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Preface

The twentieth century has been called “the genetic century,” and rightly so:
The genetic revolution began with the rediscovery of Gregor Mendel’s work
in 1900, Watson and Crick elucidated the structure of DNA in 1953, and
the first draft of the human genome sequence was announced in February
2001. As dramatic and important as these advances are, however, they will
almost certainly pale when compared to those still awaiting us. Building on
foundations laid over the last one hundred years, the twenty-first century
will likely see discoveries that profoundly affect our understanding of our
genetic nature, and greatly increase our ability to manipulate genes to shape
ourselves and our environment. As more is learned, the pace of discovery
will only increase, revealing not only the identities of increasing numbers
of genes, but more importantly, how they function, interact, and, in some
cases, cause disease.

As the importance of genetics in our daily lives has grown, so too has the
importance of its place in the modern science classroom: In the study of biol-
ogy, genetics has become the central science. Our purpose in creating this
encyclopedia is to provide students and teachers the most comprehensive and
accessible reference available for understanding this rapidly changing field.

A Comprehensive Reference

In the four volumes of Genetics, students will find detailed coverage of every
topic included in standard and advanced biology courses, from fundamen-
tal concepts to cutting-edge applications, as well as topics so new that they
have not yet become a part of the regular curriculum. The set explores the
history, theory, technology, and uses (and misuses) of genetic knowledge.
Topics span the field from “classical” genetics to molecular genetics to pop-
ulation genetics. Students and teachers can use the set to reinforce class-
room lessons about basic genetic processes, to expand on a discussion of a
special topic, or to learn about an entirely new idea.

Genetic Disorders and Social Issues

Many advances in genetics have had their greatest impact on our under-
standing of human health and disease. One of the most important areas of
research is in the understanding of complex diseases, such as cancer and
Alzheimer’s disease, in which genes and environment interact to produce or
prevent disease. Genetics devotes more than two dozen entries to both single-
gene and complex genetic disorders, offering the latest understanding of

*Explore further in Gene,
Polymerase Chain
Reaction, and Eugenics
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their causes, diagnoses, and treatments. Many more entries illustrate basic
genetic processes with discussion of the diseases in which these processes
go wrong. In addition, students will find in-depth explanations of how
genetic diseases arise, how disease genes are discovered, and how gene ther-
apy hopes to treat them.

Advances in our understanding of genetics and improvements in tech-
niques of genetic manipulation have brought great benefits, but have also
raised troubling ethical and legal issues, most prominently in the areas of
reproductive technology, cloning, and biotechnology. In Genetics, students
will find discussions of both the science behind these advances and the eth-
ical issues each has engendered. As with nearly every entry in Genetics, these
articles are accompanied by suggestions for further reading to allow the stu-
dent to seek more depth and pursue other points of view.

The Tools of the Trade

The explosion of genetic knowledge in the last several decades can be attrib-
uted in large part to the discovery and development of a set of precise and
powerful tools for analyzing and manipulating DNA. In these volumes, stu-
dents will find clear explanations of how each of these tools work, as well
as how they are used by scientists to conduct molecular genetic research.
We also discuss how the computer and the Internet have radically expanded
the ability of scientists to process large amounts of data. These technolo-
gies have made it possible to analyze whole genomes, leading not just to the
discovery of new genes, but to a greater understanding of how entire
genomes function and evolve.

The Past and the Future

The short history of genetics is marked by brilliant insights and major the-
oretical advances, as well as misunderstandings and missed opportunities.
Genetics examines these events in both historical essays and biographies of
major figures, from Mendel to McClintock. The future of genetics will be
created by today’s students, and in these volumes we present information
on almost two dozen careers in this field, ranging from attorney to clinical
geneticist to computational biologist.

Contributors and Arrangement of the Material

The goal of each of the 253 entries in Genetics is to give the interested stu-
dent access to a depth of discussion not easily available elsewhere. Entries
have been written by professionals in the field of genetics, including experts
whose work has helped define the current state of knowledge. All of the
entries have been written with the needs of students in mind, and they all
provide the background and context necessary to help students make con-
nections with classroom lessons.

To aid understanding and increase interest, most entries are illustrated
with clear diagrams and dramatic photographs. Each entry is followed by
cross-references to related entries, and most have a list of suggested read-
ings and/or Internet resources for further exploration or elaboration. Spe-
cialized or unfamiliar terms are defined in the margin and collected in a
glossary at the end of each volume. Each volume also contains an index, and
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a cumulative index is found at the end of volume four. A topical index is
also included, allowing students and teachers to see at a glance the range of
entries available on a particular topic.

Acknowledgments and Thanks
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The following section provides a group of diagrams and illustrations applic-
able to many entries in this encyclopedia. The molecular structures of DNA
and RNA are provided in detail in several different formats, to help the stu-
dent understand the structures and visualize how these molecules combine
and interact. The full set of human chromosomes are presented diagram-
matically, each of which is shown with a representative few of the hundreds
or thousands of genes it carries.
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NUCLEOTIDE STRUCTURES
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SELECTED LANDMARKS OF THE HUMAN GENOME

Cataracts

Opioid receptor

Prostate cancer

Serotonin receptors
Deafness, autosomal

recessive
Deafness, autosomal

dominant Holoprosencephaly

Retinitis pigmentosa Colon cancer Lissencephaly

Limb-girdle muscular
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dominant

Liver cancer oncogene

Cardiomyopathy,

) familial hypertrophic
Emery-Dreifuss muscular

dystrophy Fish-odor syndrome

Metastasis suppressor
Pp Cardiomyopathy,

dilated
Alzheimer's disease

1
263 million bases

Alopecia
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Cerebral cavernous
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Hand-foot-uterus
syndrome

Polydactyly Retinitis pigmentosa

ACTH deficiency
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7
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8

Tremor, familial
essential
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Diabetes mellitus,
non-insulin-
dependent

Epilepsy
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death

255 million bases

Hyperlipoproteinemia

Colorectal cancer
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155 million bases
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protein (breast cancer)

Long QT syndrome

Thyrotropin-releasing
hormone deficiency

Ovarian cancer
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Muscular dystrophy,
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3

214 million bases
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Huntington disease

Phenylketonuria
Parkinson's disease,
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Severe combined
immunodeficiency
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Glaucoma
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mental retardation
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Coagulation factor XII
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Severe combined
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Cyclin-dependent
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Multiple myeloma
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Sickle cell anemia
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)

. Pancreatic agenesis

X-ray sensitivity

Spinocerebellar ataxia

Osteosarcoma
Bladder cancer

Wilson disease

13
114 million bases

Hirschsprung disease
Eye color, green/blue

Low density lipoprotein
Alzheimer disease, receptor
late onset Severe combined

immunodeficiency disease
Maple syrup urine DNA ligase | deficiency
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19
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Glycogen storage disease
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DNA mismatch repair
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insulin-dependent
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Insomnia,
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Marfan syndrome
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Hypercholesterolemia, familial,
autosomal recessive
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Thalassemia, alpha

MHC class Il deficiency

Batten disease

Fish-eye disease
Inflammatory

bowel disease

UV-induced skin (Crohn disease)

damage, vulnerability to

16
98 million bases

Canavan disease

Charcot-Marie-Tooth
neuropathy

Breast cancer,
early onset

Osteogenesis Ovarian cancer
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17
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Pyruvate dehydrogenase

deficiency Duchenne muscular

dystrophy

Night blindness, congenital

stationary, type 1
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AL Migraine, familial
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Hypertrichosis, congenital

Cat eye syndrome Q DiGeorge
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Ewing sarcoma
Heme oxygenase

deficiency

22
56 million bases

generalized
Fabry disease

Lesch-Nyhan syndrome

Fragle X mental

. retardation
Hemophilia B
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Colorblindness, green Hemophilia A
cone pigment Colorblindness, red
cone pigment

Rett syndrome
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Pancreatic cancer

Combined factor
V and VIII deficiency

Epidermolysis bullosa

Paget disease of bone
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(testis determining factor)
Gonadal dysgenesis, XY type
Azoospermia factors

Y
59 million bases




Eric Aamodt
Louisiana State University Health
Sciences Center, Shreveport
Gene Expression: Overview of
Control

Maria Cristina Abilock
Applied Biosystems
Automated Sequencer
Cycle Sequencing
Protein Sequencing
Sequencing DNA

Ruth Abramson
University of South Carolina School
of Medicine
Intelligence
Psychiatric Disorders
Sexual Orientation

Stanley Ambrose
University of Hllinois
Population Bottleneck
Allison Ashley-Koch
Duke Center for Human Genetics
Disease, Genetics of
Fragile X Syndrome
Geneticist

David T. Auble
University of Virginia Health
System
Transcription

Bruce Barshop
University of California, San Diego
Metabolic Disease

Mark A. Batzer
Louisiana State University
Pseudogenes
Repetitive DNA Elements
Transposable Genetic Elements

Robert C. Baumiller
Xavier University
Reproductive Technology
Reproductive Technology: Ethi-
cal Issues

Mary Beckman
Idaho Falls, Idaho
DNA Profiling
HIV

Contributors

Samuel E. Bennett
Oregon State University
Department of Genetics
DNA Repair
Laboratory Technician
Molecular Biologist

Andrea Bernasconi
Cambridge University, UK.
Multiple Alleles
Nondisjunction
C. William Birky, Jr.
University of Arizona
Inheritance, Extranuclear
Joanna Bloom
New York University Medical Center
Cell Cycle

Deborah Blum
University of Wisconsin, Madison
Science Writer

Bruce Blumberg
University of California, Irvine
Hormonal Regulation
Suzanne Bradshaw
University of Cincinnati
Transgenic Animals
Yeast
Carolyn J. Brown
University of British Columbia
Mosaicism
Michael J. Bumbulis
Baldwin-Wallace College
Blotting
Michael Buratovich
Spring Arbor College
Operon
Elof Carlson
The State Universtiy of New York,
Stony Brook
Chromosomal Theory of Inheri-
tance, History
Gene
Muller, Hermann
Polyploidy
Selection
Regina Carney
Duke University
College Professor

Shu G. Chen
Cuase Western Reserve University
Prion
Gwen V. Childs
University of Arkansas for Medical
Sciences
In situ Hybridization
Cindy T. Christen
lowa State University
Technical Writer

Patricia L. Clark
University of Notre Dame
Chaperones

Steven S. Clark
University of Wisconsin
Oncogenes

Nathaniel Comfort

George Washington University
McClintock, Barbara

P. Michael Conneally
Indiana University School of
Medicine
Blood Type
Epistasis
Heterozygote Advantage
Howard Cooke
Western General Hospital: MRC
Human Genetics Unit
Chromosomes, Artificial

Denise E. Costich
Boyce Thompson Institute
Maize

Terri Creeden
March of Dimes
Birth Defects

Kenneth W. Culver
Novartis Pharmaceuticals
Corporation
Genomics
Genomics Industry
Pharmaceutical Scientist

Mary B. Daly
Fox Chase Cancer Center
Breast Cancer

Pieter de Haseth
Case Western Reserve University
Transcription



Contributors

Rob DeSalle
American Museum of Natural
History
Conservation Geneticist
Conservation Biology: Genetic

Approaches

Elizabeth A. De Stasio
Lawerence University
Cloning Organisms

Danielle M. Dick
Indiana University
Behavior

Michael Dietrich
Dartmouth College
Nature of the Gene, History

Christine M. Disteche
University of Washington
X Chromosome

Gregory Michael Dorr
University of Alabama
Eugenics

Jennie Dusheck
Santa Cruz, California
Population Genetics

Susanne D. Dyby
U.S. Department of Agriculture:
Center for Medical, Agricultural,
and Veterinary Entomology
Classical Hybrid Genetics
Mendelian Genetics
Pleiotropy

Barbara Emberson Soots
Folsom, California
Agricultural Biotechnology
Susan E. Estabrooks
Duke Center for Human Genetics
Fertilization
Genetic Counselor
Genetic Testing
Stephen V. Faraone
Harvard Medical School
Attention Deficit Hyperactivity
Disorder
Gerald L. Feldman
Wayne State University Center for
Molecular Medicine and Genetics
Down Syndrome
Linnea Fletcher
Bio-Link South Central Regional
Coordinater, Austin Community
College
Educator
Gel Electrophoresis
Marker Systems
Plasmid

Michael Fossel
Executive Director, American Aging
Association
Accelerated Aging: Progeria

Carol L. Freund
National Institute of Health:
Warren G. Magnuson Clinical
Center
Genetic Testing: Ethical Issues

Joseph G. Gall
Carnegie Institution
Centromere

Darrell R. Galloway
The Obio State University
DNA Vaccines

Pierluigi Gambetti
Case Western Reserve University
Prion

Robert F. Garry
Tulane University School of
Medicine
Retrovirus
Virus

Perry Craig Gaskell, Jr.
Duke Center for Human Genetics
Alzheimer’s Disease

Theresa Geiman
National Institute of Health:
Laboratory of Receptor Biology and
Gene Expression
Methylation

Seth G. N. Grant
University of Edinburgh
Embryonic Stem Cells
Gene Targeting
Rodent Models

Roy A. Gravel
University of Calgary
Tay-Sachs Disease

Nancy S. Green
March of Dimes
Birth Defects

Wayne W. Grody
UCLA School of Medicine
Cystic Fibrosis
Charles J. Grossman
Xavier University
Reproductive Technology
Reproductive Technology: Ethi-
cal Issues
Cynthia Guidi
University of Massachusetts Medical
School
Chromosome, Eukaryotic

Patrick G. Guilfoile
Bemidji State University
DNA Footprinting
Microbiologist
Recombinant DNA
Restriction Enzymes

Richard Haas
University of California Medical
Center
Mitochondrial Diseases

William J. Hagan
College of St. Rose

Evolution, Molecular

Jonathan L. Haines
Vanderbilt University Medical
Center
Complex Traits
Human Disease Genes, Identifi-
cation of

Mapping
McKusick, Victor
Michael A. Hauser
Duke Center for Human Genetics
DNA Microarrays
Gene Therapy

Leonard Hayflick
University of California
Telomere

Shaun Heaphy
University of Leicester, U.K.

Viroids and Virusoids

John Heddle
York University
Mutagenesis
Mutation
Mutation Rate

William Horton
Shriners Hospital for Children
Growth Disorders

Brian Hoyle
Square Rainbow Limited
Overlapping Genes

Anthony N. Imbalzano
University of Massachusetts Medical
School
Chromosome, Eukaryotic

Nandita Jha
University of California, Los Angeles
Triplet Repeat Disease

John R. Jungck
Beloit College

Gene Families

Richard Karp
Department of Biological Sciences,
University of Cincinnati
Transplantation

David H. Kass
Eastern Michigan University
Pseudogenes
Transposable Genetic Elements

Michael L. Kochman
University of Pennsylvania Cancer
Center
Colon Cancer

Bill Kraus
Duke University Medical Center

Cardiovascular Disease

Steven Krawiec
Lehigh University

Genome

Mark A. Labow
Novartis Pharmaceuticals
Corporation
Genomics
Genomics Industry
Pharmaceutical Scientist
Ricki Lewis
McGraw-Hill Higher Education;
The Scientist
Bioremediation
Biotechnology: Ethical Issues
Cloning: Ethical Issues



Contributors

Genetically Modified Foods
Plant Genetic Engineer
Prenatal Diagnosis
Transgenic Organisms: Ethical
Issues

Lasse Lindahl
University of Maryland, Baltimore
Ribozyme
RNA

David E. Loren
University of Pennsylvania School of
Medicine
Colon Cancer

Dennis N. Luck
Oberlin College
Biotechnology

Jeanne M. Lusher
Wayne State University School of
Medicine; Children’s Hospital of
Michigan
Hemophilia

Kamrin T. MacKnight
Medlen, Carroll, LLP: Patent,
Trademark and Copyright Attorneys
Attorney
Legal Issues
Patenting Genes
Privacy

Jarema Malicki
Harvard Medical School
Zebrafish

Eden R. Martin
Duke Center for Human Genetics
Founder Effect
Inbreeding

William Mattox
University of Texas/Anderson
Cancer Center
Sex Determination

Brent McCown
University of Wisconsin
Transgenic Plants

Elizabeth C. Melvin
Duke Center for Human Genetics
Gene Therapy: Ethical Issues
Pedigree

Ralph R. Meyer
University of Cincinnati
Biotechnology and Genetic Engi-

neering, History of

Chromosome, Eukaryotic
Genetic Code
Human Genome Project

Kenneth V. Mills
College of the Holy Cross

Post-translational Control

Jason H. Moore
Vanderbilt University Medical School
Quantitative Traits
Statistical Geneticist
Statistics

Dale Mosbaugh
Oregon State University: Center for
Gene Research and Biotechnology

DNA Repair
Laboratory Technician
Molecular Biologist

Paul J. Muhlrad

University of Arizona

Alternative Splicing

Apoptosis

Arabidopsis thaliana

Cloning Genes

Combinatorial Chemistry

Fruit Fly: Drosophila

Internet

Model Organisms

Pharmacogenetics and Pharma-
cogenomics

Polymerase Chain Reaction

Cynthia A. Needham
Boston University School of
Medicine
Archaea
Conjugation
Transgenic Microorganisms
R. John Nelson
University of Victoria
Balanced Polymorphism
Gene Flow
Genetic Drift
Polymorphisms
Speciation
Carol S. Newlon
University of Medicine and
Dentistry of New Fersey
Replication
Sophia A. Oliveria
Duke University Center for Human
Genetics
Gene Discovery

Richard A. Padgett
Lerner Research Institute
RNA Processing

Michele Pagano
New York University Medical
Center
Cell Cycle

Rebecca Pearlman
Fobns Hopkins University
Probability
Fred W. Perrino
Wake Forest University School of
Medicine
DNA Polymerases
Noucleases
Noucleotide

David Pimentel
Cornell University: College of
Agriculture and Life Sciences
Biopesticides

Toni I. Pollin
University of Maryland School of
Medicine
Diabetes

Sandra G. Porter
Geospiza, Inc.
Homology

Eric A. Postel
Duke University Medical Center
Color Vision
Eye Color

Prema Rapuri
Creighton University
HPLC: High-Performance Liq-
uid Chromatography

Anthony J. Recupero
Gene Logic
Bioinformatics
Biotechnology Entrepreneur
Proteomics
Diane C. Rein
BioComm Consultants
Clinical Geneticist
Nucleus
Roundworm: Caenorhabditis ele-
gans
Severe Combined Immune Defi-
ciency
Jacqueline Bebout Rimmler
Duke Center for Human Genetics
Chromosomal Aberrations
Keith Robertson
Epigenetic Gene Regulation and
Cancer Institute

Methylation

Richard Robinson
Tucson, Arizona
Androgen Insensitivity Syndrome
Antisense Nucleotides
Cell, Eukaryotic
Crick, Francis
Delbriick, Max
Development, Genetic Control of
DNA Structure and Function,

History

Eubacteria
Evolution of Genes
Hardy-Weinberg Equilibrium
High-Throughput Screening
Immune System Genetics
Imprinting
Inheritance Patterns
Mass Spectrometry
Mendel, Gregor
Molecular Anthropology
Morgan, Thomas Hunt
Mutagen
Purification of DNA
RNA Interferance
RNA Polymerases
Transcription Factors
Twins
Watson, James

Richard J. Rose
Indiana University
Behavior

Howard C. Rosenbaum
Science Resource Center, Wildlife
Conservation Society
Conservation Geneticist
Conservation Biology: Genetic

Approaches



Contributors

Astrid M. Roy-Engel
Tulane University Health Sciences
Center
Repetitive DNA Elements

Joellen M. Schildkraut
Duke University Medical Center
Public Health, Genetic Tech-

niques in

Silke Schmidt
Duke Center for Human Genetics
Meiosis
Mitosis

David A. Scicchitano
New York University
Ames Test
Carcinogens

William K. Scott
Duke Center for Human Genetics
Aging and Life Span
Epidemiologist
Gene and Environment

Gerry Shaw
MacKnight Brain Institute of the
University of Flordia
Signal Transduction

Alan R. Shuldiner
University of Maryland School of
Medicine
Diabetes

Richard R. Sinden
Institute for Biosciences and
Technology: Center for Genonze
Research

DNA

Paul K. Small
Eureka College
Antibiotic Resistance
Proteins
Reading Frame
Marcy C. Speer
Duke Center for Human Genetics
Crossing Over
Founder Effect
Inbreeding
Individual Genetic Variation
Linkage and Recombination
Jeffrey M. Stajich
Duke Center for Human Genetics
Muscular Dystrophy

Judith E. Stenger
Duke Center for Human Genetics
Computational Biologist
Information Systems Manager
Frank H. Stephenson
Applied Biosystems
Automated Sequencer
Cycle Sequencing
Protein Sequencing
Sequencing DNA
Gregory Stewart
State University of West Georgia
Transduction
Transformation

Douglas J. C. Strathdee
University of Edinburgh
Embryonic Stem Cells
Gene Targeting
Rodent Models

Jeremy Sugarman
Duke University Department of
Medicine
Genetic Testing: Ethical Issues

Caroline M. Tanner
Parkinson’s Institute
Twins

Alice Telesnitsky
University of Michigan
Reverse Transcriptase
Daniel J. Tomso
National Institute of Environmental
Health Sciences
DNA Libraries
Escherichia coli
Genetics
Angela Trepanier
Wayne State University Genetic
Counseling Graduate Program
Down Syndrome
Peter A. Underhill
Stanford University
Y Chromosome
Joelle van der Walt
Duke University Center for Human
Genetics
Genotype and Phenotype
Jeffery M. Vance
Duke University Center for Human
Genetics

Gene Discovery
Genomic Medicine
Genotype and Phenotype
Sanger, Fred
Gail Vance
Indiana University
Chromosomal Banding
Jeffrey T. Villinski
University of Texas/MD Anderson
Cancer Center
Sex Determination

Sue Wallace
Santa Rosa, California
Hemoglobinopathies
Giles Watts
Children’s Hospital Boston
Cancer
Tumor Suppressor Genes
Kirk Wilhelmsen
Ernest Gallo Clinic & Research
Center
Addiction
Michelle P. Winn
Duke University Medical Center
Physician Scientist
Chantelle Wolpert
Duke University Center for Human
Genetics
Genetic Counseling
Genetic Discrimination
Nomenclature
Population Screening
Harry H. Wright
University of South Carolina School
of Medicine
Intelligence
Psychiatric Disorders
Sexual Orientation
Janice Zengel
University of Maryland, Baltimore
Ribosome
Translation
Stephan Zweifel
Carleton College
Mitochondrial Genome



Table of Contents

VOLUME 1
PREFACE ...t v
FOR YOUR REFERENCE  ............... ix
LisT OF CONTRIBUTORS  ............ xvii
A
Accelerated Aging: Progeria ............ 1
Addiction ... 4
Aging and Life Span  .................. 6
Agricultural Biotechnology ............. 9
Alternative Splicing  .................. 11
Alzheimer’s Disease  .................. 14
Ames Test ............. o ... 19
Androgen Insensitivity Syndrome .. ..... 21
Antibiotic Resistance ................. 26
Antisense Nucleotides ................ 29
ApOpLosisS ... 31
Arabidopsis thaliana . .................. 33
Archaea ............ ... ..ol 36
Attention Deficit Hyperactivity Disorder 39
Attorney ... 42
Automated Sequencer  ................ 43
B
Balanced Polymorphism .............. 45
Behavior ... .. ... oo il 46
Bioinformatics ............ ... ... .. 52
Biopesticides  .......... ... ool 57
Bioremediation ...................... 59
Biotechnology ....................... 62
Biotechnology Entrepreneur ........... 65
Biotechnology: Ethical Issues .......... 66
Biotechnology and Genetic Engineering,
History ........ ... o i 70
Birth Defects ........ .. ... . .. 74

Blood Type
Blotting

Breast Cancer

C

Cancer

Carcinogens

Cardiovascular Disease

Cell Cycle
Cell, Eukaryotic

Centromere

Chaperones
Chromosomal Aberrations

Chromosomal Banding

Chromosomal Theory of Inheritance,
History

Chromosome, Eukaryotic

Chromosome, Prokaryotic
Chromosomes, Artificial

Classical Hybrid Genetics
Clinical Geneticist

Cloning Genes

Cloning: Ethical Issues

Cloning Organisms

College Professor
Colon Cancer

Color Vision

Combinatorial Chemistry

Complex Traits
Computational Biologist

Conjugation  ........... ... ...,
Conservation Biology: Genetic

Approaches

Conservation Geneticist

Crick, Francis
Crossing Over



Table of Contents

Cycle Sequencing  .................n. 198
Cystic Fibrosis  ..................... 199
D

Delbriick, Max ..................... 203
Development, Genetic Control of ..... 204
Diabetes ........ ... o i 209
Disease, Geneticsof ................. 213
DNA 215
DNA Footprinting .................. 220
DNA Libraries ..................... 222
DNA Microarrays — .................. 225
DNA Polymerases .................. 230
DNA Profiling ..................... 233
DNA Repair  ........ .. ...l 239

DNA Structure and Function, History . 248

DNA Vaccines  ...........c.ouenn... 253
Down Syndrome ................... 256
PHOTO CREDITS  .....civieinnnn.. 259
GLOSSARY ittt 263
TOPICAL OUTLINE  .....vvivnenan.. 281
INDEX ... 287
VOLUME 2

FORrR YOUR REFERENCE  ................ v
LisT OF CONTRIBUTORS .. .v.vvun.... xiii
E

Educator ......... ... ... .. ... ... 1
Embryonic Stem Cells  ................. 3
Epidemiologist .............. ... ..... 6
Epistasis ............oiiiiiiiia 7
Escherichia coli (E. coli bacterium) ......... 9
Eubacteria ............ ... .. ... ... ... 11
Eugenics ......... .. ... .. ool 16
Evolution, Molecular ................. 21
Evolution of Genes  .................. 26
Eye Color ............. . il 31
F

Fertilization ......................... 33
Founder Effect ...................... 36
Fragile X Syndrome .................. 39
Fruit Fly: Drosophila —.................. 42
G

Gel Electrophoresis  .................. 45

Gene

Gene and Environment

Gene Discovery ........... ... ... ...
Gene Expression: Overview of Control
Gene Families
Gene Flow

Gene Targeting

Gene Therapy ......................
Gene Therapy: Ethical Issues
Genetic Code

Genetic Counseling

Genetic Counselor  ...................
Genetic Discrimination
Genetic Drift

Genetic Testing

Genetic Testing: Ethical Issues

Genetically Modified Foods
Geneticist

Genetics

Genome

Genomic Medicine

Genomics ...
Genomics Industry

Genotype and Phenotype
Growth Disorders

H
Hardy-Weinberg Equilibrium

Hemoglobinopathies ................
Hemophilia ................. .. ...
Heterozygote Advantage .............
High-Throughput Screening
HIV

Homology

Hormonal Regulation

HPLC: High-Performance Liquid
Chromatography .................

Human Disease Genes, Identification of

Human Genome Project
Human Immunodeficiency Virus

Huntington’s Disease
Hybrid Superiority

Immune System Genetics

Imprinting

In situ Hybridization
Inbreeding



Table of Contents

Individual Genetic Variation .......... 191
Information Systems Manager ........ 192
Inheritance, Extranuclear ............ 194
Inheritance Patterns  ................. 199
Intelligence .................. ... ... 207
Internet ........ .. ..l 211
PHOTO CREDITS  ........ciiiia... 215
GLOSSARY .« .viiiie e 219
TOPICAL OUTLINE  ................. 237
INDEX ... 243
VOLUME 3

FOR YOUR REFERENCE ................ v
LisT OF CONTRIBUTORS  ............. xiii
L

Laboratory Technician —................ 1
Legal Issues ........... ...t 3
Linkage and Recombination ............ 4
M

Maize ... 8
Mapping ...l 11
Marker Systems ... . oo 15
Mass Spectrometry ........... ... 18
McClintock, Barbara ................. 21
McKusick, Victor  .......... ... .. ... .. 22
Meiosis ... 24
Mendel, Gregor ..................... 30
Mendelian Genetics  .................. 32
Metabolic Disease  ................... 37
Methylation .......... ... . .. 46
Microbiologist  ............ ... ... 50
Mitochondrial Diseases ............... 51
Mitochondrial Genome ............... 55
Mitosis ..o 57
Model Organisms  .............couun. 60
Molecular Anthropology .............. 62
Molecular Biologist —.................. 70
Morgan, Thomas Hunt ............... 72
Mosaicism ... 76
Muller, Hermann  .................... 80
Multiple Alleles ... ... 82
Muscular Dystrophy .................. 83
Mutagen ........ ... 87
Mutagenesis  ....... ... oo 89

Mutation
Mutation Rate

N
Nature of the Gene, History
Nomenclature

Nondisjunction .....................

Nucleases
Nucleotide

Nucleus

o

Oncogenes

Operon

Overlapping Genes
P

Patenting Genes

Pedigree

Pharmaceutical Scientist

Pharmacogenetics and
Pharmacogenomics

Physician Scientist

Plant Genetic Engineer
Plasmid
Pleiotropy

Polymerase Chain Reaction

Polymorphisms

Polyploidy

Population Bottleneck

Population Genetics
Population Screening

Post-translational Control

Prenatal Diagnosis

Prion ... ...
Privacy

Probability

Protein Sequencing

Proteins

Proteomics

Pseudogenes  ........ .. ...l
Psychiatric Disorders
Public Health, Genetic Techniques in

Purification of DNA

PHOTO CREDITS

(GLOSSARY

ToricaL OUTLINE

INDEX



Table of Contents

VOLUME 4

FOR YOUR REFERENCE ................ v
LisT OF CONTRIBUTORS . ............ xiii
Q

Quantitative Traits .................... 1
R

Reading Frame ....................... 4
Recombinant DNA  ................... 5
Repetitive DNA Sequences ............. 7
Replication ......................... 12
Reproductive Technology ............. 19
Reproductive Technology: Ethical Issues . 26
Restriction Enzymes ................. 31
Retrovirus ... ... ... i 34
Reverse Transcriptase ................ 39
Ribosome ............ ... .. ... ...... 42
Ribozyme ......... ... ... .. ol 44
RNA 46
RNA Interference .................... 54
RNA Processing ..................... 57
Rodent Models ...................... 60
Roundworm: Caenorhabditis elegans . . . . .. 62
S

Sanger, Fred ............ ... ... ... 64
Science Writer  ...................... 65
Selection  .......iiiiiii 67
Sequencing DNA ................. ... 69
Severe Combined Immune Deficiency ... 74
Sex Determination ................... 78
Sexual Orientation ................... 83
Signal Transduction .................. 85
Speciation  ....... ... ool 91
Statistical Geneticist .................. 93
StatiStiCs v oo e e 95

T
Tay-Sachs Disease
Technical Writer

Telomere

Transcription

Transcription Factors

Transduction

Transformation .....................
Transgenic Animals .................
Transgenic Microorganisms —..........
Transgenic Organisms: Ethical Issues

Transgenic Plants ...................
Translation

Transplantation
Transposable Genetic Elements

Triplet Repeat Disease
Tumor Suppressor Genes

Twins

'}

Viroids and Virusoids

Virus

w

Watson, James

X

X Chromosome

Y

Y Chromosome
Yeast

Z
Zebrafish

PHOTO CREDITS

(GLOSSARY

ToricaL OUTLINE

CUMULATIVE INDEX



Accelerated Aging: Progeria

Human progeria comes in two major forms, Werner’s syndrome (adult-
onset progeria) and Hutchinson-Gilford syndrome (juvenile-onset proge-
ria). Werner’s patients are usually diagnosed in early maturity and have an
average life span of forty-seven years. Hutchinson-Gilford patients are usu-
ally diagnosed within the first two years of life and have an average life span
of thirteen years. The latter syndrome is often simply termed “progeria”
and both are sometimes lumped together as progeroid syndromes.

Progeria’s Effects

There is considerable controversy as to whether or not progeria is a form
of aging at all. Most clinicians believe that progeria is truly a form of early
aging, although only a segmental form in which only certain specific tissues
and cell types of the body age early. Hutchinson-Gilford children show what
appears to be early aging of their skin, bones, joints, and cardiovascular sys-
tem, but not of their immune or central nervous systems.

Clinical problems parallel this observation: They suffer from thin skin
and poor skin healing, osteoporosis, arthritis, and heart disease, but do not
have more infections than normal children and they do not have early
dementia. Death is usually due to cardiovascular disease, especially heart
attacks and strokes, yet Hutchinson-Gilford children lack normal risk fac-
tors associated with these diseases, such as smoking, high cholesterol, hyper-
tension, or diabetes.

Clinically, the children appear old, with thin skin, baldness, swollen
joints, and short stature. They do not go through puberty. The face is strik-
ingly old in appearance. The typical Hutchinson-Gilford child looks more
like a centenarian than like other children, and may look more like other
progeric children than like members of their own families. There is no effec-
tive clinical intervention.

Inheritance of Progeria

The segmental nature of progeria is perhaps its most fascinating feature. If
progeria is actually a form of aging gone awry, then this implies that aging
is more than merely wear and tear on the organism. If progeria is a genet-
ically mediated, segmental form of aging, this may imply that aging itself is

osteoporosis thinning
of the bone structure

dementia neurological
illness characterized by
impaired thought or
awareness

centenarian person
who lives to age 100
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This five year old boy has
Hutchinson-Gilford
progeria, a fatal,
“premature aging”
disease in which children
die of heart failure or
stroke at an average age
of thirteen. Photo
courtesy of The Progeria

Research Foundation, Inc.

and the Barnett Family.

genetically mediated and, like other genetic disease, is not only the outcome
of genetic error but might be open to clinical intervention.

Supporting this observation, there are a number of other less well-
known forms of progeria, including acrogeria, metageria, and acrometage-
ria, as well as several dozen human clinical syndromes and diseases with
features that have been considered to have progeroid aspects. The latter
category includes Wiedemann-Rautenstrauch, Donohue’s, Cockayne’s,
Klinefelter’s, Seip’s, Rothmund’s, Bloom’s, and Turner’s syndromes, ataxia
telangiectasia, cervical lipodysplasia, myotonic dystrophy, dyskeratosis
congenita, and trisomy 21 (Down syndrome). In each of these cases, there
are features that are genetic and that have been considered segmental forms
of aging.
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In the most well-known of these, trisomy 21, the immune and central ner-
vous systems both appear to senesce early, in contrast with Hutchinson-
Gilford progeria, in which the opposite occurs. Bolstering the suggestion that
this is a form of segmental progeria, trisomy 21 patients are prone to both
infections and early onset of a form of Alzheimer’s dementia.

The gene that is mutated in Werner’s syndrome is known to code for
a DNA helicase. This enzyme unwinds DNA for replication, transcription,
recombination, and repair. The inability to repair DNA may explain the fea-
tures of premature aging, as well as the increased rate of cancer in Werner’s
syndrome patients. Another mutated helicase is responsible for Bloom’s syn-
drome. Both conditions are inherited as autosomal recessive disorders.

Data suggesting that Hutchinson-Gilford progeria is genetic is cir-
cumstantial. The disease is presumptively caused by a sporadic (one in eight
million live births), autosomal dominant mutation, although a rare auto-
somal recessive mutation is not impossible. The helicase abnormality that
causes Werner’s syndrome is not present in Hutchinson-Gilford cells.
There is a slight correlation with the paternal age at conception. Whatever
the mechanism, it appears to operate prior to birth; several neonatal cases
have been reported.

Germinal Mosaicism

Cellular data, particularly regarding structures called telomeres, suggests
that some of the cells from Hutchinson-Gilford patients are prone to early
cell senescence. Telomeres are special DNA structures at the tips of the
chromosomes. These telomeres gradually shorten over time, and this short-
ening is associated with some aspects of cellular aging. Skin fibroblasts from
Hutchinson-Gilford patients have shorter than normal telomeres and con-
sequently undergo early cell senescence. At birth, the mean telomere length
of these children is equivalent to that of a normal eighty-five-year-old.

Introduction of human telomerase into such cells leads to reextension
of the telomeres and results in normal immortalization of these progeric cell
cultures. Clinical interventional studies using this strategy in humans are
pending. Predictably, circulating lymphocytes of Hutchinson-Gilford chil-
dren have normal telomere lengths, in keeping with their normal immune
function. Research thus far suggests that progeria may not be so much a
genetic disease as it is an “epigenetic mosaic disease.” In progeria, this means
that the genes are normal, but the abnormally short telomere length in only
certain cells lines causes an abnormal pattern of gene expression. The senes-
cent pattern of gene expression in specific tissues results in the observed
clinical disease of progeria.

Although consistent with all known laboratory and clinical data, the
actual genetic mechanisms that underlie Hutchinson-Gilford progeria are
still uncertain and arguable (the gene for Werner’s syndrome, however,
has been cloned). The question of what causes progeria holds a fascina-
tion largely for what it may tell us about the course of aging itself. SEE
ALSO AGING AND LirE SpaN; ALZHEIMER’S D1seAsE; Disease, (GENETICS OF;
DNA Rerar; DowN SyNDrROME; INHERITANCE PATTERNS; Mosarcism;
TELOMERE.

Michael Fossel

senesce a state in a
cell in which it will not
divide again, even in the
presence of growth fac-
tors

autosomal describes a
chromosome other than
the X and Y sex-deter-
mining chromosomes

neonatal newborn

lymphocytes white
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Addiction

Addiction in its broadest sense can be defined as the habituation to a prac-
tice considered harmful. A more narrow definition of the term refers to
chronic use of a chemical substance in spite of severe psychosocial conse-
quences. Terms such as “workaholic,” “sex addict,” and “computer junkie”
arose to describe behaviors that have features in common with alcoholism
and other substance addictions. The most convincing data supporting a role
of genetics in addiction has been collected for alcoholism, although genet-
ics most likely has a role in other forms of addiction.

Definitions

In order to assess alcoholism, or any form of addiction, a clear definition of
the condition is necessary. The American Psychiatric Association and the
World Health Organization have developed clinical criteria (DSM-IV and
ICD10, respectively) that are widely used for the diagnosis of substance-use
related disorders. DSM-IV criteria recognizes ten classes of substances (alco-
hol, amphetamines, cannabis, hallucinogens, inhalants, nicotine, opioids,
phencyclidine, and sedatives) that lead to substance dependence, another
term for addiction.

The precise diagnostic criteria for dependence vary among substances.
DSM-IV defines dependence as manifesting, within a twelve-month period,
at least three of the following criteria:

® Tolerance (increased dose needed to achieve the same affect, or
reduced response to the same dose)

¢ Withdrawal symptoms

* Progressive increase in dose or time used

e Persistent desire for, or failure to reduce substance use
* Increasing efforts made to obtain substance

* Social, occupational, or recreational activity is replaced by activity
associated with substance use

¢ Continued substance use despite recognized physical and psycholog-
ical consequences

Heritability in Humans

Most family, twin, and adoption studies have shown that addiction to alco-
hol has significant heritability. For example, there is an increased risk for
alcoholism in the relatives of alcoholics. Depending on the study, the risk
of alcoholism in siblings of alcoholics is between 1.5 and 4 times the risk
for the general population. The identical twins of alcoholics (who share 100
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percent of their genes) are more likely to be alcoholics than the fraternal
twins of alcoholics (who share only about 50 percent). Adoption study data
suggest that the risk for developing alcoholism for adopted children is influ-
enced more by whether their biological parents were alcoholics than whether
their adopted parents are alcoholics, suggesting that genes contribute to
alcoholism more than environment. Similar but less extensive data has been
collected for nicotine addiction. Very little genetic epidemiological data has
been collected for illegal drugs.

The only genes that have been conclusively shown to affect suscepti-
bility to addiction in humans are genes that encode proteins responsible for
the metabolism of alcohol. In the body, ethanol (“drinking” alchohol) is oxi-
dized by enzymes to acetaldehyde and then to acetate. Certain alleles of
aldehyde dehydrogenase genes that are common in some populations, such
as Asians, lead to increased levels of acetaldehyde when alcohol is consumed.
Acetaldehyde causes an unpleasant flushing reaction that leads to a volun-
tary reduction of alcohol consumption. The systematic search for other
genes that affect susceptibility to alcohol and nicotine addiction in humans
has lead to the identification of chromosome loci that may contain genes
that affect susceptibility to addiction, but has not lead to the identification
of any specific genes.

Models of Addiction

Progress in genetic analysis of addiction in animal models has been more
successful. The pharmacologic effects of abused substances can readily be
demonstrated in many model systems, from worms to rodents. Rodents can
be trained to voluntarily consume alcohol and other abused substances. Once
trained, these rodents will expend energy to continue to receive drugs and
will display withdrawal symptoms when denied drugs. Chromosomal regions
with naturally occurring variants that affect voluntary consumption, intox-
ication, and withdrawal have been mapped in mice. The specific genes
responsible for these effects have not yet been identified.

Cell biology and neurochemistry studies in humans and model systems
have identified many molecules that have altered abundance and distribu-
tion, enzymes with altered activity, and genes with altered expression result-
ing from substance abuse. In particular, the dopamine and serotonin
neurotransmitter systems have been the focus of intense studies. These are
brain systems directly involved in many basic responses, including pleasure
and reward systems.

To directly test the role of specific genes and pathways, mice have been
engineered to delete or over-express genes. Mice lacking any of these genes
(called PKC,_, DRD2, and DBH) are more sensitive to the effects of alco-
hol and consume less alcohol. In contrast, mice lacking any one of four
other genes (PKA regulatory II;, NPY, or 5-HT,;) are less sensitive to the
effects of alcohol and consume more alcohol. Mice cannot be trained to
self-administer alcohol if they lack the Mu opioid receptor, which is involved
in transmitting signals to the body’s own internal opiate system.

Mutant fruit flies with altered responses to alcohol intoxication have also
been created. T'wo mutants, called “cheapdate” and “amnesiac,” arise from
different mutations in the same gene. These mutations affect the cellular
level of the signal transduction molecule cyclic-:AMP. As the names imply,

alleles particular forms
of genes

loci sites on a chromo-
some (singular, locus)

neurotransmitter mole-
cule released by one
neuron to stimulate or
inhibit a neuron or other
cell
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flies with cheapdate mutations are very sensitive to the affects of alcohol,
and flies with amnesiac mutations are unable to learn.

The major conclusion from work in model systems is that the pathways
and systems involved in addiction are central to normal behaviors with
instinctive reward processes, such as feeding and procreation. Addiction is
a process that involves learning and the subversion of these basic reward
pathways. SEE ALsO CompLEX TRrarts; Disease, GENETICS OF; (GENE AND
ExvirRoNMENT; SieNAL TrRANSDUCTION; TWINS.

Kirk C. Wilbelmsen
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Aging and Life Span

Aging is, simply put, the act of getting older. Aging is part of the natural
life cycle of an organism. From birth, through maturation, and eventually
to death, aging is the element that ties all segments of life together.

Life Span and the Aging Process

How long an organism lives is called its life span. In 1998, the average life
span for a human, worldwide, was sixty-six years. However, life span is a
complex trait, meaning that many factors, including family history, lifestyle,
disease, and residence in a developed nation, determine how long an indi-
vidual’s life will be. The average life span in a particular population changes
as these factors change. For example, the average life span in the United
States in 1900 was forty-nine; in 1998 it was seventy-seven.

This increase was likely due to several factors, but perhaps the most
important was the improvement of sanitation, hygiene, and public health
from 1900 to 1998. These improvements included purification of drinking
water, treatment of wastewater, widespread vaccination, and improved access
to health care. However, even as these sanitary measures were adopted, other
elements of modern life emerged as strong influences on life span, such as
diet, exercise, and socioeconomic status. Studies have shown that individu-
als who exercise regularly, eat a diet lower in saturated fats, and avoid unnec-
essary risk-taking live longer. This may be because such a lifestyle reduces
the risk of developing cardiovascular disease and cancer, the top causes of
death in developed countries.

Finally, life span is in part genetically determined. Studies of life span
in large families have shown that longevity is, to some degree, inherited.
This may be due to shared genetic risks of diseases or behaviors that shorten
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the life span, or it may reflect direct genetic influences in longevity sepa-
rate from risk of disease.

The aging process causes many changes, both visible and invisible. In
humans, these changes take several forms. In the first two decades of life,
from birth to adulthood, aging involves physical growth and maturation and
intellectual development. These changes are fairly noticeable and relatively
swift compared to the rest of the life span. After reaching physical maturity,
humans begin to show subtle signs of physical aging that grow more pro-
nounced over time. Long-term exposure to sunlight and the outdoors may
begin to toughen the skin and produce wrinkles on the face and body. The
senses change: Sight, hearing, taste, and smell become less acute. Gradual
changes in the eye cause many older adults to need glasses to read. Hair
begins to thin and turn gray. Individuals with less active lifestyles often begin
to gain weight, particularly around the waist and hips. Beginning in their
40s (or, rarely, in their late 30s), many women experience menopause, which
marks the end of childbearing years. Less visible or noticeable changes asso-
ciated with aging are the loss of bone density over time (particularly in
women), slower reflexes, less acute mental agility, and declining memory.

Diseases Associated with Aging

Many of the diseases common in older adults, such as cardiovascular dis-
ease, cancer, dementia, arthritis, blindness, and deafness, are consequences
of the acceleration or distortion of these “natural” changes associated with
aging. These complex diseases associated with aging are caused by the inter-
action of genetic and environmental factors. For example, Alzheimer’s dis-
ease is an illness caused by changes in the brain that impair thinking and
memory much more severely than the natural decline that all humans expe-
rience during aging. It is the most common form of dementia in adults over
age sixty. Certain very rare alleles are associated with the development of
Alzheimer’s disease, and other much more common alleles (of different
genes) increase the risk of a variety of other diseases. Environmental factors
such as exposure to toxins have also been implicated. A more rare example
is progeria, a disease in which the tissues of the body age about seven times
more rapidly than normal. In this case, a person who is chronologically only
a teenager looks much older.

Genetics and Aging

Many scientists have hypothesized that some genes may control aspects of
aging separate from the development of disease. These hypotheses are based
on experimental studies of non-human organisms and the observation that
longevity in humans appears to run in families. Studies of yeast and round-
worm have identified over ten genes in each that are associated with
longevity and aging, and more recent studies have suggested similar genes
exist in the fruit fly. The exact function of these genes is unknown, but one
or more may help slow down the metabolic rate. Studies in mice have shown
that reducing metabolism by reducing food intake can increase life span.
Finally, shortening of the telomeres decreases longevity in some model
organisms.

Finding similar genes in humans is more complicated, since scientists
cannot experimentally control genes to test their effects on longevity in

dementia neurological
illness characterized by
impaired thought or
awareness
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Life span is determined
partly by genetics: These
grandchildren are more
likely to live longer based
on the long life span of
their grandparents.

centenarians people
who live to age 100

humans. Therefore, genetic studies of human longevity require a more
observational approach. One study design is to examine large numbers of
long-lived individuals such as centenarians and see what factors they have
in common, such as lifestyle, medical history, and genetics.

Studies of centenarians have suggested that variants in multiple genes,
including the human leukocyte antigen (HLA) genes of the immune system,
apolipoprotein E (APOE), angiotensin-converting enzyme (ACE), plas-
minogen activating inhibitor 1 (PAI-1), and p53, are associated with living
past age ninety. Forms of several of these genes, such as APOE, ACE, and
p53, are associated with increased risk of developing Alzheimer’s disease,
cardiovascular disease, and cancer, respectively. The association of these
genes with longevity may be due to these disease associations, or it may be
due to their direct influence on extending the human life span. Regardless,
genes clearly influence aging and longevity, whether it is by influencing the
development of life span-shortening diseases, or by positively influencing
longevity independently of causing disease. SEE ALSO ACCELERATED AGING:
ProcGeria; ALzHEIMER’S DiseasE; CANCER; CARDIOVASCULAR Disease; Com-
PLEX TRAITS; TELOMERE.

William K. Scott
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Agricultural Biotechnology

Biotechnology is the use of living organisms—microbes, plants, or animals—
to provide useful new products or processes. In a broad sense, biotechnol-
ogy continues a process that is thousands of years old. Using traditional
plant breeding techniques, humans have altered the genetic composition of
almost every crop by only planting seeds from plants with desired traits, or
by controlling pollination. As a result, most commercial crops bear little
resemblance to their early relatives. Current maize varieties are so changed
from their wild progenitors that they cannot survive without continual
human intervention.

The 1970s heralded recombinant DNA technology, which gave
researchers the ability to cut and recombine DNA fragments from different
sources to express new traits. Genes and traits previously unavailable through
traditional breeding became available through DNA recombination.

Techniques

Modern plant genetic engineering involves transferring desired genes into
the DNA of some plant cells and regenerating a whole plant from the trans-
formed tissue. New DNA may be introduced into the cell via biological or
physical means.

The most widely used biological method for transferring genes into
plants capitalizes on a trait of a naturally occurring soil bacterium, Agrobac-
terium tumefaciens, which causes crown gall disease. This bacterium, in the
course of its natural interaction with plants, has the ability to infect a plant
cell and transfer a portion of its DNA into a plant’s genome. This leads to
an abnormal growth on the plant called a gall. Scientists take advantage of
this natural transfer mechanism by first removing the disease-causing genes
and then inserting a new beneficial gene into A. tumefaciens. The bacteria
then transfer the new gene into the plant.

Another gene transfer technique involves using a “gene gun” to liter-
ally shoot DNA through plant cell walls and membranes to the cell nucleus,
where the DNA can combine with the plant’s own genome. In this tech-
nique, the DNA is made to adhere to microscopic gold or tungsten parti-
cles and is then propelled by a blast of pressurized helium.

Advantages

Depending on which genes are transferred, agricultural biotechnology can
protect crops from disease, increase their yield, improve their nutritional con-
tent, or reduce pesticide use. In 2000, more than half of American
soybeans and cotton and one-fourth of American corn crops were genetically

genome the total
genetic material in a
cell or organism
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A golden rice field in
Kaili, China. Golden rice
is part of a “second
generation” of genetically
modified foods.

monoclonal antibodies
immune system pro-
teins derived from a
single B cell

modified by modern biotechnology techniques. Genetically modified foods
may also help people in developing countries. One in five people in the devel-
oping world do not have access to enough food to meet their basic nutri-
tional needs. By enhancing the nutritional value of foods, biotechnology can
help improve the quality of basic diets.

“Golden rice” is a form of rice engineered to contain increased amounts
of vitamin A. Researchers are also developing rice and corn varieties with
enriched protein contents, as well as soybean and canola oils with reduced
saturated fat. Other potential benefits include crops that can withstand
drought conditions or high salinity, allowing populations living in harsh
regions to farm their land.

Agricultural biotechnology also provides benefits for the manufacture
of pharmaceutical products. Because plants do not carry human diseases,
plant-made vaccines and antibodies require less screening for bacterial tox-
ins and viruses. In addition to plants, animals may also be engineered to
produce beneficial genes. In order to produce large quantities of mono-
clonal antibodies for research on new therapeutic drugs, several compa-
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nies have genetically engineered cows and goats to secrete antibodies into
their milk. One company has inserted a spider gene into dairy goats. The
spider silk extracted from the goat’s milk is expected to produce fibers for
bulletproof vests and medical supplies, such as stitch thread, and other appli-
cations where flexible and extremely strong fibers are required.

Concerns

Despite the benefits of genetic engineering, there are concerns about
whether recombinant DNA techniques carry greater risks than traditional
breeding methods. Consumer acceptance of food derived from genetically
engineered crops has been variable. Many individuals express concerns
regarding the environmental impact and ethics of the new technology, and
about food safety. One of the major food safety concerns is that there is a
risk that crops expressing newly inserted genes may also contain new aller-
gens.

Some groups have expressed concern that widespread use of plants engi-
neered for specific types of pest resistance could accelerate the development
of pesticide-resistant insects or have negative effects on organisms that are
not crop pests. Another environmental concern is that transgenic, pest-pro-
tected plants could hybridize with neighboring wild relatives, creating
“superweeds” or reducing genetic biodiversity.

Regulations

To address these concerns, agricultural biotechnology products are regu-
lated by a combination of three federal agencies: the U.S. Department of
Agriculture (USDA), the Environmental Protection Agency (EPA), and the
Food and Drug Administration (FDA). Together, these agencies assess
genetically modified crops, as well as products that use those crops. They
test the crops and products for safety to humans and to the environment,
and for their efficacy and quality. SEE ALsO BiopesTicIDES; (GENETICALLY
Mopbiriep Foops; PLANT GENETIC ENGINEER; TRANSGENIC ANIMALS; TRANS-
GENIC MICROORGANISMS; TRANSGENIC PLANTS.

Barbara Emberson Soots
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Alternative Splicing

When molecular biologists began analyzing the complete sequence of the
human genome in mid-2001, one surprising observation was that humans have
relatively few genes. We may have as few as 30,000 genes, only about two
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The sensitivity of the human ear
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splicing of a potassium channel
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related proteins whose exact
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times as many as the much simpler fruit fly, Drosophila melanogaster. How can
the much greater size and complexity of humans be encoded in only twice the
number of genes required by a fly? The answer to this paradox is not fully
understood, but it appears that humans and other mammals may be more
adept than other organisms at encoding many different proteins from each
gene. One way they do this is through alternative splicing, the processing of
a single RNA transcript to generate more than one type of protein.

In most eukaryotic genes, the protein-coding sequences, termed exons,
are interrupted by stretches of sequence, termed introns, that have no pro-
tein-coding information. After the gene is copied, or transcribed, to RNA,
the introns are removed from this “pre-mRNA,” and the exons are spliced
together to form a mature mRINA, consisting of one contiguous protein-
coding sequence. In addition, the complete mRNA contains upstream and
downstream sequences flanking the coding sequences. These sequences do
not encode protein, but help to regulate translation of the mRNA into pro-
tein. Variations in the splice pattern lead to alternative transcripts and alter-
native proteins.

Splicing is accomplished in the cell’s nucleus by spliceosomes, which
are molecular machines composed of proteins and small RNA molecules.
The boundaries between exons and introns in a pre-mRINA are marked very
subtly. Certain segments of the pre-mRNA, termed splice sites, direct the
spliceosomes to the precise positions in the transcript where they can excise
introns and splice together exons. Splice sites are short sequences, typically
less than ten bases long. 5’ splice sites mark the 5’ end of introns; 3’ splice
sites define the 3’ end of introns. (“Five prime” and “three prime” refer to
the upstream and downstream ends of the RINA.)

Although splice sites often can be recognized as such by common pat-
terns in their base sequence, there are many variations on the basic splice
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site consensus sequence. These differences affect how readily a particular
splice site is recognized and processed by the splicing machinery. Many other
molecules within the cell, called splicing factors, also participate in the splic-
ing reaction. The combination of all of these determines the pattern of splic-
ing for a particular pre-mRNA molecule.

For many genes the pattern of splicing is always the same. These genes
encode many copies of their corresponding pre-mRNA molecules. The
introns are removed in a consistent pattern, producing mature mRNA mol-
ecules of identical sequence, all of which encode identical proteins.

For other genes the splice pattern varies depending on the tissue in
which the gene is expressed, or the stage of development the organism is
in. Because the choice of splice sites depends on so many different factors,
the same pre-mRNAs from these genes may become spliced into several, or
even many, different mature mRNA variants. 5" splice sites may be ignored,
converting intron sequences into exons; 3’ splice sequences can be ignored,
converting exon sequences into introns; or different sequences, ordinarily
not recognized as splice sites, can function as new splice sites. (T'o under-
stand why ignoring a 5’ splice site would convert an intron to an exon, recall
that transcription of RNA proceeds from 5’ to 3’.) The production of such
mRNA variations through the use of different sets of splice sites is known
as alternative splicing. It has been estimated that at least one-third of all
human genes are alternatively spliced.

Alternative splicing can have profound effects on the structure and func-
tion of the protein encoded by a gene. Many proteins are comprised of sev-
eral domains, or modules, that serve a particular function. For example, one
domain may help the protein bind to another protein, while another domain
gives the protein enzymatic activity. By alternative splicing, exons, and,
therefore, protein domains, can be mixed and matched, altering the nature
of the protein. By regulating which splice patterns occur in which tissue
types, an organism can fine-tune the action of a single gene so it can per-
form many different roles.

The various forms of a protein are known as isoforms. Isoforms are often
tissue-specific. The dystrophin gene, for example, has one form in muscle
and another in brain tissue. Defects in alternative splicing are associated
with several important human diseases, including amyotrophic lateral scle-
rosis, dementia, and certain cancers.

Alternative splicing can also act to turn genes off or on. In mRNA,
codons, consisting of three adjacent nucleotides, either encode an amino
acid or signal the ribosome to stop synthesizing a polypeptide. Normally,
exon sequences must not encode stop codons (AUG, UAG, or UAA) until
after the final amino-acid-coding codon. Alternative splicing can introduce
a stop codon in the beginning or middle of a protein-coding sequence, result-
ing in an mRINA that encodes a prematurely truncated polypeptide.

Human hearing offers a dramatic illustration of how important alter-
native splicing is in everyday life. Microscopic hair cells lining the inner ear
vibrate when stimulated by sound. One of the proteins in the hair cells that
plays a role in the hearing sensation is a calcium-activated potassium
channel. The gene for this protein can generate more than five hundred dif-
ferent mRNA variants through alternative splicing. The resulting potassium-

The protozoan Trypanosome
brucei, which causes African
sleeping sickness, edits some
of its messenger RNA molecules
after they are transcribed. Uracil
nucleotides are added in some
locations in the mature RNA and
deleted from others. Similar
cases of RNA editing occur in
other organisms, and even in
humans. The human
apolipoprotein B gene is edited
in the intestine but not in the
liver, leading to two distinct
forms of the protein, serving
different functions in the two
organs.
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Alternative splicing
creates protein isoforms
or may lead to no protein
production.
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channel proteins have slightly differing physiological properties. This is in
part what tunes hair cells to different frequencies. SEE ALso GENE; Pro-
TEINS; RNA PROCESSING; T RANSCRIPTION.
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Alzheimer’s Disease

Alzheimer’s disease (AD) is a diagnosis applied to a group of degenerative
brain disorders with similar clinical and pathological characteristics. It is the
most common cause of dementia, with onset of symptoms after the age of
fifty-five years. It is recognized as a major public health concern in societies
with an aging population. AD affects four million people in the United
States. At least 90 percent of those affected are over sixty-five years of age.
In 1998 direct health care costs were estimated to be $50 billion. Indirect
costs, such as lost productivity and absences from work, were estimated to

be $33 billion.

First Description of AD

In 1907, Alois Alzheimer, a German physician from Bavaria, published the
case of one of his patients. The patient, Mrs. Auguste D., at the age of fifty-
one years developed an unfounded jealousy regarding her husband. This
behavioral change was followed closely by a subtle and slow decline in other
cognitive abilities, including memory, orientation to time and to physical
location, language, and the ability to perform learned behaviors. All of her
difficulties gradually progressed in severity. Within three years, the patient
did not recognize her family or herself, could not maintain her self-care,
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and was institutionalized. She died a short four and a half years after her ill-
ness began. Her brain was removed at autopsy. Using a novel (at the time)
silver stain to highlight changes in brain sections, Dr. Alzheimer viewed the
tissue under his microscope. He described what are now the pathologic
lesions of the disease that bears his name: loss of neurons, senile plaques
found in the brain substance but outside of the neurons, and neurofibrillary
tangles found inside neurons.

Dr. Alzheimer’s patient had developed dementia. Dementia is an
acquired and continuing loss of thinking abilities in three or more areas of
cognition (which include memory, language, orientation, calculation, judg-
ment, personality, and other functions) severe enough that the individual
can no longer function independently at work or in society. There is no
decrease in level of consciousness. Early in the illness, physical strength is
maintained, though later the individual may “forget” how to perform cer-
tain physical functions, such as using tools or utensils, dressing, or per-
forming personal hygiene activities. Onset of dementia may occur over days,
months, or years. Its course may be static or progressive. Causes of demen-
tia, other than AD, include other neurodegenerative disease, central ner-
vous system infection, brain tumor, metabolic disease, vitamin deficiency,
and cerebrovascular disease.

An Evolving Understanding of Dementia

Within three years of the publication of Dr. Alzheimer’s first case, the term
“Alzheimer’s disease” was applied to patients who developed significant dif-
ficulty in memory and other areas of cognition at an age less than sixty-
five years. Individuals who developed such symptoms later in life, generally
after the age of sixty-five, were said to be suffering from senility, a process

Eugenie Bonenfant, left,
is a resident in Rhode
Island’s first assisted
living community
designed exclusively for
people with Alzheimer’s
disease. The unit
supervisor, Margaret
Knight, visits, and she is
surrounded by her own,
familiar furniture.
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cerebrovascular disease
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other circulatory disor-
der affecting the brain
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considered a normal part of aging. The phrase “hardening of the arteries,”
implying narrowing of arterial size with a reduction in blood flow to the
brain, was used by physicians and by laypersons to designate the reason for
senility. However, a causal relationship between arterial narrowing and
senility had not been established scientifically.

Critical research reports were published in 1968 and 1970 providing evi-
dence that senility and the disease Alzheimer described were similar both
clinically and pathologically. Patients in each category developed similar and
multiple cognitive deficits. Patients in each category developed plaques and
tangles, and the majority of those diagnosed with senility did not have evi-
dence of “hardening of the arteries.” Over the next decade senile dementia,
Alzheimer’s type, would replace senility as the accepted common cause of
late-life dementia.

In 1984, consensus criteria for a clinical diagnosis of AD were estab-
lished. Cardinal features include the insidious onset of decline in at least
two areas of cognition, gradual progression of severity in these spheres
resulting in dementia, onset of symptoms between the ages of forty and
ninety years (most often after age sixty-five), and absence of another med-
ical condition that by itself could cause dementia. Pathological study of tis-
sue after death should reveal the characteristic findings of senile plaques in
age-associated numbers (numbers larger than expected for the individual’s
age) and of neurofibrillary tangles. Using these criteria, both Alzheimer’s
disease as a presenile disorder and senile dementia, Alzheimer type, are sub-
sumed into the broader diagnosis, Alzheimer’s disease.

Genetics of Alzheimer’s Disease

There are three areas of evidence that indicate a genetic basis for AD. First,
it occurs as a Mendelian, autosomal dominant disease of early onset (occur-
ring before the age of sixty) in multiple families. However, the number of
such families with autosomal dominant inheritance is small. Second, it is
generally the case that if an individual has a first-degree relative (parent or
sibling) with AD, he or she has a greater risk of developing the disease than
a person with no affected first-degree relative. Finally, AD is more likely to
occur in each of a pair of identical twins than it is to occur in a pair of fra-
ternal twins.

Recognizing these observations, in the mid-1980s researchers initiated
scientific efforts to identify genes of importance in the disease, using the
then-emerging recombinant DNA technology. By 1995, three causative
genes and one susceptibility gene had been identified: APP, PS1/2, and
APOE.

APP. In 1991, a British research group identified mutations in the APP gene
that occurred only in patients with AD in very rare families. (Less than
twenty such families have been reported in the medical literature.) The
mutations were not found in family members who did not have AD. The
APP gene codes for amyloid precursor protein, one of whose degradation
products is a main constituent of the senile plaques of AD.

PS1 and PS2. In 1992, using linkage analysis of data from early-onset,
autosomal-dominant families, researchers in Seattle, Washington; Jack-
sonville, Florida; and Antwerp, Belgium, almost simultaneously determined
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GENES FOR ALZHEIMER'S DISEASE

Age at Onset Inheritance Chromosome Gene Protein % AD
Early Onset AD 14 PS1 presenilin 1 <2
Early Onset AD 21 APP amyloid < 20 families*
precursor protein

Early Onset AD 1 PS2 presenilin 2 3 families*
Early Onset AD ? ? ? ?
Late Onset Familial/

Sporadic 19 APOE apolipoprotein E ~50
Late Onset Familial 12p11-q13 ? ? ?
Late Onset Familial 9p22.1 ? ? ?
Late Onset Familial 10q24 ? ? ?
Late Onset ? ? ? ? ?

Age of Onset: Early Onset: < 60 years, late onset: > 60 years; Inheritance: AD: autosomal dominant, familial: disease
in at least one first-degree relative, sporadic: disease in no other family member; Chromosome: number, arm, and
region; Gene: designation of identified gene; Protein: name of protein coded for by the gene; % AD: percent of AD
caused by or * number of families identified with AD for each gene.

that a then-unknown gene for early-onset AD was located on chromosome
14. In 1995, a research scientist in Toronto, Canada, identified this gene as
PS1, which codes for the protein called presenilinl. Individuals who have
mutations in the gene consistently develop AD. Also in 1995, using com-
parative genomic techniques, the Seattle research group cited above identi-
fied the PS2 gene, which codes for the protein termed presenilin 2. Using
data from a few large, genetically isolated families with early- and late-onset
disease, they determined that mutations in the gene consistently occur only
in patients with AD.

APP, PS1, and PS?2 are causative genes: When mutated, each causes AD.
If a person has a mutated gene, he or she will develop the disease at about
the same age as others who have the same mutation. The risk of develop-
ing the disease approaches 100 percent.

APOE. In 1993 researchers in Durham, North Carolina, reported that one
form (allele) of the APOE gene occurred more commonly in patients with
late onset AD than was expected given its occurrence in the population as
a whole. Numerous additional research groups corroborated the finding.
The APOE gene occurs in three forms (alleles), determined by the DNA
sequence. The three forms are termed APOEe2, APOEe3, and APOEe4, and
they code for apolipoprotein E molecules differing from one another by
only one or two amino acids. APOE is a susceptibility gene; it imparts an
increased risk of disease occurrence but by itself does not cause the disease.
The presence of the €4 form (APOEe4) in either one or two copies in an
individual increases the likelihood that the individual will develop AD.
Occurrence may depend on other genetic factors or environmental factors
or some combination from each category.

Additional families exist with early-onset, autosomal-dominant AD with
no APP, PS1, or PS2 mutations. Such families provide evidence that there
may be additional causative genes. Whole-genome-scan analyses reported
in the late 1990s provide evidence of additional susceptibility genes on chro-
mosomes 9, 10, and 12. The genes located on these chromosomes have yet
to be identified.

allele particular form of
genes
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The first preimplantation testing
for the APP mutation was
announced in February 2002.
Four gene-negative embryos
from a gene-positive woman
were selected and implanted,
and she gave birth to one child
who was free of the gene
mutation, which causes early-
onset Alzheimer’s disease.

Rationale for a Genetic Approach to Alzheimer’s Disease

Alzheimer’s disease, broadly defined, is a complex genetic disorder: Multi-
ple causative and susceptibility genes acting singly or in concert produce
similar symptoms and pathologic changes in patients. In each of its forms,
it manifests age-dependent penetrance, meaning that the older an individ-
ual becomes, the more likely it is that he or she will develop the disease.
Disease manifestations (such as age of onset or rate of progression) may be
influenced by environmental exposures (alcohol use, head injury) or other
health conditions (such as cerebrovascular disease). Identification of AD
genes will lead to a better understanding of the cellular processes that cause
dementia.

Currently, amyloid production from amyloid precursor protein is the
focus of much research, although debate continues about its role. Amyloid
production and deposition in the brain are affected by each of the four known
AD genes. Decrease in amyloid production or increase in amyloid metabo-
lism with a resulting decrease in deposition may result in delayed age of
onset or slower progression of disease. Thus, alteration of amyloid pro-
cessing of sufficient magnitude might result in disease prevention. Once
process-altering treatments become available, knowing who is at risk for the
disease will be important.

Genetic Testing and Alzheimer’s Disease

DNA testing can be performed to determine whether an individual has a
mutation in one of the causative genes and/or whether he or she carries one
or two copies of the APOEe4 susceptibility gene. Whether to test and which
test to perform will depend on three conditions: family history of demen-
tia, age of onset of disease, and clinical status of the individual. If a person
has dementia, the test result could be useful in determining that the cause
of the dementia is a form of AD. If a person has no symptoms of demen-
tia, an estimate of the individual’s risk could be developed, using the test.
In the case of such estimates, both the actual accuracy of the test and the
tested individual’s understanding of its accuracy are of concern. While the
consensus is that presymptomatic testing for causative mutations may be
performed with appropriate counseling, debate over the safety and utility of
APOE testing for individuals who do not show symptoms of Alzheimer’s is
ongoing.

In 2001, there was no treatment that prevented, much less cured, AD.
Information regarding the risk of developing AD is useful only in life plan-
ning activities (such as purchasing or offering health insurance coverage or
long-term care insurance coverage, or choosing retirement age) or in fam-
ily planning. An individual’s ability to cope with either an increased or a
decreased risk may vary. Misuse of the information resulting in insurance
or employment discrimination is possible. Absence of a causative gene muta-
tion or of an APOEe4 susceptibility gene in either symptomatic or presymp-
tomatic disease does not preclude AD as the cause of dementia or mean that
the individual has no risk of developing AD in later years. SEE ALso Com-
pLEX TRArTs; Disease, GENETICS OF; GENE Discovery; GENETIC TESTING;
InmERITANCE PATTERNS; PsycHIATRIC DI1SORDERS.

P. C. Gaskell Fr.
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Ames Test

The Ames test is a protocol for identifying mutagenic chemical and phys-
ical agents. Mutagens generate changes in DNA. Many mutagenic agents
modify the chemical structure of adenine, thymine, guanine, and cytosine,
the bases in DNA, changing their base-pairing properties and causing muta-
tions to accumulate during DNA synthesis.

Ethyl methanesulfonate (EMS), for example, is a very potent mutagen.
The ethyl group of EMS reacts with guanine in DNA, forming the abnor-
mal base O°-ethylguanine. During DNA replication, DNA polymerases
that catalyze the process frequently place thymine, instead of cytosine,
opposite O°-ethylguanine. Following subsequent rounds of replication, the
original G:C base pair can become an A:T pair. This changes the genetic
information, is often harmful to cells, and can result in disease. Many muta-
gens cause a wide variety of cancers in humans.

During the 1960s the biologist Bruce Ames developed a test that still
carries his name and that is still used as a relatively inexpensive way to assess
the mutagenic potential of many chemical compounds. The procedure uses
the bacteria Salmonella typhimurium. Wild-type S. typhimurium grows well
on agar that contains only minimal nutrients. It can thrive on agar that con-
tains only sugar, ammonium salts, phosphate, sulfate, and some trace metal
ions. Amino acids are not needed because the bacteria have genes that encode
enzymes that can make all twenty amino acids.

Ames developed strains of S. typhimurium that contain mutations in
genes that the bacteria use to make the amino acid histidine. Such bis™ strains
cannot survive unless histidine is added to their agar. Ames reasoned that
mutagenic agents could cause changes in the aberrant gene that encodes the
defective his” enzyme, causing it to revert back to the normal form, encod-
ing the active protein. (The mutagen would likely also cause many other,
undetected mutations.) A mutation that returns a function to a mutant is
called a reverse mutation. The Ames test measures the ability of his S.
typhimurium to grow on agar that does not contain histidine. Growth indi-
cates that a reverse mutation has reverted the his” gene back to an active
form.

A typical Ames test involves exposing his™ S. typhimurium to a test agent
and then placing the exposed bacteria in petri dishes that contain agar with

protocol laboratory pro-
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replication duplication
of DNA

polymerases enzyme
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unable to make histidine

DNA damaging agent
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-

Some Salmonella regain
ability to make histidine

Modern robotic
technology is used to
perform the Ames test
today, but the
fundamental procedure
remains the same. Each
square represents a
single well in a plastic
growth plate. Mutated
Salmonella (yellow) are
recorded by computer-
driven detectors. Courtesy
of Xenometrix, Inc., a
subsidiary of Discovery
Partners International,
Inc.

incubating heating to
optimal temperature for
growth

no histidine. After incubating the dishes, the bacteria that have grown are
counted. This number, which reflects the bacteria that undergo a reverse
mutation from his™ to his S. typhimurium, is compared to the number of bac-
teria that undergo reverse mutations when they are not exposed to the agent.
If the agent causes too many reverse mutations above those measured as
spontaneous, it is considered to be mutagenic.

The Ames test can detect mutagens that work directly to alter DNA. In
humans, however, many chemicals are promutagens, agents that must be acti-
vated to become true mutagens. Activation, involving a chemical modifica-
tion, often occurs in the liver as a consequence of normal liver activity on
unusual substances. Bacteria such as S. typhimurium do not produce the
enzymes required to activate promutagens, so promutagens would not be
detected by the Ames test unless they were first activated. An important part
of the Ames test also involves mixing the test compound with enzymes from
rodent liver that convert promutagens into active mutagens. These poten-
tially activated promutagens are then used in the Ames test. If the liver
enzymes convert the agent to a mutagen, the Ames test will detect it, and
it will be labeled as a promutagenic agent.

The Ames test is widely used by the pharmaceutical industry to test
drugs prior to using them in clinical trials. When a drug is mutagenic in the
Ames test, it is usually rejected for further development and will probably
not be tested in animals or used therapeutically in humans. The cosmetic
industry also uses the Ames test to assess the mutagenic potential of makeup
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and other hygienic products. The Food and Drug Administration requires
companies to perform the Ames test before marketing most drugs or cos-
metics. SEE ALSO CANCER; CARCINOGENS; MUTAGEN; MUTAGENESIS; MUTA-
TION; NUCLEOTIDE.

David A. Scicchitano
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Androgen Insensitivity Syndrome

Androgen insensitivity syndrome (AIS) is a disorder caused by mutation of
the gene for the androgen receptor. This protein binds testosterone and reg-
ulates the expression of other genes that stimulate male sexual development.
Testosterone is the principal male androgen. AIS is an X-linked recessive
disorder that completely or partially prevents development of male sexual
characteristics despite the presence of the Y chromosome. Thus, the phe-
notype of a person with AIS, typified by female or ambiguous sexual char-
acteristics, is at odds with the genotype, which includes the presence of both
the X and Y, or male-determining, chromosomes.

The extent of the syndrome ranges from complete androgen insensi-
tivity and development of normal external (but not internal) female sexual
anatomy, to partial insensitivity, with altered or ambiguous male or female
genitals, to mild insensitivity, with normal male genitals, enlarged breasts,
and possibly impotence. Treatments depend on the extent of the syndrome,
and may include hormone therapy, surgery, and psychological counseling.
Gene testing and genetic counseling are available for families with affected
members.

Sexual Development

AIS can best be understood against the background of normal human sex-
ual development, which begins in the womb. The gonads arise from the
same embryonic tissue, which is differentiated into one or the other by the
actions of several genes not involved in AIS. In males, the most important
gene is SRY, located on the Y chromosome. When present, this causes testis
development. The genes responsible for ovary development are not as well
characterized.

Once differentiated, the ovaries produce estrogen, and testes produce
testosterone. These two hormones provide crucial signals for the differen-
tiation of other sex-related characteristics, including an important set of
primitive ducts.

The tubes and cavities that will house the adult’s eggs or sperm after
they leave the gonads develop from two different sets of ducts. Early in devel-
opment, every fetus has both sets of ducts. One set, called the Wolffian
ducts, has the capacity to develop into the male vas deferens and accessory
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Normal sexual development is governed by presence or absense of testosterone and AMH. In males, degeneration of the
Mullerian ducts is triggered by AMH. Development of the Wolffian ducts is triggered by testosterone. In individuals with

androgen insensitivity syndrome, AMH acts 