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Chapter 1  The Genetic Code of Genes 
and Genomes 1

1.1 DNA is the molecule of heredity. 2
Genetic traits can be altered by treatment 
with pure DNA. 3
Transmission of DNA is the link between 
generations. 4

1.2 The structure of DNA is a double helix 
composed of two intertwined strands. 7
A central feature of double-stranded DNA is 
complementary base pairing. 7
In replication, each parental DNA strand directs 
the synthesis of a new partner strand. 8

1.3 Genes affect organisms through the action of 
proteins. 9
Enzyme defects result in inborn errors of 
metabolism. 9
A defective enzyme results from a mutant 
gene. 12
Genetic analysis led to the one gene–one 
enzyme hypothesis. 12

the human connection One Gene, One Enzyme 13
George W. Beadle and Edward L. Tatum (1941)

Mutant screens sometimes isolate different 
mutations in the same gene. 16
A complementation test identifies mutations 
in the same gene. 17
Genetic analysis can be applied to the study 
of any complex biological process. 20

1.4 Genes specify proteins by means of a  
genetic code. 20
One of the DNA strands directs the synthesis 
of a molecule of RNA. 20
A molecule of RNA directs the synthesis of a 
polypeptide chain. 22
The genetic code is a triplet code. 23

1.5 Genes change by mutation. 24

1.6 Most traits are complex traits affected by multiple 
genetic and environmental factors. 26

1.7 Evolution means continuity of life with 
change. 26
Groups of related organisms descend from a 
common ancestor. 26
The molecular unity of life is seen in 
comparisons of genomes. 27

Chapter 2  Transmission Genetics: 
Heritage from Mendel 33

2.1 Mendel took a distinctly modern view of 
transmission genetics. 34
Mendel was careful in his choice of traits. 34
Reciprocal crosses yield the same types of 
offspring. 35
The wrinkled mutation causes an inborn error 
in starch synthesis. 36
Analysis of DNA puts Mendel’s experiments in 
a modern context. 39

2.2 Genes come in pairs, separate in gametes, and 
join randomly in fertilization. 39
Genes are physical entities that come in 
pairs. 40
The paired genes separate (segregate)  
in the formation of reproductive cells. 41
Gametes unite at random in fertilization. 41© ktsdesign/Shutterstock
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Genotype means genetic endowment; 
phenotype means observed trait. 42
The progeny of the F2 generation support 
Mendel’s hypothesis. 42
The progeny of testcrosses also support 
Mendel’s hypothesis. 43

2.3 The alleles of different genes segregate 
independently. 45
The F2 genotypes in a dihybrid cross conform 
to Mendel’s prediction. 45
The progeny of testcrosses show the result of 
independent assortment. 48

2.4 Chance plays a central role in Mendelian 
genetics. 49
The addition rule applies to mutually exclusive 
possibilities. 49
The multiplication rule applies to independent 
possibilities. 49

2.5 The results of segregation can be observed in 
human pedigrees. 51
Most differences in human genes are not 
harmful. 53

2.6 Simple dominance is not always  
observed. 54
Flower color in snapdragons illustrates 
incomplete dominance. 56
The human ABO blood groups illustrate both 
dominance and codominance. 56
A mutant gene can affect more than one 
trait. 58
A mutant gene is not always expressed in 
exactly the same way. 59

2.7 Epistasis can affect the observed ratios of 
phenotypes. 59

the human connection Blood Feud 62
Karl Landsteiner 1901

Chapter 3  The Chromosomal Basis  
of Heredity 69

3.1 Each species has a characteristic set of 
chromosomes. 70

3.2 The daughter cells of mitosis have identical 
chromosomes. 71

In mitosis, the replicated chromosomes align 
on the spindle, and the sister chromatids pull 
apart. 72

3.3 Meiosis results in gametes that differ 
genetically. 74
The first meiotic division reduces the 
chromosome number by half. 75
The second meiotic division is equational. 82

3.4 Eukaryotic chromosomes are highly coiled 
complexes of DNA and protein. 82
The nucleosome is the basic structural unit of 
chromatin. 82
Chromatin fibers form discrete chromosome 
territories in the nucleus. 83
The metaphase chromosome is a hierarchy of 
coiled coils. 85
Heterochromatin is rich in satellite DNA and 
low in gene content. 87

3.5 The centromere and telomere are essential 
parts of chromosomes. 88
The centromere is essential for chromosome 
segregation. 88
The telomere is essential for the stability of the 
chromosome tips. 88
Telomere length limits the number of cell 
doublings. 90

3.6 Genes are located in chromosomes. 91
Special chromosomes determine sex in many 
organisms. 91
X-linked genes are inherited according 
to sex. 92
Hemophilia is a classic example of human 
X-linked inheritance. 92

the human connection Sick of Telomeres 94
William C. Hahn, Christopher M. Counter, Ante S. 
Lundberg, Roderick L. Beijersbergen, Mary W. Brooks,  
and Robert A. Weinberg, 1999

In birds, moths, and butterflies, the sex 
chromosomes are reversed. 94
Experimental proof of the chromosome theory 
came from nondisjunction. 94
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3.7 Genetic data analysis makes use of probability 
and statistics. 96
Progeny of crosses are predicted by the 
binomial probability formula. 97
Chi-square tests goodness of fit of observed 
to expected numbers. 99

Chapter 4  Gene Linkage and Genetic 
Mapping 109

4.1 Linked alleles tend to stay together in 
meiosis. 110
The degree of linkage is measured by the 
frequency of recombination. 111
The frequency of recombination is the same for 
coupling and repulsion heterozygotes. 112
The frequency of recombination differs from 
one gene pair to the next. 112
Recombination does not occur in Drosophila 
males. 113

4.2 Recombination results from crossing-over 
between linked alleles. 114
A linkage group is a genetic map of the genes 
in a chromosome. 118
Physical distance is often—but not always—
correlated with map distance. 118
One crossover can undo the effects of 
another. 120

4.3 Double crossovers are revealed in three-point 
crosses. 122
Interference decreases the chance of multiple 
crossing-over. 125

4.4 Polymorphic DNA sequences are used in 
human genetic mapping. 126
Single-nucleotide polymorphisms (SNPs) are 
abundant in the human genome. 126
Gene dosage can differ owing to copy-number 
variation (CNV). 127

Copy-number variation has helped human 
populations adapt to a high-starch diet. 128
Short tandem repeats (STRs) often differ in 
copy number. 128

the human connection Starch Contrast 130
George H. Perry, Nathaniel J. Dominy, Katrina G. Claw, 
Arthur S. Lee, Heike Fiegler, Richard Redon, John Werner, 
et al., 2007

4.5 Tetrads contain all four products of 
meiosis. 131
Unordered tetrads have no relation to the 
geometry of meiosis. 132
Tetratype tetrads demonstrate that crossing-
over takes place at the  four-strand stage of 
meiosis and is reciprocal. 132
Tetrad analysis affords a convenient test for 
linkage. 132
The geometry of meiosis is revealed in ordered 
tetrads. 134
Gene conversion suggests a molecular 
mechanism of recombination. 136

4.6 Recombination is initiated by a double-stranded 
break in DNA. 138
Recombination tends to take place at preferred 
positions in the genome. 140

Chapter 5  Human Chromosomes and 
Chromosome Behavior 147

5.1 Humans have 46 chromosomes in  
23 pairs. 148
The standard human karyotype consists 
of 22 pairs of autosomes and two sex 
chromosomes. 148
Chromosomes with no centromere, or  
with two centromeres, are genetically 
unstable. 149
Dosage compensation adjusts the activity of 
X-linked genes in females. 151
The calico cat shows visible evidence  
of X-chromosome inactivation. 153
Some genes in the X chromosome are also 
present in the Y chromosome. 154
The pseudoautosomal region of the X and Y 
chromosomes has gotten progressively shorter 
in evolutionary time. 154
The history of human populations can  
be traced through studies of the 
Y chromosome. 155

5.2 Chromosome abnormalities are frequent in 
spontaneous abortions. 157
Down syndrome results from three copies of 
chromosome 21. 158
Trisomic chromosomes undergo abnormal 
segregation. 159© picturepartners/Shutterstock
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An extra X or Y chromosome usually has a 
relatively mild effect. 159
The rate of nondisjunction can be increased by 
chemicals in the environment. 160

the human connection Catch 21 161
Jerome Lejeune, Marthe Gautier, and Raymond  
Turpin (1959)

5.3 Chromosome rearrangements can have 
important genetic effects. 162
A chromosome with a deletion  
has genes missing. 162
Rearrangements are apparent in giant polytene 
chromosomes. 163
A chromosome with a duplication has extra 
genes. 165
Human color-blindness mutations result from 
unequal crossing-over. 166
Some reciprocal deletions and duplications are 
associated with reciprocal risks of autism and 
schizophrenia. 167
A chromosome with an inversion has  
some genes in reverse order. 170
Reciprocal translocations interchange parts 
between nonhomologous chromosomes. 172

5.4 Polyploid species have multiple sets of 
chromosomes. 175
Polyploids can arise from genome duplications 
occurring before or after fertilization. 176
Polyploids can include genomes  
from different species. 178

5.5 The grass family illustrates the importance of 
polyploidy and chromosome rearrangements 
in genome evolution. 179

Chapter 6  DNA Structure, Replication, 
and Manipulation 185

6.1 Genome size can differ tremendously, even 
among closely related organisms. 186

6.2 DNA is a linear polymer of four 
deoxyribonucleotides. 187

6.3 Duplex DNA is a double helix in which the 
bases form hydrogen bonds. 188

6.4 Replication uses each DNA strand as a template 
for a new one. 191
Nucleotides are added one at a time  
to the growing end of a DNA strand. 191
DNA replication is semiconservative:  
The parental strands remain intact. 192
DNA strands must unwind 
to be replicated. 195
Eukaryotic DNA molecules contain multiple 
origins of replication. 196

6.5 Many proteins participate 
in DNA replication. 196
Each new DNA strand or fragment  
is initiated by a short RNA primer. 198
DNA polymerase has a proofreading function 
that corrects errors in replication. 199
One strand of replicating DNA is synthesized  
in pieces. 200

the human connection Sickle-Cell Anemia: The First 
“Molecular Disease” 201
Vernon M. Ingram 1957

Precursor fragments are joined together when 
they meet. 202
Synthesis of the leading strand and the lagging 
strand are coordinated. 202

6.6  Knowledge of DNA structure makes possible 
the manipulation of DNA molecules. 202
Single strands of DNA or RNA  
with complementary sequences can 
hybridize. 202
Restriction enzymes cleave duplex DNA at 
particular nucleotide sequences. 204

6.7 The polymerase chain reaction makes  
possible the amplification of a particular  
DNA fragment. 207

6.8 Chemical terminators and other  
methods are used to determine the base 
sequence. 209
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The incorporation of a dideoxynucleotide 
terminates strand elongation. 210

Chapter 7  The Genetics of Bacteria 
and Their Viruses 215

7.1 Many DNA sequences in bacteria are mobile 
and can be transferred between individuals and 
among species. 216
A plasmid is an accessory DNA molecule, often 
a circle. 216
The F plasmid is a conjugative plasmid. 217
Insertion sequences and transposons play a key 
role in bacterial populations. 217
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Integrons have special site-specific 
recombinases for acquiring antibiotic-resistance 
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of DNA from different sources. 222
Bacteria with resistance to multiple 
antibiotics are an increasing problem in public 
health. 223

7.2 Mutations that affect a cell’s ability to 
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genetics. 223

7.3 Transformation results from the uptake of 
DNA and recombination. 224

7.4 In bacterial mating, DNA transfer is 
unidirectional. 225
The F plasmid can integrate into the bacterial 
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Chromosome transfer begins at F and proceeds 
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bacterial DNA. 230
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Joshua Lederberg and Edward L. Tatum (1946)
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Specialized transducing phages carry  
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of Gene Expression 247
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amino acids. 248
The proteins of humans and other vertebrates 
have a more complex domain structure than do 
the proteins of invertebrates. 248

8.2 The linear order of amino acids is encoded in a 
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8.3 The base sequence in DNA specifies the base 
sequence in an RNA transcript. 250
The chemical synthesis of RNA is similar to that 
of DNA. 251
Eukaryotes have several types of RNA 
polymerase. 251
Promoter recognition typically requires 
multiple DNA-binding proteins. 252
RNA polymerase is a molecular machine for 
transcription. 254
Messenger RNA directs the synthesis of a 
polypeptide chain. 256

8.4 RNA processing converts the original RNA 
transcript into messenger RNA. 257
Splicing removes introns from the RNA 
transcript. 259
Human genes tend to be very long even though 
they encode proteins of modest size. 260
Many exons code for distinct protein-folding 
domains. 261

8.5 Translation into a polypeptide chain takes place 
on a ribosome. 261
In eukaryotes, initiation takes place by 
scanning the mRNA for an initiation 
codon. 262
Elongation takes place codon by codon. 262
A termination codon signals release of the 
finished polypeptide chain. 265
Proofreading and premature termination help 
ensure translational accuracy. 266© Jezper/Shutterstock
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the human connection Poly-U 272
Marshall W. Nirenberg and J. Heinrich Matthaei (1961)
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regulated through transcriptional 
termination. 290
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processing and decay. 306
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13.5 Acute leukemias are proliferative diseases of 
white blood cells and their precursors. 435

the human connection Two Hits, Two Errors 436
Alfred G. Knudson (1971)

Some acute leukemias result from a 
chromosomal translocation that fuses a 
transcription factor with a leukocyte regulatory 
sequence. 437
Other acute leukemias result from 
a chromosomal translocation that fuses two 
genes to create a novel chimeric gene. 438
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A good teacher aims to uncover a subject, not cover 
it. So said a wise former teacher of mine. In revising 
Essential Genetics and Genomics, Seventh Edition, I’ve tried 
to heed this advice. To uncover a subject means to 
expose, exhibit, unveil. To help uncover genetics, this 
new edition is:

�� Streamlined, with emphasis on concepts illumi-
nated by vivid example and stripped of extrane-
ous detail

�� Focused, with Learning Objectives stated explic-
itly at the beginning of each chapter

�� Skills oriented, with Stop & Think problems 
inserted at strategic points in the text to enhance 
the reading experience and encourage higher-
order, analytical thinking.

The brevity of the text meets the needs of the shorter, 
less comprehensive introductory course of one semes-
ter or quarter. The choice of topics is intended to help 
students master the following scientific competencies: 

�� Understand the basic processes of gene transmis-
sion, mutation, expression, and regulation.

�� Analyze genetic processes using numerical rela-
tionships including ratios and proportions.

�� Learn to formulate genetic hypotheses in a sta-
tistical framework, work out their consequences, 
and test the results against observed data.

�� Develop basic skills in problem solving, including 
single-concept exercises, those requiring the 
application of several concepts in logical order, 
and numerical problems requiring some arith-
metic for solution.

�� Interpret genetic data and make valid inferences 
to reveal the underlying causes.

�� Acquire an appreciation of current trends in 
genetics, as well as the social and historical con-
text in which genetics has developed.

Scientific competency is the desired learning out-
come of any course in a curriculum in STEM (science, 
technology, engineering, mathematics). Genetics is an 

excellent subject for achieving scientific competency. 
It is integrative over a broad territory, ranging from 
molecular biology to evolutionary genetics. It is also 
quantitative, using concepts from probability, statis-
tics, and computational biology. Fortunately, students 
come to a course in genetics highly motivated because 
of media reports about the human genome and 
genetic risk factors for disease, as well as many social 
and ethical controversies related to genetics such as 
direct-to-consumer and over-the-counter genetic test-
ing, genetic privacy, cloning, stem-cell research, and 
genetically modified organisms. The challenges for the 
instructor are to sustain this motivation and to help 
students acquire the skills and habits of thought that 
constitute scientific competency.

What’s New in the Seventh Edition?
This seventh edition has been completely revised and 
updated. Each chapter has been thoroughly reworked. 
Important new methods and findings have been 
added, including synthetic bacteria, higher-order 
chromatin structure, high-throughput genomic 
sequencing methods, personalized medicine, 
and CRISPR/Cas9 gene editing. As new material 
has been added, an equal or greater amount of non-
essential or outdated material has been deleted. Sev-
eral of the chapters have been reorganized to allow 
smooth integration of the new material. The entire 
text has been condensed, clarified, and updated.

Major revisions and additions in the Seventh Edition 
include the following:

�� Chapter 1 includes a new section emphasizing 
that most common traits are actually complex 
traits affected by multiple interacting genetic 
factors as well as environment. This principle 
includes most common diseases, which are 
influenced by multiple genetic risk factors and 
lifestyle choices. The section on genomes and 
proteomes has been updated to include Syn3.0, 
the first living, multiplying bacterial cell whose 
genome was created entirely by chemical 
synthesis.
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�� Chapter 2 includes a new section emphasizing 
that genes affect traits at multiple levels 
(molecular, cellular, developmental, morpho-
logical, and behavioral), and that in many cases 
the traits that are affected appear to be unre-
lated until  the underlying biology is 
understood.

�� Chapter 3 now includes discussion of the epi-
genetic specification of the kinetochore, in 
which a specialized histone (CENPA) replaces 
histone 3 in centromeric nucleosomes that 
helps recruit kinetochore-associated proteins 
leading to the assembly of the mature kineto-
chore to which spindle fibers attach.

�� Chapter 4 has a much shortened and sharper 
discussion of the principal types of genetic 
variation with emphasis on single nucleotide 
polymorphisms (SNPs), copy number variations 
(CNVs), and simple tandem repeats (STRs). The 
update also includes a summary of the results of 
genome-wide association studies (GWAS) 
to detect genetic risk factors for common disor-
ders and genetic factors affecting complex traits.

�� Chapter 5 has been significantly shortened and 
streamlined.

�� Chapter 6 includes a completely reorganized and 
simplified discussion of DNA replication updated 
to include the trombone model of replication 
showing how synthesis of the leading and lag-
ging strands is coordinated. The section on mas-
sively parallel sequencing has been expanded 
and moved to Chapter 10.

�� Chapter 7 contains a clearer description of how 
bacterial cells are brought together in conjuga-
tion, and unnecessary detail on genetic fine 
structure of the rII gene in bacteriophage T4 has 
been eliminated.

�� Chapter 8 makes good use of the Stop & Think 
feature to reinforce fundamental concepts and 
processes of transcription and translation.

�� Chapter 9 includes a major new section on how 
chromatin is organized into higher-order struc-
tures composed of topologically associating 
domains (TADs), insulators, and compart-
ments. The section on RNA interference and 
long noncoding RNAs has been updated, and 
the material on programmed DNA rearrange-
ments has been removed because it is less gener-
ally applicable than once thought to be.

�� A completely revised and reorganized Chapter 
10 includes a summary of the latest high-
throughput DNA sequencing technology 
including reversible terminators, ion-torrent 

sequencing, single-molecule sequencing, 
and nanopore sequencing. It also includes a 
major new section on personalized medicine 
(precision medicine) as well as direct-to-
consumer genetic services and over-the-
counter genetic testing kits. This section 
points out the potential values of these 
approaches but also emphasizes their associated 
ethical, legal, and social implications. 
Finally, Chapter 10 contains a wholly new sec-
tion on CRISPR-Cas9 technology for genetic 
engineering showing how CRISPR-Cas9 func-
tions as a sort of immune system in bacteria, 
how the CRISPR-Cas9 molecules are used to cre-
ate targeted knockout mutations, and how they 
are used in DNA editing to change the genome 
sequence in a predetermined manner. Methods 
of CRISPR-Cas9 use in insects, mice, and plants 
are also discussed.

�� Chapter 11 contains a slightly expanded section 
on the use of epistasis in the analysis of 
switch-regulation pathways, and some 
unnecessary details have been omitted such as 
minutiae of genetic control of yeast mating type. 

�� New to Chapter 12 is a major new section on 
estimates of the rate of base-substitution 
mutation in humans as determined by 
genome sequencing of parental and offspring 
genomes. The mutation rate increases steadily 
with father’s age but not with mother’s age, and 
we discuss why this finding is completely consis-
tent with the reproductive biology of males and 
females. I’ve also deleted the section on the “ClB 
method” for detecting mutations in Drosophila, 
as this is mainly of historical interest.

�� Chapter 13 puts greater emphasis on the connec-
tion between genetic control of the cell cycle 
and cancer, and it has been extensively revised, 
many of the illustrations simplified, and dispens-
able details eliminated.

�� Chapter 14 contains a shorter, streamlined sec-
tion on molecular phylogenetics.

�� What’s new in Chapter 15 is a major new sec-
tion on genome-wide association studies 
(GWAS) focusing on the usually large num-
ber of genes affecting complex traits and 
their typically small individual effects. Each 
genetic risk factor for a disease usually increases 
disease risk by only a small amount. This gen-
eralization underlines the importance of proper 
interpretation of direct-to-consumer (DTC) and 
over-the-counter (OTC) genetic testing. The 
chapter also includes a new discussion of phys-
iological epistasis and statistical epistasis 
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and explains why genes can exhibit a great deal 
of physiological epistasis at the molecular, cel-
lular, and organismal levels without showing 
any substantial statistical epistasis at the popu-
lation level. A classic method for estimating the 
number of genes affecting quantitative traits, 
based on differences between means of inbred 
lines and the genetic variance, has been deleted 
because it is obsolete and usually results in 
absurdly small estimates.

Chapter Organization
Each chapter begins with a set of Learning  Objectives 
to orient students toward the knowledge and skills 
they should focus on. Explicit Learning Objectives 
help students to:

�� Identify what they should know or be able to do 
as a result of their study.

�� Focus on the knowledge they should have 
acquired from studying the chapter.

�� Guide the student to identify key concepts and 
use them at a variety of learning levels including 
comprehension, application, analysis, and 
synthesis.

�� Highlight the skills they should acquire through 
practice problems of various types. 

Each chapter has an opening paragraph that gives 
an overview of what is to come, illustrates the subject 
with engaging examples, and shows how the mate-
rial is connected to genetics as a whole. The section 
and subsection Headings are in the form of complete 
sentences that encapsulate the main message. The 
text makes liberal use of Numbered and Bulleted 
Lists to aid students in organizing their learning, as 
well as Key Concepts set apart from the main text to 

emphasize important principles. A feature called Stop 
& Think recognizes that assessments in real time are 
critical to reinforce understanding. Each chapter also 
includes the Human Connection. This special feature 
highlights a research paper in human genetics that 
reports a key experiment or raises important social, 
ethical, or legal issues. Each Human  Connection has 
a brief introduction of its own, explaining the impor-
tance of the experiment and the context in which it 

was carried out. At the end of each chapter is a com-
plete Chapter Summary in the form of bullet points 
highlighting the most important concepts. 

Each chapter also includes several different types 
and levels of Problems, including concept, synthesis, 

and discussion questions in the form of Issues and 
Ideas, a guide to problem solving called Solutions: 
Step By Step, and application and analysis problems 
designated Concepts In Action. 

At the end of the book are Answers to even- 
numbered problems, a complete Glossary of key 
terms in genetics, and a compilation of frequently 
used Word Roots that will help students to under-
stand key genetic terms and make them part of their 
vocabulary. Answers to odd-numbered problems will 
be available to instructors.

Contents
The organization and number of chapters in the Sev-
enth Edition have been retained because they appeal 
to the majority of instructors who teach genetics. 
An important feature is the presence of an intro-
ductory chapter providing a broad overview of the 
gene: what it is, what it does, how it changes, how 

it evolves. Today, most students learn about DNA in 
grade school or high school. In my teaching, I have 
found it rather artificial to pretend that DNA does 
not exist until the middle of the term. The introduc-
tory chapter, therefore, serves to connect the more 
advanced concepts that students are about to learn 
with what they already know. It also serves to pro-
vide each student with a solid framework for inte-
grating the material that comes later. Throughout 
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CHAPTER SUMMARY

�� Inherited traits are affected by genes. 

�� Genes are composed of the chemical deoxyribo-
nucleic acid (DNA). 

�� DNA replicates to form (usually identical) copies 
of itself. 

�� DNA contains a code specifying what types of 
enzymes and other proteins are made in cells. 

�� DNA occasionally mutates, and the mutant forms 
specify altered proteins. 

�� A mutant enzyme is an “inborn error of metabo-
lism” that blocks one step in a biochemical path-
way for the metabolism of small molecules. 

�� Genetic analysis of mutants of the fungus Neuros-
pora unable to synthesize an essential nutrient led 
to the one gene–one enzyme hypothesis.

�� Different mutations in the same gene can be iden-
tified by means of a complementation test, in 
which the mutants are brought together in the 
same cell or organism. Mutations in the same 
gene fail to complement one another, whereas 
mutations in different genes show 
complementation.

�� Most traits are complex traits affected by multiple 
genes as well as by environmental factors.

�� Organisms change genetically through genera-
tions in the process of biological evolution. 

�� Because of their common descent, organisms 
share many features of their genetics and 
biochemistry.

ISSUES AND IDEAS

�� What special feature of the structure of DNA 
allows each strand to be replicated without regard 
to the other?

�� What does it mean to say that a strand of DNA 
specifies the structure of a molecule of RNA?

�� What types of RNA participate in protein synthe-
sis, and what is the role of each type of RNA?

�� What is meant by the phrase genetic code, and how 
is the genetic code relevant to the translation of a 

polypeptide chain from a molecule of messenger 
RNA?

�� What is meant by the term genetic analysis, and 
how is genetic analysis exemplified by the work 
of Beadle and Tatum using Neurospora?

�� What is a complementation test, and what is it 
used for in genetic analysis?

�

each chapter, there is a balance between challenge 
and motivation, between observation and theory, 
and between principle and concrete example. Molec-
ular and classical genetics are integrated throughout, 
and the principles of human genetics are interwoven 

with the entire fabric of the book. On the other hand, 
the book is also liberally supplied with examples 
from animals and plants, especially model organisms. 
Several points related to organization and coverage 
should be noted:

Chapter Summary: Summary 
of overall concepts discussed in 
chapter.

Issues and Ideas: Questions asking 
for genetic principles to be restated 
in the student’s own words.

Solutions: Step by 
Step: A section that 
demonstrates  problems 
worked in full, explaining  
step by step a path of 
logical reasoning that can 
be followed to analyze 
the problem.

Concepts in Action: Problems for Solution:  
Problems that require the student to reason using 
genetic concepts. The problems make use of a  
variety of formats, and many require some numerical 
calculation.

SOLUTIONS: STEP BY STEP

PROBLEM 1 In the human gene for the beta chain of 
hemoglobin, the oxygen-carrying protein in the red 
blood cells, the first 30 nucleotides in the protein-coding 
region are as shown here.

3�-TACCACGTGGACTGAGGACTCCTCTTCAGA-5�

 (a) What is the sequence of the partner strand?
 (b) If the DNA duplex of this gene were transcribed 
from left to right, what is the base sequence of the 
RNA across this part of the coding region?
 (c) What is the sequence of amino acids in this part of 
the beta-globin polypeptide chain?
 (d) In the mutation responsible for sickle-cell anemia, 
the red T indicated is replaced with an A. The mutant 
is present at relatively high frequency in some human 
populations because carriers of the gene are more 
resistant to falciparum malaria than are noncarriers. 
What is the amino acid replacement associated with 
this mutation?

��������	
(a) The partner strand is deduced from the 
rule that A pairs with T and G pairs with C; however, 
keep in mind that the paired DNA strands have opposite 
polarity (that is, their 5�-to-3� orientations are reversed). 
(b) The RNA strand is synthesized in the 5�-to-3� 

direction, which means that the template DNA strand is 
transcribed in the 3�-to-5� direction, which happens to 
be the same left-to-right orientation of the strand shown 
above. The base sequence is deduced from the usual 
base-pairing rules, except that A in DNA pairs with U in 
RNA. (c) The polypeptide chain is translated in succes-
sive groups of three nucleotides (each group constitut-
ing a codon), starting at the 5� end of the coding 
sequence in the RNA and moving in the 5�-to-3� direc-
tion. The amino acid corresponding to each codon can 
be found in the genetic code table. (d) The change from 
T to A in the transcribed strand alters a GAG codon into 
a GUG codon in the RNA transcript, resulting in the 
replacement of the normal glutamic acid (GAG) with 
valine (V). The nonmutant duplex, the RNA transcript, 
and the amino acid sequence are as shown below. The 
amino acid that is replaced in the sickle-cell mutant is 
indicated in red.

3�-TACCACGTGGACTGAGGACTCCTCTTCAGA-5� 
5�-ATGGTGCACCTGACTCCTGAGGAGAAGTCT-3�

5�-AUGGUGCACCUGACUCCUGAGGAGAAGUCU-3� 
MetValHisLeuThrProGluGluLysSer

CONCEPTS IN ACTION: PROBLEMS FOR SOLUTION

1.1 Prior to the Avery, MacLeod, and McCarty exper-
iment, what features of cells and chromosomes 
were already known that could have been inter-
preted as evidence that DNA is an important con-
stituent of the genetic material?

1.2 In the early years of the twentieth century, why 
did most biologists and biochemists believe that 
proteins were probably the genetic material?

1.3 From their examination of the structure of DNA, 
what were Watson and Crick able to infer about 
the probable mechanisms of DNA replication, 
coding capability, and mutation?

1.4 What are three principal structural differences 
between RNA and DNA?

1.5 A region along an RNA transcript contains no U. 
What base will be missing in the corresponding 
region of the template strand of DNA?

1.6 When the base composition of a DNA sample 
from the bacterium Salinicoccus roseus was deter-
mined, 23.6 percent of the bases were found to be 
guanine. The DNA of this organism is known to 
be double stranded. What is the percentage of 
adenine in its DNA?

1.7 DNA extracted from a certain virus has the follow-
ing base composition: 15 percent adenine, 
25   percent thymine, 20 percent guanine, and 
40 percent cytosine. How would you interpret this 
result in terms of the structure of the viral DNA?

1.8 A duplex DNA molecule contains 532 occurrences 
of the dinucleotide 5�-GT-3� in one or the other of 
the paired strands. What other dinucleotide is also 
present exactly 532 times?

1.9 A repeating polymer with the sequence

5�-GAUGAUGAUGAU . . .-3�

was found to produce only two types of polypep-
tides in a  translation system that uses cellular 
components but not living cells (called an in vitro 

translation system). One polypeptide consisted of 
repeating Asp and the other of repeating Met. 
How can you explain this result?

1.10 If one strand of a DNA duplex has the sequence 
5�-GTCAT-3�, what is the sequence of the com-
plementary strand. (Write the answer with the 5’ 
end at the left.)

1.11 Consider a region along one strand of a 
 double-stranded DNA molecule consists of tan-
dem repeats of the trinucleotide 5�-CTA-3�, so 
that  the sequence in this  s trand is 
5�- CTACTACTACTA . . .-3�. What is the 
sequence in the other strand? (Write the answer 
with the 5� end at the left.)

1.12 Part of the protein-coding region in a gene has the 
base sequence 3�-ACAGCATAAACGTTC-5�. What 
is the sequence of the partner DNA strand?

1.13 If the DNA sequence in Problem 1.12 is the tem-
plate strand that is transcribed in the synthesis of 
messenger RNA, would it be transcribed from left 
to right or from right to left? What base sequence 
would this region of the RNA contain?

1.14 What amino acid sequence would be synthesized 
from the messenger RNA region in Problem 1.12?

1.15 If a mutation occurs in the DNA sequence in Prob-
lem 1.12 in which the red C is replaced with T, 
what amino acid sequence would result?

1.16 A polymer is made that has a random sequence 
consisting of 25 percent U’s and 75 percent C’s. 
Among the amino acids in the polypeptide chains 
resulting from in vitro translation, what is the 
expected frequency of Pro? Of Phe?

1.17 With in vitro translation of an RNA into a polypep-
tide chain, the translation can begin anywhere 
along the RNA molecule. A synthetic RNA mole-
cule has the sequence 

5�-CGCUUACCACAUGUCGCGAAC-3�
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Chapter 1 is an overview of genetics designed to 
bring students with disparate backgrounds to a com-
mon level of understanding. This chapter enables 
classical genetics, molecular genetics, evolutionary 
genetics, and genomics to be integrated throughout 
the rest of the book. Included in Chapter 1 are the 
basic concepts of genetics: genes as regions of DNA 
that function through transcription and translation, 
that change by mutation, and that affect organisms 
through inborn errors of metabolism. Chapter 1 also 
explains that most traits are actually complex traits 
affected by multiple genetic and environmental fac-
tors, and it introduces genomics and proteomics. 

Chapters 2 through 5 are the core of Mende-
lian genetics, including segregation and independent 
assortment, the chromosome theory of heredity, mito-
sis and meiosis, linkage and chromosome mapping, 
tetrad analysis in fungi, and chromosome mechanics. 
An important principle of genetics, too often ignored 
or given inadequate treatment, is that of the comple-
mentation test and how complementation differs from 
segregation or other genetic principles. Chapter 4 
expands on the use of molecular markers in genetics, 
because these are the principal types of genetic mark-
ers in use today.

Chapter 6 deals with DNA, including the details 
of DNA structure and replication. It also discusses how 
basic research that revealed the molecular mecha-
nisms of DNA replication ultimately led to such 
important practical applications as DNA hybridization 
analysis, DNA sequencing, and the polymerase chain 
reaction. These examples illustrate the value of basic 
research in leading, often quite unpredictably, to prac-
tical applications.

Chapter 7 deals with the principles of genetics in 
prokaryotes, beginning with the genetics of mobile 
DNA, plasmids, and integrons, and their relationships 
to the evolution of multiple antibiotic resistance. 
There is a thorough discussion of mechanisms of 
genetic recombination in microbes, including trans-
formation, conjugation, and transduction, as well as a 
discussion of temperate and virulent bacteriophages.

Chapters 8 through 12 focus on molecular 
genetics in the strict sense. Chapter 8 examines the 

details of gene expression, including transcription, 
RNA processing, and translation.

Chapter 9 is an integrative chapter that deals with 
genetic mechanisms of regulation, with examples of 
mechanisms of gene regulation in prokaryotes as well 
as eukaryotes. Broader aspects of gene regulation that 
are topics of much current research, such as higher-
order chromatin organization, imprinting, and RNAi 
are included. 

Chapter 10 deals with high-throughput genome 
sequencing and its implications for personalized medi-
cine and the ethical, legal, and social implications 
of this technology. It also includes basic methods of 
recombinant DNA, and there is a major new section 
of CRISPR/Cas9 in DNA editing and its application to 
genetic engineering. 

Chapter 11 examines the genetic control of 
development with emphasis on models in C. elegans,  
D. melanogaster, and A. thaliana. 

Chapter 12 focuses on mechanisms of mutation 
and DNA repair, including chemical mutagens.

Chapter 13 stresses cancer from the standpoint 
of the genetic control of the cell cycle, with empha-
sis on the checkpoints that, in normal cells, result 
either in inhibition of cell division or in programmed 
cell death (apoptosis). Cancer results from a series of 
successive mutations, usually in somatic cells, which 
overcome the normal checkpoints that control cellular 
proliferation.

Chapters 14 and 15 deal with molecular evolution 
and population genetics. The discussion includes gene 
trees and species trees and the population genetics of 
the CCR5 receptor mutation that confers resistance to 
infection by HIV. It also includes DNA typing in criminal 
investigations, paternity testing, the effects of inbreeding, 
and the evolutionary mechanisms that drive changes in 
allele frequency. The approach to quantitative genetics 
includes a discussion of how particular genes influenc-
ing quantitative traits (QTLs, or quantitative-trait loci) 
may be identified and mapped by linkage analysis. 
There is also a section on what has been learned from 
genome-wide association studies of complex traits in 
humans, including the identification of QTLs through 
genetic mapping or studies of candidate genes.
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Stop & Think
A unique feature of this book is found in boxes 
called Stop & Think. These are problems that ask 

a student to pause and think about a concept and 
apply it to an actual situation. Often these problems 
use the results of classical experiments to help the 
student transform a concept from abstract to con-
crete and carry it from thought to action. Current 
pedagogy places great emphasis on assessments, 
and assessments are especially important in genetics 
because there are many different concepts to be mas-
tered individually as well as in combination. Today’s 
students (and their teachers, too) are often distracted 
by neighbors, background noise, text messages, 
email, and all the other disturbances and diversions 
of the modern world. Three to five Stop & Think 
pauses at strategic points in each chapter encour-
age students to verify their own understanding of a 
concept just explained and how to use it to solve an 
actual problem. The answers are provided at the end 
of each chapter.

The Human Connection
the human connection in each chapter is our way 
of connecting to the world of human genetics out-
side the classroom. All the connections include short 
excerpts from the original literature of genetics, usu-
ally papers, each introduced with a short explanatory 

passage. Many of the connections are excerpts from 
classic materials, such as Allison’s work on the sickle-
cell trait and resistance to malaria, but by no means 
are all  the “classic” papers old papers. The pieces are 
called the human connection because each con-
nects the material to something that broadens or 
enriches its implications for human beings. Some of 
the connections raise issues of ethics in the applica-
tion of genetic knowledge, social issues that need to 
be addressed, or issues related to laboratory animals. 

The Student Experience
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They illustrate other things as well. Because each 
connection names the place where the research was 
carried out, the student will see that great science is 
done in many universities and research institutions 
throughout the world. In papers that use outmoded 
or unfamiliar terminology, or archaic gene symbols, I 
have substituted the modern equivalent to make the 
material more accessible to the student.

Solutions Step by Step
Each chapter contains a section titled Solutions: 
Step by Step that demonstrates problems worked 
in full, explaining step by step a path of logical rea-
soning that can be followed to analyze the problem. 
The Solutions: Step by Step serve as another level 
of review of the important concepts used in working 
problems. The solutions also emphasize some of the 
most common mistakes made by beginning students 
and give pointers on how students can avoid falling 
into these conceptual traps.

Levels and Types of Problems
Each chapter provides numerous problems for solu-
tion, graded in difficulty, so students can test their 
understanding. The problems are of two different types: 

�� Issues and Ideas ask for genetic principles to be 
restated in the student’s own words; some are 
matters of definition or call for the application of 
elementary principles. 

�� Concepts in Action are problems that require 
the student to reason using genetic concepts. 
The problems make use of a variety of formats, 
and many require some numerical calculation. 
The level of mathematics is that of arithmetic 
and elementary probability as it pertains to 
genetics. None of the problems uses mathemat-
ics beyond elementary algebra. The problems 
range in difficulty from easy to hard. They are 
primarily at Bloom’s higher order cognitive 
level, and most require analyzing data, evalu-
ating evidence, or creating hypotheses or 
experiments.

Answers to Problems
The answers to the even-numbered Concepts in 
Action are included in the Answer section at the 
end of the book. The answers are complete; they 
explain the logical foundation of the solution and lay 
out the methods. The answers to the remainder of 
the Concepts in Action problems are available with 
the online instructor’s resources and in the optional 
online Study Guide and Solutions Manual.

Word Roots and Glossary
I have included a compilation of Word Roots that 
students find helpful in interpreting and remember-
ing the meaning of technical terms. This precedes the 
Glossary of key words.

ante- preceding, before antedate, preceding a date
apo- former, from aporepressor, precursor to repressor
aut-, auto- self  autogenous, self-generated
bi-  two  bidirectional, going in two directions

Illustrations
Every chapter is richly illustrated with beautiful graph-
ics in which color is used functionally to enhance 
the value of each illustration as a learning aid. The 
illustrations are also heavily annotated with “process 
boxes” explaining step by step what is happening at 
each level of the illustration. These labels make the 
art user friendly, inviting, and maximally informative.

(B)(A)

Two centromeres
go to one pole; one
centromere goes to
other pole.

Chromosomes
form one
bivalent and
one univalent.

Chromosomes
form a trivalent.

Result: Two gametes with two copies of chromosome,
two gametes with one copy of chromosome.

Spindle fibers

Bivalent

UnivalentTrivalent

Metaphase I

Anaphase I

Final products of meiosis Final products of meiosis 

Pairing in
complexed mRNA

Pairing in RNA
transcript in high
concentration of
tryptophan

7 Us

(C) Low concentration of tryptophan.
Ribosome stalled in region 1 at 
Trp codons permits pairing of 2–3 
and transcription is not terminated.

(B) High concentration of tryptophan.
Ribosome reaches region 2 and
pairing of 3–4 causes termination 
of transcription.

(A) Free mRNA.  Base pairs 
between 1 and 2 and 
between 3 and 4.

1 2

3 4

End of
transcription

RNA
polymerase

2

1

3 4
Continuation 
of transcription

Pairing in 
RNA transcript 
in low con-
centration of
tryptophan

1 4

2 3

Trp

codons
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Teaching Tools

Adaptability and Flexibility
There is no compelling reason to start at the begin-
ning and proceed straight to the end of this text. 
Each chapter is a self-contained unit that stands on 
its own. This feature gives the book the flexibility to 
be used in a variety of course formats. Throughout 
the book, we have integrated classical and molecu-
lar principles, so you can begin a course with almost 
any of the chapters. Most teachers will prefer start-
ing with the overview in Chapter 1, possibly as 
suggested reading, because it brings every student 
to the same basic level of understanding. Teachers 
preferring to cover Mendel early should continue 
with Chapter 2; those preferring to teach the details 
of DNA early should continue with Chapter 6. Some 
teachers are partial to a chromosomes-early format, 
which would suggest continuing with Chapter 3, 
followed by Chapters 2 and 4. A novel approach 
would put genomics first, which could be imple-
mented by continuing with Chapter 10. The writing 
and illustration programs were designed to accom-
modate a variety of formats, and we encourage 
teachers to take advantage of this flexibility to meet 
their own needs. 

Instructor Resources
An unprecedented offering of traditional and inter-
active multimedia supplements is available to assist 
instructors and aid students in mastering genetics. 
Additional information and review copies of any of 
the following items are available through your Jones 
& Bartlett Learning sales representative.

The Image Bank in PowerPoint format provides 
all the illustrations and photos (to which Jones & 
Bartlett Learning owns the copyright or has permis-
sion to reprint digitally), inserted into PowerPoint 
slides. With the Microsoft® PowerPoint program you 
can quickly and easily copy individual image slides 
into your existing lecture slides.

A Table Bank provides images of all of the tables 
(to which Jones & Bartlett Learning owns the copy-
right or has permission to reprint digitally), in a PDF 
file for easy use.
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A set of Lecture Outlines in PowerPoint format  
provides outline summaries of each chapter. The slide 
set can be customized to meet your classroom needs.

The Test Bank contains over 700 test items. There 
is a mix of factual, descriptive, analytical, and quan-
titative question types. A typical chapter file contains 
20 multiple-choice objective questions, 15 fill-in-
the-blank questions, and 15 quantitative problems. 
 Versions easily compatible with most course manage-
ment software are available to adopting instructors 
upon request.
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How ready are you to learn introductory genetics? 
For the first time we are offering a Readiness Assess-
ment for you to find out. Simply answer the online 
questions found within Navigate 2 (accessible via the 
access code in the front of the text*). Once complete, 
you will be given a score and directed to the color-
coded in-text Readiness Review section(s) that will 
most help you prepare (found at the back of the text). 
Never has learning genetics been so easy and fun!    

STEP 1: Redeem your code. 

STEP 2: Take the quiz. 

STEP 3: Get your score. 

STEP 4: Learn, review, and practice! 

Problems 

Problem 2.1 Calculate the percentage and ratios of each continent’s population 
to that of the world.

Problem 2.2 What is the ratio of the population of Asia to North America? 

Problem 2.3 What is the ratio of the area of Asia to North America? 

Problem 2.4 What is the ratio of the population of Africa to Europe? 

Problem 2.5 What is the ratio of the area of Africa to Europe?

Continent

Proportion 

(percent) Calculation

Ratio 

(Continent : 

World) Calculation

Asia

Africa

Europe

North America 0.077 (7.7%) 1:13

South America

Australia/

Oceania

Antarctica

STEP 5: Retake the quiz to check for improvement.

*Access can also be purchased separately. Visit 
go.jblearning.com/hartl7e to learn more.

Readiness Assessment and  
Readiness Review
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Special features designed to help in mastering the 
material are emphasized in the Preface. In my experi-
ence, students who struggle in genetics and genomics 
do so for two reasons. They may lack effective reading 
and study habits, or they may fail to self-assess. By 
self-assessment I mean asking yourself whether you 
understand a concept well enough to express it in 
your own words, and whether you understand it well 
enough to use in solving problems. Here are some 
pointers for improving both study skills and problem 
solving.

Tips for Learning Concepts
�� Go to class, take notes by hand (in telegraphic 

style, abbreviating as needed), and copy your 
notes in complete sentences and legible hand-
writing as soon as possible thereafter. Words 
written by hand are retained in memory better 
than words typed on a keyboard.

�� Plan 30–35 minute reading sessions, but only 
when you are not tired or distracted. Most peo-
ple find that their attention begins to wane after 
30–35 minutes of intense concentration.

�� Read attentively. Find a quiet, clean, well-lighted 
place and turn off your laptop and smartphone.

�� Start by skimming what you think you can cover 
in your reading session, including a preliminary 
look at the illustrations; this is your drone’s eye 
view of the terrain that will help keep you 
oriented.

�� Look up unfamiliar words in the glossary.

�� Reread difficult sections and make handwritten 
notes of the key points. 

�� Highlight, underline, or better yet summarize 
the key concepts in your own words. The text-
book is designed to help in recognizing these: 
key terms are in boldface, key points are high-
lighted with bulleted lists, and key concepts 
are set off and labeled Key Concept.

�� Take a break from reading to solve the problems 
in Stop & Think. They are designed to help you 
assess whether you have understood the con-
cepts you’ve just read well enough to apply 
them.

Tips for Problem Solving
�� Make use of the Solutions: Step By Step. 

These guide you through the reasoning used to 
solve the major types of problems arising from 
the concepts in each chapter.

�� Don’t start working a problem until you’re sure 
you understand what is being asked.

�� Use the glossary if necessary to understand the 
key terms in a problem.

�� Start with some easy problems to gain self-  
confidence.

�� Once you know how to solve a certain type of 
problem, don’t spend time on similar ones that 
you already know how to solve. It’s problems 
that you don’t immediately know how to solve 
that you really learn from.

�� Don’t rush. Haste makes waste, as the saying 
goes—and when you rush you are more likely 
to make stupid mistakes.

�� Break a complex problem into smaller parts that 
you can attack individually, and use the parts 
you understand as leverage to get at the more 
difficult parts.

�� Don’t give up! Never, never, never! You may 
have to attack a problem from two or three dif-
ferent angles before you find yourself on a pro-
ductive track.

�� Don’t work backwards from the answer. There’s 
an old adage that “if you know where you’re 
going you can find a way to get there.” The prob-
lem is that the way you find to “get there” may 

For the Student



 For the Student xxxi

use completely messed-up logic. What’s worse, 
you will have trained your neurons to use the 
wrong logic. Learning a concept is hard enough, 
unlearning one that you misunderstand is 
harder still.

�� Work in small groups with other students if you 
can, but be sure you understand the reasoning 
behind any answer your group comes up with. 
Sometimes a fellow student can explain a con-
cept more clearly than your instructor.
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The Genetic Code of Genes 
and Genomes

Representation of DNA sequencing.
© ktsdesign/Shutterstock

�� To understand how genetic information is stored in the base sequence of DNA. For a given 
 sequence of bases in a transcribed strand of protein-coding DNA, you will specify the sequence 
of bases in the corresponding region of messenger RNA and the sequence of amino acids in the 
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resulting mRNA and protein sequence.

�� To realize that enzymes work in sequence in a metabolic pathway. Given a linear metabolic path-
way for an essential nutrient, you will deduce which intermediates will restore the ability to grow 
mutant strains that are defective for any of the enzymes in the pathway. Conversely, using data 
that specify which intermediates in a linear metabolic pathway restore the ability of mutants to 
grow, you will infer the order of the enzymes and intermediates in the pathway.
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biological process, you will sort the mutations into complementation groups, each corresponding 
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LEARNING OBJECTIVES

CHAPTER 1



Genetics is worth studying for many reasons, rang-
ing from applications in medicine, agriculture, public 
health, and conservation biology to ongoing research 
in cell biology, development, neuroscience, and evo-
lution. Genetics also deals with some of the great 
philosophical themes of human life and individual 
differences:

A spermatozoon plunges headlong into an ovum, and 
immediately a long-term project is set in motion. The 
cells proliferate at a dizzying rate, clustering, diversify-
ing. Out of that initial, infinitesimal particle will grow a 
beating heart, hands, fingernails, hair, glands, and a 
��������	
�	
�������	�	
�������	�������������	�����	����	�
time nature, too, gets things wrong, and so you’ll have 
six fingers on one hand or one leg shorter than the other, 
or else she may construct a brain incapable of under-
standing the simplest things. 

From Death in August by Marco Vichi, translated by Stephen Sartarelli (2011,  
Pegasus Books, p. 123)

There is indeed a developmental plan encoded 
in our DNA that makes each of us a member of the 
human species. But still we differ from one another. 
Besides rare anomalies like six fingers, we differ from 
one another in many everyday, observable charac-
teristics, or traits, like hair color, eye color, skin color, 
height, weight, and personality. Some of these traits 
differ because of heredity, others because of culture. 
The color of your eyes results from biological inheri-
tance, but the native language you learned as a child 
results from cultural inheritance. Many traits are 
influenced jointly by biological inheritance and envi-
ronmental factors or lifestyle choices. How much you 
weigh is determined in part by your inheritance but 
also in part by how much food you eat, its nutritional 
content, and your exercise habits.

Genetics is the study of biologically inherited 
traits, including traits that are influenced in part by 
the environment. Genomics is the study of all the 
genes in an organism to understand their molecular 
organization, function, interaction, and evolution-
ary history. The fundamental concept of genetics and 
genomics is that: 

The existence of genes and the rules governing 
their transmission from generation to generation were 
first articulated by Gregor Mendel in 1866. Mendel’s 
formulation of inheritance was in terms of the abstract 
rules by which genes (he called them “factors”) are 

transmitted from parents to offspring. His objects of 
study were garden peas, with variable traits like pea 
color and plant height. The foundation of genetics 
as a molecular science also dates back to the 1860s 
when Friedrich Miescher discovered a new type of 
weak acid, abundant in the nuclei of white blood 
cells, which turned out to be what we now call DNA 
( deoxyribonucleic acid). For many years, the biolog-
ical function of DNA was unknown, and no role in 
heredity was ascribed to it. 

In this book, you will learn a lot about genes 
and genomes. You will learn what constitutes a gene 
and how it works in physiology and development, in 
health and disease. You will also learn how genomes 
are organized and the activities of different genes coor-
dinated in space and time. If you know nothing about 
genetics, you will be brought up to speed. And if you 
already know something, you will see it in a different 
light. There are lots of details, but try not to get so 
tangled up in them that you lose sight of how genet-
ics can help you understand the great themes—birth, 
consciousness, death—that make the details worth 
knowing.

�����DNA is the molecule of 
heredity.

The importance of the cell nucleus in inheritance 
became clear in the 1870s, when the nuclei of the 
male and female reproductive cells were observed 
to fuse in the process of fertilization. The next major 
advance was the discovery of chromosomes, thread-
like objects inside the nucleus that become visible in 
the light microscope when stained with certain dyes. 
 Chromosomes exhibit a  characteristic “splitting” 
behavior, in which each daughter cell formed by cell 
division receives an identical complement of chromo-
somes. More evidence for the importance of chromo-
somes was provided by the observation that, whereas 
the number of chromosomes in each cell differs from 
one biological species to the next, the number of chro-
mosomes is nearly always constant within the cells of 
any particular species. These features of  chromosomes 
were well understood by about 1900, and they made 
it seem likely that chromosomes were the carriers of 
the genes.

By the 1920s, several lines of indirect evidence 
suggested a close relationship between chromosomes, 
and DNA. Microscopic studies with special stains 
showed that DNA is present in chromosomes. Various 
types of proteins are present in chromosomes, too. But 
whereas most of the DNA in cells of higher organisms 
is present in chromosomes, and the amount of DNA 
per cell is constant, the amount and kinds of proteins 
and other large molecules differ greatly from one type 
of cell to another. The indirect evidence for DNA as 

KEY CONCEPT

Inherited traits are determined by genes—the 
elements of heredity that are transmitted from 
parents to offspring in reproduction.
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the genetic material was unconvincing, because crude 
chemical analyses had suggested (erroneously, as it 
turned out) that DNA lacked the chemical diversity 
needed in a genetic substance. The favored candidate 
for the genetic material was protein, because proteins 
were known to be an exceedingly diverse collection of 
molecules. Proteins therefore became widely accepted 
as the genetic material, and DNA was thought to pro-
vide only the structural framework of chromosomes. 
Any researcher who hoped to demonstrate that DNA 
was the genetic material had a double handicap. Such 
experiments had to demonstrate not only that DNA is 
the genetic material but also that proteins are not the 
genetic material. Some of the experiments regarded 
as decisive in implicating DNA are described in this 
section.

Genetic traits can be altered by 
treatment with pure DNA.
One type of bacterial pneumonia in mammals is 
caused by strains of Streptococcus pneumoniae able 
to synthesize a gelatinous capsule composed of 

 polysaccharide (complex carbohy-
drate). This capsule surrounds the 
bacterium and protects it from the 
defense mechanisms of the infected 
animal; thus it enables the bacterium 

to cause disease. When a bacterial cell is grown on 
solid medium, it undergoes repeated cell divisions 
to form a visible clump of cells called a colony. The 

enveloping capsule makes the size 
of each colony large and gives it a 
glistening or smooth (S) appearance 
(������ �	�). Certain strains of S. 
pneumoniae, however, are unable to 
synthesize the capsular polysaccha-

ride, and they form small colonies that have a rough 
(R)  surface. The R strains do not cause pneumonia; 

lacking the capsule, these bacteria are inactivated 
by the immune system of the host. Both types of 
bacteria “breed true” in the sense that the progeny 
formed by cell division have the capsular type of the 
parent, either S or R.

When mice are injected with living R cells or with 
S cells that have been killed with extreme heat, the 
animals remain healthy. However, in 1928  Frederick 
Griffith showed that when mice are injected with a 
 mixture of living R cells and heat-killed S cells, they 
often die of pneumonia ( ������ �	�). Bacteria iso-
lated from blood samples of the dead mice produce S 
cultures with a capsule typical of the injected S cells, 
even though the injected S cells had been killed by 
heat. Evidently, the injected material from the dead 
S cells includes a substance that can enter living R 
 bacterial cells and give them the ability to synthesize 
the S-type capsule. In other words, the R  bacteria can 
be changed—or undergo  transformation—into S 
bacteria, and the new characteristics are inherited by 
descendants of the transformed bacteria.

Griffith’s transformation of Streptococcus was not 
in itself definitive, but in 1944 the chemical substance 
responsible for changing the R cells into S cells was 
identified as DNA. In a milestone experiment, Oswald 
Avery, Colin MacLeod, and Maclyn McCarty showed 
that the substance causing the transformation of 
R cells into S cells was DNA. In preparation for the 
experiment, they had to develop chemical procedures 
for obtaining DNA in almost pure form from bacte-
rial cells, which had not been done before. When 
they added DNA isolated from S cells to growing cul-
tures of R cells, they observed that a few S-type cells 
were produced. Although the DNA preparations con-
tained traces of protein and RNA ( ribonucleic acid, an 
abundant cellular  macromolecule chemically related 
to DNA), the transforming activity was not altered 
by treatments that destroy either protein or RNA. 
However, treatments that destroy DNA eliminated 

�������	��Colonies of Streptococcus pneumoniae. The small colonies on the left are from a rough (R) strain, and the large colonies on 
the right are from a smooth (S) strain. The S colonies are larger because of the capsule on the S cells.

S strainR strain
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the transforming  activity (�������	�). These exper-
iments implied that the substance responsible for 
genetic transformation was the DNA of the cell—and 
hence that DNA is the genetic material.

Transmission of DNA is the link  
between generations.
A second pivotal finding was reported by Alfred 
 Hershey and Martha Chase in 1952. They studied 
cells of the intestinal bacterium Escherichia coli after 
infection by the virus T2. A virus that attacks bacte-
rial cells is called a bacteriophage, often shortened 
to phage. (Bacteriophage means “bacteria eater.”) 
The T2 particle is exceedingly small, yet it has a 
complex structure composed of a head containing 
the phage DNA, a tail, and tail fibers. (The head of 
a human sperm is about 30–50 times larger in both 
length and width than the head of T2.) Hershey and 
Chase were already aware that T2 infection proceeds 
via the attachment of a phage particle by the tip of 
its tail to the bacterial cell wall, entry of phage mate-
rial into the cell, multiplication of this material to 
form a hundred or more progeny phage, and release 
of the progeny phage by bursting (lysis) of the bac-
terial host cell. They also knew that T2 particles are 
composed of DNA and protein in approximately 
equal amounts.

Because DNA contains phosphorus but no sulfur, 
whereas most proteins contain sulfur but no phos-
phorus, it is possible to label DNA and proteins differ-
entially by the use of radioactive isotopes of the two 
elements. Hershey and Chase produced particles con-
taining radioactive DNA by infecting E. coli cells that 
had been grown for several generations in a medium 
that included 32P (a radioactive isotope of phosphorus) 

�������	�
Griffith’s experiment demonstrating bacterial transformation. A mouse remains healthy if injected with either the nonvirulent  
R strain of S. pneumoniae���
��	��������������������	����	
�����������������	����	�����������������	
�������������
��	��������������������
transformed into the virulent strain, causing pneumonia in the mouse.

The intricate color patterns on butterfly wings demonstrate the 
complexity that can evolve in developmental processes. 

Living
S cells

Living
R cells

Heat-killed
S cells

Living R cells plus
heat-killed S cells

Mouse contracts
pneumonia

Mouse contracts
pneumonia

Mouse remains
healthy

Mouse remains
healthy

S colonies isolated
from tissue of dead mouse

R and S colonies isolated
from tissue of dead mouse

R colonies isolated
from tissue

No colonies isolated
from tissue

© Ervin Monn/Shutterstock.

4 �������	
�The Genetic Code of Genes and Genomes



and then collecting the phage progeny. They obtained 
other particles containing labeled proteins in the same 
way, using medium that included 35S (a radioactive 
isotope of sulfur).

In the experiments summarized in ������ �	�, 
nonradioactive E. coli cells were infected with phage 
labeled with either 32P (part A) or 35S (part B) in order 
to follow the DNA and proteins separately. Infected 
cells were separated from unattached phage parti-
cles by centrifugation, resuspended in fresh medium, 
and then swirled violently in a kitchen blender to 
shear attached phage material from the cell surfaces. 

This  treatment was found to have no effect on the 
subsequent course of the infection, which implies that 
the genetic material must enter the infected cells very 
soon after phage attachment. The kitchen blender 
turned out to be the critical piece of equipment. Other 
 methods had been tried to tear the phage heads from 
the bacterial cell surface, but  nothing had worked 
reliably. Hershey later explained, “We tried various 
grinding arrangements, with results that weren’t 
very encouraging. When Margaret  McDonald loaned 
us her kitchen blender, the experiment promptly 
succeeded.”

�������	�
A diagram of the experiment demonstrating that DNA is the active material in bacterial transformation. (A) Purified DNA 
extracted from heat-killed S cells can convert some living R cells into S cells, but the extract may still contain undetectable traces of 
��	�����������!"��#�$�&
��	�������������	���	������	����	����������	
�����	��������!�����#'$�&
��	�������������	���	��������	��������
DNase and so probably consists of DNA.

S cell extract

In both cases, progeny of R cells produce R colonies and a few S colonies.

Protease
(destroys
protein)

RNase
(destroys
RNA)

S cell extract

Conclusion: Transforming activity 
is not protein or RNA.

Cultured with R cells

The transforming activity is not destroyed by either protease or RNase.(B)

Progeny of R cells produce R colonies only.

Conclusion: Transforming activity 
is most likely DNA.

Cultured with R cells

DNase
(destroys
DNA)

S cell extract

The transforming activity is destroyed by DNase.(C)

S cells killed 
by heat

The  transforming activity in S cells is not destroyed by heat.

S cell extract
(contains mostly
DNA with a little
protein and RNA)     

(A)
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�������	�
The Hershey–Chase (“blender”) experiment, which demonstrated that DNA, not protein, is responsible for directing the 
reproduction of phage T2 in infected E. coli cells. (A) Radioactive DNA is transmitted to progeny phage in substantial amounts. 
#�$�������	������	�������	������		���	���������
����������������������	��

After the phage heads were removed by blend-
ing, the infected bacteria were examined. Most of 
the radioactivity from 32P-labeled phage was found 
to be  associated with the bacteria, whereas only 
a small fraction of the 35S radioactivity was pres-
ent in the infected cells. The retention of most of 
the labeled DNA, contrasted with the loss of most of 
the labeled protein, implied that a T2 phage trans-
fers most of its DNA, but very little of its protein, to 
the cell it infects. The critical finding ( Figure  1.4) 
was that about 50 percent of the transferred  
32 P-labeled DNA, but less than 1 percent of the trans-
ferred 35S-labeled protein, was inherited by the progeny 
phage particles. Hershey and Chase interpreted this 
result to mean that the genetic material in T2 phage 
is DNA.

The transformation experiment and the  Hershey–
Chase experiment are regarded as classic demonstration 

that genes consist of DNA. At the present time, the 
equivalent of the transformation experiment is carried 
out daily in many research laboratories throughout 
the world, usually with bacteria, yeast, or animal or 
plant cells grown in culture. These experiments indi-
cate that DNA is the genetic material in these organ-
isms as well as in phage T2.

It is worth noting, however, that in a few types of 
viruses, the genetic material consists of the other type 
of nucleic acid called RNA.

KEY CONCEPT

There are no known exceptions to the generaliza-
tion that DNA is the genetic material in all cellular 
organisms.

Phage containing32 P-labeled
DNA infects nonradioactive cell.

Conclusion:  Mainly DNA, not protein, is inherited from parental phage.

Mrs. McDonald’s blender

Phage heads
are removed.

Infected cell
remains.Infecting

labeled DNA

Progeny phages form;
cell lyses.

Progeny phages contain
some32 P-labeled DNA.

(A)

Infecting
nonlabeled DNA

Phage containing35 S-labeled
protein infects nonradioactive cell.

Progeny phages contain
almost no35 S-labeled
protein.

Mrs. McDonald’s blender

Phage heads
are removed.

Infected cell
remains.

Progeny phages form;
cell lyses.

(B)
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�����The structure of DNA is a 
double helix composed of  
two intertwined strands.

Even after it was shown that genes consist of DNA, 
many questions remained. How is the DNA in a gene 
duplicated when a cell divides? How does the DNA 
in a gene control a hereditary trait? What happens 
to the DNA when a mutation (a change in the DNA) 
takes place in a gene? Important clues to the answers 
to these questions emerged from the discovery of the 
three-dimensional structure of the DNA molecule 
itself. This structure is discussed next. 

A central feature of double-stranded 
DNA is complementary base pairing.
In the early 1950s, a number of researchers began to try 
to understand the detailed molecular structure of DNA. 
The first essentially correct three-dimensional structure 
of the DNA molecule was proposed in 1953 by James 
Watson and Francis Crick at Cambridge University. The 
structure was dazzling in its elegance and revolution-
ary in suggesting how DNA duplicates itself, controls 
hereditary traits, and undergoes mutation. Even while 
their tin sheet and wire model of the DNA molecule 
was still incomplete, Crick announced in his favorite 
pub that, “We have discovered the secret of life.”

In the Watson–Crick structure, DNA consists 
of two long chains of subunits twisted around one 
another to form a double-stranded helix. The double 
helix is  right-handed, which means that as one looks 
along the barrel, each chain follows a clockwise path 
as it progresses. You can see the right-handed coil-
ing in part A of �������	� if you imagine yourself 

looking up into the structure from the bottom: The 
smaller spheres outline the “backbone” of each indi-
vidual strand, and they coil in a clockwise direction. 
The subunits of each strand are nucleotides, each of 
which contains any one of four chemical constituents 
called bases. The four bases in DNA are

Adenine (A) Guanine (G)

Thymine (T) Cytosine (C)

�������	�
Molecular structure of a DNA double helix.  
(A) A “space-filling” model, in which each atom is depicted as a 
��
�����#�$�"���������
��
���
	����	
��
������������������	
��
outside of the molecule and the stacked A—T and G—C base 
pairs inside.

In this diagram of the Hershey–Chase experiment, G0 

represents the original population of bacteriophage with 

radioactive DNA. The progeny bacteriophage (G1) showed 

half the amount of radioactivity in their DNA as the G0 

 bacteriophage did. 

(a) If the G1 bacteriophage were used to infect bacteria, what 
fraction of the original G0 radioactivity would be present in 
their progeny (the G2 bacteriophage)?
(b) Suppose that after each cycle of infection, the progeny 
bacteriophage are used to initiate the next cycle of infection. 
What fraction of the original G0 radioactivity would be pres-
ent in the G5 bacteriophage?

STOP & THINK 1.1

(A) (B)

T

T

A

A

G C

C G

CG

T A

G C

GC

5’3’

T A

A T

G C

T

T

A

A

G C

A T

T A

G C

CG

5’ 3’

Paired
nucleotides

G0

G1
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The chemical structures of the nucleotides and 
bases need not concern us at this point. A key point 
for our present purposes is that the bases in the double 
helix are paired as shown in Figure 1.5, part B. That is,

The base pairing between A and T and between G and 
C is said to be complementary base pairing; the 
complement of A is T, and the complement of G is C. 
The complementary pairing in the duplex molecule 
means that each base along one strand of the DNA is 
matched with a base in the opposite position on the 
other strand. Furthermore,

This principle explains how only four bases in DNA 
can code for the huge amount of information needed 
to make an organism. It is the linear order or sequence 
of bases along the DNA that encodes the genetic infor-
mation, and the sequence is completely unrestricted.

The complementary pairing is also called Watson–
Crick base pairing. In the three-dimensional structure 
(Figure 1.5, part A), the base pairs are represented 
by the larger spheres filling the interior of the double 
helix. The base pairs lie almost flat, stacked on top of 
one another perpendicular to the long axis of the dou-
ble helix, like pennies in a roll. When discussing a DNA 
molecule, biologists frequently refer to the individual 
strands as single-stranded DNA and to the double 
helix as double-stranded DNA or duplex DNA.

Each DNA strand has a polarity, or directionality, 
like a chain of circus elephants linked trunk to tail. In 
this analogy, each elephant corresponds to one nucle-
otide along the DNA strand. The polarity is determined 
by the direction in which the nucleotides are point-
ing. The “trunk” end of the strand is called the 5� end 
of the strand, and the “tail” end is called the 3� end. 
In  double-stranded DNA, the paired strands are ori-
ented in opposite directions: The 5� end of one strand 
is aligned with the 3� end of the other. The oppositely 
oriented strands are said to be antiparallel. In illus-
trating DNA molecules, we use an arrow-like ribbon 
to represent the backbone, and we use tabs jutting off 
the ribbon to represent the nucleotides. The polarity 
of a DNA strand is indicated by the direction of the 

arrow-like ribbon. The tail of the arrow represents the 
5� end of the DNA strand, the head the 3� end.

Beyond the most optimistic hopes, knowledge of 
the structure of DNA immediately gave clues to its 
function:

1. The sequence of bases in DNA could be  copied 
by using each of the separate “partner” strands as 
a pattern for the creation of a new partner strand 
with a complementary sequence of bases.

2. The DNA could contain genetic information in 
coded form in the sequence of bases, analogous 
to letters printed on a strip of paper.

3. Changes in genetic information (mutations) 
could result from errors in copying in which the 
base sequence of the DNA became altered.

In the remainder of this chapter, we discuss some 
of the implications of these clues.

In replication, each parental DNA  
strand directs the synthesis of a  
new partner strand.
“It has not escaped our notice,” wrote Watson and 
Crick, “that the specific base pairing we have postu-
lated immediately suggests a copying mechanism for 
the genetic material.” The copying process in which a 
single DNA molecule becomes two identical  molecules 
is called replication. The replication mechanism 
that Watson and Crick had in mind is illustrated in 
 ������ �	�. The strands of the original (parent) 
 duplex separate, and each individual strand serves 
as a pattern, or template, for the synthesis of a new 
strand (replica). The replica strands are synthesized by 
the addition of successive nucleotides in such a way 
that each base in the replica is complementary (in the 
 Watson–Crick pairing sense) to the base across the way 
in the template strand. Although the mechanism in 
Figure 1.6 is simple in principle, it is a complex process 
that is fraught with geometric problems and requires a 
variety of enzymes and other proteins. The end result 
of replication is that a single double- stranded mole-
cule becomes replicated into two copies with identical 
sequences:

5�-ATGCCGTA-3�
3�-TACGGCAT-5�

5�-ATGCCGTA-3�
3�-TACGGCAT-5�

5�-ATGCCGTA-3�
3�-TACGGCAT-5�

Here the bases in the newly synthesized strands are 
shown in red. In the duplex on the left, the top strand is 
the template from the parental molecule and the  bottom 
strand is newly synthesized; in the duplex on the right, 
the bottom strand is the template from the parental 
molecule and the top strand is newly synthesized. 

KEY CONCEPT

At any position on the paired strands of a DNA 
molecule, if one strand has an A, then the partner 
strand has a T; and if one strand has a G, then the 
partner strand has a C.

KEY CONCEPT

Nothing restricts the sequence of bases in a sin-
gle strand, so any sequence could be present 
along one strand.
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�����Genes affect organisms 
through the action of proteins.

One of the important principles of molecular genetics 
is that genes exert their effects on organisms indirectly. 
For most genes, the genetic information contained in 
the nucleotide sequence specifies a particular type of 
protein. Proteins control the chemical and physical 

processes of cells known as  metabolism. Many pro-
teins are enzymes, a term introduced in 1878 to refer 
to the biological catalysts that accelerate biochemical 
reactions. Enzymes are essential for the breakdown 
of organic molecules, generating the chemical energy 
needed for cellular activities; they are also essential 
for the synthesis of small molecules and for their 
assembly into larger molecules and complex cellular 
structures.

Although the fundamental connection between 
genes and proteins was not widely appreciated until 
the 1940s, the first evidence for a relationship came 
much earlier. The pioneering observations were made 
by Archibald Garrod, a British physician, who studied 
genetic diseases caused by inherited defects in metab-
olism. He concluded that an inherited defect in metab-
olism results from an inherited defect in an enzyme. 
The key observations on which Garrod based this con-
clusion are summarized in the following sections.

Enzyme defects result in inborn  
errors of metabolism.
In 1908 Garrod gave a series of lectures in which he 
proposed this fundamental hypothesis about the rela-
tionship between enzymes and disease:

Such diseases became known as inborn errors of 
 metabolism, a term still in use today.

Garrod studied a number of inborn errors of 
metabolism in which the patients excreted abnormal 
substances in the urine. One of these was alkapton-
uria. In this case, the abnormal substance excreted is 
homogentisic acid:

CCH2

O

OH

OH

HO

This is a conventional chemical representation in 
which each corner of the hexagon represents a carbon 
atom, and hydrogen atoms attached to the ring are 
not shown. The six-carbon ring is called a phenyl ring. 
An  early name for homogentisic acid was alkapton—
hence the name alkaptonuria. Even though alkapton-
uria is rare, with an incidence of about one in 200,000 
people, it was well known even before Garrod studied it. 
The disease itself is relatively mild, but it has one striking 
symptom: The urine of the patient turns black because 

Shown here is part of the base sequence in one strand 

in a DNA duplex undergoing replication.

5�–TAGCAAAAATAGC–3�

What is the base sequence in the daughter strand?

 STOP & THINK 1.2

�������	�
Replication in a long DNA duplex as originally 
proposed by Watson and Crick. The parental strands separate, and 
each parental strand serves as a template for the formation of a 
new daughter strand by means of A—T and G—C base pairing.

KEY CONCEPT

Any hereditary disease in which cellular 
 metabolism is abnormal results from an inherited 
defect in an enzyme.
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of the oxidation of homogentisic acid ( ������ �	�). 
This is why alkaptonuria is also called black urine dis-
ease. The  passing of black urine can hardly escape being 
noticed. One case was described in the year 1649:

The patient was a boy who passed black urine and who, 
at the age of fourteen years, was submitted to a drastic 
course of treatment that had for its aim the subduing of 
the fiery heat of his viscera, which was supposed to bring 
about the condition in question by charring and blacken-
ing his bile. Among the measures prescribed were bleed-
ings, purgation, baths, a cold and watery diet, and drugs 
galore. None of these had any obvious effect, and even-
tually the patient, who tired of the futile and superfluous 
therapy, resolved to let things take their natural course. 
None of the predicted evils ensued. He married, begat a 
large family, and lived a long and healthy life, always 
passing urine black as ink. 

(Quotation from Garrod, 1908.)

Garrod was primarily interested in the biochemis-
try of alkaptonuria, but he took note of family studies 
that indicated that the disease was inherited as though 
it were due to a defect in a single gene. As to the bio-
chemistry, he deduced that the problem in alkaptonuria 
was the patients’ inability to break down the phenyl 
ring of six carbons that is present in homogentisic acid. 
Where does this ring come from? Mammals are unable 
to synthesize it and must obtain it from their diet. 
 Garrod  proposed that homogentisic acid originates as a 
breakdown product of two amino acids, phenylalanine 
and tyrosine, which also contain a phenyl ring. An 
amino acid is one of the “building blocks” from which 
proteins are made. Phenylalanine and tyrosine are 
constituents of normal proteins. The scheme that illus-
trates the relationship between the molecules is shown 
in  ������ �	�. Any such sequence of biochemical 

�������	�
Urine from a person with alkaptonuria turns black 
because of the oxidation of the homogentisic acid that it contains.

X
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Homogentisic acid (formerly known as alkapton) 
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4-hydroxyphenylpyruvic acid
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Each arrow
represents one
step in the
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pathway.
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1

4

OH

OH

OHO

O

This is the step
that is blocked
in alkaptonuria;
homogentisic
acid accumulates.

2

In the next step,
the phenyl ring
is opened at this
position.

�������	�
Metabolic pathway for the breakdown of phenyl-
alanine and tyrosine. Each step in the pathway, represented by an 
arrow, requires a particular enzyme to catalyze the reaction. The 
key step in the breakdown of homogentisic acid is the breaking 
open of the phenyl ring.

Courtesy Daniel De Aguiar.
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reactions is called a biochemical pathway or a meta-
bolic pathway. Each arrow in the pathway represents 
a single step depicting the transition from the “input” 
or substrate molecule, shown at the tail of the arrow, 
to the “output” or product molecule, shown at the 
tip. Biochemical pathways are usually oriented either 
vertically with the arrows pointing down, as in Fig-
ure 1.8, or horizontally, with the arrows pointing from 
left to right. Garrod did not know all of the details of 
the pathway in Figure 1.8, but he did understand that 
the key step in the breakdown of homogentisic acid 
is the breaking open of the phenyl ring and that the 
phenyl ring in homogentisic acid comes from dietary 
phenylalanine and tyrosine. 

What allows each step in a biochemical pathway to 
occur? Garrod’s insight was to see that each step requires 
a specific enzyme to catalyze the reaction and allow the 
chemical transformation to take place. Persons with an 
inborn error of metabolism, such as alkaptonuria, have 
a defect in one step of a metabolic pathway because 
they lack a functional enzyme for that step. When an 
enzyme in a pathway is defective, the pathway is said 
to have a block at that step. One frequent result of a 
blocked pathway is that the  substrate of the defective 
enzyme accumulates. Observing the accumulation of 
homogentisic acid in patients with alkaptonuria, Gar-
rod proposed that there must be an enzyme whose 
function is to open the phenyl ring of homogentisic acid 
and that this enzyme is missing in these patients. Dis-
covery of all the enzymes in the pathway in Figure 1.8 
took a long time. The enzyme that opens the phenyl 
ring of homogentisic acid was not actually isolated until 
50 years after Garrod’s lectures. In normal people it is 
found in cells of the liver. Just as Garrod had predicted, 
the enzyme is defective in patients with alkaptonuria.

The pathway for the breakdown of phenylala nine 
and tyrosine, as it is understood today, is shown in 
 �������	�. In this figure the emphasis is on the enzymes 
rather than on the structures of the  metabolites, or 
small molecules, on which the enzymes act. As Garrod 
would have predicted, each step in the pathway requires 
the presence of a particular enzyme that catalyzes that 
step. Although Garrod knew only about alkaptonuria, 
in which the defective enzyme is homogentisic acid 
1,2-dioxygenase, we now know the clinical conse-
quences of defects in the other enzymes. Unlike alkapto-
nuria, which is a relatively benign  inherited disease, the 
others are very serious. The condition known as phenyl-
ketonuria (PKU) results from the absence of (or a defect 
in) the enzyme phenylalanine hydroxylase (PAH). 
When this step in the pathway is blocked, phenylalanine 
accumulates. The excess phenylalanine is broken down 
into harmful metabolites that cause defects in myelin 
formation that damage a child’s developing nervous sys-
tem and lead to severe mental retardation.

If PKU is diagnosed in children soon enough after 
birth, they can be placed on a specially formulated 
diet low in phenylalanine. The child is allowed only 
as much phenylalanine as can be used in the synthesis 
of proteins, so excess phenylalanine does not accumu-
late. The special diet is very strict. It excludes meat, 
poultry, fish, eggs, milk and milk products, legumes, 
nuts, and bakery goods manufactured with regular 
flour. These foods are replaced by a synthetic formula 
that is very expensive. With the special diet, however, 
the detrimental effects of excess phenylalanine on 
mental development can largely be avoided. In many 
countries, including the United States, all newborn 
babies have their blood tested for chemical signs of 
PKU.  Routine screening is cost effective because PKU 
is relatively common. In the United States, the inci-
dence is about one in 8000 among Caucasian births. 
The disease is less common in other ethnic groups.

In the metabolic pathway in Figure 1.9, defects in  
the breakdown of tyrosine or of 4- hydroxyphenylpyruvic 
acid lead to types of tyrosinemia. These are also 
severe diseases. Type II is associated with skin lesions 
and mental retardation, type III with severe liver 
dysfunction.

�������	�
Inborn errors of metabolism in the breakdown of 
phenylalanine and tyrosine. A different inherited disease results 
when each of the enzymes is missing or defective. Alkaptonuria 
results from a defective homogentisic acid 1,2-dioxygenase, 
phenylketonuria from a defective phenylalanine hydroxylase.
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A defective enzyme results  
from a mutant gene.
It follows from Garrod’s work that a defective enzyme 
results from a mutant gene. How does a mutant gene 
result in a defective enzyme? Garrod did not spec-
ulate. For all he knew, genes were enzymes. This 
would have been a logical hypothesis at the time. 
We now know that the relationship between genes 
and enzymes is somewhat indirect. With a few excep-
tions, each enzyme is encoded in a particular sequence 
of nucleotides present in a region of DNA. The DNA 
region that codes for the enzyme, as well as adja-
cent regions that regulate when and in which cells 
the enzyme is produced, make up the “gene” that 
encodes the enzyme.

The genes for the enzymes in the biochemical 
pathway in Figure 1.9 have all been identified and the 
nucleotide sequence of the DNA determined. In the 
following list, and throughout this text, we use the 
typographical convention that the names of genes are 
printed in italic type, whereas gene products are printed 
in regular type. In Figure 1.9 the numbers 1 through 4 
correspond to the following genes and enzymes:

1. The gene PAH on the long arm of chromosome 
12 encodes phenylalanine hydroxylase (PAH).

2. The gene TAT on the long arm of chromosome 
16 encodes tyrosine aminotransferase (TAT).

3. The gene HPD on the long arm of chromosome 
12 encodes 4-hydroxyphenylpyruvic acid diox-
ygenase (HPD).

4. The gene HGD on the long arm of chromosome 
3  encodes homogentisic acid 1,2-dioxygenase 
(HGD).

Genetic analysis led to the one  
gene–one enzyme hypothesis.
Garrod’s thinking was far ahead of his time, and his 
conclusions about inborn errors of metabolism were 
largely ignored. The influential experiments connect-
ing genes with enzymes were carried out in the 1940s 
by George W. Beadle and Edward L. Tatum using a fil-
amentous fungus Neurospora crassa, commonly called 
red bread mold, an organism they chose because both 
genetic and biochemical  analysis could be done with 
ease. In these experiments they identified new muta-
tions that each caused a block in the metabolic path-
way for the synthesis of some needed nutrient and 
showed that each of these blocks corresponded to a 
defective enzyme needed for one step in the path-
way. The experimental approach, now called genetic 
analysis, was important because it solidified the 
link between genetics and biochemistry. Equally  as 

important, the experimental approach is widely appli-
cable to understanding any complex biological pro-
cess, ranging from the genetic control of the cell cycle 
or cancer to that of development or behavior. For 
this reason the methods of genetic analysis warrant a 
closer examination.

N. crassa grows in the form of filaments on a 
great variety of substrates including laboratory 
medium containing only inorganic salts, a sugar, and 
one vitamin. Such a medium is known as a minimal 
medium because it contains only the nutrients that 
are essential for growth of the organism. The fila-
ments consist of a mass of branched threads separated 
into interconnected, multinucleate compartments 
allowing free interchange of nuclei and cytoplasm. 
Each nucleus contains a single set of seven chromo-
somes. Beadle and Tatum recognized that the ability 
of Neurospora to grow in minimal medium implied 
that the organism must be able to synthesize all of 
the other small molecules needed for growth, such 
as amino acids. If the biosynthetic pathways needed 
for growth are controlled by genes, then a mutation 
in a gene responsible for synthesizing an essential 
nutrient would be expected to render a strain unable 
to grow unless the strain were provided with the 
nutrient.

These ideas were tested in the following way. 
Spores of nonmutant Neurospora were irradiated with 
either x-rays or ultraviolet light to produce mutant 
strains with various nutritional requirements. The 
isolation of a set of mutants affecting any biological 
process, in this case metabolism, is called a mutant 
screen. In the initial step for identifying mutants, sum-
marized in �������	��, the irradiated spores (purple) 
were used in crosses with an untreated strain (green). 
Ascospores produced by the sexual cycle in fruiting 
bodies were individually germinated in  complete 
medium, a complex medium enriched with a vari-
ety of amino acids, vitamins, and other substances 
expected to be essential metabolites whose synthesis 
could be blocked by a mutation. Even those ascospores 
 containing a new mutation affecting synthesis of an 
essential nutrient would be expected to germinate and 
grow in complete medium.

To identify which of the irradiated ascospores 
contained a new mutation affecting the synthesis 
of an essential nutrient, spores from each culture 
were transferred to minimal medium (�������	��, 
Part A). The vast majority of cultures yielded spores 
that could grow on minimal medium; these cultures 
lacked any new mutation of the desired type and were 
discarded. The cultures that were kept were the small 
number producing spores unable to grow on minimal 
medium, because these were mutant cultures that 
contained a new mutation blocking the synthesis of 
some essential nutrient.

�� �������	
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Spores from each mutant culture were then trans-
ferred to a series of media to determine whether the 
mutation results in a requirement for a vitamin, an 
amino acid, or some other substance. In the example 
illustrated in Figure 1.11, Part B, the mutant strain 
requires one (or possibly more than one) amino acid, 
because a mixture of all amino acids added to the 

minimal medium allows growth. Because the propor-
tion of irradiated cultures with new mutations was 
very small, only a negligible number of cultures would 
 contain two or more new mutations that had occurred 
simultaneously.

For nutritional mutants requiring amino acids, 
further experiments testing each of the amino acids 

One Gene, One Enzyme

George W. Beadle and Edward L. Tatum (1941)
Stanford University, Stanford, California

Genetic Control of Biochemical Reactions in Neurospora

How do genes control metabolic processes? The sugges-

tion that genes control enzymes was made very early in 

	
��
��	���������	���*���	��	�������� 	
�����	��
��
�-

sician Archibald Garrod in his 1903 book, Inborn Errors 

of Metabolism. Nevertheless, the precise relationship 

between genes and enzymes was still uncertain. Perhaps 

each enzyme is controlled by more than one gene, or 

perhaps each gene contributes to the control of several 

��+������&
�����������4�������	���������������&�	���

showed that the relationship is usually remarkably simple: 

One gene codes for one enzyme. Their 

pioneering experiments united genet-

ics and biochemistry, and for the “one 

����*� ��� ��+���6� �����	*� �������

and Tatum were awarded a Nobel Prize 

in 1958 (Joshua Lederberg shared the 

prize for his contributions to microbial 

����	���$��������������������	
�	�

some enzymes contain polypeptide chains encoded by 

	��#����������������$���;����	������*�����������-

rate statement of the principle is “one gene, one polypep-

	����6������������&�	��<���4�������	�����������	��	��

the importance of choosing the right organism.  Neurospora 

had been introduced as a genetic organism only a few 

������ �������*� ���� ������� ���� &�	��� �����+��� 	
�	� 	
���

could take advantage of this organism’s ability to grow on 

a simple medium composed of known substances.

�����������&�	��<����������������
������=>@=���������

be found at the reference at the end of this feature. In it, 

they point out the limitations of starting with the physio-

logical basis of a trait (such as black urine disease) and 

attempting to determine its genetic basis. First, these 

analyses are limited to traits in which the variants are 

����	
���������*�	
��������	�����	�
�������������;��	���

&���	�������	
�����������*������������&�	���	������

the problem on its head.

[These limitations] have led us to investigate the 

general problem of the genetic control of devel-

opment and metabolic reactions by revers-

ing the ordinary procedure . . . [by setting out] 

to determine if and how genes 

control known biochemical reac-

tions . . . If the organism must be 

able to carry out a certain chem-

ical reaction to survive on a given 

medium, a mutant unable to do 

this will obviously be lethal on this 

medium. . . . [It can be] studied, 

however, if it will grow on a medium to which 

has been added the essential product of the 

genetically blocked  reaction. . . . 

�&
��*� ��	
��� 	
��� �	��	������	
� �������� ��;�������� ���

	���	�� ����� �����������*� ������� ���� &�	��� �	��	��� ���

generating mutations (in their case, mutations resulting 

from x-irradiation of Neurospora������$*�	
�������	�B���	
��

mutations that were lethal on minimal medium but not on 

medium supplemented with the normal product of the 

mutated gene. This experimental approach ranks among 

the most important experimental tool of genetic analysis.

G. W. Beadle and E. L. Tatum, Genetic control of biochemical reactions 
in Neurospora. Proc. Natl. Acad. Sci. USA 27 (1941): 499–506.

THE HUMAN CONNECTION

“These preliminary results  

appear to us to indicate that the 

approach may offer considerable 

promise as a method of learning 

more about how genes regulate 

development and function.”
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individually usually revealed that only one amino 
acid was required to be added to minimal medium 
to support growth. In Figure 1.11, Part C, the mutant 
strain requires the amino acid arginine. Even in the 
1940s some of the possible intermediates in amino 
acid biosynthesis had been identified. These were rec-
ognized by their chemical resemblance to the amino 
acid and by being present at low levels in the cells 
of organisms. In the case of arginine, two candidates 
were ornithine and citrulline. All mutants requir-
ing arginine were, therefore, tested in medium sup-
plemented with either ornithine alone or citrulline 
alone ( Figure  1.11, Part D). One class of arginine- 
requiring mutants, designated Class I, was able to 
grow in minimal medium supplemented with either 
ornithine, citrulline, or arginine. Other mutants, 
designated Class II, were able to grow in minimal 
medium supplemented with either citrulline or argi-
nine but not ornithine. A  third class, Class III, was 
able to grow only in minimal medium supplemented 
with arginine.

The types of arginine-requiring mutants illustrate 
the principle of genetic analysis as applied to metabolic 
pathways. The basic principle is that

This principle makes intuitive sense because, if the 
intermediate were upstream of the metabolic block, 
then  adding the intermediate to the growth medium 
would not allow growth, because conversion of the 
intermediate would still be blocked at the point of the 
mutant enzyme.

Application of the principle to the linear pathway 
for arginine biosynthesis is shown in   ������ �	��, 
where arginine is the end product starting with some 
precursor metabolite, and ornithine and citrulline are 
intermediates in the pathway. The mutants imply the 
order of the intermediates shown because

�� Mutants in Class I are able to grow in the presence 
of either ornithine or citrulline, which means that 

�������	��
�����������&�	����	��������	��	����	
���������	����������Neurospora crassa by exposing asexual spores to x-rays or 
ultraviolet light. The treated spores were used to start the sexual cycle in fruiting bodies. After any pair of cells and their nuclei undergo 
fusion, meiosis takes place almost immediately and results in eight sexual spores (ascospores) included in a single ascus. These are 
removed individually and cultured in complete medium. Ascospores that carry new nutritional mutants are identified later by their inability 
to grow in minimal medium.

KEY CONCEPT

If a strain with a mutant enzyme that blocks a par-
ticular step in a linear metabolic pathway can 
grow when an intermediate is added to the 
growth medium, it means that the location of the 
intermediate in the pathway is downstream of the 
enzymatic step that is blocked.

Spore exposed 
to x-rays or 
ultraviolet light

Germination 
of ascospore

Mycelium

Asexual spores
(conidia)

Asexual
cycle

Sexual
cycle

An ascospore is placed
in complete medium
in a test tube.

Fruiting
body

Filamentous mycelium
grows in complete medium
and many gentically identical
asexual spores are produced.

Each ascus inside
the fruiting body
contains ascospores.

Ascus
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are tested with each amino acid individually. (D) Mutants unable to grow in the absence of arginine are tested with likely precursors of arginine.

both ornithine and citrulline are downstream of 
any of the enzymes blocked in Class I mutants.

�� Mutants in Class II are able to grow in the 
 presence of citrulline but not ornithine, which 
means that citrulline is located downstream of 
the  enzymatic block in Class II mutants and that 
 ornithine is upstream of the metabolic block in 
Class II mutants.

�� Mutants in Class III are unable to grow in the 
presence of either citrulline or ornithine, which 

means that these intermediates are upstream of 
any of the enzymatic steps blocked in Class III 
mutants.

The structure of the pathway in Figure 1.12 was 
further confirmed by the observations that Class III 
mutants accumulate citrulline and Class II mutants 
accumulate ornithine. Ultimately, direct biochemical 
experiments demonstrated that the inferred enzymes 
were  actually present in nonmutant strains but defec-
tive in mutant strains.



Mutant screens sometimes isolate 
different mutations in the same gene.
Beadle and Tatum were fortunate to study metabolic 
pathways in a relatively simple organism in which 
each gene specifies a single enzyme, a relation often 
called the one gene–one enzyme hypothesis. In 
such a situation, genetic analysis of the mutants 
reveals a great deal more about the metabolic 

pathway than merely the order of the intermediates. 
By classifying each mutation according to the partic-
ular gene it is in and grouping all the mutations in 
each gene together, each set of mutations and, there-
fore, each individual gene, correspond to one enzy-
matic step in the metabolic pathway. In Figure 1.12, 
for example, Class I includes mutations in any of 
three different genes, which implies that there are 
three steps in the pathway between the precursor 

�������	��
Metabolic pathway for arginine biosynthesis inferred from genetic analysis of Neurospora mutants.

Suppose you do a mutant screen for Neurospora mutants unable to grow on minimal medium unless they are supple-

���	�����	
����������������<��������V"�6���������	
��������������	���	����*������������	
�	�	����������*�X�����Y*�����

intermediates in the biochemical pathway for the synthesis of A, but you are unsure which of the following pathways may 

be correct:

(a)�X��  Y��   A

(b) Y�� ��X��   A

Y��B���	��������������	��	��	
�	���Z�����"�������	
��

'�����=��������������������������������	�����	
�"���	��	���	
�X���Y�

'�����\��������������������������������	�����	
�"���X���	��	���	
�Y�

Which of the pathways (a) or (b) do these data support?

STOP & THINK 1.3

CH2

H

NH2

Ornithine

C

C

Each step in the biochemical 
pathway is catalyzed by the
enzyme product of a different 
gene.

OH

O

CCH2CH2NH 2

CH2

H

NH2

Citrulline
C

OH

O

CCH2CH2NH

O

NH2

C CH2

H

NH2

Arginine

C

OH

O

CCH2CH2NHNH2

NH

Precursor

Some intermediates in the 
biochemical pathway may 
not be known.

When the intermediates
are known, the order of
steps in the pathway can
be determined.

Class I mutants
(three complementation 
groups)

Class II mutants
(one complementation 
group)

Class III mutants
(two complementation 
groups)

The intermediate at this
step was later shown to be 
argininosuccinate.
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and ornithine. Similarly, Class III comprises muta-
tions in either of two different genes, which implies 
that there are two steps in the pathway between 
the citrulline and arginine. However, Class II con-
sists of mutations in only one gene, which implies 
only one step in the pathway between ornithine and 
citrulline.

Mutations that have defects in the same gene 
are identified by means of a complementation 
test, in which two mutations are brought together 
into the same cell. In most multicellular organisms 
(and even some sexual unicellular organisms), the 
usual way to do this is by means of a mating. When 
two parents, each carrying one of the two muta-
tions, are crossed, fertilization brings the reproduc-
tive cells containing the two mutations together, 
and through ordinary cell division each cell in the 
resulting offspring carries one copy of each mutant 
gene. In Neurospora this procedure does not work 
because nuclear fusion is followed almost immedi-
ately by the formation of ascospores, each of which 
has only one set of chromosomes.

Complementation tests are nevertheless possible 
in Neurospora owing to the multinucleate nature of 
the filaments. Certain strains, including those studied 
by Beadle and Tatum, have the property that when 
the filaments from two mutant organisms come into 
physical contact, the filaments fuse and the new fil-
ament contains multiple nuclei from both of the 
participating partners. This sort of hybrid filament is 
called a  heterokaryon, and it contains mutant forms 
of both genes. The word roots of the term heterokaryon 
mean “different nuclei.” (A list of the most common 
word roots used in genetics can be found at the end 
of the book.)

When a heterokaryon formed from two nutri-
tional mutants is inoculated into minimal medium, 
it may grow or it may fail to grow. If it grows in min-
imal medium, the mutant genes are said to undergo 
complementation, and this result indicates that 
the mutations are in different genes. On the other 
hand, if the heterokaryon fails to grow in minimal 
medium, the result indicates noncomplementa-
tion, and the two mutations are inferred to be in the 
same gene.

The inferences from complementation or non-
complementation emerge from the logic illustrated 
in  �������	��. Here the multinucleate filament is 
shown, and the mutant nuclei are color coded accord-
ing to which of two different genes (red or purple) 
is mutant. The thick red and purple horizontal lines 
represent the proteins encoded in the mutant nuclei, 
and the × represents a defect in the protein resulting 
from a mutation in the corresponding gene.

Part A depicts the situation in which the mutant 
strains have mutations in different genes. In the 

 heterokaryon, the red nuclei produce mutant forms 
of the red protein and normal forms of the purple 
protein, whereas the purple nuclei produce mutant 
forms of the purple protein and normal forms of the 
red protein. The result is that the red/purple hetero-
karyon has normal forms of both the red and purple 
proteins. It also has mutant forms of both proteins, 
but these do not matter. What matters is that the 
normal proteins allow the heterokaryon to grow on 
minimal medium because all needed nutrients can 
be synthesized. In other words, the normal purple 
gene in the red nucleus complements the defective 
purple gene in the purple nucleus, and the other 
way around. The logic of complementation is cap-
tured in the ancient nursery rhyme “Jack Sprat 
could eat no fat / His wife could eat no lean / And 
so between the two of them / They licked the platter 
clean,” because each partner makes up for the defect 
in the other. 

Part B in Figure 1.13 shows a heterokaryon formed 
between mutants with defects in the same gene, in this 
case purple. Both of the purple nuclei encode a nor-
mal form of the red protein, but each purple nucleus 
encodes a defective purple protein. When the nuclei 
are together, two different mutant forms of the purple 
protein are produced, and so the biosynthetic pathway 
that requires the purple protein is still blocked, and the 
heterokaryon is unable to grow in minimal medium. 
In other words, the mutants 2 and 3 in Figure 1.14 fail 
to complement, and so they are judged to have muta-
tions in the same gene.

The following principle underlies the complemen-
tation test.

A complementation test identifies 
mutations in the same gene.
In the mutant screen for Neurospora mutants requir-
ing arginine, Beadle and Tatum found that mutants 
in different classes (Class I, Class II, and Class III in 
Figure 1.12) always complemented one another. This 
result makes sense, because the genes in each class 
encode enzymes that act at different levels between the 
known intermediates. However, some of the mutants 

KEY CONCEPT

The Principle of Complementation: A comple-
mentation test brings two mutant genes together 
in the same cell or organism. If this cell or organ-
ism is nonmutant, the mutations are said to com-
plement one another and it means that the 
parental strains have mutations in different genes. 
If the cell or organism is mutant, the mutations fail 
to complement one another, and it means that 
the parental mutations are in the same gene.
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in Class I failed to complement others in Class I,  
and some in Class III failed to complement others in 
Class III. These results allow the number of genes in 
each class to be identified. 

To illustrate this aspect of genetic analysis, we 
consider six mutant strains in Class III. These strains 
were taken in pairs to form heterokaryons and their 
growth on minimal medium assessed. The data are 
shown in ������ �	��� Part A. The mutant genes 
in the six strains are denoted x1, x2, and so forth, 
and the data are presented in the form of a matrix 
in which � indicates growth in minimal medium 
(complementation) and � indicates lack of growth 
in minimal medium (lack of complementation). The 
diagonal entries are all �, which reflects the fact that 
two copies of the identical mutation cannot show 
complementation. The pattern of � and � signs in 

the matrix indicate that mutations x1 and x5 fail to 
complement one another; hence, x1 and x5 are muta-
tions in the same gene. Likewise, mutations x2, x3, 
x4, and x6 fail to complement one another in all pos-
sible pairs; hence, x2, x3, x4, and x6 are all mutations 
in the same gene (but a different gene from that rep-
resented by x1 and x5).

Data in a complementation matrix can conve-
niently be analyzed by arranging the mutant genes 
in the form of a circle as shown in Figure  1.14, 
Part  B. Then, for each possible pair of mutations, 
connect the pair by a straight line if the mutations 
fail to complement (� signs in part A). According to 
the principle of complementation, these lines con-
nect mutations that are in the same gene. Each of 
the groups of noncomplementing mutations is called 
a complementation group. As we have seen, each 

�������	��
Molecular interpretation of a complementation test using heterokaryons to determine whether two mutant strains have 
��	�	���������������	�������#"$�����	�	�������	
������������#�$��^��#"$����
�����������	����	���������	��	������������	
��	
���
������	�����
���*�������	
��
�	����������������	������������������������^��#�$��	
����������	����	������	��	�������	
�������
polypeptide chain; hence, no nonmutant form of that polypeptide can be synthesized and the heterokaryon is unable to grow in 
minimal medium.

Complementation
Growth on minimal
medium

No complementation
No growth on minimal
medium

Complementation
(mutations in different genes)

No complementation
(mutations in same gene)

Mutant 1 Mutant 2 Mutant 3

(A) (B)
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complementation group defines a gene, so the com-
plementation test actually provides the geneticist’s 
operational definition:

The mutations in Figure 1.14, therefore, represent 
two genes, mutation of any one of which results 
in the inability of the strain to convert citrulline to 

arginine. On the basis of the one gene–one enzyme 
hypothesis, which is largely true for metabolic 
enzymes in Neuro spora, the pathway from citrulline 
to arginine in Figure 1.12 must comprise two steps 
with an unknown intermediate in between. This 
intermediate was later found to be argininosuccinate. 
Likewise, Class I mutants defined three complemen-
tation groups; hence, there are three enzymatic steps 
from the precursor to ornithine. These intermediates 
were also soon identified. Finally, Class II mutations 
all failed to complement one another, and the finding 
of only one complementation group means that there 
is but a single enzymatic step that converts ornithine 
to citrulline.

�������	��
#"$������	������������	�	���	��	���#�$�&���	�����	�	
�������	�*���������	
����	�	�����������������'����	�������	����
	�
line any pair of mutations that fail to complement—that is, that yield a mutant heterokaryon. Any pair of mutations connected by a 
straight line are mutations in the same gene, and are more than likely mutations at different nucleotide sites in the gene. This example 
shows two complementation groups, each of which represents a single gene needed for arginine biosynthesis.

"������	�	�����;��	��������	��������	
�������Neu-

rospora, one class of mutants blocks the conversion of 

W into Z. These mutants can grow on minimal medium 

when supplemented with Z, but they can’t when sup-

������	�����	
�{��Y���������	���������	�	���	��	��

with six such mutants (m1, m2, …, m6$�����B���	
����-

plementation matrix shown here. 
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(a) How many different genes are indicated by these results? 
(b) If each gene codes for a different enzyme in the pathway, how 
many enzymatic steps are there in the conversion of W into Z?

STOP & THINK 1.4

KEY CONCEPT

A gene is defined experimentally as a set of muta-
tions that make up a single complementation 
group. Any pair of mutations within a complemen-
tation group fail to complement one another.
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A minus sign in the 
complementation
matrix means that the 
indicated mutations 
do not complement 
one another.

(A)

A plus sign in the complementation
matrix means that the indicated
mutations do complement one 
another.

x3

x1

x5

x6 x2

x4

These connecting lines mean that x2, 
x3, x4, and x6 fail to complement one
another in any pairwise combination;
they are mutant foms of a different gene.

(B)

This connecting line means
that x1 and x5 fail to complement
one another; they are different
mutant foms of one gene.
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Genetic analysis can be applied  
to the study of any complex  
biological process.
The type of genetic analysis pioneered by Beadle 
and Tatum is immensely powerful for identifying the 
genetic control of complex biological processes. Their 
approach lays out a systematic path—a sort of recipe—
for gene discovery. First, decide what process you want 
to study. Next figure out what characteristics mutant 
organisms with a disruption in that process would dis-
play. Then do a mutant screen for mutants showing 
these characteristics. Carry out complementation tests 
to find out how many different genes that you have 
identified. And finally, find out what the products of 
those genes are, what they do, how they interact with 
each other, and in what order they function.

Beadle and Tatum themselves analyzed many 
 metabolic pathways for a wide variety of essen-
tial nutrients, but their experiments were especially 
important in deciphering pathways of amino acid 
 biosynthesis. Their findings over just a few years are 
said to have “contributed more knowledge of amino 
acid biosynthetic pathways than had been accumu-
lated during decades of traditional study.” They were 
awarded the 1958 Nobel Prize in Physiology or Med-
icine for their research, and in the intervening years 
at least nine more Nobel Prizes in Physiology or Med-
icine were awarded in which genetic analysis carried 
out along the lines of Beadle and Tatum played a sig-
nificant role. Here is a list, with quotations from the 
official citations of the Nobel Foundation.

�� 1958—George Beadle and Edward Tatum “for 
their discovery that genes act by regulating defi-
nite chemical events.” (It was in doing literature 
research for his Nobel Prize Lecture that Beadle 
discovered Garrod’s earlier work and brought it 
to the world’s attention.)

�� 1965—François Jacob, André Lwoff, and Jacques 
Monod “for their discoveries concerning genetic 
control of enzyme and virus synthesis”

�� 1995—Edward B. Lewis, Christiane Nüsslein- 
Volhard, and Eric F. Wieschaus “for their discov-
eries concerning the genetic control of early 
embryonic development” 

�� 2000—Leland H. Hartwell, Tim Hunt, and Sir 
Paul Nurse “for their discoveries of key regula-
tors of the cell cycle” 

�� 2002—Sydney Brenner, H. Robert Horvitz, and 
John E. Sulston “for their discoveries concerning 
genetic regulation of organ development and 
programmed cell death” 

�� 2007—Mario R. Capecchi, Martin J. Evans, and 
Oliver Smithies “for their discoveries of 

principles for introducing specific gene modifi-
cations in mice by the use of embryonic stem 
cells” 

�� 2009—Elizabeth H. Blackburn, Carol W. Greider, 
and Jack W. Szostak “for the discovery of how 
chromosomes are protected by telomeres and 
the enzyme telomerase”

�� 2013—James E. Rothman, Randy W. Schekman, 
and Thomas C. Südhof “for their discoveries of 
machinery regulating vesicle traffic, a major 
transport system in our cells”

�� 2015—Tomas Lindahl, Paul Modrich, and Aziz 
Sancar “for mechanistic studies of DNA repair”

�� 2017—Jeffrey C. Hall, Michael Rosbash, and 
Michael W. Young “for their discoveries of 
molecular mechanisms controlling the circadian 
rhythm”

�����Genes specify proteins by 
means of a genetic code.

The Beadle and Tatum experiments established that a 
gene specifies the structure of an enzyme but left open 
the issue of how this happens. We now know that 
the relationship between genes and proteins is indi-
rect. The genetic information that specifies a protein 
is actually contained in the sequence of bases in DNA 
in a manner analogous to letters printed on a strip of 
paper. In a region of DNA that directs the synthesis 
of a protein, the genetic code for the protein is con-
tained in only one strand, and it is decoded in a linear 
order. The result of protein synthesis is a polypeptide 
chain, which consists of a linear sequence of amino 
acids connected end to end. Each polypeptide chain 
folds into a characteristic three-dimensional configu-
ration that is determined by its particular sequence of 
amino acids. A typical protein is made up of one or 
more polypeptide chains. Many proteins function as 
enzymes that participate in metabolic processes such 
as amino acid biosynthesis.

One of the DNA strands directs the 
synthesis of a molecule of RNA.
The details of how genes code for proteins were not 
understood until the 1960s, and an outline of the pro-
cess is shown in ������ �	��. The decoding of the 
genetic information takes place in two distinct steps 
known as transcription and translation. The indirect 
route of information transfer

DNA → RNA → Protein

is known as the central dogma of molecular genetics. 
The term dogma means “set of beliefs”; it dates from 
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the time the idea was first put forward as hypothesis. 
Since then the “dogma” has been confirmed experi-
mentally, but the term persists. The main concept in 
the central dogma is that DNA does not code for pro-
tein directly but rather acts through an intermediary 
molecule of ribonucleic acid (RNA). The structure of 
RNA is similar to, but not identical with, that of DNA. 
There is a difference in the sugar (RNA contains the 
sugar ribose instead of deoxyribose), RNA is usually 
single stranded (not a duplex), and RNA contains the 
base uracil (U) instead of thymine (T), which is pres-
ent in DNA. Three types of RNA take part in the syn-
thesis of proteins:

�� A molecule of messenger RNA (mRNA), which 
carries the genetic information from DNA and 
is used as a template for polypeptide synthesis. 
In most mRNA molecules, a relatively high 
 proportion of the nucleotides actually code for 
amino acids. For example, the mRNA for phe-
nylalanine hydroxylase is 2400 nucleotides in 
length and codes for a polypeptide of 452 
amino acids; in this case, more than 50 percent 
of the length of the mRNA codes for amino 
acids.

�� Three types of ribosomal RNA (rRNA), which 
are major constituents of the cellular particles 
called ribosomes on which polypeptide synthe-
sis takes place.

�� A set of about 45 transfer RNA (tRNA) mole-
cules, each of which carries a particular amino 
acid as well as a three-base recognition region 
that base-pairs with a group of three adjacent 
bases in the mRNA. As each tRNA participates in 
translation, its amino acid becomes the terminal 
subunit of the growing polypeptide chain. 
A  tRNA that carries methionine is denoted 
tRNAMet, one that carries serine is denoted 
tRNASer, and so forth. (Because there are more 
than 20 different tRNAs, but only 20 amino 
acids, some amino acids can be attached to any 
of several tRNAs.)

The central dogma illustrated in ������ �	�� 
is the fundamental principle of molecular genetics 
because it summarizes how the genetic information in 
DNA becomes expressed in the amino acid sequence 
in a polypeptide chain.

The manner in which genetic information is trans-
ferred from DNA to RNA is shown in ������ �	��. 

�������	��
DNA sequence coding for the first seven amino 
acids in a polypeptide chain. The DNA sequence specifies the 
amino acid sequence through a molecule of RNA that serves as 
an intermediary “messenger.” Although the decoding process is 
indirect, the net result is that each amino acid in the polypeptide 
chain is specified by a group of three adjacent bases in the DNA. 
In this example, the polypeptide chain is that of phenylalanine 
hydroxylase (PAH).

�������	��
The “central dogma” of molecular genetics: DNA 
codes for RNA, and RNA codes for proteins. The DNA → RNA step 
is transcription, and the RNA → protein step is translation.

KEY CONCEPT

The sequence of nucleotides in a gene specifies 
the sequence of nucleotides in a molecule of 
messenger RNA; in turn, the sequence of 
 nucleotides in the messenger RNA specifies the 
sequence of amino acids in the polypeptide 
chain.

T A C A G G T G A C G C C A G G A C C T T
A T G T C C A C T G C G G T C C T G G A A

A T G T C C A C T G C G G T C C T G G A A

Nucleotide sequence

in DNA molecule

Two-step decoding
process synthesizes
a polypeptide.

Amino acid sequence

in polypeptide chain

DNA triplets encoding each amino acid

Ala Val Leu GluMet Ser Thr

An RNA intermediate

plays the role of

“messenger.”

TRANSCRIPTION

TRANSLATION

mRNA 

(messenger)

Ribosome

Protein

DNA

TRANSCRIPTION

TRANSLATION

rRNA 

(ribosomal)

tRNA 

(transfer)
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The DNA opens up, and one of the strands is used as a 
template for the synthesis of a complementary strand 
of RNA. The process of making an RNA strand from 
a DNA template is transcription, and the RNA mole-
cule that is made is the transcript. The base sequence 
in the RNA is complementary (in the Watson–Crick 
pairing sense) to that in the DNA template, except that 
U (which pairs with A) is present in the RNA in place 
of T. The rules of base pairing between DNA and RNA 
are summarized below.

A
U

Adenine

Base in DNA template

Base in RNA transcript

Uracil

T
A

Thymine

Adenine

G
C

Guanine

Cytosine

C
G

Cytosine

Guanine

Like DNA, an RNA strand also exhibits polarity; 
its 5� and 3� ends are determined by the orientation 
of the nucleotides. The 5� end of the RNA transcript is 
synthesized first, and in the RNA–DNA duplex formed 
in transcription, the polarity of the RNA strand is 
opposite to that of the DNA strand. Each gene includes 
particular nucleotide sequences that initiate and ter-
minate transcription. The RNA transcript made from 
any gene begins at an initiation site in the template 
strand, which is located “upstream” from the  amino 
acid coding region, and ends at a termination site, 
which is located “downstream” from the  amino acid 
coding region. For any gene, the length of the RNA 
transcript is very much smaller than the length of the 
DNA in the entire chromosome. For example, the 
transcript of the PAH gene for phenylalanine hydrox-
ylase is 90,000 nucleotides in length, but the DNA in 
all of chromosome 12 is about 130,000,000 nucleo-
tide pairs. In this case, the length of the PAH transcript 
is less than 0.1 percent of the length of the DNA in 
the chromosome. A different gene in chromosome 12 
would be transcribed from a different region of the 
DNA molecule in chromosome 12, but the transcribed 
region would again be small in comparison with the 
total length of the DNA in the chromosome.

A molecule of RNA directs the synthesis 
of a polypeptide chain.
The synthesis of a polypeptide under the direction 
of an mRNA molecule is known as translation. 
Although the sequence of bases in the mRNA codes 
for the sequence of amino acids in a polypeptide, the 
molecules that actually do the “translating” are the 
tRNA molecules. The mRNA molecule is translated in 
nonoverlapping groups of three bases called codons. 
For each codon in the mRNA that specifies an amino 
acid, there is one tRNA molecule containing a com-
plementary group of three adjacent bases that can pair 
with the bases in the codon. The correct amino acid 
is attached to the other end of the tRNA, and when 
this tRNA comes into line, the amino acid attached 
to it becomes the new terminal end of the growing 
polypeptide chain.

The role of tRNA in translation is illustrated in 
 �������	�� and can be described as follows:

�������	��
Transcription is the production of an RNA strand that 
is complementary in base sequence to a DNA strand. In this 
example, a DNA strand is being transcribed into an RNA strand at 
the bottom left. Note that in an RNA molecule, the base U (uracil) 
plays the role of T (thymine) in that it pairs with A (adenine). Each 
A–U pair is marked with an asterisk.

KEY CONCEPT

The mRNA is read codon by codon. Each codon 
that specifies an amino acid matches with a com-
plementary group of three adjacent bases in a 

�$)���8���!�������($�$���������8����
�
attached to the correct amino acid, so the correct 
amino acid is brought into line.
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T
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C G
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A

A
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�������	��
The role of messenger RNA in translation is to carry 
the information contained in a sequence of DNA bases to a 
ribosome, where it is translated into a polypeptide chain. Translation 
is mediated by transfer RNA (tRNA) molecules, each of which can 
base-pair with a group of three adjacent bases in the mRNA. Each 
tRNA also carries an amino acid; when it is brought to the ribosome 
by base pairing, its amino acid becomes the growing end of the 
polypeptide chain.

The tRNA molecules used in translation do not line 
up along the mRNA simultaneously as shown in 
 Figure 1.18. The process of translation takes place on 
a  ribosome, which combines with a single mRNA and 

moves along it in steps, three nucleotides at a time 
(codon by codon). As each new codon comes into place, 
the next tRNA binds with the ribosome, and the grow-
ing end of the polypeptide chain becomes attached to 
the amino acid on the tRNA. In this way, each tRNA in 
turn serves temporarily to hold the  polypeptide chain 
as it is being synthesized. As the polypeptide chain is 
transferred from each tRNA to the next in line, the 
tRNA that previously held the polypeptide is released 
from the ribosome. The polypeptide chain elongates 
one amino acid at a step until any one of three particular 
codons specifying “stop” is encountered. At this point, 
synthesis of the chain of amino acids is  finished, and 
the polypeptide chain is released from the ribosome. 

The genetic code is a triplet code.
Figure 1.18 indicates that the mRNA codon AUG spec-
ifies methionine (Met) in the polypeptide chain, UCC 
specifies Ser (serine), ACU specifies Thr (t hreonine), 
and so on. The complete decoding table is called the 
genetic code, and it is shown in  �������	�. For any 
codon, the column on the left corresponds to the first 
nucleotide in the codon (reading from the 5� end), 
the row across the top corresponds to the second 
nucleotide, and the column on the right corresponds 

A
U

Messenger
RNA (mRNA)

Bases
in the
mRNA

U G U
A C

A

C C A C

G G
U G

U G C G

A
C G C

G U C C U G G A A

Ala

C A G

Val

G A C

Leu

C U U

Glu

Met
Ser

Thr

Transfer 
RNA 
(tRNA)

[

The coding sequence of 
bases in mRNA specifies 
the amino acid sequence 
of a polypeptide chain.

Each group of three 
adjacent bases is a codon.

The mRNA is translated 
codon by codon by means 
of tRNA molecules.

Each tRNA has a 
different base sequence 
but about the same 

Each tRNA carries an 
amino acid to be added 
to the polypeptide chain.

�������	��The Standard Genetic Code

Second Nucleotide in Codon

U C A G

U

UUU Phe F Phenylalanine

UUC Phe F Phenylalanine

UUA Leu L Leucine

UUG Leu L Leucine

UCU Ser S Serine

UCC Ser S Serine

UCA Ser S Serine

UCG Ser S Serine

|"|� &��� Y� Tyrosine

|"'� &��� Y� Tyrosine

UAA  Termination

UAG  Termination

UGU Cys C Cysteine

UGC Cys C Cysteine

UGA  Termination

UGG Trp W Tryptophan

U

C

A

G

C

CUU Leu L Leucine

CUC Leu L Leucine

CUA Leu L Leucine

CUG Leu L Leucine

CCU Pro P Proline

CCC Pro P Proline

CCA Pro P Proline

CCG Pro P Proline

CAU His H Histidine

CAC His H Histidine

CAA Gln Q Glutamine

CAG Gln Q Glutamine

CGU Arg R Arginine

CGC Arg R Arginine

CGA Arg R Arginine

CGG Arg R Arginine

U

C

A

G

A

AUU Ile I Isoleucine

AUC Ile I Isoleucine

AUA Ile I Isoleucine

AUG Met M Methionine

ACU Thr T Threonine

ACC Thr T Threonine

ACA Thr T Threonine

ACG Thr T Threonine

AAU Asn N Asparagine

AAC Asn N Asparagine

AAA Lys K Lysine

AAG Lys K Lysine

AGU Ser S Serine

AGC Ser S Serine

AGA Arg R Arginine

AGG Arg R Arginine

U

C

A

G

G

GUU Val V Valine

GUC Val V Valine

GUA Val V Valine

GUG Val V Valine

GCU Ala A Alanine

GCC Ala A Alanine

GCA Ala A Alanine

GCG Ala A Alanine

GAU Asp D Aspartic acid

GAC Asp D Aspartic acid

GAA Glu E Glutamic acid

GAG Glu E Glutamic acid

GGU Gly G Glycine

GGC Gly G Glycine

GGA Gly G Glycine

GGG Gly G Glycine

U

C

A

G
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to the third nucleotide. The complete codon is given 
in the body of the table, along with the amino acid 
(or “stop”) that the codon specifies. Each amino acid 
is designated by its full name as well as by a three- 
letter abbreviation and a single-letter  abbreviation. 
Both types of abbreviations are used in molecu-
lar genetics. The code in Table 1.1 is the “standard” 
genetic code used in translation in the cells of nearly 
all organisms.

In addition to the 61 codons that code only for 
amino acids, there are 4 codons that have specialized 
functions:

�� The codon AUG, which specifies Met (methi-
onine), is also the “start” codon for polypeptide 
synthesis. The positioning of a tRNAMet bound to 
AUG is one of the first steps in the initiation of 
polypeptide synthesis, so all polypeptide chains 
begin with Met. In most organisms, the tRNAMet 

used for initiation of translation is the same 
tRNAMet used to specify methionine at internal 
positions in a polypeptide chain.

�� The codons UAA, UAG, and UGA, each of which 
is a “stop,” specify the termination of translation 
and result in release of the completed polypep-
tide chain from the ribosome. These codons do 
not have tRNA molecules that recognize them 
but are instead recognized by protein factors that 
terminate translation.

How the genetic code table is used to infer the 
amino acid sequence of a polypeptide chain may be 
illustrated using phenylalanine hydroxylase again, in 
particular the DNA sequence coding for amino acid 
numbers 1 through 7. The DNA sequence is

5�-ATGTCCACTGCGGTCCTGGAA-3�
3�-TACAGGTGACGCCAGGACCTT-5�

This region is transcribed into RNA in a left-to-right 
direction, and because RNA grows by the addition of 
successive nucleotides to the 3� end (Figure 1.17), it is 
the bottom strand that is transcribed. The nucleotide 
sequence of the RNA is that of the top strand of the 
DNA, except that U replaces T, so the mRNA for amino 
acids 1 through 7 is

5�-AUGUCCACUGCGGUCCUGGAA-3�

The codons are read from left to right according to the 
genetic code shown in Table 1.1. Codon AUG codes for 
Met (methionine), UCC codes for Ser (serine), and so 
on. Altogether, the amino acid sequence of this region 
of the polypeptide is

5�-AUGUCCACUGCGGUCCUGGAA-3�
MetSerThrAlaValLeuGlu

or, in terms of the single-letter abbreviations,

5�-AUGUCCACUGCGGUCCUGGAA-3�
 M S T A V L E

The full decoding operation for this region of the 
PAH gene is shown in �������	��. In this figure, the 
initiation codon AUG is highlighted because some 
patients with PKU have a mutation in this particular 
codon. As might be expected from the fact that AUG is 
the initiation codon for polypeptide synthesis, cells in 
patients with this particular mutation fail to produce 
any of the PAH polypeptide. Mutation and its conse-
quences are considered next.

��	��Genes change by mutation.
The term mutation refers to any heritable change in a 
gene (or, more generally, in the genetic material); the 
term also refers to the process by which such a change 
takes place. One type of mutation results in a change 
in the sequence of bases in DNA. The change may be 
simple, such as the substitution of one pair of bases in a 
duplex molecule for a different pair of bases. For exam-
ple, a C—G pair in a duplex molecule may mutate to 
T—A, A—T, or G—C. The change in base sequence may 
also be more complex, such as the deletion or addition 
of base pairs. Geneticists also use the term mutant, 
which refers to the result of a mutation. A muta-
tion yields a mutant gene, which in turn produces a 
mutant mRNA, a mutant protein, and finally a mutant 

�������	��
The central dogma in action. The DNA that encodes 
PAH serves as a template for the production of a messenger RNA, 
and the mRNA, in turn, serves to specify the sequence of amino 
acids in the PAH polypeptide chain through interactions with the 
tRNA molecules.

A
U

U G U
A C

A

C C A C

G G
U G

U G C G

A
C G C

G U C C U G G A A

A T G T C C A

1 2 3 4 5 6 7

1 2 3 4 5 6 7

C T G C G G T C C T G G A A
T A C A G G T G A C G C C A G G A C C T T

Ala

C A G
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C U U
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Met
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DNA

mRNA

Polypeptide

Codon number
in PAH gene

Amino acid number 
in PAH polypeptide
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organism that exhibits the effects of the  mutation—for 
example, an inborn error of metabolism.

DNA from patients from all over the world who 
have phenylketonuria has been studied to determine 
what types of mutations are responsible for the inborn 
error. There are a large variety of mutant types. More 
than 400 different mutations have been described. In 
some cases part of the gene is missing, so the genetic 
information to make a complete PAH enzyme is absent. 
In other cases the genetic defect is more subtle, but the 
result is still either the failure to produce a PAH pro-
tein or the production of a PAH protein that is inactive. 
In the mutation shown in  �������	��, substitution 
of a G—C base pair for the normal A—T base pair at 
the very first position in the coding sequence changes 
the normal codon AUG (Met) used for the initiation of 
translation into the codon GUG, which normally spec-
ifies valine (Val) and cannot be used as a “start” codon. 
The result is that translation of the PAH mRNA cannot 
occur, so no PAH polypeptide is made. This mutant 
is designated M1V because the codon for M (methi-
onine) at amino acid position 1 in the PAH polypeptide 
has been changed to a codon for V (valine). Although 
the M1V mutant is quite rare worldwide, it is com-
mon in some localities, such as in Québec province in 
Canada.

One PAH mutant that is quite common is des-
ignated R408W, which means that codon 408 in 
the PAH polypeptide chain has been changed from 
one coding for arginine (R) to one coding for tryp-
tophan (W). This mutant is one of the four most 
common in cases of PKU among European Cauca-
sians. The  molecular basis of the mutation is shown 
in  ������ �	��. In this case, the first base pair in 

codon 408 is changed from a C—G base pair into a 
T—A base pair. The result is that the PAH mRNA has 
a mutant codon at position 408; specifically, it has 
UGG instead of CGG. Translation does occur in this 
mutant because everything else about the mRNA is 
normal, but the result is that the mutant PAH car-
ries a tryptophan (Trp) instead of an arginine (Arg) 
at position 408 in the polypeptide chain. The conse-
quence of the seemingly minor change of one amino 
acid is very drastic, because the mutant PAH has no 
enzyme activity and so is unable to catalyze its met-
abolic reaction. In other words, the mutant PAH pro-
tein is complete but inactive. With PAH, as with other 
proteins, some amino acid replacements result in a 
polypeptide chain that is unable to fold properly. The 
incorrectly folded polypeptides are digested by pro-
teases in the cell, which recycles the amino acids for 
use in the synthesis of other proteins.

�������	��
The M1V mutant in the PAH gene. The methionine 
codon needed for initiation mutates to a codon for valine. Translation 
cannot be initiated, and no PAH polypeptide is produced.

�������	��
&
���@��{���	��	����	
��PAH�������'���@������
arginine (R) is mutated into a codon for tryptophan (W). The result is 
	
�	����	���@������	
����	��	��"��������	������������������
tryptophan rather than by arginine. The mutant protein has no PAH 
enzyme activity.

Suppose you discover a novel mutant form of the 

enzyme phenylalanine hydroxylase (PAH) with the 
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protein is replaced in the mutant by the amino acid 

glutamine (G). What single nucleotide substitution in  
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STOP & THINK 1.5
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��
��Most traits are complex traits 
affected by multiple genetic 
and environmental factors.

Inborn errors of metabolism illustrate the general 
principle that genes code for proteins and that mutant 
genes code for mutant proteins that can result in 
inherited diseases such as phenylketonuria. But few 
people have even met anyone with phenylketon-
uria because its frequency is only about 1 in 10,000 
individuals. An inherited trait like phenylketonuria, 
which is due to mutations in a single gene, is called 
a simple Mendelian trait because it occurs in fami-
lies according to simple genetic ratios first discovered 
by Gregor Mendel (Chapter 2). Although about 2000 
simple Mendelian diseases have been described, each 
of them is quite rare in the human population as a 
whole (although some individual diseases are more 
common in particular subgroups).

Most traits that you will encounter in everyday life 
are not simple Mendelian traits. The most commonly 
encountered diseases include heart disease, diabetes, 
kidney disease, autism, and bipolar disorder. Almost 
everyone knows somebody who is affected with one 
or more of these conditions, often a family member. 
Each of these common conditions occurs in about 
1/100 individuals—at least 100 times more frequent 
than a typical simple Mendelian disorder.

These common diseases are examples of 
 complex traits because their causation is a complex 
interplay between multiple genetic and environmen-
tal factors. A disease in which causation is complex 
is affected by genetic factors, but each genetic fac-
tor, acting alone, does not determine presence of 
the disease. Each genetic factor is a risk factor that 
increases the chance that an individual carrying the 
gene will manifest the disease. Each risk factor may 
have a relatively small effect, but the risk factors are 
cumulative. 

Complex traits are also affected by environmen-
tal factors and lifestyle choices. An individual may 
have multiple genetic risk factors for heart disease, for 
example, but still delay the onset of the disease, min-
imize its severity, or avoid it altogether with lifestyle 
choices like eating a healthy diet, getting regular exer-
cise, and not smoking. Conversely, an individual with 
few genetic rick factors for heart disease may never-
theless come down with the disease owing to poor life-
style choices in diet, exercise, and tobacco use.

Not all complex traits are diseases. Most com-
monly observed differences among individuals are 
due to variation in complex traits. Height and weight 
are two prominent examples. Both traits are affected 
by  multiple genetic and environmental factors acting 
together. In the case of weight, obvious environmental 

factors are diet and exercise, but weight is also affected 
by the cumulative impact of at least 700 known genetic 
factors, each of small effect.

�����Evolution means continuity  
of life with change.

The pathway for the breakdown and excretion of 
phenylalanine is by no means unique to human 
beings. One of the remarkable generalizations to 
have emerged from molecular genetics is that organ-
isms that are very distinct—for example, plants and 
 animals—share many features in their genetics and 
biochemistry. These similarities indicate a fundamen-
tal “unity of life”:

Groups of related organisms descend 
from a common ancestor.
Organisms share a common set of similar genes and 
proteins because they evolved by descent from a 
common ancestor. The process of evolution takes 
place when a population of organisms gradually 
changes in genetic composition through time. Evo-
lutionary changes in genes and proteins result in 
differences in metabolism, development, and behav-
ior among organisms, which allows them to become 
progressively better adapted to their environments. 
From an evolutionary perspective, the unity of fun-
damental molecular processes in organisms alive 
today reflects inheritance from a distant common 
ancestor in which the molecular mechanisms were 
already in place. 

Not only the unity of life but also many other 
features of living organisms become comprehensible 
from an evolutionary perspective. For example, the 
interposition of an RNA intermediate in the basic flow 
of genetic information from DNA to RNA to protein 
makes sense if the earliest forms of life used RNA for 
both genetic information and enzyme catalysis. The 
importance of the evolutionary perspective in under-
standing aspects of biology that seem pointless or need-
lessly complex is summed up in a famous aphorism 

KEY CONCEPT

All creatures on Earth share many features of the 
genetic apparatus, including genetic information 
encoded in the sequence of bases in DNA, tran-
scription into RNA, and translation into protein on 
ribosomes with the use of transfer RNAs. All crea-
tures also share certain characteristics in their 
biochemistry, including many enzymes and other 
proteins that are similar in amino acid sequence, 
three-dimensional structure, and function.
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of the evolutionary biologist Theodosius Dobzhansky: 
“Nothing in biology makes sense except in the light of 
evolution.” 

Biologists distinguish three major kingdoms of 
organisms: 

1. Bacteria This group includes most bacteria and 
cyanobacteria (formerly called blue-green 
algae). Cells of these organisms lack a 
 membrane-bounded nucleus and mitochondria, 
are surrounded by a cell wall, and divide by 
binary fission. 

2. Archaea This group was initially discovered 
among microorganisms that produce methane 
gas or that live in extreme environments, such 
as hot springs or pools with high salt concentra-
tions. They are widely distributed in more nor-
mal environments as well. Superficially 
resembling bacteria, the cells of archaeans show 
important differences in the manner in which 
their membrane lipids are chemically linked. 
The machinery for DNA replication and tran-
scription in archaeans resembles that of eukary-
ans, whereas their metabolism strongly 
resembles that of bacteria. DNA sequence anal-
ysis indicates that about half of the genes found 
in the kingdom Archaea are unique to this 
group. 

3. Eukarya This group includes all organisms 
whose cells contain an elaborate network of 
internal membranes, a membrane-bounded 
nucleus, and mitochondria. Their DNA is pres-
ent in the form of linear molecules organized 
into true chromosomes, and cell division takes 
place by means of mitosis. The eukaryotes 
include plants and animals as well as fungi and 
many single-celled organisms, such as amoebae 
and ciliated protozoa. 

The members of the groups Bacteria and Archaea 
are often grouped together into a larger assemblage 
called prokaryotes, which literally means “before [the 
evolution of] the nucleus.” This terminology is conve-
nient for designating prokaryotes as a group in con-
trast with eukaryotes, which literally means “good 
[well-formed] nucleus.” 

The molecular unity of life is seen in 
comparisons of genomes.
The totality of DNA in a cell, nucleus, or organelle is 
called its genome. When used with reference to a spe-
cies of organism, for example in phrases such as “the 
human genome,” the term genome is defined as the 
DNA present in a normal reproductive cell.

Modern methods for sequencing DNA are so 
rapid and efficient that the complete DNA sequence is 

known for hundreds of different species of organisms. 
These include the genomes of multiple representatives 
of many groups of organisms, including extinct human 
ancestors sequenced from DNA extracted from fossil 
bones. �������	� shows a small sample of sequenced 
genomes. Genome size is given in megabases (Mb), or 
millions of base pairs. 

The organism denoted syn3.0 is very special in 
that it is not a naturally occurring organism, and we 
will discuss it later. Among the naturally occurring 
organisms in Table 1.2 are two bacteria: Mycoplasma 
mycoides is notable for its small genome and limited 
number of genes; Escherichia coli is more typical of 
bacteria in size and gene number. Both bacteria have 

�������	��Comparison of Genomes

Organism

Genome size, Mba 

(approximate)

Number of 

genes  

(approximate)

syn3.0 

(synthetic DNA 

 bacterium)

0.5 @��

Mycoplasma mycoides

(causes bovine 

 pneumonia)

1.2 985

Escherichia coli

(common colon 

 bacterium)

@�� @���

Saccharomyces 

cerevisiae

(baker’s yeast)

12 ����

Caenorhabditis 

elegans

(soil nematode)

100 20,000

Drosophila 

 melanogaster

(fruit ��$

180 =�*���

Arabidopsis thaliana

(mouse-ear cress)
135 28,000

Mus musculus

(laboratory mouse)
2500 25,000

Homo sapiens

(human being)
3000 25,000

aMillions of base pairs.
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about the same density of genes—about one gene per 
Mb of DNA.

Baker’s yeast (Saccharomyces cerevisiae) is a 
 single-celled eukaryote. It has a genome size of 12 
Mb organized into 16 chromosomes containing about 
6000 genes. The gene density is about one gene per 
2 Mb—twice that of typical bacteria.

Caenorhabditis elegans, Drosophila melanogaster, and the 
diminutive flowering plant Arabidopsis thaliana are com-
plex, multicellular eukaryotes notable for their relatively 
small genome size, which is still substantially larger than 
that of baker’s yeast. Their gene number is also larger 
than that of yeast, but only by a factor of 3–4, with an 
average gene density of one gene per 5–10 Mb. (Not all 
insects have a genome as small as that of Drosophila; the 
genome size of the mountain grasshopper, Podisma pedes-
tris, is about 100 times larger than that of Drosophila, but 
it has about the same number of genes. Such paradoxes 
of genome size are discussed in Chapter 6.)

The genomes of mouse and human are much 
larger than those of the other multicellular eukaryotes 
in Table 1.2, yet they have about the same number 
of genes. This means that the gene density in mouse 
and human is much reduced, to roughly one gene per 
100 Mb. The reduced gene density is reflected in the 
fact that only about 1.5 percent of the human genome 
sequence codes for protein. (About 27 percent of the 
human genome is present in protein-coding genes, but 
much of the DNA sequence present in such genes does 
not actually code for amino acids.)

Which brings us back to syn3.0, the world’s first 
synthetic organism. It was created to identify the min-
imal set of genes that would enable a bacterial cell to 
multiply in growth medium containing amino acids 
and other small-molecule nutrients. Starting with 
cells of Mycoplasma mycoides, researchers at the J. Craig 
Venter Institute in La Jolla, California systematically 
knocked out each of the 985 genes to determine 
which genes were essential for growth. They then 
chemically synthesized a 0.5-Mb DNA molecule that 
contained only essential genes. Synthesis of such a 
large piece of DNA is technically extremely difficult, 
because long molecules of DNA in solution are frag-
ile and break easily due to mechanical shear. In prac-
tice, large molecules have to be synthesized in smaller 
pieces that must then be assembled in proper order. 
In the case of syn3.0, the researchers made clever use 
of living yeast cells to combine the synthetic pieces in 
the right order and to faithfully replicate the molecule. 

The completed genome was then tested for viability by 
being introduced into living Mycoplasma cells in which 
the original DNA had been destroyed.

The project was not without its surprises. There 
are, for example, more than a few cases in which each 
of two genes appears to be nonessential, but eliminat-
ing both results in cells that grow extremely slowly or 
not at all. A good analogy is the engines on a twin- 
engine jet like the Boeing 767: It can fly when one 
engine is disabled, but not both.

After much work and some trial and error, syn3.0—a 
viable cell with a synthetic minimal genome compris-
ing 473 genes—was created. The functions of these 
473 genes are summarized in  �������	��. As might 
be expected, the largest numbers of genes function in 
small-molecule transport, general metabolism, or syn-
thesis and processing of macromolecules. Remarkably, 
17 percent of the genes in the minimal genome have 
no identified function (“unknown”), which means a 
great deal of biology remains to be  discovered. It is also 
worth noting that a substantial fraction of the genes 
in syn3.0 have recognizable counterparts in the other 
organisms listed in Table 1.2, attesting to the molecular 
unity of life on Earth.

�������	�������	������	
��@������������	
�����	
�	���
bacterium syn3.0.

Data from C. A. Hutchison III et al. Science 2016 Mar 25;351(6280):aad6253. doi: 10.1126/science.aad6253.
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& nucleotide

synthesis (4%)

Other identified
function (4%)
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Transcription (2%)
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Translation
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(17%)

Transport
(15%)

RNA synthesis
& processing

(13%)
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metabolism

(11%)

DNA replication
& repair (6%)
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CHAPTER SUMMARY

�� Inherited traits are affected by genes. 

�� Genes are composed of the chemical deoxyribo-
nucleic acid (DNA). 

�� DNA replicates to form (usually identical) copies 
of itself. 

�� DNA contains a code specifying what types of 
enzymes and other proteins are made in cells. 

�� DNA occasionally mutates, and the mutant forms 
specify altered proteins. 

�� A mutant enzyme is an “inborn error of metabo-
lism” that blocks one step in a biochemical path-
way for the metabolism of small molecules. 

�� Genetic analysis of mutants of the fungus Neuros-
pora unable to synthesize an essential nutrient led 
to the one gene–one enzyme hypothesis.

�� Different mutations in the same gene can be iden-
tified by means of a complementation test, in 
which the mutants are brought together in the 
same cell or organism. Mutations in the same 
gene fail to complement one another, whereas 
mutations in different genes show 
complementation.

�� Most traits are complex traits affected by multiple 
genes as well as by environmental factors.

�� Organisms change genetically through genera-
tions in the process of biological evolution. 

�� Because of their common descent, organisms 
share many features of their genetics and 
biochemistry.

ISSUES AND IDEAS

�� What special feature of the structure of DNA 
allows each strand to be replicated without regard 
to the other?

�� What does it mean to say that a strand of DNA 
specifies the structure of a molecule of RNA?

�� What types of RNA participate in protein synthe-
sis, and what is the role of each type of RNA?

�� What is meant by the phrase genetic code, and how 
is the genetic code relevant to the translation of a 

polypeptide chain from a molecule of messenger 
RNA?

�� What is meant by the term genetic analysis, and 
how is genetic analysis exemplified by the work 
of Beadle and Tatum using Neurospora?

�� What is a complementation test, and what is it 
used for in genetic analysis?

�

SOLUTIONS: STEP BY STEP

PROBLEM � In the human gene for the beta chain of 
hemoglobin, the oxygen-carrying protein in the red 
blood cells, the first 30 nucleotides in the protein-coding 
region are as shown here.

3�-TACCACGTGGACTGAGGACTCCTCTTCAGA-5�

 (a) What is the sequence of the partner strand?
 (b) If the DNA duplex of this gene were transcribed 
from left to right, what is the base sequence of the 
RNA across this part of the coding region?
 (c) What is the sequence of amino acids in this part of 
the beta-globin polypeptide chain?
 (d) In the mutation responsible for sickle-cell anemia, 
the red T indicated is replaced with an A. The mutant 
is present at relatively high frequency in some human 
populations because carriers of the gene are more 
resistant to falciparum malaria than are noncarriers. 
What is the amino acid replacement associated with 
this mutation?

��������	
(a) The partner strand is deduced from the 
rule that A pairs with T and G pairs with C; however, 
keep in mind that the paired DNA strands have opposite 
polarity (that is, their 5�-to-3� orientations are reversed). 
(b) The RNA strand is synthesized in the 5�-to-3� 

direction, which means that the template DNA strand is 
transcribed in the 3�-to-5� direction, which happens to 
be the same left-to-right orientation of the strand shown 
above. The base sequence is deduced from the usual 
base-pairing rules, except that A in DNA pairs with U in 
RNA. (c) The polypeptide chain is translated in succes-
sive groups of three nucleotides (each group constitut-
ing a codon), starting at the 5� end of the coding 
sequence in the RNA and moving in the 5�-to-3� direc-
tion. The amino acid corresponding to each codon can 
be found in the genetic code table. (d) The change from 
T to A in the transcribed strand alters a GAG codon into 
a GUG codon in the RNA transcript, resulting in the 
replacement of the normal glutamic acid (GAG) with 
valine (V). The nonmutant duplex, the RNA transcript, 
and the amino acid sequence are as shown below. The 
amino acid that is replaced in the sickle-cell mutant is 
indicated in red.

3�-TACCACGTGGACTGAGGACTCCTCTTCAGA-5� 
5�-ATGGTGCACCTGACTCCTGAGGAGAAGTCT-3�

5�-AUGGUGCACCUGACUCCUGAGGAGAAGUCU-3� 
MetValHisLeuThrProGluGluLysSer

 ��������$
H���"������" 29 



PROBLEM 2 The accompanying diagram shows a linear 
bioynthetic pathway for an essential nutrient designated 
F in an organism, such as Neurospora, able to grow in a 
minimal medium. Each red letter indicates one interme-
diate in the pathway, and each blue number indicates a 
mutant that blocks one step in the pathway. 

 1 2 3 4 5
A B C D E F

Make a table in which the columns correspond to the 
intermediates, arranged in alphabetical order, and the 
rows correspond to the mutants, arranged in numerical 
order. In the body of the table, insert a plus sign if the 
mutant will grow on minimal medium supplemented 
with the nutrient and a minus sign if the mutant will not 
grow under these conditions. Assume that all intermedi-
ates can be transported into the cell from the growth 
medium. 

��������	
This is a classic type of genetic analysis pio-
neered by Beadle and Tatum. The principle is that a 
mutant will grow on any intermediate whose position in 
the pathway is downstream of the metabolic block. Hence, 
mutant 1 will grow on any intermediate except A, 
mutant 2 will grow on any intermediate except A or B, 
and so forth. The complete matrix is as shown. It looks 
exceptionally simple because both the rows (mutants) 
and columns (intermediates) are arranged in the same 
order as their constituents appear in the pathway. Nor-
mally this will not be the case.

A B C D E F

1 � � � � � �

2 � � � � � �

3 � � � � � �

4 � � � � � �

5 � � � � � �

PROBLEM � A complementation test is used to sort a set 
of mutants into groups, each group corresponding to a 
subset of the mutants that have defects in the same gene. 
Shown here are the genes (1–5) from the previous prob-
lem and 10 mutants (a–j) grouped according to the gene 
they affect. 

 1 2 3 4 5
a  e, g  c, b, h, j  f  d, i

Gene 1 is represented by mutant a only, gene 2 by 
mutants e and g, and so forth. 

 (a) Prepare a square complementation matrix of data, 
with the rows and columns representing the mutants 
in alphabetical order. Each entry in the matrix should 
be a plus sign if the row mutant and the column 
mutant do show complementation (that is, if they are 
mutants of different genes) or a minus sign if they 
do not show complementation (that is, if they are 
mutants of the same gene).
 (b) What is special about the principal diagonal of the 
matrix? (The principal diagonal is the diagonal that 
runs from upper left to lower right.) What does this 
result mean biologically?
 (c) What is special about the triangular parts of the 
matrix above and below the diagonal? What does this 
result mean biologically?
 (d) Prepare a circular diagram of the mutants as 
discussed in the text, showing which of the mutants 
form complementation groups.

��������	
(a) The complementation matrix is as 
shown here. (b) The principal diagonal consists exclu-
sively of minus signs; biologically, this means that a 
mutant cannot undergo complementation with itself, 
because two copies of the identical mutation must be in 
the same gene. (c) The upper and lower triangular matri-
ces are symmetrical, mirror images of one another; bio-
logically, this means that the parent of origin of the 
mutant makes no difference to whether the mutants 
undergo complementation. Because of the symmetry of 
the data matrix, complementation data are often pre-
sented only in the form of the upper diagonal. (d) The 
circular type of the complementation test is also shown. 
It indicates that the complementation groups are {a}, {b, c, 
h, j}, {d, i}, {e, g}, and { f }. The complementation groups are 
not informative about where the product of each gene 
acts in the pathway; this information must come from the 
type of analysis illustrated in the previous problem.

 (a–c)

a b c d e f g h i j

a � � � � � � � � � �

b � � � � � � � � � �

c � � � � � � � � � �

d � � � � � � � � � �

e � � � � � � � � � �

f � � � � � � � � � �

g � � � � � � � � � �

h � � � � � � � � � �

i � � � � � � � � � �

j � � � � � � � � � �
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