figure 17.19 Allergic Response
 ■ Revised Table 17.5 Some Autoimmune Diseases

Chapter 18: Genetics of Behavior
 ■ Reorganized and revised
 ■ Revised Section 18-2 Models, Methods, and Phenotypes in Studying Behavior 
 ■ New Section 18-3 �e Nervous System Is the Focus of Behavior Genetics
 ■ Revised Section 18-4 Single-Gene Mutations Cause Behavioral Disorders 
 ■ Revised Section 18-5 Huntington Disease Is a Model for Neurogenerative Disorders
 ■ Revised Section 18-6 Animal Models: �e Search for Behavior Genes
 ■ Revised Section 18-7 �e Genetics of Complex Behavioral Disorders
 ■ Section 18-8 Genetics and Social Behavior, new subsection on addictive behavior
 ■ New Figure 18.2 �e Human Nervous System
 ■ New Figure 18.3a Synapses and Synaptic Transmission
 ■ New Figure 18.11 Genetic Relationship Between Psychiatric Disorders
 ■ New Figure 18.14 Heritability of Addictive Behaviors
 ■ Revised Figure 18.15 Metabolism of Alcohol
 ■ Revised Table 18.2 Selected Neurotransmitters and Some Processes �ey A�ect
 ■ New Table 18.3 Selected Recreational Drugs and the Neurotransmitters �ey Mimic
 ■ New Table 18.4 Some Behavioral Disorders Associated with Synaptic Defects 
 ■ New Table 18.5 Important Risk Factor Genes for Alzheimer Disease
 ■ New Table 18.6 Genes Involved in Nicotine Addiction

Chapter 19: Population Genetics and Human Evolution
 ■ Revised Section 19-7 �e Evolutionary History and Spread of Our Species 
 ■ Revised Section 19-8 Genomics and Human Evolution
 ■ New Figure 19.11 Hominin Evolution
 ■ New Figure 19.14 Cave in Denisova, Siberia
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Features of the Book

Numbered Chapter Outlines
�e beginning of each chapter contains an outline of the primary headings, providing an 
overview of the main concepts, secondary ideas, and examples. To help students grasp the 
central points, many of the headings are written as narratives or summaries of the ideas 
that follow. �ese outlines also serve as convenient starting points for students to review 
the material in each chapter. To make the outlines more useful, they have been numbered 
sequentially and used to organize the summary, the questions, and the problems at the 
end of each chapter. In this way, students can relate examples and questions to speci�c 
topics in the chapter more easily and clearly.

First Section Case Studies
�e �rst section of each chapter contains a case study that is directly related to the 
main ideas of the chapter, o�en drawn from real life. Topics include the use of DNA 
�ngerprinting in court cases, the cloning of milk cows, the use of exome sequencing to 
diagnose a genetic disorder, and the development of in vitro fertilization (IVF) and the 
birth of Louise Brown—the �rst IVF baby. �ese case studies are designed to promote 
student interest in the topics covered in the chapter and to demonstrate that labora-
tory research o�en has a direct impact on everyday life. �ese case studies are linked 
to another case presented in the Genetics in Practice section at the end of the chapter.

The Genetic Revolution
�e Genetic Revolution is a feature that emphasizes the past, present, and future impact 
of genetic technology on our daily lives, from genetic testing at birth to the future of 
cancer therapy. Accompanying questions are designed to be used for classroom discus-
sion, research topics, and student presentations.

Exploring Genetics
Exploring Genetics feature boxes present ideas and applications that are related to and 
extend the central concepts in a chapter. Some of these examine controversies that arise as 
genetic knowledge is transferred into technology and services. Accompanying questions are 
designed to be used for classroom discussion, research topics, and student presentations.

Marginal Glossary
A glossary in the page margins gives students immediate access to de�nitions of terms as 
they are introduced in the text. �is format also allows de�nitions to be identi�ed when 
students are studying or preparing for examinations. �e de�nitions have been gathered 
into an alphabetical glossary at the back of the book. Because an understanding of the 
concepts of genetics depends on understanding the relevant terms, more than 350 terms 
are included in the glossary. 

End-of-Chapter Features
Genetics in Practice: Relevant Case Studies

A case study is included at the end of each chapter, illustrating the impact of genetics 
in our society. �ese contain scenarios and examples of genetic issues related to health, 
reproduction, personal decision making, public health, and ethics. Many of the case 
studies and the accompanying questions can be used for classroom and other activities.

Summary

Each chapter ends with a summary that restates the major ideas covered in the chapter. 
�e beginning outline and ending summary for each chapter use the same content and 
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order to emphasize major concepts and their applications. Each point of the summary 
outline is followed by a brief restatement of the chapter material covered under the 
same heading. �is helps students recall the concepts, topics, and examples presented 
in the chapter. It is hoped that this organization will minimize the chance that they will 
attempt to learn by rote memorization.

Questions and Problems

�e summary’s focus on the chapter’s main points is continued in the Questions and 

Problems at the end of each chapter. �e questions and problems are presented under 
the headings from the chapter outline. �is allows students to relate the problems 
and questions to speci�c topics presented in the chapter, focus on concepts they �nd 
di�cult, and work the problems that illustrate those topics. �e questions and prob-
lems are designed to test students’ knowledge of the facts and their ability to reason 
from the facts to conclusions. To this end, they use an objective question format and 
a problem- solving format. Because some quantitative skills are necessary in human 
genetics, almost all chapters include some problems that require students to organize 
the concepts in the chapter and use those concepts in reasoning to a conclusion. 
Answers to selected problems are provided in an appendix. Answers to all questions 
and problems are available in the Instructor’s Manual on the password-protected 
Instructor Companion Site.

Pedagogical Features
Genomic Databases as Resources

To make students aware of the array of genomic resources available to them, genetic 
disorders mentioned in the book are referenced by their indexing numbers from 
the comprehensive catalog available online as Online Mendelian Inheritance in Man 
(OMIM). OMIM (updated daily) contains text, pictures, and videos, along with litera-
ture references. �rough Entrez, OMIM is cross-linked to databases containing DNA 
sequences, protein sequences, chromosome maps, and other resources. Students and 
an informed public need to be aware of the existence and relevance of such databases, 
and to be up to date, textbooks must incorporate these resources.

Students can use OMIM to obtain detailed information about a genetic disorder, its 
mode of inheritance, its phenotype and clinical symptoms, mapping information, bio-
chemical properties, the molecular nature of the disorder, and a bibliography of relevant 
papers. In the classroom, OMIM and its links are valuable resources for student projects 
and presentations.

Online Learning and Teaching Solutions
�e online learning and teaching solutions that accompany this edition are designed 
to aid student learning as well as to assist the instructor in preparing lectures and 
examinations and in keeping abreast of the latest developments in the �eld. Instructor 
materials are available to quali�ed adopters. Please consult your local Cengage learning 
consultant for details. You may also visit the Brooks/Cole biology site at www.cengage 

.com/biology to see samples of these materials, request a desk copy, locate your learning 
consultant, or purchase a copy online.

MindTap for Biology

MindTap is a fully online, highly customizable learning experience built upon  
Cengage Learning content. MindTap combines student learning tools—readings, mul-
timedia, activities, and assessments—into a singular Learning Path that guides students 
through their course. Instructors personalize the experience by customizing authori-
tative Cengage Learning content and learning tools, including the ability to add their 
own content in the Learning Path via apps that integrate into the MindTap framework 
seamlessly with Learning Management Systems. New to this edition! Chapter opening 
videos, assignable homework, and a digital Study Guide. 
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Cengage Learning Testing Powered by Cognero

Cengage Learning Testing Powered by Cognero is a �exible, online system that allows 
you to:  

 ■ author, edit, and manage test bank content from multiple Cengage Learning 
solutions

 ■ create multiple test versions in an instant 
 ■ deliver tests from your LMS, your classroom, or wherever you want 

Start right away! 
Cengage Learning Testing Powered by Cognero works on any operating system or 

browser.

 ■ No special installs or downloads needed
 ■ Create tests from school, home, the co�ee shop—anywhere with Internet access

What will you �nd?

 ■ Simplicity at every step. A desktop-inspired interface features drop-down menus 
and familiar, intuitive tools that take you through content creation and manage-
ment with ease.

 ■ Full-featured test generator. Create ideal assessments with your choice of 15 question 
types (including true/false, multiple choice, opinion, and essay). Multi-language sup-
port, an equation editor, and unlimited metadata help ensure your tests are complete 
and compliant.  

 ■ Cross-compatible capability. Import and export content into other systems. 

Instructor Companion Site 

Everything you need for your course in one place! �is collection of book-speci�c lecture 
and class tools is available online via www.cengage.com/login. Access and download 
PowerPoint presentations, images, instructor’s manual, videos, and more.

Cooperative Learning: Making Connections in General Biology,  
Second Edition

A collection of separate, ready-to-use, short cooperative activities that have broad 
application for �rst-year biology courses. �ey �t perfectly with any style of instruc-
tion, whether in large lecture halls or �ipped classrooms. �e activities are designed 
to address a range of learning objectives, such as reinforcing basic concepts, making 
connections between various chapters and topics, data analysis and graphing, develop-
ing problem solving skills, and mastering terminology. Since each activity is designed 
to stand alone, this collection can be used in a variety of courses and with any text. 
Authored by Mimi Bres and Arnold Weisshaar.

A Problem-Based Guide to Basic Genetics

Provides students with a thorough and systematic approach to solving transmission 
genetics problems, along with numerous solved problems and practice problems. 
Written and illustrated by Donald Cronkite of Hope College.

Virtual Biology Laboratories: Genetics and Genetics 2  
(Pedigree Analysis) Modules

�ese “virtual” online experiments expose students to the tools used in modern biology, 
support and illustrate lecture material, and allow students to “do” science by perform-
ing experiments, acquiring data, and using the data to explain biological phenomena.

Gene Discovery Lab

�is is a CD-ROM lab manual that provides a virtual laboratory experience for the 
student in doing experiments in molecular biology. It includes experiments that use 
nine of the most common molecular techniques in biology, an overview of scienti�c 
method and experimental techniques, and Web links to provide access to data and 
other resources.
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CHAPTER OUTLINE

A Perspective on  

Human Genetics1
1-1 Genetics and Translational 

Medicine 

   CASE STUDY

C
ancer is a feared and devastating disease that will a�ect one in three 
Americans in their lifetime. Although the number of cancer deaths has 
declined in recent decades, one in four deaths in the United States is still 
caused by cancer. Because age is the greatest risk factor for cancer, more 

than 75% of new cancer cases occur in those who are 55 and older. �is segment of the 
population is increasing in size, and, as a result, cancer may soon become the leading 
cause of death in the United States. 

However, results from the Human Genome Project and the development of new 
technologies have revolutionized the detection, diagnosis, and treatment of can-
cer, o�ering optimism that the impact of cancer as a public health problem can be 
reduced. Researchers and clinicians are now working together to rapidly move new 
genetic discoveries from the laboratory to the hospital bedside, a process called 
translational medicine. �e diagnosis and treatment of cancer is a high priority for 
many of those working in translational medicine. 

Translational medicine  The 

union of research and medicine 

that seeks to quickly translate 

research �ndings into methods 

for the diagnosis and treatment of 

diseases.

1-1 Genetics and Translational 

Medicine

1-2 Genetics Is the Key  

to Biology

1-3 What Are Genes and How 

Do They Work?

Exploring Genetics Genetic 

Disorders in Culture and Art

1-4  How Are Genes Transmitted 

from Parents to Offspring?

1-5  How Do Scientists Study 

Genes?

1-6  Has Genetics Affected 

Social Policy and Law?

1-7  What Impact Is Genomics 

Having?

1-8  What Choices Do We Make 

in the Era of Genomics  

and Biotechnology?
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Cells of the immune system (purple) 

attacking a cancer cell (green).
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One of the most promising new methods involves stimulating the immune system 
to identify, attack, and kill cancer cells. �is method, called immunotherapy, is one 
example of how basic research on the immune system developed into one of the newest 
and most promising tools in cancer treatment. 

�e immune system is a collection of organs, cells, and molecules produced by 
these cells that help protect the body against infection by viruses, bacteria, and other 
disease-causing agents. �e immune system works by attacking anything recognized 
as foreign, usually by �rst detecting molecules on the surface of invading viruses and 
cells and then mobilizing to attack and inactivate or kill the invader. Cancer cells o�en 
carry surface molecules that are not recognized by the immune system. Sometimes the 
immune system recognizes the cancer cells as foreign but does not respond strongly 
enough to kill all the malignant cells. Some cancers evade the immune system by pro-
ducing molecules that repress the immune response.

Scientists at the University of Pennsylvania worked to reprogram immune cells 
so they would recognize, attack, and kill cancerous cells. �eir target was abnormal 
immune system cells that cause leukemia. Basic research had discovered that normal 
white blood cells (called B cells) and cancerous B cells that cause leukemia carry a unique 
surface protein called CD-19. If immune cells could be reprogrammed to attack and kill 
all cells carrying this protein, the treatment might bring about remission. To do this, the 
scientists removed immune cells from a 64-year-old man with an advanced form of leu-
kemia called CLL. In the laboratory, the immune cells were genetically reprogrammed 
by inserting a gene that encodes a surface protein that binds to the CD-19 protein and 
triggers the death of CLL cells. �e immune cells also received instructions to produce 
chemical signals that would trigger multiplication of other immune cells to focus on 
total destruction of the leukemia cells. 

A�er modi�cation, the immune cells were returned to the a�ected man’s body 
in the hope that they would identify and kill all the cancerous cells. For the �rst  
2 weeks a�er treatment, there were no changes in the number of cancer cells, although 
blood tests showed a large increase in the number of genetically modi�ed immune cells.  
However, on day 14, the patient developed chills, nausea, and fever and tumor cells began 
to die in large numbers. By 28 days a�er treatment, there were no signs of leukemia. 
�is therapy was extended to two other patients with advanced forms of CLL. One 
patient experienced complete remission; the other had temporary remission, followed 
by a relapse and death. In spite of the small number of patients treated and one death, 
the results were considered a success. �e only other available treatment was a bone 
marrow transplant, a procedure that has a 20% risk of death and only a 50% chance of 
success for the survivors. 

�is work spurred e�orts by other research teams to develop similar methods to 
kill leukemia cells, and the �eld of immunotherapy was born. In 2013, the University 
of Pennsylvania team reported that 15 of 32 individuals with CLL responded to immu-
notherapy, with 7 showing complete remission. Treatment of individuals with a form 
of leukemia called ALL showed 86% remission in children and 100% remission at  
6 months a�er treatment in adults. �ese encouraging results led a leading scienti�c 
journal to select cancer immunotherapy as the scienti�c breakthrough of the year for 

Immunotherapy A method for 

treating disease by stimulating or 

enhancing an immune response.
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4 Chapter 1

2013. �e University of Pennsylvania has entered into an agreement with a large phar-
maceutical company to further develop and market immunotherapy. 

Immunotherapy doesn’t help everyone with cancer, and more research is needed to 
understand why. But the survival of so many individuals with advanced disease gives 
new hope that linking genetic research with clinical medicine will dramatically change 
the way cancer is treated. 

1-2 Genetics Is the Key to Biology

As the �rst step in studying human genetics, we should ask, what is genetics? As a 
working de�nition, we can say that genetics is the scienti�c study of heredity. Like all 
de�nitions, this leaves a lot unsaid. To be more speci�c, what geneticists do is study 
how traits (such as eye color and hair color) and diseases (such as cystic �brosis and 
sickle cell anemia) are passed from generation to generation. �ey also study the  
molecules that make up genes and gene products as well as the way in which genes are 
turned on and o�. Some geneticists study why variants of some genes occur more fre-
quently in one population than in others. Other geneticists work in industry to develop 
products for agricultural and pharmaceutical �rms. �is work is part of the biotech-
nology industry, which is now a multi-billion-dollar component of the U.S. economy.

In a sense, genetics is the key to all of biology; genes control what cells look like and 
what they do as well as how babies develop and how we reproduce. An understanding of 
what genes are, how they are passed from generation to generation, and how they work is 
essential to our understanding of all life on Earth, including our species, Homo sapiens.

In the chapters that follow, we will ask and answer many questions about genetics: 
How are genes passed from parents to their children? What are genes made of? Where 
are they located? How do they encode products called proteins, and how do proteins 
create the di�erences among individuals that we can see and study? Because this book 
is about human genetics, we will use human genetic disorders as examples of inherited 
traits (see Exploring Genetics: Genetic Disorders in Culture and Art). We will also 
examine how genetic knowledge and genetic technology interact with and shape many 
of our social, political, legal, and ethical institutions and policies.

Items about some aspect of human genetics appear in the media on a daily basis. 
�ese stories may report the discovery of a gene responsible for a genetic disorder, a 
controversy about genetic testing, or a debate on the wisdom of genetically modifying 
our children. In many cases, as we will see, technology is far ahead of public policy and 
laws. To make informed decisions about genetics and biotechnology in your personal 
and professional life, you will need to have a foundation based on a knowledge of genet-
ics. In the rest of this chapter, we will preview some of the concepts of human genetics 
that are covered in more detail later in the book and introduce some of the social issues 
and controversies generated by genetic research. Many of these concepts and issues are 
explored in more detail in the chapters that follow.

1-3 What Are Genes and How  

Do They Work?

Simply put, a gene is the basic structural and functional unit of genetics. In molecu-
lar terms, a gene is a string of chemical subunits (nucleotides) in a DNA molecule 
(Figure 1.1). (DNA is shorthand for deoxyribonucleic acid.) �ere are four di�erent 
nucleotides in DNA, each composed of a sugar, a base, and a phosphate group. �e 
nucleotides are abbreviated as single letters:

 ■ A for adenine
 ■ T for thymine
 ■ G for guanine
 ■ C for cytosine

Genetics The scienti�c study  

of heredity.

Trait Any observable property  

of an organism.

Gene The fundamental unit of 

heredity and the basic structural 

and functional unit of genetics.

DNA A helical molecule consist-

ing of two strands of nucleotides 

that is the primary carrier of 

genetic information.
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EXPLORING GENETICS

Genetic Disorders in Culture and Art

I
t is difficult to pinpoint the time in his-
tory when the inheritance of specific 

traits in humans was first recognized. 
Descriptions of people with heritable 
disorders appear in myths and legends 
of many cultures. In some of these 
cultures, assigned social roles—from 
prophets and priests to kings and 
queens—were hereditary. The belief 
that certain traits were heritable 
helped shape the development of many 
social customs.

In some societies, the birth of a deformed child was regarded 
as a sign of impending war or famine. Clay tablets excavated 
from Babylonian ruins record more than 60 types of birth 
defects, along with the dire consequences thought to accompany 
such births. Later societies, from Roman to those of eighteenth-
century Europe, regarded malformed individuals (such as dwarfs) 
as curiosities rather than figures of impending doom; they were 
highly prized by royalty as courtiers and entertainers.

Over the millennia, artists have portrayed both famous and 
anonymous individuals with genetic disorders in paintings, sculp-
tures, and other forms of the visual arts. These portrayals are 
detailed, highly accurate, and easily recognizable today. In fact, 
across time, culture, and artistic medium, affected individuals 

in these portraits often resemble 
each other more closely than they 
do their siblings, peers, or relatives. 
In some cases, the representations 
allow a disorder to be diagnosed at 
a distance of several thousand years.

Throughout the book, you will find 
fine-art representations of individuals 
with genetic disorders. These por-
traits represent a long-standing link 
between science and the arts in many 
cultures. They are not intended as a 

gallery of freaks or monsters but as a reminder that being human 
encompasses a wide range of conditions. A more thorough discus-
sion of genetic disorders in art is in Genetics and Malformations in Art 
by J. Kunze and I. Nippert, published by Grosse Verläg, Berlin, 1986.

Questions

1.  Ancient societies used knowledge that traits are heritable 
in domesticating animals and developing agricultural 
crops. What might account for the failure to recognize that 
the same processes operate in humans?  

2.  Why do unrelated children with a disorder such as Down 
syndrome resemble each other more closely than they do 
their siblings?
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FIGURE 1.1 (a) Genes are composed 

of a sequence of nucleotides in a 

DNA molecule. (b) The double helix 

structure of DNA.
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6 Chapter 1

Combinations of these four nucleotides in the form of genes store all the genetic infor-
mation carried by an individual. �e nucleotide sequence encoded in a gene de�nes the 
chemical subunits (amino acids) that make up gene products (proteins). When a gene is 
activated, its stored information is decoded and used to make a polypeptide, which folds 
into a three-dimensional shape and becomes a functional protein (Figure 1.2). �e action 
of proteins produces characteristics we can see (such as eye color or hair color) or measure 
(blood proteins or height). Understanding how di�erent proteins are produced and how 
they work in the cell are important parts of genetics. We will cover these topics in Chapters 
9 and 10.

We can also de�ne genes by their properties. Genes are copied (replicated), they 
undergo change (mutate), they are expressed (they can be switched on or o�), and they 
can move from one chromosome to another (recombine). In later chapters, we will explore 
these properties and see how alterations in these processes result in genetic disease.

1-4  How Are Genes Transmitted  

from Parents to Offspring?

�anks to the work of Gregor Mendel (Figure 1.3), a European monk who lived in 
the nineteenth century, we know how genes are passed from parents to o�spring in 
plants and animals, including humans. When Mendel began his experiments, many 
people thought that traits carried by parents were blended together in their o�spring. 
According to this idea, crossing a plant with red �owers and one with white �owers 
should produce plants with pink �owers (the pink color is a blend of red and white). 
Mendel’s experiments on pea plants showed that genes are passed intact from genera-
tion to generation and that traits are not blended. As we will see, however, things are 

FIGURE 1.2 The three-dimensional 

structure of a protein.
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Augustinian monk whose work on 

pea plants provided the foundation for 

genetics as a scientific discipline.
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not always simple. �ere are cases in which crossing plants with red �owers and plants 
with white �owers does produce plants with pink �owers. We will discuss these cases 
in Chapter 3 and show that crosses between plants with red �owers and plants with 
white �owers that produce plants with pink �owers do not contradict the principles of 
inheritance discovered by Mendel.

Working at a monastery in what is now the Czech Republic, Mendel conducted 
research on the inheritance of traits in pea plants for more than a decade. He chose 
parental plants that each had a di�erent distinguishing characteristic, called a trait. For 
example, Mendel bred tall pea plants with short pea plants. Plant height is the trait in 
this case and has two variations: tall and short. He also bred plants carrying green seeds 
with plants having yellow seeds. In this work, seed color is the trait; green and yellow 
are the variations of the trait he studied. In these breeding experiments, he wanted to 
see how traits such as height and seed color were passed from generation to generation.

Mendel kept careful records of the number and type of traits present in each gen-
eration. He also recorded the number of individual plants that carried each trait. He 
discovered patterns in the way traits were passed from parent to o�spring through several 
generations. Based on those patterns, Mendel concluded that traits such as plant height 
and seed color are passed from generation to generation by “factors” that are transmitted 
from parent to o�spring. What he called “factors” we now call genes. 

Mendel reasoned that each parent carries two genes (a gene pair) for a speci�c trait 
(�ower color, plant height, etc.) but that each parent contributes only one of those genes 
to its o�spring; otherwise, the number of genes for a trait would double in each genera-
tion and soon reach astronomical numbers.

Mendel proposed that the two copies of a gene separate from each other during the 
formation of egg and sperm. As a result, only one copy of each gene is present in a sperm 
or an egg. When an egg and a sperm fuse at fertilization, the genes from the mother and 
father become members of a new gene pair in the o�spring. In the mid-twentieth century, 
researchers discovered that genes are made of DNA and that this molecule is part of cellular 
structures known as chromosomes. Chromosomes (Figure 1.4) are found in the nucleus 

FIGURE 1.4 Replicated human 

chromosomes as seen by scanning 

electron microscopy.
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8 Chapter 1

of human cells and other higher organisms. As we will see in Chapter 2, the separation of 
genes during the formation of the sperm and egg and the reunion of genes at fertilization 
is explained by the behavior of chromosomes in a form of cell division called meiosis.

When Mendel published his work on the inheritance of traits in pea plants (discussed 
in Chapter 3), there was no well-accepted idea of how traits were transmitted from 
parents to o�spring; his evidence changed that situation. To many, Mendel was the �rst 
geneticist and the founder of genetics, a �eld that has expanded in numerous directions 
in the last 125 years. If you want to read more about the beginnings of genetics, the 
story of Mendel’s work is told in an engaging book entitled �e Monk in the Garden: 
�e Lost and Found Genius of Gregor Mendel, the Father of Genetics by Robin M. Henig.

1-5  How Do Scientists  

Study Genes?

Ideas that form the foundation of genetics were discovered by studying many di�er-
ent organisms, including bacteria, yeast, and insects, as well as plants and animals, 
including humans. Because genetic mechanisms (and o�en genes) are the same across 
species, discoveries made in one organism (such as yeast) can be applied to other spe-
cies, including humans. �is close genetic relationship allows researchers to study 
human genetic disorders using experimental organisms, including insects, yeast, and 
mice. Although geneticists study many di�erent species, they use a relatively small set 
of investigative methods, some of which are outlined in the following section.

Some basic methods in genetics.
�e most basic approach studies the pattern of inheritance as traits are passed from 
generation to generation; this is called transmission genetics (see Chapters 3 and 4). 
Using experimental organisms, geneticists study how traits such as height, eye color, 
�ower color, and so on, are passed from parents to o�spring. �ese experimental 
results are analyzed to establish how a trait is inherited. As we discussed in an earlier 
section, Gregor Mendel did the �rst signi�cant work in transmission genetics using 
pea plants as his experimental organism. His methods form the foundation of trans-
mission genetics—methods that are still used today.

To study the inheritance of traits in humans, a more indirect method called 
pedigree analysis is used. Pedigree analysis begins by reconstructing the pattern of 
inheritance associated with a trait as it passes through several generations. �ese results 
are used to determine how a trait is inherited and to establish the risk of having a�ected 

children (Figure 1.5). Pedigrees are constructed from information obtained from 
interviews, medical �les, letters, diaries, photographs, and family records.

Cytogenetics is a branch of genetics that studies chromosome number and 
structure (discussed in Chapter 6). At the beginning of the twentieth century, 
observations on chromosome behavior were used to propose (correctly) that genes 
are located on chromosomes. Cytogenetics is one of the most important investiga-
tive approaches in human genetics and is used, among other things, to map genes 
and study chromosome structure and abnormalities in chromosome number and 
organization. In clinical settings, cytogeneticists prepare karyotypes (Figure 1.6), 
standardized arrangements of chromosomes that are used to diagnose or rule out 
certain genetic disorders. In a karyotype, chromosomes are arranged by size, shape, 
and other characteristics that we will describe in Chapter 6.

A third approach, molecular genetics, has had the greatest impact on human genet-
ics over the last several decades. Molecular genetics uses recombinant DNA technology 
to identify, isolate, and produce millions of copies of genes (clones) that can be stud-
ied in the laboratory. �ese methods have greatly advanced our knowledge of how 
genes are organized and how they work at the molecular level. �is technology is 

Transmission genetics The 

branch of genetics concerned with 

the mechanisms by which genes 

are transferred from parent to 

offspring.

Pedigree analysis The construc-

tion of family trees and their 

use to follow the transmission 

of genetic traits in families. It is 

the basic method of studying the 

inheritance of traits in humans.

Cytogenetics The branch of 

genetics that studies the organiza-

tion and arrangement of genes 

and chromosomes by using the 

techniques of microscopy.

Karyotype A complete set of 

chromosomes from a cell that has 

been photographed during cell 

division and arranged in a standard 

sequence.

Molecular genetics The study of 

genetic events at the biochemical 

level.

Recombinant DNA technology  

A series of techniques in which 

DNA fragments from an organism 

are linked to self-replicating vec-

tors to create recombinant DNA 

molecules, which are replicated or 

cloned in a host cell.

Clones Genetically identical 

molecules, cells, or organisms, all 

derived from a single ancestor.

I
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II

FIGURE 1.5 A pedigree represents the 

inheritance of a trait through several 

generations of a family. In this pedigree, 

males are symbolized by squares, females 

by circles. Darker symbols indicate those 

expressing the trait being studied; lighter 

symbols indicate unaffected individuals.
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used for prenatal diagnosis of genetic disorders and in 
gene therapy to transfer human genes as a treatment 
for genetic disorders. Cloned genes also can be trans-
ferred between individuals and between species to 
produce transgenic organisms. Transgenic organisms 
(also called genetically modi�ed organisms—GMOs) 
are used in laboratory research, agriculture, and the 
pharmaceutical industry.

Recombinant DNA technology was used in the 
Human Genome Project to sequence the human 
genome, the complete set of genetic information we 
all carry, and has generated a new �eld of genetics 
called genomics. Scientists working in genomics 
use information from genome projects to study the 
origin, function, and evolution of genes and their 
interactions. New genomics technology is now being 
used to identify the genetic components of complex 
diseases such as diabetes, obesity, cardiovascular 
disease, and neurological disorders (including 
Alzheimer and Parkinson’ s) and is revolutionizing 
the study of human genetics.

�e development and use of recombinant DNA 
technology has generated debate about the social, legal, 
and ethical aspects of genetics, including the genetic 
modi�cation of plants and animals, the use of genetic 
testing for diagnosis and employment, and the modi�cation of humans by gene therapy.

A fourth approach studies the distribution of genes in populations. Population 
geneticists are interested in the forces that change the frequency of genes in a popu-
lation over many generations and the way those changes are involved in evolution. 
Population genetics de�nes how much genetic variation exists in populations and how 
forces such as migration, population size, and natural selection change this variation. 
�e coupling of population genetics with genomic technology has helped us understand 
the evolutionary history of our species and the migrations that distributed humans 
across Earth. �is technology has been used to develop methods of DNA �ngerprint-
ing and DNA identi�cation, techniques widely used in paternity testing and forensics.

Genetics is used in basic and applied research.
Genetics is a discipline that crosses and recrosses the line between basic research and 
applied research, o�en blurring distinctions between the two. In general, scientists do 
basic research in laboratory and �eld settings to understand how something works or 
why it works the way it does. In basic research, there is no immediate goal of solving 
a practical problem or making a commercial product; knowledge itself is the goal. In 
turn, the results of basic research generate new ideas and more basic research. In this 
way, we gain detailed information about the structure and function of cells, why ani-
mals behave in certain ways, and how plants turn carbon dioxide into sugar. Among 
other things, basic research in genetics has provided us with details about genes, how 
they work, and, more importantly, what happens when they don’t work properly.

Applied research is usually done to solve a practical problem or turn a discovery 
into a commercial service or product. Applied research uses basic methods such as 
transmission genetics to study the way in which a trait is inherited, and it also uses 
biotechnology to make products such as transgenic organisms, medicines, and nutri-
tionally enhanced foods. In agriculture, applied genetic research has increased crop 
yields, lowered the fat content of pork, and created new forms of corn and soybeans 
that are resistant to herbicides and pests. In medicine, new diagnostic tests, the syn-
thesis of customized proteins for treating disease, and the production of vaccines are 
just a few examples of applied genetic research.

Gene therapy Procedure in which 

normal genes are transplanted into 

humans carrying defective copies 

as a means of treating genetic 

diseases.

Genome The set of DNA 

sequences carried by an individual.

Genomics The study of the orga-

nization, function, and evolution of 

genomes.

Population genetics The branch 

of genetics that studies inherited 

variation in populations of individu-

als and the forces that alter gene 

frequency.

FIGURE 1.6 A karyotype arranges the chromosomes in a standard format 

so that they can be analyzed for abnormalities. This karyotype is that of a 

normal male.
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10 Chapter 1

Some uses of applied research are controver-
sial and have generated debate about the merits 
and risks of biotechnology. Current controversies 
include the environmental impact of genetically 
modi�ed crop plants (Figure 1.7), the sale and 
consumption of food that has been modi�ed 
by recombinant DNA technology, the use of 
recombinant DNA–derived growth hormone in 
milk production, and the irradiation of food. An 
understanding of the basic concepts of genetics 
will help all of us make informed decisions about 
the use of biotechnology in our lives, including 
the food we eat, the diagnostic tests we elect to 
have performed, and even the breeding of our 
pets. �is course will provide you with the basic 
concepts of genetics and human genetics that 
can be used to make these informed decisions.

1-6  Has Genetics Affected Social 

Policy and Law?

Genetics and biotechnology impact not only our personal lives, but they also raise 
larger questions about ethics, social policy, and law. We will consider current con-
troversies surrounding genetics and biotechnology in several chapters, but you may 
be surprised to learn that controversies involving genetics are nothing new. In fact, 
genetics had a signi�cant impact on law and social policy for a great part of the last 
century. As we face decisions about how to use new forms of genetic technology, it is 
important to know and understand the history and outcomes of past controversies so 
that we can avoid repeating mistakes and pitfalls.

The misuse of genetics has affected social policy.
A�er the publication of Charles Darwin’s book �e Origin of Species, which described 
the role of natural selection in evolution, his cousin Francis Galton proposed that selec-
tion should be used to improve the human species. Galton started a new �eld, which he 
called eugenics. He claimed that by applying the principle of natural selection, we could 
improve the intellectual, economic, and social level of humankind through selective 
breeding. Bypassing legal and ethical considerations, Galton’s proposals were simple: 
People with desirable traits such as leadership and musical ability should be encouraged 
to have large families, whereas those with undesirable traits such as intellectual disability 
and physical deformities should be discouraged from reproducing. Galton’s reasoning 
was �awed for several reasons, including his belief that human traits are handed down 
without any environmental in�uence. �e idea that all human traits are determined 
only by genes is known as hereditarianism. His proposals failed to address another 
important consideration: Who de�nes what is a desirable or an undesirable trait?

In spite of those fundamental �aws, eugenics took hold in the United States, and 
eugenicists worked to promote selective breeding in the human population (Figure 1.8)  
and to prevent reproduction by those de�ned as genetically defective. Although 
almost unknown today, eugenics was a powerful and in�uential force in many aspects 
of American life from about 1905 through 1933.

Eugenics was used to pass restrictive  
immigration laws in the United States.
In the early decades of the twentieth century, millions of Europeans �ooded into the 
United States a�er the devastation caused by World War I. Faced with this wave of 

Eugenics The attempt to improve 

the human species by selective 

breeding.

Hereditarianism The mistaken 

idea that human traits are deter-

mined solely by genetic inheri-

tance, ignoring the contribution  

of the environment.

FIGURE 1.7 Transgenic corn has 

been genetically modified to be 

resistant to herbicides used to kill 

weeds.
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1-6 Has Genetics Affected Social Policy and Law? | 11

immigration, eugenicists argued that high lev-
els of unemployment, poverty, and crime among 
immigrants from southern and Eastern Europe 
proved that people from those regions were 
genetically inferior and would pollute the genes 
of Americans. A�er hearing testimony by eugen-
ics experts, Congress passed the Immigration 
Restriction Act of 1924. As he signed the new law, 
President Coolidge commented that “America 
must remain American.” �is law, based on faulty 
and unproven eugenic assumptions, e�ectively 
closed the door to America for millions of peo-
ple from southern and Eastern Europe. �e law 
reduced entry quotas for countries such as Italy 
and Russia by two-thirds, while allowing large 
numbers of immigrants from western European 
countries such as France, Germany, and Great 
Britain, which eugenicists proclaimed as having 
genetically superior peoples. Europeans were not 
alone in facing restrictions. For other reasons, 
the Chinese Exclusion Acts of 1882 and 1902 had restricted immigration from Asia. 
In addition, a 1907 agreement between the U.S. and Japanese governments restricted 
the immigration of Japanese citizens. In the early decades of the twentieth century, 
there was little immigration from Africa, and lawmakers thus saw no need to regulate 
entry from that continent.

Immigration laws based on faulty eugenic ideas were on the books for just over 
40 years. �ese laws were �nally changed by the Immigration and Nationality Act of 
1965, which was sponsored by Representative Emanuel Cellar of New York, himself a 
grandson of immigrants. Under this law, national quotas were abolished, and immi-
grants from all parts of the world were welcomed.

Eugenics was used to restrict reproductive rights.
In addition to setting immigration policy, the eugenics movement in the United States 
worked to pass laws requiring sterilization of people regarded as genetically, intellec-
tually, and morally inferior. A committee of eugenicists concluded that up to 10% of 
the U.S. population should be prevented from reproducing by being institutionalized 
or sterilized. Eugenicists testi�ed before committees of state legislatures, urging states 
to regulate reproductive rights. As a result, state laws requiring people with certain 
genetic disorders and those convicted of certain crimes to be sterilized were passed in 
many states, beginning in 1907.

In 1927, the U.S. Supreme Court (Buck v. Bell) upheld the right of states to use eugenic 
sterilization in an 8–1 decision. Oliver Wendell Holmes, one of the most respected 
justices of the Supreme Court, wrote the opinion. �is ruling, which has never been 
modi�ed or overturned, includes the following statement:

It is better for all the world, if instead of waiting to execute degenerate o�spring for crime, 

or to let them starve for their imbecility, society can prevent those who are manifestly un�t 

from continuing their kind. �e principle that sustains compulsory vaccination is broad 

enough to cover cutting the fallopian tubes. . . . �ree generations of imbeciles are enough.

�e three generations referred to by Holmes included a Virginia woman, Carrie Buck; 
her mother, Addie; and Carrie’s daughter, Vivian (Figure 1.9). �e case came to the 
U.S. Supreme Court to appeal the decision by a Virginia court that Carrie should be 
sterilized because she was feebleminded and promiscuous. In the eyes of some eugen-
icists, these were genetic traits. Evidence presented at trial showed that Carrie, her 
mother, and Carrie’s daughter were all mentally un�t. Soon a�er the Supreme Court 
ruling, Carrie Buck was sterilized. At that time, she was an unmarried teenager living 

FIGURE 1.8 In the early part of the 

twentieth century, eugenics exhibits 

were a common feature at fairs and 

similar events. Such exhibits served 

to educate the public about genetics 

and the benefits of eugenics as public 

policy. These exhibits often included 

contests to find the eugenically 

perfect family.
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12 Chapter 1

in a foster home with her daughter. Later investigation showed that her child, Vivian, 
was not “feebleminded” as claimed and that Carrie was not promiscuous but had been 
raped by a relative of her foster parents.

A�er the U.S. Supreme Court decision, sterilization laws were passed in many states. 
At one time or another, a total of 33 states passed laws providing for sterilization of cer-
tain individuals—most designated as feebleminded, a catchall term that covered both 
real and imagined disabilities. Behaviors (including alcoholism, criminal convictions, 
and sexual promiscuity) were used as a way to diagnose someone as feebleminded. More 
than 60,000 people were sterilized before the practice was ended in 1979. Of the states, 
�ve—California (20,108), Virginia (7,450), North Carolina (6,297), Michigan (3,786), 
and Georgia (3,284)—accounted for almost 70% of this total. In recent years, some 
states—including Virginia, North and South Carolina, and Oregon—have apologized 
o�cially and publicly for their involvement in eugenic sterilization. In 2013, North 
Carolina became the �rst state to o�er compensation to those who were sterilized 
without consent and o�en without their knowledge. It is estimated that over 2,500 
sterilized individuals are still alive, and as they are veri�ed, they will receive shares in 
a $10 million compensation fund.  

The decline of eugenics in the United States 
began with the rise of the Nazi movement.
Sterilization laws in the United States served as models for the 1933 “Law for the 
Protection Against Genetically Defective O�spring” passed in Germany by the Nazi 
government. As the use of this law was expanded, it allowed the systematic killing 
of people de�ned as socially defective, physically deformed, mentally retarded, and/
or mentally ill. Later, eugenics was used as a justi�cation for the eradication of entire 
ethnic groups such as Gypsies and Jews. �e close association between eugenics and 
the government of Nazi Germany quickly led to the decline of the eugenics movement 
in the United States by the late 1930s.

FIGURE 1.9 A pedigree of the family of Carrie Buck, made at the Virginia Colony for the Epileptic  

and Feebleminded.
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1-7  What Impact Is Genomics 

Having?

�e development and use of recombinant DNA technology ushered in the era of 
genomics when geneticists began planning ways to sequence the 3.2 billion nucleo-
tides in the human genome in order to identify, map, and assign functions to all genes 
carried by humans. �e Human Genome Project (HGP) began as a federal program 
in 1990. In 2001, the HGP and a project undertaken by private industry reported the 
�rst dra� of the human genome sequence, and, in 2003, the rest of the gene-coding 
portion of the genome was �nished. We now have a catalog of the 3 billion nucleotides 
and the approximately 20,000 di�erent genes carried in our cells. Turning the results 
from the HGP into new methods of diagnosis and treatment has given rise to the new 
�eld of translational medicine. 

Identifying and using genetic  
variation in genomics.
In the years a�er the completion of the HGP, genome sequencing revealed a surpris-
ing amount of variation in the sequence and arrangement of nucleotides in humans. 
Once this variation was identi�ed, scientists began to study the type, amount, location, 
and e�ects of these variations. �e simplest type of variation in a genome sequence is a  
single nucleotide change, called a single nucleotide polymorphism, or SNP (pro-
nounced “snip”) (Figure 1.10). Over 11 million SNPs have been identi�ed, and scientists 
are using clusters of neighboring SNPs called haplotypes as markers to screen large 
numbers of individuals, looking for links between these SNPs and common complex 
traits and disorders. �ese genome-wide  association studies (GWASs) have provided 
insight into genes associated with type 2 diabetes,  cancers, neurodegenerative diseases 
(Alzheimer, Parkinson’s disease), mental illness, and cardiovascular diseases. �ese 
technological advances are helping to unravel the number and identity of genes associ-
ated with complex diseases and are rapidly  changing the study of human genetics.

Information from the HGP and other genomic studies are used to diagnose many 
genetic disorders before birth, to test children and adults to reveal carriers of genetic 
disease, and to scan whole genomes to detect genetic diseases and predispositions to 
complex disorders, including cardiovascular disease, diabetes, and cancer.

Health care uses genetic testing  
and genome scanning.
Genetic technology is now an important part of medicine, and its impact will con-
tinue to grow as information from genomics is analyzed and applied to the diagnosis 
and treatment of human diseases. More than 10 million children and adults in the 
United States have a genetic disorder, and every newborn has a 3% chance of having 
a genetic disorder, underscoring the need for tests that accurately diagnose heritable 
diseases at all stages of life.

Single nucleotide polymorphism 

(SNP) Single nucleotide differ-

ences between and among indi-

viduals in a population or species.

Haplotype A set of genetic 

markers located close together on 

a single chromosome or chromo-

some region.

Genome-wide association study 

(GWAS) Analysis of genetic 

variation across an entire genome, 

searching for associations (link-

ages) between variations in DNA 

sequence and a genome region 

encoding a speci�c phenotype.

SNP SNP SNP SNP

Person 1         Haplotype 1ACC TTCGCC.......

.......

.......

.......

TTGAGGCATC......A

Person 2         Haplotype 2. AGC  TTCGCC TAGAGGCATC.....A

Person 3        Haplotype 3 . AGC  TTCCCC TTGAGGCATC.....A

Person 4         Haplotype 4...AAGC  TTCTCC TTGAGGCAAC...

FIGURE 1.10 Single nucleotide polymorphisms (SNPs) 

are shown in red. 
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14 Chapter 1

�e genes associated with hundreds of genetic diseases, including cystic �brosis, sickle 
cell anemia, and muscular dystrophy, have been isolated and used to develop genetic tests. 
All 50 states and the District of Columbia test newborns for a range of genetic disorders. 
In addition, adults can be tested to determine whether they are at risk of having a child 
with a genetic disorder. Couples can now obtain information to make informed deci-
sions about family planning when genetic testing is combined with genetic counseling.

New technology has made it possible to screen an individual’s entire genome, instead 
of testing for one genetic disorder at a time. �is technology uses DNA microarrays 
(also called DNA chips) that carry DNA from the entire human genome (Figure 1.11) 
to determine which genetic disorders someone has, will develop, or is predisposed to. 
DNA microarrays are also used in diagnosing infectious diseases and cancer.

In addition to the diagnosis of inherited diseases, technology has made it possible 
to produce human embryos (Figure 1.12) through the fusion of sperm and eggs in 
a laboratory dish—a process called in vitro fertilization (IVF)—and to transfer the 
developing embryo to the womb of a surrogate mother. Embryos can also be frozen for 
transfer to a womb at a later time. We are now treating genetic diseases by transplant-
ing normal genes that act in place of defective copies, using gene therapy. We can even 
insert human genes into animals, creating new types of organisms that produce human 
proteins used in treating diseases such as emphysema.

Stem-cell research offers hope  
for treating many diseases.
In the embryo, stem cells divide to form about 200 di�erent cell types that become 
parts of the  tissues and organs of the body. In adults, stem cells are a reservoir that 
provides replacements for cells lost through injury, disease, or wear and tear.

�e ability to isolate stem cells from embryos and to produce stem cells from 
normal body cells in the laboratory (induced pluripotent stem cells [iPS]) o�ers 
the possibility of using stem cells to treat disorders such as heart disease, diabetes, 
and other degenerative conditions. �is new �eld, called regenerative medicine, 
depends on cell-based therapies. Ethical, legal, and political controversy surrounds 

the creation and use of embryonic stem cells, once 
again emphasizing that genetic technology has 
advanced faster than a consensus on how to use 
the technology. �e use of adult stem cells is less 
controversial, and several products used in cell-
based therapies are now on the market.

Biotechnology is impacting 
everyday life.
Recombinant DNA technology moved quickly 
from research laboratories into the business 
world; products and services using this technol-
ogy are now commonplace. �e commercial use of 
genetically modi�ed organisms or their products 
is called biotechnology. �ose products are found 
in hospitals, clinics, doctors’ o�ces, drugstores, 
supermarkets, and department stores; in law 
enforcement and the courts; and even in the pro-
duction of industrial chemicals and the cleanup of 
toxic waste sites.

�e genetic modi�cation of food is one of the 
most rapidly expanding and controversial uses of 
biotechnology. More than 85% of the corn and 95% 

Biotechnology The use of recom-

binant DNA technology to produce 

commercial goods and services.

FIGURE 1.11 A gene chip carrying 

the human gene set. This chip 

can be used to diagnose genetic 

disorders.
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FIGURE 1.12 Human embryo shortly after fertilization in the laboratory. 

Embryos at this stage of development can be analyzed for genetic 

disorders before implantation into the uterus of the egg donor or that of 

another, surrogate mother.
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of the soybeans grown in the United States is genetically modi�ed. It is esti-
mated that more than 80% of the processed foods in supermarkets contain 
ingredients from transgenic plants.

Critics have raised concerns that the use of herbicide-resistant corn 
and soybeans will speed the development of herbicide-resistant weeds and 
increase our use of and dependence on chemical herbicides. Others point to 
the possibility that genetically engineered traits may be transferred to other 
organisms, leading to irreversible and deleterious changes in ecosystems.

Animals are also being cloned and genetically modi�ed. �e cloning 
of Dolly the sheep (Figure 1.13) represented a breakthrough in cloning 
methods that, along with related technology, makes it possible to produce 
dozens or hundreds of o�spring with desirable traits such as high levels of 
milk production, meat with low fat content, and even speed in racehorses.

Recombinant DNA technology has been used for over 30 years to produce 
human insulin in bacteria and other host cells for the treatment of diabetes. 
Now, genetically modi�ed sheep, rabbits, and cows are being used to produce 
medically important human proteins in their milk. �ese proteins are, or 
soon will be, used in clinical trials to treat human diseases such as emphy-
sema and Pompe disease.

1-8  What Choices Do We 

Make in the Era of 

Genomics and Biotechnology?

In the span of about 35 years, we have learned how to predict the sex of unborn chil-
dren, diagnose many genetic disorders prenatally, and manufacture human gene 
products to treat genetic diseases. We are now at a transition point where we are not 
only learning more about human genetics, but we are starting to apply genetic knowl-
edge in ways that were unforeseen just a few years ago. �ese applications are colliding 
with social standards, public policy, and laws, forcing us to rethink what is acceptable 
and unacceptable in our personal and public lives.

Should we buy and eat food that comes from genetically modi�ed plants and 
 animals? Is milk from cloned cows safe to drink? Should we test ourselves or our 
children for genetic diseases even if no treatment is available? Is medicine produced 
from genetically modi�ed animals safe? Should we vaccinate our children with edible 
vaccines produced from genetically altered plants? We are faced with an increasing 
number of seemingly bewildering choices. Sorting through the rhetoric and hype to 
�nd the facts that allow us to make intelligent and informed choices is a problem in 
modern life. Beyond these immediate personal choices is the fact that the develop-
ment of biotechnology is raising new ethical questions that we must face and answer 
in the near future.

We can make informed personal decisions and formulate relevant laws and public 
 policy only if we have a working knowledge of the principles of genetics as they apply to 
humans and understand how genetics is used in biotechnology. As a student of human 
genetics, you have elected to become involved in the search for answers to these important 
questions.

FIGURE 1.13 Dolly the sheep was the first 

mammal cloned by nuclear transfer from a 

somatic cell.
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Genetics in Practice

Genetics in Practice case studies are critical-thinking 

exercises that allow you to apply your new knowledge of 

human genetics to real-life problems. 

  CASE STUDY 

Mary and Marcie, identical twins, go to the same internist 
who is also a faculty member at a major medical center. At 
their last visit, they each received a brochure describing a 
genetics research program recently launched by the hospital 
and its af�liated university. Researchers were asking for vol-
unteers to �ll out a questionnaire and a consent form, donate 
a blood sample, and have their medical records encoded and 
transferred to a database. The goal was to enroll 100,000 
participants, and the brochure noted that over 10,000 people 
had already agreed to participate.

The blood sample would be used to extract DNA, which 
would be encoded with the same number as the medical 
records. This DNA would be used to search for genes associ-
ated with conditions such as arthritis, diabetes, and Alzheimer 
disease. The idea is that researchers interested in studying 
arthritis would use the medical records to identify which par-
ticipants have the condition and then use DNA from those 
individuals to �nd genetic similarities that are not present in 
participants who do not have arthritis. The genetic similari-
ties help identify regions of the genome that contain genes 
associated with arthritis. These regions can then be studied 
in detail to identify and isolate genes that may be associated 
with arthritis and other in�ammatory disorders.

In exchange for enrolling, participants would be informed 
about any genetic conditions or predispositions to genetic 
disease they carry and would receive free access to testing. 

After discussing the brochure, Mary decided to enroll, but 
Marcie decided she did not want to do so. She said she did 
not want to know what diseases she may develop or which 
disease genes she may carry.

At their next annual visit, Mary’s internist told her that 
because her questionnaire indicated that some relatives had 
Alzheimer disease, her DNA was used in a study to identify risk 
genes. He said she had been identi�ed as a carrier of a gene 
that greatly increased the likelihood that she would develop 
Alzheimer disease. The physician told her that age was the 
greatest risk factor, and while it was not 100% certain she 
would become a victim of Alzheimer disease, the gene she car-
ries is a factor in 20–25% of all cases. Mary asked if there was 
anything she could do about these �ndings. The internist told 
her that exercise, controlling blood pressure and cholesterol 
levels, as well as participating in mentally challenging activi-
ties such as reading or playing a musical instrument may all 
help reduce her chances of developing this disease. Mary then 
asked if Marcie was going to be told about Mary’s genetic risk, 
and the internist said that he would not tell her.

For the next few days, Mary was con�icted about the situa-
tion. Marcie was an identical twin, and if Mary carried a gene 
predisposing her to Alzheimer disease, Marcie must carry the 
same gene. Marcie did not exercise with Mary, had high blood 
pressure, and little interest in reading or social activities. Mary 
did not know whether she should tell Marcie.

1. If you were advising Mary, what would you say? Should 
she tell Marcie about the risk? Should she not tell her, but 
instead try to get Marcie to exercise and be more social? 
Should Mary ask their internist to talk with Marcie about 
this?

1-1  Genetics and Translational Medicine

 ■ Research laboratories and 
pharmaceutical �rms are 
working to move the results 
of genetic research from the 
laboratory to the bedside of 
patients, a process called 
translational medicine. 

1-2 Genetics Is the Key to Biology

 ■ Genetics is the scienti�c study of heredity. In a sense, genet-
ics is the key to all of biology because genes control what 
cells look like and what they do. Understanding how genes 
work is essential to our understanding of how life works.

1-3 What Are Genes and How Do 

They Work?

 ■ The gene is the basic structural and func-
tional unit of genetics. It is a string of chem-
ical building blocks (nucleotides) in a DNA 
molecule. When a gene is turned on, the 
information stored in the gene is decoded 
and used to make a molecule that folds 
into a three-dimensional shape. This mole-
cule is known as a protein (see Figure 1.2).  
The actions of proteins produce the traits 
we see (such as eye color and hair color).
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1-4  How Are Genes Transmitted from Parents 

to Offspring?
 ■ From his experiments on pea plants, Mendel concluded that 

pairs of genes separate from each other during the forma-
tion of egg and sperm. When the egg and sperm fuse dur-
ing fertilization to form a zygote, the genes from the mother 
and the father become members of a new gene pair in the 
offspring. The separation of genes during formation of the 
sperm and egg and the reunion of genes at fertilization are 
explained by the behavior of chromosomes in a form of cell 
division called meiosis.

1-5 How Do Scientists Study Genes?
 ■ Genes are studied using 

several methods. Transmis-
sion genetics studies how 
traits are passed from gen-
eration to generation. Cytoge-
netics studies chromosome 
structure and the location of 
genes on chromosomes. Mo-
lecular geneticists study the 
molecular makeup of genes, gene products, and the function 
of genes. Population genetics focuses on the dynamics of 
populations and their interaction with the environment that re-
sults in changing gene frequencies over several generations.

C
ou

rt
es

y 
of

 If
ti

 A
hm

ed

A
m

er
ic

an
 P

hi
lo

so
ph

ic
al

 S
oc

ie
ty

1-6  Has Genetics Affected Social Policy 

and Law?
 ■ Eugenics was an attempt to 

improve the human race by 
using the principles of genet-
ics. In the early years of the 
twentieth century, eugenics 
was a powerful force in shap-
ing laws and public policy in 
the United States. This use 
of genetics was based on the mistaken assumption that 
genes alone determined human behavior and disorders, 
and it neglected the role of the environment. Eugenics fell 
into disfavor when it became part of the social programs of 
the Nazis in Germany.

1-7  What Impact Is Genomics Having?
 ■ The development of recombinant DNA technology is the 

foundation for DNA cloning, genome projects, and bio-
technology. These developments are causing large-scale 
changes in many aspects of life and are affecting medicine, 
agriculture, and the legal system.

1-8  What Choices Do We Make in the  

Era of Genomics and Biotechnology?
 ■ With the completion of the Human Genome Project, the ability 

to manipulate human reproduction, and the ability to transfer 
genes, we are faced with many personal and social decisions. 
The ethical use of genetic information and biotechnology will 
require participation by a broad cross section of society.

Questions and Problems
1. Summarize Mendel’s conclusions about traits and how 

they are passed from generation to generation.

2. What is population genetics?

3. What is hereditarianism, and what is the invalid assump-

tion it makes?

4. What impact has recombinant DNA technology had on 

 genetics and society?

5. What are genomes?

6. What is genomics?

7. In what way has biotechnology had an impact on agricul-

ture in the United States?

8. We each carry 20,000 genes in our genome. Genes can 

be patented, and over 6,000 human genes have been 

patented. Do you think that companies or individu-

als should be able to patent human genes? Why or 

why not?

9. If your father were diagnosed with an inherited disease 

that develops around the age of 50, would you want to 

be tested to �nd out whether you would develop this 

disease? If so, when would you want to be tested? As 

a teenager or sometime in your 40s? If not, would you 

have children?
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CHAPTER OUTLINE

Cells and Cell Division 2
2-1 Cellular Links to Genetic 

Disease 

   CASE STUDY

L
eah G., 22, went to the hospital emergency room with severe leg pain a�er 
a fall while rollerblading. Despite the fact she had only a minor fall, X-rays 
showed a broken bone in her lower leg. �ere was no family history of brittle 
bones, but when asked about her general health, she reported that over the 

past few months she had tired easily and her abdomen was tender and sometimes 
painful. �e emergency room physician ordered an abdominal MRI, which showed 
Leah’s spleen and liver were abnormally enlarged. She le� the hospital with a cast on 
her leg and an appointment with a genetic counselor.

�e genetic counselor told Leah that because of her age, her Eastern European 
Jewish heritage, and her symptoms, she might have a genetic disorder called Gaucher 
(pronounced go-SHAY) disease. �e counselor explained that a�ected individuals 
cannot break down a particular type of fat, which then accumulates in white blood 
cells found in the liver, spleen, and bone marrow. �ese enlarged white blood cells are 
called Gaucher cells. Her symptoms of fatigue, enlargement of the liver and spleen, as 
well as her easily fractured leg and age of onset in early adulthood, are all symptoms 
of this disease. �e counselor also explained that a liver biopsy and a blood test could 
con�rm whether or not she had this disorder. While the disorder is rare in the general 

2-1  Cellular Links to Genetic 

Disease

2-2 The Chemistry of Cells

2-3  Cell Structure Reflects 

Function

2-4  The Cell Cycle Describes 

the Life History of a Cell

2-5  Mitosis Is Essential 

for Growth and Cell 

Replacement

2-6  Cell Division by Meiosis: 

The Basis of Sex

2-7  Formation of Gametes

A white blood cell containing 

enlarged lysosomes (stained brown) 

associated with a lysosomal storage 

disease.
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population, as many as 1 in 450 individuals of Eastern European Jewish descent have 
Gaucher disease. Leah arranged for the biopsy and blood test and for a follow-up visit 
with the counselor.

During her second visit, the counselor informed Leah that the biopsy and blood test 
con�rmed that she had Gaucher disease. Leah was told that treatment for the disease, 
called enzyme replacement therapy (ERT), was available that used a recombinant DNA-
produced form of the missing enzyme. Each intravenous treatment was done on an 
outpatient basis, took about 1–2 hours, and was usually done every 2 weeks at a cost of 
$150,000–$200,000 a year. A�er discussing the situation with her parents, Leah began 
treatments; a�er 6 months, most of her symptoms had disappeared.

Bone marrow transplantation is an alternative treatment for Gaucher disease and 
o�ers a less costly and permanent cure instead of relying on expensive enzyme infu-
sions. However, because bone marrow donors are in short supply and Gaucher disease 
is not life-threatening and can be treated by enzyme infusion, many think bone mar-
row transplantation should be reserved for life-threatening diseases such as leukemia. 

If you worked for an insurance company, how would you decide which treatment 
for Gaucher disease would be covered by insurance? As a general principle, do you 
agree with the idea of reserving certain treatments for speci�c conditions, when several 
options are available? 

As in Leah’s case, genetic testing is o�en a part of diagnosing a genetic disorder. In 
the Genetics in Practice section at the end of this chapter, discover how other methods, 
including genetic counseling, are used along with genetic testing to diagnose and treat 
genetic disorders.

2-2 The Chemistry of Cells

Cells are the basic structural and functional unit of living systems. But cells them-
selves are largely constructed from four classes of large molecules, o�en called 
macromolecules (Table 2.1). �ese components are carbohydrates, lipids, proteins, 
and nucleic acids. To understand how cell structure and function are related, we will 
brie�y examine some of the structural and functional properties of cellular macro-
molecules. In later chapters, we will discuss how mutations disrupt the synthesis or 
function of these molecules, resulting in genetic disorders.

Carbohydrates include small, water-soluble sugars and large polymers made of 
sugars. In the cell, carbohydrates have three important functions: �ey are structural 
components of cells; they act as energy sources for the cell; and, in combination with 
proteins on the surface, they give cells a molecular identity.

Lipids are a structurally and functionally diverse class of biological molecules 
partially de�ned by their insolubility in water. Lipids have many functions: �ey are 
structural components of membranes, some serve as energy reserves, while others act 
as hormones and vitamins. Lipids are classi�ed into three major groups: fats and oils, 
phospholipids, and steroids. �e phospholipids play important roles in the structure 
and function of the cell membrane.

Macromolecules Large cellular 

polymers assembled by chemically 

linking monomers together. 

Carbohydrates Macromolecules 

including sugars, glycogen, and 

starches composed of sugar 

monomers linked and cross-linked 

together.

Lipids  A class of cellular macro-

molecules including fats and oils 

that are insoluble in water.
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20 Chapter 2

Proteins are the most functionally diverse class of macromolecules. Proteins are 
polymers, made up of one or more chains of subunits, called amino acids. �e varied 
structures of proteins are re�ected in their diversity of functions. Some of these are 
listed in Table 2.1.

Nucleic acids are polymers made from nucleotide subunits. Nucleotides themselves 
have important functions in energy transfer, but nucleic acids are the storehouses of 
genetic information in the cell. �e information is encoded in the nucleotide sequence.

�e combinations of various types of these four macromolecules are the foundation 
for the structural and functional diversity seen in the more than 200 cell types in the 
human body. In the next section, we will describe some of the fundamental structural 
and functional aspects of cells and their contents.

2-3 Cell Structure Reflects Function

We will review some of the basic aspects of human cell structure and discuss the func-
tions of cell components and how these functions are disrupted in genetic disorders. 
Although cells di�er widely in their size, shape, function, and life cycle, at a structural 
level they are fundamentally similar—they all have a plasma membrane, cytoplasm, 
membranous organelles, and a membrane-bound nucleus. An idealized human cell 
is shown in Figure 2.1. A cell’s shape, internal organization, and function are under 
genetic control, and many genetic disorders cause changes in cellular structure and/or 
function.

There are two cellular domains: the plasma  
membrane and the cytoplasm.
A double-layered plasma membrane separates the cell from the external environment. 
Lipids in the membrane provide structure, and a patchwork of di�erent proteins gives 
the membrane many of its functional characteristics. �e plasma membrane con-
trols the exchange of materials with the environment outside the cell (Figure 2.2).  

Proteins A class of cellular 

macromolecules composed of 

amino acid monomers linked 

together and folded into a  

three-dimensional shape. 

Nucleic acids A class of cel-

lular macromolecules composed 

of nucleotide monomers linked 

together. There are two types of 

nucleic acids, deoxyribonucleic 

acid (DNA) and ribonucleic acid 

(RNA), which differ in the structure 

of the monomers.

TABLE 2.1 The Main Macromolecules in Cells

Class Subclasses Examples Functions

CARBOHYDRATES Monosaccharides (simple 

sugars)

Oligosaccharides (short-chain 

carbohydrates)

Polysaccharides (complex 

carbohydrates)

Glucose 

Sucrose

Starch, 

glycogen

Energy source 

A common sugar 

Energy storage

LIPIDS Glycerides Glycerol plus fatty 

acids

Phospholipids Glycerol, fatty 

acids, phosphate group

Sterols Carbon-ring structures

Fats 

Lecithin 

Cholesterol

Energy storage 

Structure of cell 

membranes

Membrane structure, 

precursor to steroid 

hormones

PROTEINS Mostly �brous (sheets of 

polypeptide chains; mostly water 

insoluble)

Mostly globular (protein chains 

folded into globular shapes; 

mostly water soluble)

Keratin

Collagen 

Enzymes

Hemoglobin

Insulin

Antibodies

Structure of hair 

Structure of bones 

Catalysts

Oxygen transport

Hormone

Immune system

NUCLEIC ACIDS Adenosine phosphates

Nucleic acids (polymers  

of nucleotides)

ATP

DNA, RNA

Energy carrier

Storage, transmission  

of genetic information
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Plasma
membrane

Mitochondrion

Pair of
centrioles

Vacuole

Lysosome
Nuclear envelope

Nucleolus

Chromatin

Nuclear pore

Nucleus

Ribosomes

Golgi
complex

Microtubule

Rough endoplasmic reticulum

Smooth endoplasmic reticulum

Cytoplasm

FIGURE 2.1 A diagram of a generalized human cell showing the organization and distribution of organelles as they would appear 

in the transmission electron microscope. The type, number, and location of organelles are related to cell function.
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FIGURE 2.2 The plasma membrane. Proteins are embedded in a double layer of lipids. Short  

carbohydrate polymers are attached to some proteins on the outer surface of the membrane.
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22 Chapter 2

Gases, water, and some small molecules pass through the membrane easily, but oth-
ers are transported by energy-requiring systems. Proteins with attached carbohydrates 
in and on the plasma membrane provide cells with a form of molecular identity. �e 
type and number of these molecules are genetically controlled and are responsible for 
many important properties of cells, including blood type and compatibility for organ 
 transplants. Several genetic disorders, including cystic �brosis (MIM 219700; see 
Chapter 4 for an explanation of MIM numbers and the catalog of human genetic dis-
orders), are caused by defects in the plasma membrane. Cystic �brosis (CF) is caused 
by a functional defect in a membrane protein that controls the movement of chloride 
ions across the plasma membrane. �is leads to the accumulation of thick mucus in the 
lungs and ducts of several organs. Despite intensive therapy and drug treatments, the 
average survival of people with this disorder is only about 25 years. �e symptoms and 
premature death associated with CF emphasize the important role of membranes in 
controlling cell function. 

�e plasma membrane encloses the cytoplasm, which is a complex mixture of mol-
ecules and membrane-enclosed structures known collectively as organelles.

Organelles are specialized structures  
in the cytoplasm.
�e cytoplasm in a human cell has an organization that is related to its function, 
which is re�ected in the number and type of organelles it contains. In eukaryotes, 
cytoplasmic organelles divide the cell into a number of functional compartments. 
Table 2.2 summarizes the major organelles and their functions. We will review some 
of them here.

Molecules Structures composed  

of two or more atoms held 

together by chemical bonds.

Organelles Cytoplasmic struc-

tures that have a specialized 

function.

TABLE 2.2 Overview of Cell Organelles

Organelle Structure Function

Nucleus Round or oval body; surrounded by 

nuclear envelope.

Contains the genetic information 

necessary to control cell structure and 

function. 

Nucleolus Round or oval body in the nucleus 

containing DNA and RNA.

Produces ribosomes.

Endoplasmic 

reticulum

Network of membranous tubules in 

the cytoplasm of the cell. Smooth 

endoplasmic reticulum contains 

no ribosomes. Rough endoplasmic 

reticulum is studded with ribosomes.

Smooth endoplasmic reticulum (SER) is 

involved in producing phospholipids and 

has many different functions in different 

cells. Rough endoplasmic reticulum (RER) 

is the site of the synthesis of proteins for 

intracellular and extracellular use.

Ribosomes Small particles found in the 

cytoplasm; made of RNA and 

protein.

Aids in the production of proteins on 

the RER and in ribosome complexes 

(polysomes).

Golgi 

complex

Series of �attened sacs and 

associated vesicles.

Sorts, chemically modi�es, and packages 

proteins produced on the RER.

Secretory 

vesicles

Membrane-bound vesicles 

containing proteins produced by the 

RER and repackaged by the Golgi 

complex; contain protein hormones 

or enzymes.

Stores protein hormones or enzymes 

in the cytoplasm, awaiting a signal for 

release.

Lysosome Membrane-bound structure 

containing digestive enzymes.

Combines with food vacuoles and digests 

materials engulfed by cells.

Mitochondria Round, oval, or elongated structures 

with a double membrane. The inner 

membrane is extensively folded.

Completes the breakdown of glucose, 

producing ATP.
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The endoplasmic reticulum folds, sorts,  
and ships proteins.
�e endoplasmic reticulum (ER) is a network of membrane channels and pockets 
 (vesicles) within the cytoplasm (Figure 2.3a). �e outer surface of the rough ER 
(RER) is covered with ribosomes, another cytoplasmic component (Figure 2.3b). 
�e smooth ER (SER) has no ribosomes on its surface; the RER and SER, although 
interconnected, have di�erent functions. Ribosomes are the most numerous cel-
lular structures and can be found in the cytoplasm or attached to the outer surface 
of the RER. Ribosomes are involved in protein synthesis (discussed in Chapter 9). 
�e space inside the ER is called the lumen. Ribosomes on the RER surface syn-
thesize amino acid chains known as polypeptides that are inserted into the lumen 
where they are folded and modi�ed to form proteins and prepared for transport to 
other locations in the cell, or tagged for export from the cell. In some genetic disor-
ders, including cystic �brosis (MIM 219700), defective proteins do not fold properly 
within the RER, and are destroyed, resulting in the clinical symptoms of the dis-
order. �e SER functions in lipid and steroid synthesis and also plays a role in the 
metabolism of carbohydrates.

Molecular sorting takes place  
in the Golgi complex.
Animal cells contain clusters of �attened membrane sacs called the Golgi complex. 
�e Golgi receives vesicles pinched o� from the RER containing proteins. In the 
Golgi, these proteins are modi�ed and sorted into other vesicles (Figure 2.4), which 
then deliver their contents to destinations inside and outside the cell. Functional 
abnormalities of the Golgi are responsible for a number of genetic disorders, 
including Menkes disease (MIM 309400, a condition associated with abnormal 
copper metabolism that is fatal in infancy). �e Golgi complex is also a source of 
membranes for other organelles, including lysosomes.

Lysosomes are cytoplasmic disposal sites.
�e lysosomes are membrane-enclosed vesicles containing digestive enzymes made 
in the RER. In the RER, these enzymes are packaged into vesicles and transported to 

Endoplasmic reticulum (ER)  

A system of cytoplasmic mem-

branes arranged into sheets and 

channels whose function it is to 

synthesize and transport gene 

products.

Ribosomes Cytoplasmic particles 

that aid in the production  

of proteins.

Golgi complex Membranous 

cellular organelles composed of 

a series of �attened sacs. They 

sort, modify, and package proteins 

synthesized in the ER.

Lysosomes Membrane-enclosed 

organelles in eukaryotic cells that 

contain digestive enzymes.

Rough ER

Smooth ER

ER
lumen

Ribosomes

(a) (b)

FIGURE 2.3 (a) Three-dimensional 

representation of the endoplasmic 

reticulum (ER) showing the 

relationship between the smooth and 

rough ER. (b) An electron micrograph 

of ribosome-studded rough ER.

M
ed

Im
ag

e/
S

ci
en

ce
 S

ou
rc

e 

©
 C

en
ga

ge
 L

ea
rn

in
g

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



24 Chapter 2

the Golgi, where they are modi�ed and repackaged into vesicles that bud o� the Golgi 
to form lysosomes (see Figure 2.4). Lysosomes are the processing and recycling centers 
of the cell. Proteins, fats, carbohydrates, and worn-out organelles in the cell that are 
marked for destruction end up in lysosomes, where they are broken down and recy-
cled or exported for disposal. Lysosomes are important in cellular maintenance, and 
about 40 genetic disorders, including Gaucher disease (MIM 230800)—described at 
the beginning of this chapter—disrupt lysosome function. In most of these disorders, 
the mutation disrupts production or function of an enzyme. When this happens, spe-
ci�c molecules are not digested and accumulate in the lysosomes. As the lysosomes 
enlarge, they become distorted, eventually altering normal cell structure and func-
tion. Disorders that a�ect the structure or function of lysosomes and other cellular 
organelles reinforce the point made earlier that the functioning of the organism can 
be explained by events that occur within its cells.

Mitochondria are sites of energy conversion.
Mitochondria (singular: mitochondrion) are centers of energy transformation in the 
cell and are composed of an outer and an inner membrane (Figure 2.5). Mitochondria 
carry genetic information in the form of circular DNA molecules; they are self-
replicating organelles. Mutations in mitochondrial DNA a�ect mitochondrial function 
and cause a number of genetic disorders, including Kearns-Sayre syndrome (MIM 
530000) and MELAS syndrome (MIM 535000). �ese and other genetic disorders 
a�ecting mitochondria are discussed in Chapter 4.

Mitochondria (singular:  

mitochondrion) Membrane-

bound organelles, present in 

the cytoplasm of all eukaryotic 

cells, that are the sites of energy 

production.

Transport
vesicles

Food vacuole

Phagocytosis

Food

Rough
endoplasmic
reticulum

Smooth
endoplasmic
reticulum

Lysosome

Golgi complex

(a) (b)

FIGURE 2.4 (a) The relationship between the Golgi complex and lysosomes. Digestive enzymes are synthesized on ribosomes 

attached to the ER, internalized, and moved to the Golgi in transport vesicles. In the Golgi, the enzymes are modified and 

packaged. Lysosomes pinch off the ends of the Golgi membrane. In the cytoplasm, lysosomes fuse with and digest the 

contents of vesicles that are internalized at the plasma membrane. (b) A transmission electron micrograph of the  

Golgi complex.
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The nucleus contains chromosomes.
�e largest organelle is the nucleus (Figure 2.6a). It is enclosed by a double membrane 
called the nuclear envelope, which is studded with pores that allow communication 
between the nucleus and cytoplasm (Figure 2.6b). Within the nucleus, dense regions 
known as nucleoli (singular: nucleolus; Figure 2.6a) synthesize ribosomes. Dark 
strands of chromatin are seen throughout the nucleus (Figure 2.6a). As a cell prepares 
to divide, the chromatin condenses to form the chromosomes (Figure 2.6c).

In humans, chromosomes exist in pairs. Most human cells, called somatic cells, carry 
23 pairs, or 46 chromosomes, but certain cells, such as sperm and eggs, carry only one 
copy of each chromosome and have 23 unpaired chromosomes. Human males have one 

Nucleus The membrane-bound 

organelle in eukaryotic cells that 

contains the chromosomes.

Nucleolus (plural: nucleoli) A 

nuclear region that functions in the 

synthesis of ribosomes.

Chromatin The DNA and protein 

components of chromosomes, vis-

ible as clumps or threads in nuclei.

Chromosomes  The threadlike 

structures in the nucleus that  

carry genetic information.

Outer membrane

Intermembrane space

Cristae

Inner
membrane

Electron-transport proteins

(a) (b)

Matrix

FIGURE 2.5 The mitochondrion is the center of energy transformation in the cell. (a) The infolded inner membrane forms two 

compartments where chemical reactions transfer energy from one form to another, allowing the cell to power many of its 

biochemical reactions. (b) A colorized transmission electron micrograph of a mitochondrion.
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FIGURE 2.6 (a) The nucleus is bounded by a double membrane called the nuclear envelope. The nucleolus (arrow) is a prominent 

structure in the nucleus and is the site of ribosome synthesis. When the cell is not dividing, the chromosomes are dispersed 

throughout the nucleus as clumps of dark-staining chromatin. (b) The nuclear envelope is studded with pores, which allow exchange 

of materials between the nucleus and the cytoplasm. (c) Chromosomes are DNA/protein complexes. Pictured here are replicated 

chromosomes isolated from a dividing cell.
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