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Techniques of Genetic Modification

Standard mutagenesis:

Chemical (EMS) and radiation Random germ-line and 

  somatic mutations

Transgenesis:

P element mediated Random insertion

Targeted gene knockouts:

Induced replacement Null ectopic allele exits 

  and recombines with 

  wild-type allele

RNAi Mimics targeted knockout 

Wing

Notum

A1 A2 A3
A4

A5-A8T1
T2 T3

Haltere
(rudimentary wing)

The normal thoracic and 
abdominal segments of 
Drosophila.

(a) Bicoid mRNA (b) nos mRNA

Photomicrographs showing gradients of body axis determinants. 
(a) mRNA for the gene bcd is shown localized to the anterior (left-
hand) tip of the embryo. (b) mRNA of the nos gene is localized to the 
posterior (right-hand tip of the embryo). The distribution of the proteins 
encoded by these genes and other genes determines the body axis.

Other areas of contribution
Population genetics

Evolutionary genetics

Behavioral genetics

Genetic engineering
Transgenesis. Building transgenic flies requires the help of a 

Drosophila transposon called the P element. Geneticists construct 

a vector that carries a transgene flanked by P-element repeats. 

The transgene vector is then injected into a fertilized egg along 

with a helper plasmid containing a transposase. The transposase 

allows the transgene to jump randomly into the genome in ger-

minal cells of the embryo (see Chapter 15).

Targeted knockouts. Targeted gene knockouts can be accom-

plished by, first, introducing a null allele transgenically into an 

ectopic position and, second, inducing special enzymes that cause 

excision of the null allele. The excised fragment (which is linear) 

then finds and replaces the endogenous copy by homologous 

crossing over. However, functional knockouts can be produced 

more efficiently by RNAi.

Main contributions
Much of the early development of the chromosome theory of 

heredity was based on the results of Drosophila studies. Geneti-

cists working with Drosophila made key advances in developing 

techniques for gene mapping, in understanding the origin and 

nature of gene mutation, and in documenting the nature and be-

havior of chromosomal rearrangements (see pages 123 and 129). 

To perform a cross, males and females are placed together in 

a jar, and the females lay eggs in semisolid food covering the jar’s 

bottom. After emergence from the pupae, offspring can be anes-

thetized to permit counting members of phenotypic classes and to 

distinguish males and females (by their different abdominal stripe 

patterns). However, because female progeny stay virgin for only 

a few hours after emergence from the pupae, they must immedi-

ately be isolated if they are to be used to make controlled crosses. 

Crosses designed to build specific gene combinations must be 

carefully planned, because crossing over does not take place in 

Drosophila males. Hence, in the male, linked alleles will not re-

combine to help create new combinations.

For obtaining new recessive mutations, special breeding pro-

grams (of which the prototype is Muller’s ClB test) provide con-

venient screening systems. In these tests, mutagenized flies are 

crossed with a stock having a balancer chromosome (see page 617). 

Recessive mutations are eventually brought to homozygosity by in-

breeding for one or two generations, starting with single F1 flies.

Their discoveries opened the door to other pioneering studies:

  Early studies on the kinetics of mutation induction and 

the measurement of mutation rates were performed 

with the use of Drosophila. Muller’s ClB test and similar 

tests provided convenient screening methods for recessive 

mutations.

  Chromosomal rearrangements that move genes adjacent to 

heterochromatin were used to discover and study position-

effect variegation.

  In the last part of the twentieth century, after the 

identification of certain key mutational classes such as 

homeotic and maternal-effect mutations, Drosophila
assumed a central role in the genetics of development, a 

role that continues today (see Chapter 13). Maternal-effect 

mutations that affect the development of embryos, for 

example, have been crucial in the elucidation of the genetic 

determination of the Drosophila body plan; these mutations 

are identified by screening for abnormal developmental 

phenotypes in the embryos from a specific female. 

Techniques such as enhancer trap screens have enabled the 

discovery of new regulatory regions in the genome that 

affect development. Through these methods and others, 

Drosophila biologists have made important advances in 

understanding the determination of segmentation and of 

the body axes. Some of the key genes discovered, such as 

the homeotic genes, have widespread relevance in animals 

generally.
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Because humans and most domesticated animals are mammals, the genetics of mammals is 

of great interest to us. However, mammals are not ideal for genetics: they are relatively large 

in size compared with other model organisms, thereby taking up large and expensive facili-

ties, their life cycles are long, and their genomes are large and complex. Compared with other 

mammals, however, mice (Mus musculus) are relatively small, have short life cycles, and are 

easily obtained, making them an excellent choice for a mammal model. In addition, mice had 

a head start in genetics because mouse “fanciers” had already developed many different in-

teresting lines of mice that provided a source of variants for genetic analysis. Research on the 

Mendelian genetics of mice began early in the twentieth century.

Special features
Mice are not exactly small, furry humans, but their genetic 

makeup is remarkably similar to ours. Among model organisms, 

the mouse is the one whose genome most closely resembles the 

human genome. The mouse genome is about 14 percent smaller 

than that of humans (the human genome is 3000 Mb), but it has 

approximately the same number of genes (current estimates 

are just under 30,000). A surprising 99 percent of mouse genes 

seem to have homologs in humans. Furthermore, a large propor-

tion of the genome is syntenic with that of humans; that is, there 

are large blocks containing the same genes in the same relative 

positions (see page 507). Such genetic similarities are the key to 

Mus musculus
Key organism for studying:

Human disease

Mutation

Development

Coat color

Immunology

Genetic “Vital Statistics”
Genome size: 2600 Mb

Chromosomes: 19 autosomes, X and Y (2n  40)

Number of genes: 30,000

Percentage with human

homologs: 99%

Average gene size: 40 kb, 8.3 exons/gene

Transposons: Source of 38% of genome

Genome sequenced in: 2002

An adult mouse and its litter.

Mice have a familiar di-

ploid life cycle, with an XY 

sex-determination system 

similar to that of humans. 

Litters are from 5 to 10 pups; 

however, the fecundity of 

females declines after about 

9 months, and so they rarely 

have more than five litters.

Total length of life cycle:

10 weeks from birth to giv-

ing birth, in most labora-

tory strains

2n
Adult

Many
mitoses

Many
mitoses

2n
Zygote

2n
Zygote

Meiosis

nn n n Gametes

2n
Adult

Meiosis

nn n n

2n
Adult

2n
Adult

Human chromosomes

1 32 4 6 8 10 127 9 115

A mouse–human synteny map of 12 chromosomes from the 
human genome. Color coding is used to depict the regional matches of 
each block of the human genome to the corresponding sections of the 
mouse genome. Each color represents a different mouse chromosome.

the mouse’s success as a model organism; these similarities allow 

mice to be treated as “stand-ins” for their human counterparts in 

many ways. Potential mutagens and carcinogens that we suspect 

of causing damage to humans, for example, are tested on mice, 

and mouse models are essential in studying a wide array of 

human genetic diseases.

Genetic analysis
Mutant and “wild type” (though not actually from the wild) mice 

are easy to come by: they can be ordered from large stock centers 

that provide mice suitable for crosses and various other types of ex-

periments. Many of these lines are derived from mice bred in past 

centuries by mouse fanciers. Controlled crosses can be performed 

simply by pairing a male with a nonpregnant female. In most cases, 

the parental genotypes can be provided by male or female.

Life Cycle
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Most of the standard estimates of mammalian mutation 

rates (including those of humans) are based on measurements 

in mice. Indeed, mice provide the final test of agents suspected 

of causing mutations in humans. Mutation rates in the germ line 

are measured with the use of the specific-locus test: mutagenize  

/  gonads, cross to m/m (m is a known recessive mutation at 

the locus under study), and look for m*/m progeny (m* is a new 

mutation). The procedure is repeated for seven sample loci. The 

measurement of somatic mutation rates uses a similar setup, but 

the mutagen is injected into the fetus. Mice have been used ex-

tensively to study the type of somatic mutation that gives rise to 

cancer.

taining a defective allele and two drug-resistance markers into a 

wild-type embryonic stem cell (see Chapter 10). The markers are 

used to select those specific transformant cells in which the de-

fective allele has replaced the homologous wild-type allele. The 

transgenic cells are then introduced into mouse embryos. A simi-

lar method can be used to replace wild-type alleles with a func-

tional transgene (gene therapy).

Main contributions
Early in the mouse’s career as a model organism, geneticists used 

mice to elucidate the genes that control coat color and pattern, 

providing a model for all fur-bearing mammals, including cats, 

dogs, horses, and cattle (see page 216). More recently, studies of 

mouse genetics have made an array of contributions with direct 

bearing on human health:

  A large proportion of human genetic diseases have a mouse 

counterpart—called a “mouse model”—useful for experimental 

study.

  Mice serve as models for the mechanisms of mammalian 

mutation.

  Studies on the genetic mechanisms of cancer are performed on 

mice.

  Many potential carcinogens are tested on mice.

  Mice have been important models for the study of mammalian 

developmental genetics (see page 459). For example, they 

provide a model system for the study of genes affecting cleft 

lip and cleft palate, a common human developmental disorder. 

  Cell lines that are fusion hybrids of mouse and human 

genomes played an important role in the assignment of human 

genes to specific human chromosomes. There is a tendency for 

human chromosomes to be lost from such hybrids, and so loss 

of specific chromosomes can be correlated with loss of specific 

human alleles.

Other areas of contribution
Behavioral genetics

Quantitative genetics

The genes of the immune system 

Techniques of Genetic Modification
Standard mutagenesis:

Chemicals and radiation Germ-line and somatic 

  mutations

Transgenesis:

Transgene injection into zygote Random and homologous 

  insertion

Transgene uptake by stem cells Random and homologous 

  insertion

Targeted gene knockouts:

Null transgene uptake by Targeted knockouts 

stem cells   selected

Surrogate mother

Transgenic babylit / lit egg

Plasmid

Mouse
metallothionein
promoter (MP )

Rat growth
hormone gene (RGH )

Producing a transgenic mouse. The transgene, a rat growth-hormone 
gene joined to a mouse promoter, is injected into a mouse egg 
homozygous for dwarfism (lit /lit ).

Cloned
gene

Targeting
vector

Exon 1

Exon 2

Add tk+ gene.
Add targeting 
vector.

Insert neoR

into exon 2.

neoR

tk+

Cultured
mouse embryonic

stem cells

Production of ES cells with a gene knockout

Producing a gene knockout. A drug-resistance gene (neoR) is inserted 
into the transgene, both to serve as a marker and to disrupt the gene, 
producing a knockout. (The tk gene is a second marker.) The transgene 
construct is then injected into mouse embryo cells.

Genetic engineering
Transgenesis. The creation of transgenic mice is straightforward 

but requires the careful manipulation of a fertilized egg (see 

Chapter 10). First, mouse genomic DNA is cloned in E. coli with 

the use of bacterial or phage vectors. The DNA is then injected 

into a fertilized egg, where it integrates at ectopic (random) loca-

tions in the genome or, less commonly, at the normal locus. The 

activity of the transgene’s protein can be monitored by fusing the 

transgene with a reporter gene such as GFP before the gene is in-

jected. With the use of a similar method, the somatic cells of mice 

also can be modified by transgene insertion: specific fragments of 

DNA are inserted into individual somatic cells and these cells are, 

in turn, inserted into mouse embryos.

Targeted knockouts. Knockouts of specific genes for genetic 

dissection can be accomplished by introducing a transgene con-
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Appendix A

Genetic Nomenclature
There is no universally accepted set of rules for naming genes, alleles, 
protein products, and associated phenotypes. At first, individual gene-
ticists developed their own symbols for recording their work. Later, 
groups of people working on any given organism met and decided on a 
set of conventions that all would use. Because Drosophila was one of the 
first organisms to be used extensively by geneticists, most of the cur-
rent systems are variants of the Drosophila system. However, there has 
been considerable divergence. Some scientists now advocate a stan-
dardization of this symbolism, but standardization has not been 
achieved. Indeed, the situation has been made more complex by the 
advent of DNA technology. Whereas most genes previously had been 
named for the phenotypes produced by mutations within them, the 
new technology has shown the precise nature of the products of many 
of these genes. Hence, it seems more appropriate to refer to them by 
their cellular function. However, the old names are still in the litera-
ture, so many genes have two parallel sets of nomenclature.

The following examples by no means cover all the organisms 
used in genetics, but most of the nomenclature systems follow one of 
these types.

Drosophila melanogaster (insect)

ry A gene that when mutated causes rosy eyes

ry502 A specific recessive mutant allele producing 
rosy eyes in homozygotes

ry The wild-type allele of rosy
ry The rosy mutant phenotype

ry The wild-type phenotype (red eyes)

RY The protein product of the rosy gene

XDH Xanthine dehydrogenase, an alternative 
description of the protein product of the rosy
gene; named for the enzyme that it encodes

D Dichaete; a gene that when mutated causes a 
loss of certain bristles and wings to be held 
out laterally in heterozygotes and causes 
lethality in homozygotes

D3 A specific mutant allele of the Dichaete gene

D The wild-type allele of Dichaete
D The Dichaete mutant phenotype

D The wild-type phenotype

D (Depending on context) the protein product 
of the Dichaete gene (a DNA-binding protein)

Neurospora crassa (fungus)

arg A gene that when mutated causes arginine 
requirement

arg-1 One specific arg gene

arg-1 An unspecified mutant allele of the arg gene

arg-1 (1) A specific mutant allele of the arg-1 gene

arg-1 The wild-type allele

arg-1 The protein product of the arg-1  gene

Arg A strain not requiring arginine

Arg A strain requiring arginine

Saccharomyces cerevisiae (fungus)

ARG A gene that when mutated causes arginine 
requirement

ARG1 One specific ARG gene

arg1 An unspecified mutant allele of the 
ARG gene

arg1-1 A specific mutant allele of the ARG1 gene

ARG1 The wild-type allele

ARG1p The protein product of the ARG1  gene

Arg A strain not requiring arginine

Arg A strain requiring arginine

Homo sapiens (mammal)

ACH A gene that when mutated causes 
achondroplasia

ACH1 A mutant allele (dominance not specified)

ACH Protein product of ACH gene; nature 
unknown

FGFR3 Recent name for gene for achondroplasia

FGFR31 or FGFR3*1

or FGFR3 <1> Mutant allele of FGFR3 (unspecified 
dominance)

FGFR3 protein Fibroblast growth factor receptor 3

Mus musculus (mammal)

Tyrc A gene for tyrosinase
Tyrc The wild-type allele of this gene

Tyrcch or Tyrc-ch A mutant allele causing chinchilla color

Tyrc The protein product of this gene

TYRC The wild-type phenotype

TYRCch The chinchilla phenotype

Escherichia coli (bacterium)

lacZ A gene for utilizing lactose

lacZ The wild-type allele

lacZ1 A mutant allele

LacZ The protein product of that gene

Lac A strain able to use lactose (phenotype)

Lac A strain unable to use lactose (phenotype)

Arabidopsis thaliana (plant)

YGR A gene that when mutant produces 
yellow-green leaves

YGR1 A specific YGR gene

YGR1 The wild-type allele

ygr1-1 A specific recessive mutant allele of YGR1
ygr1-2D A specific dominant (D) mutant allele 

of YGR1
YGR1 The protein product of YGR1
Ygr Yellow-green phenotype

Ygr Wild-type phenotype
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Appendix B

Bioinformatic Resources for Genetics 
and Genomics

“You certainly usually find something, if you look, but it is not always 
quite the something you were after.” —The Hobbit, J. R. R. Tolkien

The field of bioinformatics encompasses the use of computational tools 
to distill complex data sets. Genetic and genomic data are so diverse 
that it has become a considerable challenge to identify the authoritative 
site(s) for a specific type of information. Furthermore, the landscape of 
Web-accessible software for analyzing this information is constantly 
changing as new and more powerful tools are developed. This appendix 
is intended to provide some valuable starting points for exploring 
the rapidly expanding universe of online resources for genetics and 
genomics.

1. Finding Genetic and Genomic Web Sites
Here are listed several central resources that contain large lists of rele-
vant Web sites:

The scientific journal called Nucleic Acids Research (NAR) publishes 
a special issue every January listing a wide variety of online 
database resources at http://nar.oupjournals.org/.

The Virtual Library has Model Organisms and Genetics subdivi-
sions with rich arrays of Internet resources at http://ceolas.org/VL/
mo/ and http://www.ornl.gov/TechResources/Human_Genome/
organisms.html.

The National Human Genome Research Institute (NHGRI) 
maintains a list of genome Web sites at http://www.nhgri.nih.gov/
10000375/.

The Department of Energy (DOE) maintains a Human Genome Project 
site at the Oak Ridge National Laboratory at http://public.ornl.gov/
hgmis/.

SwissProt maintains Amos’ WWW links page at http://www.expasy.ch/
alinks.html.

2. General Databases
Nucleic Acid and Protein Sequence Databases By international 
agreement, three groups collaborate to house the primary DNA and 
mRNA sequences of all species: the National Center for Biotechnology 
Information (NCBI) houses GenBank, the European Bioinformatics 
Institute (EBI) houses the European Molecular Biology Laboratory 
(EMBL) Data Library, and the National Institute of Genetics in Japan 
houses the DNA DataBase of Japan (DDBJ).

Primary DNA sequence records, called accessions, are submitted 
by individual research groups. In addition to providing access to these 
DNA sequence records, these sites provide many other data sets. For 
example, NCBI also houses RefSeq, a summary synthesis of informa-
tion on the DNA sequences of fully sequenced genomes and the gene 
products that are encoded by these sequences.

Many other important features can be found at the NCBI, EBI, and 
DDBJ sites. Home pages and some other key Web sites are

NCBI http://www.ncbi.nlm.nih.gov/

NCBI-Genomes http://www.ncbi.nlm.nih.gov/Genomes/index.html

NCBI-RefSeq http://www.ncbi.nlm.nih.gov/LocusLink/refseq.html

 http://genome.ucsc.edu/

This outstanding site contains the reference sequence and working 
draft assemblies for a large collection of genomes and a number of tools 
for exploring those genomes. The Genome Browser zooms and scrolls 
over chromosomes, showing the work of annotators worldwide. The 
Gene Sorter shows expression, homology, and other information on 
groups of genes that can be related in many ways. Blat quickly maps 
sequences to the genome. The Table Browser provides access to the 
underlying database.

EBI http://www.ncbi.nlm.nih.gov/

DDBJ http://www.nig.ac.jp/

The harsh reality is that, with so much biological information, the goal of 
making these online resources “transparent” to the user is not fully 
achieved. Thus, exploration of these sites will entail familiarizing your-
self with the contents of each site and exploring some of the ways the site 
helps you to focus your queries so you get the right answer(s) to your 
queries. For one example of the power of these sites, consider a search for 
a nucleotide sequence at NCBI. Databases typically store information in 
separate bins called “fields.” By using queries that limit the search to the 
appropriate field, a more directed question can be asked. Using the 
“Limits” option, a query phrase can be used to identify or locate a specific 
species, type of sequence (genomic or mRNA), gene symbol, or any of 
several other data fields. Query engines usually support the ability to join 
multiple query statements together. For example: retrieve all DNA 
sequence records that are from the species Caenorhabditis elegans AND
that were published after January 1, 2000. Using the “History” option, 
the results of multiple queries can be joined together, so that only those 
hits common to multiple queries will be retrieved. By proper use of the 
available query options on a site, a great many false positives can be com-
putationally eliminated while not discarding any of the relevant hits.

Because protein sequence predictions are a natural part of the 
analysis of DNA and mRNA sequences, these same sites provide access 
to a variety of protein databases. One important protein database is 
SwissProt/TrEMBL. TrEMBL sequences are automatically predicted 
from DNA and/or mRNA sequences. SwissProt sequences are curated, 
meaning that an expert scientist reviews the output of computational 
analysis and makes expert decisions about which results to accept or 
reject. In addition to the primary protein sequence records, SwissProt 
also offers databases of protein domains and protein signatures (amino 
acid sequence strings that are characteristic of proteins of a particular 
type). The SwissProt home page is http://www.ebi.ac.uk/swissprot/.

Protein Domain Databases The functional units within proteins are 
thought to be local folding regions called domains. Prediction of 
domains within newly discovered proteins is one way to guess at their 
function. Numerous protein domain databases have emerged that pre-
dict domains in somewhat different ways. Some of the individual 
domain databases are Pfam, PROSITE, PRINTS, SMART, ProDom, 
TIGRFAMs, BLOCKS, and CDD. InterPro allows querying multiple pro-
tein domain databases simultaneously and presents the combined 
results. Web sites for some domain databases are

 http://www.ebi.ac.uk/interpro/

 http://www.sanger.ac.uk/Software/Pfam/index.shtml

 http://www.expasy.ch/prosite/

 http://www.bioinf.man.ac.uk/dbbrowser/PRINTS/

SMART http://smart.embl-heidelberg.de/

 http://prodes.toulouse.inra.fr/prodom/doc/prodom.html

TIGRFAMs http://www.tigr.org/TIGRFAMs/

 http://blocks.fhcrc.org/

CDD http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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Protein Structure Databases The representation of three-dimensional 
protein structures has become an important aspect of global molecular 
analysis. Three-dimensional structure databases are available from the 
major DNA/protein sequence database sites and from independent 
protein structure databases, notably the Protein DataBase (PDB). NCBI 
has an application called Cn3D that helps in viewing PDB data.

 http://www.rcsb.org/pdb/

Cn3D http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml

3. Specialized Databases
Organism-Specific Genetic Databases In order to mass some classes of 
genetic and genomic information, especially phenotypic information, 
expert knowledge of a particular species is required. Thus, MODs (model 
organism databases) have emerged to fulfill this role for the major genetic 
systems. These include databases for Saccharomyces cerevisiae (SGD), 
Caenorhabditis elegans (WormBase), Drosophila melanogaster (FlyBase), 
the zebra fish Danio rerio (ZFIN), the mouse Mus musculus (MGI), the rat 
Rattus norvegicus (RGD), Zea mays (MaizeGDB), and Arabidopsis thaliana
(TAIR). Home pages for these MODs can be found at

SGD http://genome-www.stanford.edu/Saccharomyces/

 http://www.wormbase.org/

 http://flybase.org/

ZFIN http://zfin.org/

MGI http://www.informatics.jax.org/

RGD http://rgd.mcw.edu/

 http://www.maizegdb.org

TAIR http://www.arabidopsis.org/

Human Genetics and Genomics Databases Because of the impor-
tance of human genetics in clinical as well as basic research, a diverse 
set of human genetic databases has emerged. Among them are a human 
genetic disease database called Online Mendelian Inheritance in Man 
(OMIM), a database of brief descriptions of human genes called Gene-
Cards, a compilation of all known mutations in human genes called 
Human Gene Mutation Database (HGMD), a database of the current 
sequence map of the human genome called the Golden Path, and some 
links to human genetic disease databases:

 http://www3.ncbi.nlm.nih.gov/Omim/

 http://mach1.nci.nih.gov/cards/index.html

HGMD http://www.hgmd.org

 http://genome.ucsc.edu/goldenPath/hgTracks.html

 http://www.mostgene.org/
support/index.html

 http://www.geneticalliance.org/ 
diseaseinfo/search.html

Genome Project Databases The individual genome projects also have 
Web sites, where they display their results, often including information 
that doesn’t appear on any other Web site in the world. The largest of 
the publicly funded genome centers include

http://www-genome.wi.mit.edu/

 http://genome.wustl.edu/

 http://www.hgsc.bcm.tmc.edu/

 http://www.sanger.ac.uk/

 http://www.jgi.doe.gov/

 http://hapmap.ncbi.nlm.nih.gov/

4. Relationships of Genes Within 
and Between Databases
Gene products may be related by virtue of sharing a common evolu-
tionary origin, sharing a common function, or participating in the same 
pathway.

BLAST: Identification of Sequence Similarities Evidence for a com-
mon evolutionary origin comes from the identification of sequence 
similarities between two or more sequences. One of the most important 
tools for identifying such similarities is BLAST (Basic Local Alignment 
Search Tool), which was developed by NCBI. BLAST is really a suite of 
related programs and databases in which local matches between long 
stretches of sequence can be identified and ranked. A query for similar 
DNA or protein sequences through BLAST is one of the first things that 
a researcher does with a newly sequenced gene. Different sequence 
databases can be accessed and organized by type of sequence (refer-
ence genome, recent updates, nonredundant, ESTs, etc.), and a particu-
lar species or taxonomic group can be specified. One BLAST routine 
matches a query nucleotide sequence translated in all six frames to a 
protein sequence database. Another matches a protein query sequence 
to the six-frame translation of a nucleotide sequence database. Other 
BLAST routines are customized to identify short sequence pattern 
matches or pairwise alignments, to screen genome-sized DNA segments, 
and so forth, and can be accessed through the same top-level page:

NCBI-BLAST http://www.ncbi.nlm.nih.gov/BLAST/

Function Ontology Databases Another approach to developing rela-
tionships among gene products is by assigning these products to func-
tional roles based on experimental evidence or prediction. Having a 
common way of describing these roles, regardless of the experimental 
system, is then of great importance. A group of scientists from different 
databases are working together to develop a common set of hierarchi-
cally arranged terms—an ontology—for function (biochemical event), 
process (the cellular event to which a protein contributes), and subcel-
lular location (where a product is located in a cell) as a way of describing 
the activities of a gene product. This particular ontology is called the 
Gene Ontology (GO), and many different databases of gene products 
now incorporate GO terms. A full description can be found at

http://www.geneontology.org/

Pathway Databases Still another way to relate products to one another 
is by assigning them to steps in biochemical or cellular pathways. Path-
way diagrams can be used as organized ways of presenting relationships 
of these products to one another. Some of the more advanced attempts 
at producing such pathway databases include Kyoto Encyclopedia of 
Genes and Genomes (KEGG), Signal Transduction Database (TRANS-
PATH), and What Is There—Interactive Metabolic Database (WIT):

 http://www.genome.ad.jp/kegg/

 http://transpath.gbf.de/

WIT http://wit.mcs.anl.gov/WIT2/
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Glossary

A See adenine; adenosine.

absolute fitness The number of offspring an individual has.

accessory protein A protein associated with DNA polymerase III 
of E. coli that is not part of the catalytic core.

Ac element See Activator element.

acentric chromosome A chromosome having no centromere.

acentric fragment A chromosome fragment having no 
centromere.

activation domain A part of a transcription factor required 
for the activation of target-gene transcription; it may bind to 
components of the transcriptional machinery or may recruit 
proteins that modify chromatin structure or both.

activator A protein that, when bound to a cis-acting regulatory 
DNA element such as an operator or an enhancer, activates 
transcription from an adjacent promoter.

Activator (Ac) element A class 2 DNA transposable element so
named by its discoverer, Barbara McClintock, because it is required 
to activate chromosome breakage at the Dissociation (Ds) locus.

active site The part of a protein that must be maintained in a 
specific shape if the protein is to be functional—for example, in 
an enzyme, the part to which the substrate binds.

adaptation In the evolutionary sense, some heritable feature of 
an individual’s phenotype that improves its chances of survival 
and reproduction in the existing environment.

adaptive walk A pathway of stepwise evolutionary change that 
results from natural selection and the accumulation of a series of 
mutations.

additive effect Half the difference between the mean of
the phenotypic values for the homozygous genotypic classes
at a QTL.

additive gene action When the trait value for the heterozygous 
class at a QTL is exactly intermediate between the trait values for 
the two homozygous classes.

additive genetic variation The part of the genetic variance for 
a trait in a population that is predictably transmitted from parent 
to offspring.

adenine (A) A purine base that pairs with thymine in the DNA 
double helix.

adenosine (A) A nucleoside containing adenine as its base.

adjacent-1 segregation In a reciprocal translocation, the 
passage of a translocated and a normal chromosome to each of 
the poles.

allele One of the different forms of a gene that can exist at a 
single locus.

allele frequency A measure of the commonness of an allele 
in a population; the proportion of all alleles of that gene in the 
population that are of this specific type.

allelic fitness The average fitness of individuals carrying
a particular allele. It is expressed by the equation
WA pWA/A qWA/a.

allelic series The set of known alleles of one gene.
See also multiple alleles.

allopolyploid See amphidiploid.

allosteric effector A small molecule that binds to an
allosteric site.

allosteric site A site on a protein to which a small molecule 
binds, causing a change in the conformation of the protein that 
modifies the activity of its active site.

allosteric transition A change from one conformation of a 
protein to another.

alternate segregation In a reciprocal translocation, the passage 
of both normal chromosomes to one pole and both translocated 
chromosomes to the other pole.

alternative splicing A process by which different messenger 
RNAs are produced from the same primary transcript, through 
variations in the splicing pattern of the transcript. Multiple 
mRNA “isoforms” can be produced in a single cell or the 
different isoforms can display different tissue-specific patterns 
of expression. If the alternative exons fall within the open 
reading frames of the mRNA isoforms, different proteins will be 
produced by the alternative mRNAs.

Alu A short transposable element that makes up more than
10 percent of the human genome. Alu elements are 
retroelements that do not encode proteins and as such are 
nonautonomous elements.

Ames test A way to test whether a chemical compound is 
mutagenic by exposing special mutant bacterial strains to the 
product formed by that compound’s digestion by liver extract 
and then counting the number of colonies. Only new mutations, 
presumably produced by the compound, can produce revertants 
to wild type able to form colonies.

amino acid A peptide; the basic building block of proteins
(or polypeptides).

aminoacyl-tRNA binding site A site in the ribosome that binds 
incoming aminoacyl-tRNAs. The anticodon of each incoming 
aminoacyl-tRNA matches the codon of the mRNA. Also called 
the A site.

aminoacyl-tRNA synthetase An enzyme that attaches an 
amino acid to a tRNA before its use in translation. There are
20 different aminoacyl-tRNAs, one for each amino acid.

amino end The end of a protein having a free amino group.
A protein is synthesized from the amino end at the 5  end of an 
mRNA to the carboxyl end near the 3  end of the mRNA during 
translation.

amphidiploid An allopolyploid; a polyploid formed from the 
union of two separate chromosome sets and their subsequent 
doubling.

amplification The production of many DNA copies from one 
master region of DNA.

anaphase bridge In a dicentric chromosome, the segment 
between centromeres being drawn to opposite poles at
nuclear division.

aneuploid A genome having a chromosome number that differs 
from the normal chromosome number for the species by a small 
number of chromosomes.

annotation The identification of all the functional elements of a 
particular genome.

antibody A protein (immunoglobulin) molecule, produced 
by the immune system, that recognizes a particular substance 
(antigen) and binds to it.

anticodon A nucleotide triplet in a tRNA molecule that aligns 
with a particular codon in mRNA under the influence of the 
ribosome; the amino acid carried by the tRNA is inserted into
a growing protein chain.

antiparallel A term used to describe the opposite orientations 
of the two strands of a DNA double helix; the 5  end of one strand 
aligns with the 3  end of the other strand.

779
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antisense RNA strand An RNA strand having a sequence 
complementary to a transcribed RNA strand.

antiterminator A protein that promotes the continuation of 
transcription by preventing the termination of transcription at 
specific sites on DNA.

apoptosis The cellular pathways responsible for programmed 
cell death.

apurinic site A DNA site that has lost a purine residue.

artificial selection Breeding of successive generations by the 
deliberate human selection of certain phenotypes or genotypes 
as the parents of each generation.

ascus In a fungus, a sac that encloses a tetrad or an octad of 
ascospores.

A site See aminoacyl-tRNA binding site.

association mapping A method for locating quantitative-trait 
loci in the genome based on linkage disequilibrium between a 
marker locus and the quantitative-trait locus in a random-mating 
population.

attachment site Region at which prophage integrates.

attenuation A regulatory mechanism in which the level of 
transcription of an operon (such as trp) is reduced when the end 
product of a pathway (e.g., tryptophan) is plentiful; the regulated 
step is after the initiation of transcription.

attenuator A region of RNA sequence that forms alternative 
secondary structures that govern the level of transcription of 
attenuated operons.

autonomous element A transposable element that encodes the 
protein(s)—for example, transposase or reverse transcriptase—
necessary for its transposition and for the transposition of 
nonautonomous elements in the same family.

autopolyploid polyploid formed from the doubling of a single 
genome.

autoradiogram A pattern of dark spots in a developed 
photographic film or emulsion in the technique of 
autoradiography.

auxotroph A strain of microorganisms that will proliferate only 
when the medium is supplemented with a specific substance not 
required by wild-type organisms (compare prototroph).

BAC Bacterial artificial chromosome; an F plasmid engineered to 
act as a cloning vector that can carry large inserts.

bacterial artificial chromosome See BAC.

bacteriophage (phage) A virus that infects bacteria.

balanced rearrangement A change in the chromosomal
gene order that does not remove or duplicate any DNA.
The two classes of balanced rearrangements are inversions
and reciprocal translocations.
balancer A chromosome with multiple inversions, used to retain 
favorable allele combinations in the uninverted homolog.

balancing selection Natural selection that results in an 
equilibrium with intermediate allele frequencies.

Barr body A densely staining mass that represents an 
inactivated X chromosome.

barrier insulator A DNA element that prevents the spread of 
heterochromatin by serving as a binding site for proteins that 
maintain euchromatic chromatin modifications such as histone 
acetylation.

base See nucleotide base.

base analog A chemical whose molecular structure mimics that 
of a DNA base; because of the mimicry, the analog may act as a 
mutagen.

base-excision repair One of several excision-repair pathways. 
In this pathway, subtle base-pair distortions are repaired by the 
creation of apurinic sites followed by repair synthesis.

 (beta) clamp A protein that encircles the DNA like a donut, 
keeping the enzyme DNA pol III attached to the DNA molecule 
at the replication fork.

bioinformatics Computational information systems and analytical 
methods applied to biological problems such as genomic analysis.

bivalents Two homologous chromosomes paired at meiosis.

bottleneck A period of one or several consecutive generations of 
contraction in population size.

breeding value The part of an individual’s deviation from the 
population mean that is due to additive effects and is transmitted 
to its progeny.

broad-sense heritability (H2) The proportion of total 
phenotypic variance at the population level that is contributed by 
genetic variance.

bypass (translesion) polymerase A DNA polymerase that 
can continue to replicate DNA past a site of damage that would 
halt replication by the normal replicative polymerase. Bypass 
polymerases contribute to a damage-tolerance mechanism called 
translesion DNA synthesis.

C See cytidine; cytosine.

cAMP See cyclic adenosine monophosphate.

cancer A class of disease characterized by the rapid and 
uncontrolled proliferation of cells within a tissue of a multitissue 
eukaryote. Cancers are generally thought to be genetic diseases 
of somatic cells, arising through sequential mutations that create 
oncogenes and inactivate tumor-suppressor genes.

candidate gene A gene that, because of its chromosomal 
position or some other property, becomes a candidate for a 
particular function such as disease risk.

CAP See catabolite activator protein.

cap A special structure, consisting of a 7-methylguanosine 
residue linked to the transcript by three phosphate groups, that 
is added in the nucleus to the 5  end of eukaryotic mRNA. The 
cap protects an mRNA from degradation and is required for 
translation of the mRNA in the cytoplasm.

carboxyl end The end of a protein having a free carboxyl group. 
The carboxyl end is encoded by the 3  end of the mRNA and is 
the last part of the protein to be synthesized in translation.

carboxyl tail domain (CTD) The protein tail of the
ß subunit of RNA polymerase II; it coordinates the processing 
of eukaryotic pre-mRNAs including capping, splicing, and 
termination.

catabolite activator protein (CAP) A protein that unites 
with cAMP at low glucose concentrations and binds to the lac
promoter to facilitate RNA polymerase action.

catabolite repression The inactivation of an operon caused by 
the presence of large amounts of the metabolic end product of 
the operon.

categorical trait A trait for which individuals can be sorted into 
discrete or discontinuous groupings, such as tall versus short 
stems for Mendel’s pea plants.

cDNA See complementary DNA.

cDNA library A library composed of cDNAs, not necessarily 
representing all mRNAs.

cell clone Members of a colony that have a single genetic 
ancestor.

centimorgan (cM) See map unit.
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centromere A specialized region of DNA on each eukaryotic 
chromosome that acts as a site for the binding of kinetochore 
proteins.

character An attribute of individual members of a species for 
which various heritable differences can be defined.

charged tRNA A transfer RNA molecule with an amino acid 
attached to its 3  end. Also called aminoacyl-tRNA.

ChIP See chromatin immunoprecipitation.

chi-square ( 2) test A statistical test used to determine the 
probability of obtaining observed proportions by chance, under a 
specific hypothesis.

chloroplast DNA (cpDNA) The small genomic component found 
in the chloroplasts of plants, concerned with photosynthesis and 
other functions taking place within that organelle.

chromatid One of the two side-by-side replicas produced by 
chromosome division.

chromatin The substance of chromosomes; now known to 
include DNA and chromosomal proteins.

chromatin immunoprecipitation (ChIP) The use of antibodies 
to isolate specific regions of chromatin and to identify the regions 
of DNA to which regulatory proteins are bound.

chromatin remodeling Changes in nucleosome position
along DNA.

chromosome A linear end-to-end arrangement of genes and 
other DNA, sometimes with associated protein and RNA.

chromosome map A representation of all chromosomes in the 
genome as lines, marked with the positions of genes known from 
their mutant phenotypes, plus molecular markers. Based on 
analysis of recombinant frequency.

chromosome mutation Any type of change in chromosome 
structure or number.

chromosome walk A method for the dissection of large 
segments of DNA, in which a cloned segment of DNA, usually 
eukaryotic, is used to screen recombinant DNA clones from 
the same genome bank for other clones containing neighboring 
sequences.

cis-acting element A site on a DNA (or RNA) molecule
that functions as a binding site for a sequence-specific DNA- 
(or RNA-) binding protein. The term cis-acting indicates that 
protein binding to this site affects only nearby DNA (or RNA) 
sequences on the same molecule.

cis conformation In a heterozygote having two mutant
sites within a gene or within a gene cluster, the arrangement 
A1A2/a1a2.

class 1 element A transposable element that moves through an 
RNA intermediate. Also called an RNA or retro element.

class 2 element A transposable element that moves directly 
from one site in the genome to another. Also called a DNA 
element.

cloning vector In cloning, the plasmid or phage chromosome 
used to carry the cloned DNA segment.

CNV See copy number variation.

co-activator A special class of eukaryotic regulatory complex 
that serves as a bridge to bring together regulatory proteins and 
RNA polymerase II.

c.o.c. See coefficient of coincidence.

Cockayne syndrome A genetic disorder caused by defects in 
the nucleotide-excision-repair system and leading to symptoms 
of premature aging. Individuals with Cockayne syndrome 
have a mutation in one of two proteins thought to recognize 
transcription complexes that are stalled owing to DNA damage.

coding strand The nontemplate strand of a DNA molecule 
having the same sequence as that in the RNA transcript.

codominance A situation in which a heterozygote shows the 
phenotypic effects of both alleles equally.

codon A section of RNA (three nucleotides in length) that 
encodes a single amino acid.

coefficient of coincidence (c.o.c.) The ratio of the observed 
number of double recombinants to the expected number.

cointegrate The product of the fusion of two circular 
transposable elements to form a single, larger circle in
replicative transposition.

colony A visible clone of cells.

common SNP A single nucleotide polymorphism (SNP) for 
which the less common allele occurs at a frequency of about
5 percent or greater.

comparative genomics Analysis of the relations of the genome 
sequences of two or more species.

complementary (base pairs) Refers to specific pairing between 
adenine and thymine and between guanine and cytosine.

complementary DNA (cDNA) DNA transcribed from a 
messenger RNA template through the action of the enzyme 
reverse transcriptase.

complementation test A test for determining whether two 
mutations are in different genes (they complement) or the same 
gene (they do not complement).

complete dominance Describes an allele that expresses itself 
the same in single copy (heterozygote) as in double
copy (homozygote).

complex inheritance The type of inheritance exhibited by traits 
affected by a mix of genetic and environmental factors. Continuous 
traits, such as height, typically have complex inheritance.

complex trait A trait exhibiting complex inheritance.
composite transposon A type of bacterial transposable
element containing a variety of genes that reside between
two nearly identical insertion sequence (IS) elements.

congenic lines Strains or stocks of a species that are identical 
throughout their genomes except for a small region of interest.

conjugation The union of two bacterial cells during which 
chromosomal material is transferred from the donor to the 
recipient cell.

consensus sequence The nucleotide sequence of a segment of 
DNA that is derived by aligning similar sequences (either from 
the same or different organisms) and determining the most 
common nucleotide at each position.

consensus sequence The nucleotide sequence of a segment of 
DNA that is in agreement with most sequence reads of the same 
segment from different individuals.

conservative replication A disproved model of DNA synthesis 
suggesting that one-half of the daughter DNA molecules should 
have both strands composed of newly polymerized nucleotides.

conservative substitution Nucleotide-pair substitution within a 
protein-coding region that leads to the replacement of an amino 
acid by one of similar chemical properties.

conservative transposition A mechanism of transposition that 
moves a mobile element to a new location in the genome as it 
removes it from its previous location.

constitutive expression Refers to genes that are expressed 
continuously regardless of biological conditions.

constitutive heterochromatin Chromosomal regions of 
permanently condensed chromatin usually around the telomeres 
and centromeres.
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constitutive mutation A change in a DNA sequence that causes 
a gene that is repressed at times to be expressed continuously, or 
“constitutively.”

continuous trait A trait that can take on a potentially infinite 
number of states over a continuous range, such as height in 
humans.

coordinately controlled genes Genes whose products are 
simultaneously activated or repressed in parallel.

copia-like element A transposable element (retrotransposon) of 
Drosophila that is flanked by long terminal repeats and typically 
encodes a reverse transcriptase.

“copy and paste” A descriptive term for a transposition 
mechanism in which a class 1 retrotransposon is copied from the 
donor site and a double stranded DNA copy is inserted (pasted) 
into a new target site. See also cut and paste.

copy number variation (CNV) The number of copies of parts 
of individual genes, entire genes, or sets of genes that differ in 
humans, including repeats and duplications that increase copy 
number and deletions that reduce it.

corepressor A repressor that facilitates gene repression but is 
not itself a DNA-binding repressor.

correlation The tendency of one variable to vary in proportion 
to another variable, either positively or negatively.

correlation coefficient A statistical measure of association that 
signifies the extent to which two variables vary together.

cosuppression An epigenetic phenomenon whereby a transgene 
becomes reversibly inactivated along with the gene copy in the 
chromosome.

cotranscriptional processing The simultaneous transcription 
and processing of eukaryotic pre-mRNA.

cotransductants Two donor alleles that simultaneously 
transduce a bacterial cell; their frequency is used as a
measure of closeness of the donor genes on the
chromosome map.

covariance A statistical measure of the extent to which 
two variables change together. It is used in computing the 
correlation coefficient between two variables.

cpDNA Chloroplast DNA.

CpG island Unmethylated CG dinucleotides found in clusters 
near gene promoters.

cross The deliberate mating of two parental types of organisms 
in genetic analysis.

crossing over The exchange of corresponding chromosome 
parts between homologs by breakage and reunion.

crossover products Meiotic product cells with chromosomes 
that have engaged in a crossover.

CTD See carboxyl tail domain.

cumulative selection The situation when natural selection 
promotes multiple substitutions that alter the function of a 
protein or regulatory element through repeated rounds of 
mutation and selection.

“cut and paste” A descriptive term for a transposition 
mechanism in which a class 2 (DNA) transposon is excised (cut) 
from the donor site and inserted (pasted) into a new target site. 
See also copy and paste.

C-value The DNA content of a haploid genome.

C-value paradox The discrepancy (or lack of correlation) 
between the DNA content of an organism and its biological 
complexity.

cyclic adenosine monophosphate (cAMP) A molecule 
containing a diester bond between the 3  and 5  carbon atoms 
of the ribose part of the nucleotide. This modified nucleotide 
cannot be incorporated into DNA or RNA. It plays a key role as 
an intracellular signal in the regulation of various processes.

cytidine (C) A nucleoside containing cytosine as its base.

cytoplasmic segregation Segregation in which genetically 
different daughter cells arise from a progenitor that is a cytohet.

cytosine (C) A pyrimidine base that pairs with guanine.

Darwinian fitness The relative probability of survival and 
reproduction for a genotype.

daughter molecule One of the two products of DNA
replication composed of one template strand and one newly 
synthesized strand.

decoding center The region in the small ribosomal subunit 
where the decision is made whether an aminoacyl-tRNA can bind 
in the A site. This decision is based on complementarity between 
the anticodon of the tRNA and the codon of the mRNA.

degenerate code A genetic code in which some amino acids 
may be encoded by more than one codon each.

deletion The removal of a chromosomal segment from a 
chromosome set.

deletion loop The loop formed at meiosis by the pairing of a 
normal chromosome and a deletion-containing chromosome.

deletion mapping The use of a set of known deletions to map 
new recessive mutations by pseudodominance.

deoxyribonucleic acid See DNA.

deoxyribose The pentose sugar in the DNA backbone.

deviation Difference of an individual trait value from the mean 
trait value for the population.

dicentric bridge In a dicentric chromosome, the segment 
between centromeres being drawn to opposite poles at nuclear 
division.

dicentric chromosome A chromosome with two centromeres.

Dicer A protein complex that recognizes long double-stranded 
RNA molecules and cleaves them into double-stranded siRNAs. 
Dicer plays a key role in RNA interference.

dideoxy (Sanger) sequencing The most popular method of 
DNA sequencing. It uses dideoxynucleotide triphosphates mixed 
with standard nucleotide triphosphates to produce a ladder of 
DNA strands whose synthesis is blocked at different lengths. This 
method has been incorporated into automated DNA-synthesis 
machines. Also called Sanger sequencing after its inventor, 
Frederick Sanger.

dihybrid A double heterozygote such as A/a · B/b.
dihybrid cross A cross between two individuals identically 
heterozygous at two loci—for example, A B/a b A B/a b.
dimorphism A polymorphism with only two forms.

dioecious species A plant species in which male and female 
organs are on separate plants.

diploid A cell having two chromosome sets or an individual 
organism having two chromosome sets in each of its cells.

directional selection Selection that changes the frequency 
of an allele in a constant direction, either toward or away from 
fixation for that allele.

disassortive mating See negative assortative mating.

discovery panel A group of individuals used to detect variable 
nucleotide sites by comparing the partial genome sequences of 
these individuals with one another.
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disomic An abnormal haploid carrying two copies of one 
chromosome.

dispersive replication A disproved model of DNA synthesis 
suggesting more or less random interspersion of parental and 
new segments in daughter DNA molecules.

Dissociation (Ds) element A nonautonomous transposable 
element named by Barbara McClintock for its ability to break 
chromosome 9 of maize but only in the presence of another 
element called Activator (Ac).

distributive enzyme An enzyme that can add only a limited 
number of nucleotides before falling off the DNA template.

DNA (deoxyribonucleic acid) A chain of linked nucleotides 
(having deoxyribose as their sugars). Two such chains in double 
helical form are the fundamental substance of which genes are 
composed.

DNA-binding domain The site on a DNA-binding protein that 
directly interacts with specific DNA sequences.

DNA clone A section of DNA that has been inserted into 
a vector molecule, such as a plasmid or a phage, and then 
replicated to produce many copies.

DNA element A class 2 transposable element found in both 
prokaryotes and eukaryotes and so named because the DNA 
element participates directly in transposition.

DNA fingerprint The autoradiographic banding pattern 
produced when DNA is digested with a restriction enzyme that 
cuts outside a family of VNTRs (variable number of tandem 
repeats) and a Southern blot of the electrophoretic gel is probed 
with a VNTR-specific probe. Unlike true fingerprints, these 
patterns are not unique to each individual organism.

DNA ligase An important enzyme in DNA replication and 
repair that seals the DNA backbone by catalyzing the formation 
of phosphodiester bonds.

DNA methylation The addition of methyl groups to DNA 
residues after replication.

DNA palindrome A segment of DNA in which both strands 
have the same nucleotide sequence but in antiparallel 
orientation.

DNA polymerase III holoenzyme (DNA pol III 
holoenzyme) In E. coli, the large multisubunit complex at 
the replication fork consisting of two catalytic cores and many 
accessory proteins.

DNA technology The collective techniques for obtaining, 
amplifying, and manipulating specific DNA fragments.

DNA template library A group of single-stranded DNA 
molecules that can be amplified into many copies.

DNA transposon See DNA element.

domain A region of a protein associated with a particular 
function. Some proteins contain more than one domain.

dominance effect The difference between the trait value for the 
heterozygous class at a QTL and the midpoint between the trait 
values of the two homozygous classes.

dominant The phenotype shown by a heterozygote.

dominant allele An allele that expresses its phenotypic effect 
even when heterozygous with a recessive allele; thus, if A is 
dominant over a, then A/A and A/a have the same phenotype.

dominant gene action The situation when the trait value for 
the heterozygous class at a QTL is equal to the trait value for one 
of the two homozygous classes.

dominant negative mutation A mutant allele that in single 
dose (a heterozygote) wipes out gene function by a spoiler effect 
on the protein.

donor Bacterial cell used in studies of unidirectional DNA 
transmission to other cells; examples are Hfr in conjugation and 
phage source in transduction.

donor DNA Any DNA to be used in cloning or in DNA-mediated 
transformation.

dosage compensation The process in organisms using a 
chromosomal sex-determination mechanism (such as XX
versus XY) that allows standard structural genes on the sex 
chromosome to be expressed at the same levels in females
and males, regardless of the number of sex chromosomes.
In mammals, dosage compensation operates by maintaining
only a single active X chromosome in each cell; in Drosophila,
it operates by hyperactivating the male X chromosome.

double helix The structure of DNA first proposed by James 
Watson and Francis Crick, with two interlocking helices joined by 
hydrogen bonds between paired bases.

double (mixed) infection Infection of a bacterium with two 
genetically different phages.

double mutant Genotype with mutant alleles of two different 
genes.

double-strand break A DNA break cleaving the sugar–phosphate 
backbones of both strands of the DNA double helix.

double-stranded RNA (dsRNA) An RNA molecule comprised 
of two complementary strands.

double transformation Simultaneous transformation by two 
different donor markers.

downstream A way to describe the relative location of a site in a 
DNA or RNA molecule. A downstream site is located closer to the 
3  end of a transcription unit.

Down syndrome An abnormal human phenotype, including 
mental retardation, due to a trisomy of chromosome 21; more 
common in babies born to older mothers.

drift See random genetic drift.

dsRNA See double-stranded RNA.

duplication More than one copy of a particular chromosomal 
segment in a chromosome set.

dyad A pair of sister chromatids joined at the centromere, as in 
the first division of meiosis.

ectopic integration In a transgenic organism, the insertion of 
an introduced gene at a site other than its usual locus.

elongation The stage of transcription that follows initiation and 
precedes termination.

embryoid A small dividing mass of monoploid cells, produced 
from a cell destined to become a pollen cell by exposing it to cold.

endogenote See merozygote.

endogenous gene A gene that is normally present in an 
organism, in contrast with a foreign gene from a different 
organism that might be introduced by transgenic techniques.

enhanceosome The macromolecular assembly responsible
for interaction between enhancer elements and the promoter 
regions of genes.

enhancer A set of regulatory proteins consisting of transcription 
factors that bind to cis-acting regulatory sequences in the DNA.

enhancer-blocking insulators Regulatory elements positioned 
between a promoter and an enhancer. Their presence prevents 
the promoter from being activated by the enhancer.

enhancer element A cis-acting regulatory sequence that can 
elevate levels of transcription from an adjacent promoter. Many 
tissue-specific enhancers can determine spatial patterns of gene 
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expression in higher eukaryotes. Enhancers can act on promoters 
over many tens of kilobases of DNA and can be 5  or 3  of the 
promoters that they regulate.

enol form See tautomeric shift.

environmental variance The part of the phenotypic variation 
among individuals in a population that is due to the different 
environments the individuals have experienced.

epigenetic Nongenetic chemical changes in histones or DNA 
that alter gene function without altering the DNA sequence.

epigenetic inheritance Heritable modifications in gene function 
not due to changes in the base sequence of the DNA of the 
organism. Examples of epigenetic inheritance are paramutation, 
X-chromosome inactivation, and parental imprinting.

epigenetic mark A heritable alteration, such as DNA 
methylation or a histone modification, that leaves the DNA 
sequence unchanged.

epigenetic silencing The repression of the expression of a 
gene by virtue of its position in the chromosome rather than 
by a mutation in its DNA sequence. Epigenetic silencing can be 
inherited from one cell generation to the next.

epistasis A situation in which the differential phenotypic 
expression of a genotype at one locus depends on the genotype 
at another locus; a mutation that exerts its expression while 
canceling the expression of the alleles of another gene.

E site See exit site.

EST See expressed sequence tag.

euchromatin A less-condensed chromosomal region, thought to 
contain most of the normally functioning genes.

euploid A cell having any number of complete chromosome sets 
or an individual organism composed of such cells.

excise Describes what a transposable element does when it 
leaves a chromosomal location. Also called transpose.

exconjugant A female bacterial cell that has just been in 
conjugation with a male and contains a fragment of male DNA.

exit (E) site The site on the ribosome where the deacylated 
tRNA can be found. 9

exogenote See merozygote.

exon Any nonintron section of the coding sequence of a gene; 
together, the exons correspond to the mRNA that is translated 
into protein.

expressed sequence tag (EST) A cDNA clone for which only 
the 5  or the 3  ends or both have been sequenced; used to 
identify transcript ends in genomic analysis.

expressivity The degree to which a particular genotype is 
expressed in the phenotype.

extranuclear Refers to a small specialized fraction of eukaryotic 
genomes found in mitochondria or chloroplasts.

F cell In E. coli, a cell having no fertility factor; a female cell.

F  cell In E. coli, a cell having a free fertility factor; a male cell.

F factor See fertility factor.

F factor A fertility factor into which a part of the bacterial 
chromosome has been incorporated.

F plasmid See F factor.

F1 generation The first filial generation, produced by crossing 
two parental lines.

F2 generation The second filial generation, produced by selfing 
or intercrossing the F1 generation.

fertility factor (F factor) A bacterial episome whose presence 
confers donor ability (maleness).

fibrous protein A protein with a linear shape such as the 
components of hair and muscle.

fine mapping Finding the genomic location of a gene of interest 
(or a functional region within a gene) with  marker loci that are 
very tightly linked to it.

first-division segregation pattern (MI pattern) A linear 
pattern of spore phenotypes within an ascus for a particular 
allele pair, produced when the alleles go into separate nuclei at 
the first meiotic division, showing that no crossover has taken 
place between the allele pair and the centromere.

first filial generation (F1) The progeny individuals arising from 
a cross of two homozygous diploid lines.

5 untranslated region (5 UTR) The region of the RNA 
transcript at the 5  end upstream of the translation start site.

fixed allele An allele for which all members of the population 
under study are homozygous, and so no other alleles for this 
locus exist in the population.

fluctuation test A test used in microbes to establish the random 
nature of mutation or to measure mutation rates.

forward genetics The classical approach to genetic analysis, 
in which genes are first identified by mutant alleles and mutant 
phenotypes and later cloned and subjected to molecular analysis.

fosmid A vector that can carry a 35- to 45-kb insert of foreign DNA.

founder effect A random difference in the frequency of an 
allele or a genotype in a new colony as compared to the parental 
population that results from a small number of founders.

frameshift mutation The insertion or deletion of a nucleotide 
pair or pairs, causing a disruption of the translational reading 
frame.

frequency histogram A “step curve” in which the frequencies 
of various arbitrarily bounded classes are graphed.

full dominance See complete dominance.

functional complementation (mutant rescue) The use of a 
cloned fragment of wild-type DNA to transform a mutant into 
wild type; used in identifying a clone containing one specific 
gene.

functional genomics The study of the patterns of transcript 
and protein expression and of molecular interactions at a 
genome-wide level.

functional RNA An RNA type that plays a role without being 
translated.

G See guanine; guanosine.

gap gene In Drosophila, a class of cardinal genes that are 
activated in the zygote in response to the anterior–posterior 
gradients of positional information.

GD See gene diversity.

gel electrophoresis A method of molecular separation in which 
DNA, RNA, or proteins are separated in a gel matrix according 
to molecular size, with the use of an electrical field to draw the 
molecules through the gel in a predetermined direction.

gene The fundamental physical and functional unit of heredity, 
which carries information from one generation to the next; 
a segment of DNA composed of a transcribed region and a 
regulatory sequence that makes transcription possible.

gene action Interaction among alleles at a locus.

gene balance The idea that a normal phenotype requires a
1:1 relative proportion of genes in the genome.

gene complex A group of adjacent functionally and structurally 
related genes that typically arise by gene duplication in the 
course of evolution.
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gene discovery The process whereby geneticists find a set
of genes affecting some biological process of interest by the 
single-gene inheritance patterns of their mutant alleles or by 
genomic analysis.

gene diversity (GD) The probability that two alleles drawn at 
random from the gene pool will be different.

gene-dosage effect (1) Proportionality of the expression of 
some biological function to the number of copies of an allele 
present in the cell. (2) A change in phenotype caused by an 
abnormal number of wild-type alleles (observed in
chromosomal mutations).

gene duplication The duplication of genes or segments of DNA 
through misreplication of DNA.

gene family A set of genes in one genome, all descended from 
the same ancestral gene.

gene flow See migration.

gene knockout The inactivation of a gene by either a naturally 
occurring mutation or through the integration of a specially 
engineered introduced DNA fragment. In some systems, such 
inactivation is random, with the use of transgenic constructs 
that insert at many different locations in the genome. In other 
systems, it can be carried out in a directed fashion. See also
targeted gene knockout.

gene locus The specific place on a chromosome where a gene is 
located.

gene pair The two copies of a particular type of gene present in 
a diploid cell (one in each chromosome set).

gene pool The sum total of all alleles in the breeding members 
of a population at a given time.

generalized transduction The ability of certain phages to 
transduce any gene in the bacterial chromosome.

general transcription factor (GTF) A eukaryotic protein 
complex that does not take part in RNA synthesis but binds 
to the promoter region to attract and correctly position RNA 
polymerase II for transcription initiation.

gene replacement The insertion of a genetically engineered 
transgene in place of a resident gene; often achieved by a double 
crossover.

gene silencing A gene that is not expressed owing to epigenetic 
regulation. Unlike genes that are mutant due to DNA sequence 
alterations, genes inactivated by silencing can be reactivated.

gene therapy The correction of a genetic deficiency in a cell 
by the addition of new DNA and its insertion into the genome. 
Different techniques have the potential to carry out gene therapy 
only in somatic tissues or, alternatively, to correct the genetic 
deficiency in the zygote, thereby correcting the germ line as well.

genetic admixture The mix of genes that results when 
individuals have ancestry from more than one subpopulation.

genetically modified organism (GMO) A popular term for a 
transgenic organism, especially applied to transgenic agricultural 
organisms.

genetic architecture All of the genetic and environmental 
factors that influence a trait.

genetic code A set of correspondences between nucleotide 
triplets in RNA and amino acids in protein.

genetic dissection The use of recombination and mutation 
to piece together the various components of a given biological 
function.

genetic drift The change in the frequency of an allele in a 
population resulting from chance differences in the actual 
numbers of offspring of different genotypes produced by 
different individual members.

genetic engineering The process of producing modified DNA in 
a test tube and reintroducing that DNA into host organisms.

genetic load The total set of deleterious alleles in an individual 
genotype.

genetic map unit (m.u.) A distance on the chromosome map 
corresponding to 1 percent recombinant frequency.

genetic marker An allele used as an experimental probe to
keep track of an individual organism, a tissue, a cell, a nucleus,
a chromosome, or a gene.

genetics (1) The study of genes. (2) The study of inheritance.

genetic switch A segment of regulatory DNA and the regulatory 
protein(s) that binds to it that govern the transcriptional state of 
a gene or set of genes.

genetic variance The part of the phenotypic variation among 
individuals in a population that is due to the genetic differences 
among the individuals.

genome The entire complement of genetic material in a 
chromosome set.

genome project A large-scale, often multilaboratory effort 
required to sequence a complex genome.

genome-wide association (GWA) Association mapping that 
uses marker loci throughout the entire genome.

genomic imprinting A phenomenon in which a gene inherited 
from one of the parents is not expressed, even though both 
gene copies are functional. Imprinted genes are methylated and 
inactivated in the formation of male or female gametes.

genomic library A library encompassing an entire genome.

genomics The cloning and molecular characterization of entire 
genomes.

genotype The allelic composition of an individual or of a 
cell—either of the entire genome or, more commonly, of a 
certain gene or a set of genes.

genotype frequency The proportion of individuals in a 
population having a particular genotype.

GGR See global genomic repair.

global genomic repair (GGR) A type of nucleotide-excision 
repair that takes place at nontranscribed sequences.

globular protein A protein with a compact structure, such as an 
enzyme or an antibody.

GMO See genetically modified organism.

GU-AG rule So named because the GU and AG dinucleotides are 
almost always at the 5  and 3  ends, respectively, of introns, where 
they are recognized by components of the splicosome.

guanine (G) A purine base that pairs with cytosine.

GWA See genome-wide association.

H See heterozygosity.

haploid A cell having one chromosome set or an organism 
composed of such cells.

haploid number The number of chromosomes in the basic 
genomic set of a species.

haplosufficient Describes a gene that, in a diploid cell, can 
promote wild-type function in only one copy (dose).

haplotype The type (or form) of a haploid segment of a 
chromosome as defined by the alleles present at the loci within 
that segment.

haplotype network A network that shows relationships among 
haplotypes and the positions of the mutations defining the 
haplotypes on the branches.

HapMap A genome-wide haplotype map.
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Hardy–Weinberg equilibrium The stable frequency distribution 
of genotypes A/A, A/a, and a/a, in the proportions of p2, 2pq, and 
q2, respectively (where p and q are the frequencies of the alleles 
A and a), that is a consequence of random mating in the absence 
of mutation, migration, natural selection, or random drift.

Hardy–Weinberg law An equation used to describe the 
relationship between allelic and genotypic frequencies in a 
random-mating population.

helicase An enzyme that breaks hydrogen bonds in DNA and 
unwinds the DNA during movement of the replication fork.

hemimethylated DNA DNA sequence with one methylated 
strand and one unmethylated strand.

hemizygous gene A gene present in only one copy in a diploid 
organism—for example, an X-linked gene in a male mammal.

heterochromatin Densely staining condensed chromosomal 
regions, believed to be for the most part genetically inert.

heterochromatin protein-1 (HP-1) A protein necessary for the 
maintenance of heterochromatin.

heteroduplex DNA DNA in which there is one or more 
mismatched nucleotide pairs in a gene under study.

heterogametic sex The sex that has heteromorphic sex 
chromosomes (e.g., XY) and hence produces two different kinds 
of gametes with respect to the sex chromosomes.

heterogeneous genetic disorder A disorder caused by mutations 
in any one of several genes encoding a particular process.

heterokaryon A culture of cells composed of two different 
nuclear types in a common cytoplasm.

heteroplex DNA DNA in which there is a mismatched 
nucleotide pair in a gene under study.

heterozygote An individual organism having a heterozygous 
gene pair.

heterozygosity A measure of the genetic variation in a 
population; with respect to one locus, stated as the frequency of 
heterozygotes for that locus.

heterozygous gene pair A gene pair having different alleles in 
the two chromosome sets of the diploid individual—for example, 
A/a or A1/A2.

hexaploid A cell having six chromosome sets or an organism 
composed of such cells.

Hfr See high frequency of recombination cell.

high frequency of recombination (Hfr) cell In E. coli, a 
cell having its fertility factor integrated into the bacterial 
chromosome; a donor (male) cell.

histone A type of basic protein that forms the unit around which 
DNA is coiled in the nucleosomes of eukaryotic chromosomes.

histone code Refers to the pattern of modification
(e.g., acetylation, methylation, phosphorylation) of the
histone tails that may carry information required for
correct chromatin assembly.

histone deacetylase The enzymatic activity that removes an 
acetyl group from a histone tail, which promotes the repression 
of gene transcription.

histone tail The end of a histone protein protruding from the 
core nucleosome and subjected to posttranslational modification. 
See also histone code.

homeobox (homeotic box) A family of quite similar 180-bp 
DNA sequences that encode a polypeptide sequence called a 
homeodomain, a sequence-specific DNA-binding sequence. 
Although the homeobox was first discovered in all homeotic 
genes, it is now known to encode a much more widespread
DNA-binding motif.

homeodomain A highly conserved family of sequences, 
60 amino acids in length and found within a large number of 
transcription factors, that can form helix-turn-helix structures 
and bind DNA in a sequence-specific manner.

homeologous chromosomes Partly homologous chromosomes, 
usually indicating some original ancestral homology.

homogametic sex The sex with homologous sex chromosomes 
(e.g., XX).

homolog A member of a pair of homologous chromosomes.

homologous chromosomes Chromosomes that pair with each 
other at meiosis or chromosomes in different species that have 
retained most of the same genes during their evolution from a 
common ancestor.

homology-dependent repair system A mechanism of DNA 
repair that depends on the complementarity or homology of the 
template strand to the strand being repaired.

homozygote An individual organism that is homozygous.

homozygous Refers to the state of carrying a pair of identical 
alleles at one locus.

homozygous dominant Refers to a genotype such as A/A.
homozygous recessive Refers to a genotype such as a/a.
housekeeping gene An informal term for a gene whose product 
is required in all cells and carries out a basic physiological function.

Hox genes Members of this gene class are the clustered 
homeobox-containing, homeotic genes that govern the identity 
of body parts along the anterior–posterior axis of most bilateral 
animals.

hybrid dysgenesis A syndrome of effects including sterility, 
mutation, chromosome breakage, and male recombination in the 
hybrid progeny of crosses between certain laboratory and natural 
isolates of Drosophila.
hybridize (1) To form a hybrid by performing a cross.
(2) To anneal complementary nucleic acid strands from
different sources.

hybrid vigor A situation in which an F1 is larger or healthier 
than its two different pure parental lines.

hyperacetylation An overabundance of acetyl groups attached 
to certain amino acids of the histone tails. Transcriptionally 
active chromatin is usually hyperacetylated.

hypoacetylation An underabundance of acetyl groups on 
certain amino acids of the histone tails. Transcriptionally
inactive chromatin is usually hypoacetylated.

IBD See identical by descent.

identical by descent (IBD) When two copies of a gene in an 
individual trace back to the same copy in an ancestor.

imino form See tautomeric shift.

inbred line A stock consisting of genetically identical 
individuals that were fully inbred from a common parent(s).

inbreeding Mating between relatives.

inbreeding coefficient (F) The probability that the two alleles 
at a locus in an individual are identical by descent.

inbreeding depression A reduction in vigor and reproductive 
success from inbreeding.

incomplete dominance A situation in which a 
heterozygote shows a phenotype quantitatively (but 
not exactly) intermediate between the corresponding 
homozygote phenotypes. (Exact intermediacy means no 
dominance.)

indel mutation A mutation in which one or more nucleotide 
pairs is added or deleted.
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independent assortment See Mendel’s second law.

induced mutation A mutation that arises through the action of 
an agent that increases the rate at which mutations occur.

inducer An environmental agent that triggers transcription from 
an operon.

induction (1) The relief of repression of a gene or set of genes 
under negative control. (2) An interaction between two or more 
cells or tissues that is required for one of those cells or tissues to 
change its developmental fate.

initiation The first stage of transcription or translation. Its main 
function in transcription is to correctly position RNA polymerase 
before the elongation stage, and in translation it is to correctly 
position the first aminoacyl-tRNA in the P site.

initiation factor A protein required for the correct initiation of 
translation.

initiator A special tRNA that inserts the first amino acid of 
a polypeptide chain into the ribosomal P site at the start of 
translation. The amino acid carried by the initiator in bacteria is 
N-formylmethionine.

insertional duplication A duplication in which the extra copy 
is not adjacent to the normal one.

insertional mutagenesis The situation when a mutation arises 
by the interruption of a gene by foreign DNA, such as from a 
transgenic construct or a transposable element.

insertion sequence (IS) element A mobile piece of bacterial 
DNA (several hundred nucleotide pairs in length) capable of 
inactivating a gene into which it inserts.

interactome The entire set of molecular interactions within 
cells, including in particular protein–protein interactions.

intercalating agent A mutagen that can insert itself between 
the stacked bases at the center of the DNA double helix, causing 
an elevated rate of indel mutations.
interference A measure of the independence of crossovers 
from each other, calculated by subtracting the coefficient of 
coincidence from 1.

interrupted mating A technique used to map bacterial genes
by determining the sequence in which donor genes enter 
recipient cells.

intervening sequence An intron; a segment of largely unknown 
function within a gene. This segment is initially transcribed, but 
the transcript is not found in the functional mRNA.

intragenic deletion A deletion within a gene.

intron See intervening sequence.

inversion A chromosomal mutation consisting of the removal 
of a chromosome segment, its rotation through 180°, and its 
reinsertion in the same location.

inversion heterozygote A diploid with a normal and an 
inverted homolog.

inversion loop A loop formed by meiotic pairing of homologs in 
an inversion heterozygote.

inverted repeat (IR) sequence A sequence found in identical 
(but inverted) form—for example, at the opposite ends of a DNA 
transposon.

IR sequence See inverted repeat sequence.

IS element See insertion sequence element.

isoforms Related by different proteins. They can be generated 
by alternative splicing of a gene.

isolation by distance A bias in mate choice that arises from 
the amount of geographic distance between individuals, causing 
individuals to be more apt to mate with a neighbor than another 
member of their species farther away.

keto form See tautomeric shift.

Klinefelter syndrome An abnormal human male phenotype 
due to an extra X chromosome (XXY).

lagging strand In DNA replication, the strand that is 
synthesized apparently in the 3 -to-5  direction by the ligation of 
short fragments synthesized individually in the 5 -to-3  direction.

 (lambda) attachment site Where the  prophage inserts in 
the E. coli chromosome.

law of equal segregation The production of equal numbers
(50 percent) of each allele in the meiotic products (e.g., gametes) 
of a heterozygous meiocyte.

LD See linkage disequilibrium.

leader sequence The sequence at the 5  end of an mRNA that is 
not translated into protein.

leading strand In DNA replication, the strand that is made
in the 5 -to-3  direction by continuous polymerization at the
3 growing tip.

leaky mutation A mutation that confers a mutant phenotype 
but still retains a low but detectable level of wild-type function.

lethal allele An allele whose expression results in the death of 
the individual organism expressing it.

LINE See long interspersed element.

linkage disequilibrium (LD) Deviation in the frequencies 
of different haplotypes in a population from the frequencies 
expected if the alleles at the loci defining the haplotypes are 
associated at random.

linkage equilibrium A perfect fit of haplotype frequencies in 
a population to the frequencies expected if the alleles at the loci 
defining the haplotypes are associated at random.

linkage map A chromosome map; an abstract map of 
chromosomal loci that is based on recombinant frequencies.

linked The situation in which two genes are on the same 
chromosome as deduced by recombinant frequencies less than 
50 percent.

lncRNA See long noncoding RNA.

locus (plural, loci) See gene locus.

long interspersed element (LINE) A type of class 1 
transposable element that encodes a reverse transcriptase. LINEs 
are also called non-LTR retrotransposons.

long noncoding RNA (lncRNA) Nonprotein-coding transcripts 
that are over approximately 200 nucleotides in length.

long terminal repeat (LTR) A direct repeat of DNA sequence 
at the 5  and 3  ends of retroviruses and retrotransposons.

LTR See long terminal repeat.

LTR-retrotransposon A type of class 1 transposable element 
that terminates in long terminal repeats and encodes several 
proteins including reverse transcriptase.

lysate Population of phage progeny.

lysis The rupture and death of a bacterial cell on the release of 
phage progeny.

lysogen See lysogenic bacterium.

lysogenic bacterium A bacterial cell containing an inert 
prophage integrated into, and that is replicated with, the host 
chromosome.

lysogenic cycle The life cycle of a normal bacterium when 
it is infected by a wild-type  phage and the phage genome is 
integrated into the bacterial chromosome as an inert prophage.

lytic cycle The bacteriophage life cycle that leads to lysis of the 
host cell.
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MI pattern See first-division segregation pattern.

MII pattern See second-division segregation pattern.

major groove The larger of the two grooves in the DNA
double helix.

mapping function A formula expressing the relation between 
distance in a linkage map and recombinant frequency.

map unit (m.u.) The “distance” between two linked gene pairs 
where 1 percent of the products of meiosis are recombinant;
a unit of distance in a linkage map.

maternal-effect gene A gene that produces an effect only when 
present in the mother.

maternal imprinting The expression of a gene only when 
inherited from the father, because the copy of the gene inherited 
from the mother is inactive due to methylation in the course of 
gamete formation.

maternal inheritance A type of uniparental inheritance in 
which all progeny have the genotype and phenotype of the 
parent acting as the female.

M cytotype Laboratory stocks of Drosophila melanogaster that 
completely lack the P element transposon, which is found in 
stocks from the wild (P cytotype).

mean The arithmetic average.

mean fitness The mean of the fitness of all individual members 
of a population.

mediator complex A protein complex that acts as an adaptor 
that interacts with transcription factors bound to regulatory
sites and with general initiation factors for RNA polymerase
II–mediated transcription.

meiocyte A cell in which meiosis takes place.

meiosis Two successive nuclear divisions (with corresponding 
cell divisions) that produce gametes (in animals) or sexual spores 
(in plants and fungi) that have one-half of the genetic material of 
the original cell.

meiotic recombination Recombination from assortment or 
crossing over at meiosis.

Mendel’s first law The two members of a gene pair segregate 
from each other in meiosis; each gamete has an equal probability 
of obtaining either member of the gene pair.

Mendel’s second law The law of independent assortment; 
unlinked or distantly linked segregating gene pairs assort 
independently at meiosis.

meristic trait A counting trait, taking on a range of discrete values.

merozygote A partly diploid E. coli cell formed from a complete 
chromosome (the endogenote) plus a fragment (the exogenote).

messenger RNA See mRNA.

microarray A set of DNAs containing all or most genes in a 
genome deposited on a small glass chip.

microRNA (miRNA) A class of functional RNA that regulates 
the amount of protein produced by a eukaryotic gene.

microsatellite A locus composed of several to many copies 
(repeats) of a short (about 2 to 6 bp) sequence motif. Difference 
alleles have different numbers of repeats.

microsatellite marker A difference in DNA at the same locus 
in two genomes that is due to different repeat lengths of a 
microsatellite.

migration The movement of individuals (or gametes) between 
populations.

miniature inverted repeat transposable element (MITE)
A type of nonautonomous DNA transposon that can form by 
deletion of the transposase gene from an autonomous element 
and attain very high copy numbers.

minimal medium Medium containing only inorganic salts, a 
carbon source, and water.

minisatellite marker Heterozygous locus representing 
a variable number of tandem repeats of a unit 15 to 100 
nucleotides long.

minor groove The smaller of the two grooves in the DNA 
double helix.

miRNA See microRNA.

mismatch-repair system A system for repairing damage to 
DNA that has already been replicated.

missense mutation Nucleotide-pair substitution within a 
protein-coding region that leads to the replacement of one
amino acid by another amino acid.

MITE See miniature inverted repeat transposable element.

mitochondrial DNA (mtDNA) The subset of the genome found 
in the mitochondrion, specializing in providing some of the 
organelle’s functions.

mitosis A type of nuclear division (occurring at cell division) 
that produces two daughter nuclei identical with the parent 
nucleus.

mixed (double) infection The infection of a bacterial culture 
with two different phage genotypes.

modifier A mutation at a second locus that changes the degree 
of expression of a mutated gene at a first locus.

molecular clock The constant rate of substitution of amino 
acids in proteins or nucleotides in nucleic acids over long 
evolutionary time.

molecular genetics The study of the molecular processes 
underlying gene structure and function.

molecular marker A site of DNA heterozygosity, not necessarily 
associated with phenotypic variation, used as a tag for a 
particular chromosomal locus.

monohybrid A single-locus heterozygote of the type A/a.
monohybrid cross A cross between two individuals identically 
heterozygous at one gene pair—for example, A/a A/a.
monoploid A cell having only one chromosome set (usually as 
an aberration) or an organism composed of such cells.

monosomic A cell or individual organism that is basically 
diploid but has only one copy of one particular chromosome type 
and thus has chromosome number 2n  1.

morph One form of a genetic polymorphism; the morph can be 
either a phenotype or a molecular sequence.

mRNA (messenger RNA) An RNA molecule transcribed 
from the DNA of a gene; a protein is translated from this RNA 
molecule by the action of ribosomes.

mtDNA Mitochondrial DNA.

m.u. See map unit.

multifactorial hypothesis A hypothesis that explains 
quantitative variation by proposing that traits are controlled
by a large number of genes, each with a small effect on the
trait.

multigenic deletion A deletion of several adjacent genes.

multiple alleles The set of forms of one gene, differing in their 
DNA sequence or expression or both.

mutagen An agent capable of increasing the mutation rate.

mutagenesis An experiment in which experimental organisms 
are treated with a mutagen and their progeny are examined for 
specific mutant phenotypes.

mutant An organism or cell carrying a mutation.

mutant rescue See functional complementation.
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mutation (1) The process that produces a gene or a 
chromosome set differing from that of the wild type. (2) The 
gene or chromosome set that results from such a process.

mutation rate The probability that a copy of an allele changes 
to some other allelic form in one generation.

NAHR See nonallelic homologous recombination.

narrow-sense heritability (h2) The proportion of phenotypic 
variance that can be attributed to additive genetic variance.

natural selection The differential rate of reproduction 
of different types in a population as the result of different 
physiological, anatomical, or behavioral characteristics of the 
types.

ncRNA See non-protein-coding RNA.

nearly isogenic line See congenic line.

negative assortative mating Preferential mating between 
phenotypically unlike partners.

negative control Regulation mediated by factors that block or 
turn off transcription.

negative selection The elimination of a deleterious trait from a 
population by natural selection.

neofunctionalization The evolution of a new function by a 
gene.

NER See nucleotide-excision repair system.

neutral allele An allele that has no effect on the fitness of 
individuals that possess it.

neutral evolution Nonadaptive evolutionary changes due to 
random genetic drift.

NH See number of haplotypes.

NHEJ See nonhomologous end joining.

NLS See nuclear localization sequence.

nonallelic homologous recombination (NAHR) Crossing
over between short homologous units found at different 
chromosomal loci.

nonautonomous element A transposable element that relies 
on the protein products of autonomous elements for its mobility. 
Dissociation (Ds) is an example of a nonautonomous transposable 
element.

nonconservative substitution Nucleotide-pair substitution 
within a protein-coding region that leads to the replacement of 
an amino acid by one having different chemical properties.

nondisjunction The failure of homologs (at meiosis) or sister 
chromatids (at mitosis) to separate properly to opposite poles.

nonhomologous end joining (NHEJ) A mechanism used by 
eukaryotes to repair double-strand breaks.

non-protein-coding RNA (ncRNA) RNA that is not translated 
into protein.

nonsense mutation Nucleotide-pair substitution within a 
protein-coding region that changes a codon for an amino acid 
into a termination (nonsense) codon.

nonsynonymous substitution Mutational replacement of an 
amino acid with one having different chemical properties.

normal distribution A continuous distribution defined by the 
normal density function with a specified mean and standard 
deviation showing the expected frequencies for different values 
of a random variable (the “bell curve”).

Northern blotting The transfer of electrophoretically 
separated RNA molecules from a gel onto an absorbent sheet, 
which is then immersed in a labeled probe that will bind to
the RNA of interest.

nuclear localization sequence (NLS) Part of a protein required 
for its transport from the cytoplasm to the nucleus.

nucleosome The basic unit of eukaryotic chromosome 
structure; a ball of eight histone molecules that is wrapped
by two coils of DNA.

nucleotide A molecule composed of a nitrogen base, a sugar, 
and a phosphate group; the basic building block of nucleic acids.

nucleotide diversity Heterozygosity or gene diversity 
averaged over all the nucleotide sites in a gene or any other 
stretch of DNA.

nucleotide-excision-repair (NER) system An excision-repair 
pathway that breaks the phosphodiester bonds on either side of 
a damaged base, removing that base and several on either side 
followed by repair replication.

null allele An allele whose effect is the absence either of normal 
gene product at the molecular level or of normal function at the 
phenotypic level.

null hypothesis A hypothesis that proposes no difference 
between two or more data sets.

nullisomic Refers to a cell or individual organism with one 
chromosomal type missing, with a chromosome number
such as n 1 or 2n  2.

null mutation A mutation that results in complete absence of 
function for the gene.

number of haplotypes (NH) A simple count of the number of 
haplotypes at a locus in a population.

O See origin of replication.

octad An ascus containing eight ascospores, produced in species 
in which the tetrad normally undergoes a postmeiotic mitotic 
division.

Okazaki fragment A small segment of single-stranded DNA 
synthesized as part of the lagging strand in DNA replication.

oncogene A gain-of-function mutation that contributes to the 
production of a cancer.

oncoprotein The protein product of an oncogene mutation.

one-gene–one-polypeptide hypothesis A mid-twentieth-
century hypothesis that originally proposed that each gene 
(nucleotide sequence) encodes a polypeptide sequence; generally 
true, with the exception of untranslated functional RNA.

open reading frame (ORF) A gene-sized section of a sequenced 
piece of DNA that begins with a start codon and ends with a stop 
codon; it is presumed to be the coding sequence of a gene.

operator A DNA region at one end of an operon that acts as the 
binding site for a repressor protein.

operon A set of adjacent structural genes whose mRNA is 
synthesized in one piece, plus the adjacent regulatory signals that 
affect transcription of the structural genes.

ORF See open reading frame.

origin (O) See origin of replication.

origin of replication (O) The point of a specific sequence at 
which DNA replication is initiated.

orthologs Genes in different species that evolved from a 
common ancestral gene by speciation.

outgroup Taxa outside of a group of organisms among which 
evolutionary relationships are being determined.

paired-end reads In whole-genome shotgun sequence assembly, 
the DNA sequences corresponding to both ends of a genomic 
DNA insert in a recombinant clone.
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pair-rule gene In Drosophila, a member of a class of zygotically 
expressed genes that act at an intermediary stage in the process 
of establishing the correct numbers of body segments. Pair-rule 
mutations have half the normal number of segments, owing to 
the loss of every other segment.

paracentric inversion An inversion not including the 
centromere.

paralogs Genes that are related by gene duplication in a genome.

parental generation The two strains or individual organisms 
that constitute the start of a genetic breeding experiment; their 
progeny constitute the F1 generation.

parsimony To favor the simplest explanation involving the 
smallest number of evolutionary changes.

parthenogenesis The production of offspring by a female with 
no genetic contribution from a male.

partial diploid See merozygote.

partial dominance Gene action under which the phenotype of 
heterozygotes is intermediate between the two homozygotes but 
more similar to that of one homozygote than the other.

paternal imprinting The expression of a gene only when 
inherited from the mother, because the allele of the gene 
inherited from the father is inactive due to methylation in the 
course of gamete formation.

PCNA See proliferating cell nuclear antigen.

PCR See polymerase chain reaction.

P cytotype Natural stocks of Drosophila melanogaster that 
contain 20 to 50 copies of the P element. Laboratory stocks have 
none. See M cytotype.

pedigree analysis Deducing single-gene inheritance of human 
phenotypes by a study of the progeny of matings within a family, 
often stretching back several generations.

P element A DNA transposable element in Drosophila that has 
been used as a tool for insertional mutagenesis and for germ-line 
transformation.

penetrance The proportion of individuals with a specific 
genotype that manifest that genotype at the phenotype level.

pentaploid An individual organism with five sets of 
chromosomes.

peptidyl (P) site The site in the ribosome to which a tRNA with 
the growing polypeptide chain is bound.

peptidyltransferase center The site in the large ribosomal 
subunit at which the joining of two amino acids is catalyzed.

pericentric inversion An inversion that includes the centromere.

permissive temperature The temperature at which a 
temperature-sensitive mutant allele is expressed the same as the 
wild-type allele.

personal genomics The analysis of the genome of an individual 
to better understand his or her ancestry or the genetic basis of 
phenotypic traits such as his or her risk of developing a disease.

PEV See position-effect variegation.

phage See bacteriophage.

phage recombination The production of recombinant phage 
genotypes as a result of doubly infecting a bacterial cell with 
different “parental” phage genotypes.

phenotype (1) The form taken by some character (or group of 
characters) in a specific individual. (2) The detectable outward 
manifestations of a specific genotype.

phosphate An ion formed of four oxygen atoms attached 
to a phosphorus atom or the chemical group formed by the 
attachment of a phosphate ion to another chemical species by an 
ester bond.

phylogenetic inference Determining the state of a character or 
the direction of change in a character based on the distribution of 
that character within a phylogeny of organisms.

phylogeny The evolutionary history of a group.

physical map The ordered and oriented map of cloned DNA 
fragments on the genome.

PIC See preinitiation complex.

piRNA See piwi-interacting RNA.

piwi-interacting RNA (piRNA) An RNA that helps to protect 
the integrity of plant and animal genomes and to prevent the 
spread of transposable elements to other chromosomal loci. 
piRNAs restrain transposable elements in animals.

P site See peptidyl site.

plaque A clear area on a bacterial lawn, left by lysis of the 
bacteria through progressive infections by a phage and its 
descendants.

plasmid An autonomously replicating extrachromosomal
DNA molecule.

plating Spreading the cells of a microorganism (bacteria, fungi) 
on a dish of nutritive medium to allow each cell to form a visible 
colony.

pleiotropic allele An allele that affects several different 
properties of an organism.

point mutation A small lesion, usually the insertion or deletion 
of a single base pair.

Poisson distribution A mathematical distribution giving the 
probability of observing various numbers of a particular event in 
a sample when the mean probability of an event on any one trial 
is very small.

pol III holoenzyme See DNA polymerase III holoenzyme.

poly(A) tail A string of adenine nucleotides added to mRNA 
after transcription.

polygene (quantitative trait locus) A gene whose alleles are 
capable of interacting additively with alleles at other loci to affect 
a phenotype (trait) showing continuous distribution.

polymerase chain reaction (PCR) An in vitro method for 
amplifying a specific DNA segment that uses two primers that 
hybridize to opposite ends of the segment in opposite polarity 
and, over successive cycles, prime exponential replication of that 
segment only.

polymerase III holoenzyme See DNA polymerase III 
holoenzyme.

polymorphism The occurrence in a population (or among 
populations) of several phenotypic forms associated with alleles 
of one gene or homologs of one chromosome.

polypeptide A chain of linked amino acids; a protein. 

polyploid A cell having three or more chromosome sets or an 
organism composed of such cells.

polytene chromosome A giant chromosome in specific tissues 
of some insects, produced by an endomitotic process in which 
the multiple DNA sets remain bound in a haploid number of 
chromosomes.

population (1) A group of individuals that mate with one 
another to produce the next generation. (2) A group of 
individuals from which a sample is drawn.

population genetics The study of genetic variation in populations 
and changes over time in the amount or patterning of that variation 
resulting from mutation, migration, recombination, random genetic 
drift, natural selection, and mating systems.

population structure The division of a species or population 
into multiple genetically distinct subpopulations.
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positional cloning The identification of the DNA sequences 
encoding a gene of interest based on knowledge of its genetic or 
cytogenetic map location.

positional information The process by which chemical cues 
that establish cell fate along a geographic axis are established in a 
developing embryo or tissue primordium.

position effect Describes a situation in which the phenotypic 
influence of a gene is altered by changes in the position of the 
gene within the genome.

position-effect variegation (PEV) Variegation caused by 
the inactivation of a gene in some cells through its abnormal 
juxtaposition with heterochromatin.

positive assortative mating A situation in which like 
phenotypes mate more commonly than expected by chance.

positive control Regulation mediated by a protein that is 
required for the activation of a transcription unit.

positive selection The process by which a favorable allele 
is brought to a higher frequency in a population because 
individuals carrying that allele have more viable offspring
than other individuals.

post-transcriptional gene silencing Occurs when the mRNA 
of a particular gene is destroyed or its translation blocked. The 
mechanism of silencing usually involves RNAi or miRNA.
post-transcriptional processing Modifications of amino acid 
side groups after a protein has been translated.

preinitiation complex (PIC) A very large eukaryotic protein 
complex comprising RNA polymerase II and the six general 
transcription factors (GTFs), each of which is a multiprotein 
complex.

pre-mRNA See primary transcript.

primary structure of a protein The sequence of amino acids in 
the polypeptide chain.

primary transcript (pre-mRNA) Eukaryotic RNA before it has 
been processed.

primase An enzyme that makes RNA primers in DNA replication.

primer An RNA or DNA oligonucleotide that can serve as a 
template for DNA synthesis by DNA polymerase when annealed 
to a longer DNA molecule.

primosome A protein complex at the replication fork whose 
central component is primase.
probe Labeled nucleic acid segment that can be used to identify 
specific DNA molecules bearing the complementary sequence, 
usually through autoradiography or fluorescence.

processed pseudogene A pseudogene that arose by the reverse 
transcription of a mature mRNA and its integration into the 
genome.

processive enzyme As used in Chapter 7, describes the behavior 
of DNA polymerase III, which can perform thousands of rounds 
of catalysis without dissociating from its substrate (the template 
DNA strand).

product of meiosis One of the (usually four) cells formed by 
the two meiotic divisions.

product rule The probability of two independent events occurring 
simultaneously is the product of the individual probabilities.

prokaryote An organism composed of a prokaryotic cell, such as 
a bacterium or a blue-green alga.

proliferating cell nuclear antigen (PCNA) Part of the 
replisome, PCNA is the eukaryotic version of the prokaryotic 
sliding clamp protein.

promoter A regulator region that is a short distance from the 5
end of a gene and acts as the binding site for RNA polymerase.

promoter-proximal element The series of transcription-factor 
binding sites located near the core promoter.

property A characteristic feature of an organism, such as size, 
color, shape, or enzyme activity.

prophage A phage “chromosome” inserted as part of the linear 
structure of the DNA chromosome of a bacterium.

propositus In a human pedigree, the person who first came to 
the attention of the geneticist.

proteome The complete set of protein-coding genes in a genome.

proto-oncogene The normal cellular counterpart of a gene that 
can be mutated to become a dominant oncogene.

prototroph A strain of organisms that will proliferate on 
minimal medium (compare auxotroph).

provirus The chromosomally inserted DNA genome of a 
retrovirus.

pseudoautosomal regions 1 and 2 Small regions at the ends of 
the X and Y sex chromosomes; they are homologous and undergo 
pairing and crossing over at meiosis.

pseudodominance The sudden appearance of a recessive 
phenotype in a pedigree, due to the deletion of a masking 
dominant gene.

pseudogene A mutationally inactive gene for which no 
functional counterpart exists in wild-type populations.

pseudolinkage The appearance of linkage of two genes on 
translocated chromosomes.

pulse–chase experiment An experiment in which cells are 
grown in radioactive medium for a brief period (the pulse) and 
then transferred to nonradioactive medium for a longer period 
(the chase).

pure line A population of individuals all bearing the identical 
fully homozygous genotype.

purifying selection Natural selection that removes deleterious 
variants of a DNA or protein sequence, thus reducing genetic 
diversity.

purine A type of nitrogen base; the purine bases in DNA are 
adenine and guanine.

pyrimidine A type of nitrogen base; the pyrimidine bases in 
DNA are cytosine and thymine.

pyrosequencing DNA sequencing technology that is based on 
the generation and detection of a pyrophosphate group liberated 
from a nucleotide triphosphate.

QTL See quantitative trait locus.

quantitative genetics The subfield of genetics that studies the 
inheritance of complex or quantitative traits.

quantitative trait Any trait exhibiting complex inheritance 
because it is controlled by a mix of genetic and/or environmental 
factors.

quantitative trait locus (QTL) A gene contributing to the 
phenotypic variation in a trait that show complex inheritance, 
such as height and weight.

quantitative trait locus mapping A method for locating
QTL in the genome and characterizing the effects of QTL
on trait variation.

quaternary structure of a protein The multimeric constitution 
of a protein.

random genetic drift Changes in allele frequency that result 
because the genes appearing in offspring are not a perfectly 
representative sampling of the parental genes.
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rare SNP A single nucleotide polymorphism (SNP) for which 
the less common allele occurs at a frequency below 5 percent.

rearrangement The production of abnormal chromosomes by 
the breakage and incorrect rejoining of chromosomal segments; 
examples are inversions, deletions, and translocations.

recessive allele An allele whose phenotypic effect is not 
expressed in a heterozygote.

recipient The bacterial cell that receives DNA in a unilateral 
transfer between cells; examples are F  in a conjugation or the 
transduced cell in a phage-mediated transduction.

recombinant Refers to an individual organism or cell having a 
genotype produced by recombination.

recombinant DNA A novel DNA sequence formed by the 
combination of two nonhomologous DNA molecules.

recombinant frequency (RF) The proportion (or percentage) 
of recombinant cells or individuals.

recombination (1) In general, any process in a diploid or 
partly diploid cell that generates new gene or chromosomal 
combinations not previously found in that cell or in its 
progenitors. (2) At meiosis, the process that generates a haploid 
product of meiosis whose genotype is different from either of the 
two haploid genotypes that constituted the meiotic diploid.

recombination map A chromosome map in which the positions 
of loci shown are based on recombinant frequencies.

regulon Genes that are transcribed in a manner that is 
coordinated by the same regulatory protein (e.g., sigma factor).

relative fitness A measure of the fitness of an individual or 
genotype relative to some other individual or genotype, usually 
the most fit individual or genotype in the population.

release factor (RF) A protein that binds to the A site of the 
ribosome when a stop codon is in the mRNA.

replica plating In microbial genetics, a way of screening 
colonies arrayed on a master plate to see if they are mutant 
under other environments; a felt pad is used to transfer the 
colonies to new plates.

replication fork The point at which the two strands of DNA are 
separated to allow the replication of each strand.

replicative transposition A mechanism of transposition that 
generates a new insertion element integrated elsewhere in the 
genome while leaving the original element at its original site of 
insertion.

replisome The molecular machine at the replication fork that 
coordinates the numerous reactions necessary for the rapid and 
accurate replication of DNA.

reporter gene A gene whose phenotypic expression is easy to 
monitor; used to study tissue-specific promoter and enhancer 
activities in transgenes.

repressor A protein that binds to a cis-acting element such as an 
operator or a silencer, thereby preventing transcription from an 
adjacent promoter.

resistant mutant A mutant that can grow in a normally toxic 
environment.

restriction enzyme An endonuclease that will recognize specific 
target nucleotide sequences in DNA and break the DNA chain at 
those points; a variety of these enzymes are known, and they are 
extensively used in genetic engineering.

restriction fragment A DNA fragment resulting from cutting 
DNA with a restriction enzyme.

restriction fragment length polymorphism (RFLP)
A difference in DNA sequence between individuals or
haplotypes that is recognized as different restriction fragment 
lengths. For example, a nucleotide-pair substitution can cause 

a restriction-enzyme-recognition site to be present in one allele 
of a gene and absent in another. Consequently, a probe for this 
DNA region will hybridize to different-sized fragments within 
restriction digests of DNAs from these two alleles.

restrictive temperature The temperature at which a 
temperature-sensitive mutation expresses the mutant phenotype.

retrotransposition A mechanism of transposition characterized 
by the reverse flow of information from RNA to DNA.

retrotransposon A transposable element that uses reverse 
transcriptase to transpose through an RNA intermediate. See
class 1 element.

retrovirus An RNA virus that replicates by first being converted 
into double-stranded DNA.

reverse genetics An experimental procedure that begins 
with a cloned segment of DNA or a protein sequence and uses 
it (through directed mutagenesis) to introduce programmed 
mutations back into the genome to investigate function.

reverse transcriptase An enzyme that catalyzes the synthesis 
of a DNA strand from an RNA template.

revertant An allele with wild-type function arising by the 
mutation of a mutant allele; caused either by a complete reversal 
of the original event or by a compensatory second-site mutation.

RF See recombinant frequency; release factor.

R factors Plasmids carrying genes that encode resistance to 
several antibiotics.

RFLP See restriction fragment length polymorphism.

ribonucleic acid See RNA.

ribose The pentose sugar of RNA.

ribosomal RNA See rRNA.

ribosome A complex organelle that catalyzes the translation 
of messenger RNA into an amino acid sequence; composed of 
proteins plus rRNA.

ribozyme An RNA with enzymatic activity—for instance, the 
self-splicing RNA molecules in Tetrahymena.
RISC (RNA-induced silencing complex) A multisubunit 
protein complex that associates with siRNAs and is guided to 
a target mRNA by base complementarity. The target mRNA is 
cleaved by RISC activity.

RNA (ribonucleic acid) A single-stranded nucleic acid similar 
to DNA but having ribose sugar rather than deoxyribose sugar 
and uracil rather than thymine as one of the bases.

RNA blotting See Northern blotting.

RNAi See RNA interference.

RNA interference (RNAi) A system in eukaryotes to control 
the expression of genes through the action of siRNAs and 
miRNAs. See gene silencing.

RNA polymerase An enzyme that catalyzes the synthesis of an 
RNA strand from a DNA template. Eukaryotes possess several 
classes of RNA polymerase; structural genes encoding proteins 
are transcribed by RNA polymerase II.

RNA polymerase holoenzyme The bacterial multisubunit 
complex composed of the four subunits of the core enzyme plus 
the  factor.

RNA processing The collective term for the modifications 
to eukaryotic RNA, including capping and splicing, that are 
necessary before the RNA can be transported into the cytoplasm 
for translation.

RNA splicing A reaction found largely in eukaryotes that 
removes introns and joins together exons in RNA.

RNA world The name of a popular theory that RNA must have 
been the genetic material in the first cells because only RNA is 
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known to both encode genetic information and catalyze biological 
reactions.

rolling circle replication A mode of replication used by some 
circular DNA molecules in bacteria (such as plasmids) in which 
the circle seems to rotate as it reels out one continuous leading 
strand.

R plasmid A plasmid containing one or several transposons that 
bear resistance genes.

rRNA (ribosomal RNA) A class of RNA molecules, encoded 
in the nucleolar organizer, that have an integral (but poorly 
understood) role in ribosome structure and function.

s See selection coefficient.

S See segregating site or selection differential.

safe haven A site in the genome where the insertion of a 
transposable element is unlikely to cause a mutation, thus 
preventing harm to the host.

sample A small group of individual members or observations 
meant to be representative of a larger population from which the 
group has been taken.

Sanger sequencing See dideoxy sequencing.

scaffold (1) The central framework of a chromosome to
which the DNA solenoid is attached as loops; composed largely
of topoisomerase. (2) In genome projects, an ordered set of 
contigs in which there may be unsequenced gaps connected
by paired-end sequence reads.

screen A mutagenesis procedure in which essentially all 
mutagenized progeny are recovered and are individually 
evaluated for mutant phenotype; often the desired phenotype
is marked in some way to enable its detection.

SDSA See synthesis-dependent strand annealing.

secondary structure of a protein A spiral or zigzag 
arrangement of the polypeptide chain.

second-division segregation pattern (MII pattern) A pattern 
of ascospore genotypes for a gene pair showing that the two 
alleles separate into different nuclei only at the second meiotic 
division, as a result of a crossover between that gene pair and its 
centromere; can be detected only in a linear ascus.

second filial generation (F2) The progeny of a cross between 
two individuals from the F1 generation.

segmental duplication Presence of two or more large 
nontandem repeats.

segment-polarity gene In Drosophila, a member of a class of 
genes that contribute to the final aspects of establishing the correct 
number of segments. Segment-polarity mutations cause a loss of 
or change in a comparable part of each of the body segments.

segregating site (S) The number of variable or polymorphic 
nucleotide sites in a set of homologous DNA sequences.

selection (1) An experimental procedure in which only a specific 
type of mutant can survive. (2) The production of different average 
numbers of offspring by different genotypes in a population as a 
result of the different phenotypic properties of those genotypes.

selection coefficient (s) The loss of fitness in (or selective 
disadvantage of) one genotype relative to another genotype.

selection differential (S) The difference between the mean of 
a population and the mean of the individual members selected to 
be parents of the next generation.

selection response (R) The amount of change in the average 
value of some phenotypic character between the parental 
generation and the offspring generation as a result of the 
selection of parents.

selective system A mutational selection technique that enriches 
the frequency of specific (usually rare) genotypes by establishing 
environmental conditions that prevent the growth or survival of 
other genotypes.

self To fertilize eggs with sperms from the same individual.

self-splicing intron The first example of catalytic RNA; in this 
case, an intron that can be removed from a transcript without the 
aid of a protein enzyme.

semiconservative replication The established model of DNA 
replication in which each double-stranded molecule is composed 
of one parental strand and one newly polymerized strand.

semisterility (half-sterility) The phenotype of an organism 
heterozygotic for certain types of chromosome aberration;
expressed as a reduced number of viable gametes and hence 
reduced fertility.

sequence assembly The compilation of thousands or millions of 
independent DNA sequence reads into a set of contigs and scaffolds.

sequence contig A group of overlapping cloned segments.

serially reiterated structures Body parts that are members of 
repeated series, such as digits, ribs, teeth, limbs, and segments.

sex chromosome A chromosome whose presence or absence is 
correlated with the sex of the bearer; a chromosome that plays a 
role in sex determination.

sex linkage The location of a gene on a sex chromosome.

Shine–Dalgarno sequence A short sequence in bacterial RNA 
that precedes the initiation AUG codon and serves to correctly 
position this codon in the P site of the ribosome by pairing 
(through base complementarity) with the 3  end of the 16S RNA 
in the 30S ribosomal subunit.

short interspersed element (SINE) A type of class 1 transposable 
element that does not encode reverse transcriptase but is thought 
to use the reverse transcriptase encoded by LINEs. See also Alu.
sigma ( ) factor A bacterial protein that, as part of the RNA 
polymerase holoenzyme, recognizes the –10 and –35 regions of 
bacterial promoters, thus positioning the holoenzyme to initiate 
transcription correctly at the start site. The  factor dissociates 
from the holoenzyme before RNA synthesis.

signal sequence The amino-terminal sequence of a secreted 
protein; it is required for the transport of the protein through the 
cell membrane.

sign epistasis The dependency of the fitness advantage or 
disadvantage of a new mutation on the mutations that have been 
previously fixed.

simple inheritance A form of inheritance in which only one (or 
a few) genes are involved and the environment has little or no 
effect on the phenotype; categorical traits often exhibit simple 
inheritance.

simple sequence length polymorphism (SSLP) The existence in 
the population of individuals showing different numbers of copies 
of a short simple DNA sequence at one chromosomal locus.

simple transposon A type of bacterial transposable element 
containing a variety of genes that reside between short inverted 
repeat sequences.

SINE See short interspersed element.

single nucleotide polymorphism (SNP) (snip) A nucleotide-
pair difference at a given location in the genomes of two or more 
naturally occurring individuals.

single-strand-binding (SSB) protein A protein that binds to 
DNA single strands and prevents the duplex from re-forming 
before replication.

siRNA See small interfering RNA.
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small interfering RNA (siRNA) Short double-stranded RNAs 
produced by the cleavage of long double-stranded RNAs by Dicer.

small nuclear RNA (snRNA) Any of several short RNAs found 
in the eukaryotic nucleus, where they assist in RNA processing 
events.

SNP See single nucleotide polymorphism.

snRNA See small nuclear RNA.

solo LTR A single copy of an LTR.
SOS (repair) system An error-prone process whereby a bypass 
polymerase replicates past DNA damage at a stalled replicating 
fork by inserting nonspecific bases.

Southern blot The transfer of electrophoretically separated 
fragments of DNA from a gel to an absorbent sheet such as paper; 
this sheet is then immersed in a solution containing a labeled 
probe that will bind to a fragment of interest.

specialized transduction The situation in which a particular 
phage will transduce only specific regions of the bacterial 
chromosome.

spliceosome The ribonucleoprotein processing complex that 
removes introns from eukaryotic mRNAs.

splicing A reaction that removes introns and joins together 
exons in RNA.

spontaneous lesion DNA damage occurring in the absence of 
exposure to mutagens; due primarily to the mutagenic action of 
the by-products of cellular metabolism.

spontaneous mutation A mutation occurring in the absence of 
exposure to mutagens.

SRY gene The maleness gene, residing on the Y chromosome.

SSB See single-strand-binding protein.

SSLP See short-sequence-length polymorphism.

standard deviation The square root of the variance.

structure-based drug design The use of basic information 
about cellular processes and machinery to develop drugs.

subfunctionalization A path of gene duplication and mutation 
that produces paralogs with complementary functions.

subunit As used in Chapter 9, a single polypeptide in a protein 
containing multiple polypeptides.

sum rule The probability that one or the other of two mutually 
exclusive events will occur is the sum of their individual 
probabilities.

supercontig See scaffold (2).

suppressor A secondary mutation that can cancel the effect of a 
primary mutation, resulting in wild-type phenotype.

synergistic effect A feature of eukaryotic regulatory proteins 
for which the transcriptional activation mediated by the 
interaction of several proteins is greater than the sum of the 
effects of the proteins taken individually.

synonymous mutation A mutation that changes one codon for 
an amino acid into another codon for that same amino acid. Also 
called silent mutation.
synonymous substitution See synonymous mutation.

synteny A situation in which genes are arranged in similar 
blocks in different species.

synthesis-dependent strand annealing (SDSA) An error-free 
mechanism for correcting double-strand breaks that occur after 
the replication of a chromosomal region in a dividing cell.

synthetic lethal Refers to a double mutant that is lethal, 
whereas the component single mutations are not.

systems biology An attempt to interpret a genome as a holistic 
interacting system.

tandem duplication Adjacent identical chromosome segments.

targeted gene knockout The introduction of a null mutation 
into a gene by a designed alteration in a cloned DNA sequence 
that is then introduced into the genome through homologous 
recombination and replacement of the normal allele.

targeting A feature of certain transposable elements that 
facilitates their insertion into regions of the genome where they 
are not likely to insert into a gene causing a mutation.

target-site duplication A short direct-repeat DNA sequence 
(typically from 2 to 10 bp in length) adjacent to the ends of a 
transposable element that was generated during the element’s 
integration into the host chromosome.

TATA-binding protein (TBP) A general transcription factor 
that binds to the TATA box and assists in attracting other general 
transcription factors and RNA polymerase II to eukaryotic 
promoters.

TATA box A DNA sequence found in many eukaryotic genes that 
is located about 30 bp upstream of the transcription start site.

tautomeric shift The spontaneous isomerization of a
nitrogen base from its normal keto form to an alternative 
hydrogen-bonding enol (or imino) form.

tautomerization See tautometic shift.

TBP See TATA-binding protein.

TC-NER See transcription-coupled nucleotide-excision 
repair.

telomerase An enzyme that, with the use of a special small 
RNA as a template, adds repetitive units to the ends of linear 
chromosomes to prevent shortening after replication.

telomere The tip, or end, of a chromosome.

temperate phage A phage that can become a prophage.

temperature-sensitive mutation A conditional mutation that 
produces the mutant phenotype in one temperature range and 
the wild-type phenotype in another temperature range.

template A molecular “mold” that shapes the structure
or sequence of another molecule; for example, the nucleotide 
sequence of DNA acts as a template to control the nucleotide 
sequence of RNA during transcription.

termination The last stage of transcription; it results in 
the release of the RNA and RNA polymerase from the DNA 
template.

terminus The end represented by the last added monomer 
in the unidirectional synthesis of a polymer such as RNA or a 
polypeptide.

tertiary structure of a protein The folding or coiling of the 
secondary structure to form a globular molecule.

testcross A cross of an individual organism of unknown genotype 
or a heterozygote (or a multiple heterozygote) with a tester.
tester An individual organism homozygous for one or more 
recessive alleles; used in a testcross.

tetrad (1) Four homologous chromatids in a bundle in the first 
meiotic prophase and metaphase. (2) The four haploid product 
cells from a single meiosis.

tetraploid A cell having four chromosome sets; an organism 
composed of such cells.

theta ( ) structure An intermediate structure in the replication 
of a circular bacterial chromosome.

three-point testcross (three-factor testcross) A testcross in 
which one parent has three heterozygous gene pairs.

3 untranslated region (3 UTR) The region of the RNA 
transcript at the 3  end downstream of the site of translation 
termination.
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threshold trait A categorical trait for which the expression 
of the different phenotypic states depends on a combination 
of multiple genetic and/or environmental factors that place an 
individual above or below a critical value for trait expression.

thymine (T) A pyrimidine base that pairs with adenine.

Ti plasmid A circular plasmid of Agrobacterium tumifaciens that 
enables the bacterium to infect plant cells and produce a tumor 
(crown gall tumor).

Tn See transposon.

topoisomerase An enzyme that can cut and re-form 
polynucleotide backbones in DNA to allow it to assume a
more relaxed configuration.

trait More or less synonymous with phenotype.

trans-acting factor A diffusible regulatory molecule (almost 
always a protein) that binds to a specific cis-acting element.

trans conformation In a heterozygote with two mutant sites 
within a gene or gene cluster, the arrangement a1 / a2.

transcript The RNA molecule copied from the DNA template 
strand by RNA polymerase.

transcription The synthesis of RNA from a DNA template.

transcriptional gene silencing Occurs when a gene cannot be 
transcribed because it is located in heterochromatin.
transcription bubble The site at which the double helix is 
unwound so that RNA polymerase can use one of the DNA 
strands as a template for RNA synthesis.

transcription-coupled nucleotide-excision repair (TC-NER)
A form of nucleotide-excision repair that is activated by stalled 
transcription complexes and corrects DNA damage in transcribed 
regions of the genome.

transduction The movement of genes from a bacterial donor to 
a bacterial recipient with a phage as the vector.

transfer RNA See tRNA.

transformation The directed modification of a genome by the 
external application of DNA from a cell of different genotype.

transgene A gene that has been modified by externally applied 
recombinant DNA techniques and reintroduced into the genome 
by germ-line transformation.

transgene silencing Refers to the presence of a foreign gene in 
a transgenic organism that does not produce an mRNA or protein 
product owing to epigenetic modifications.

transgenic organism An organism whose genome has been 
modified by externally applied new DNA.

transition A type of nucleotide-pair substitution in which a 
purine replaces another purine or in which a pyrimidine replaces 
another pyrimidine—for example, G–C to A–T.

translation The ribosome- and tRNA-mediated production of 
a polypeptide whose amino acid sequence is derived from the 
codon sequence of an mRNA molecule.

translesion DNA synthesis A damage-tolerance mechanism in 
eukaryotes that uses bypass polymerases to replicate DNA past a 
site of damage.

translesion polymerases A family of DNA polymerases that 
can continue to replicate DNA past a site of damage that would 
halt replication by the normal replicative polymerase. Also 
known as bypass polymerases.
translocation The relocation of a chromosomal segment to a 
different position in the genome.

transposase An enzyme encoded by transposable elements that 
undergo conservative transposition.

transpose To move from one location in the genome to another; 
said of a mobile genetic element.

transposition A process by which mobile genetic elements move 
from one location in the genome to another.

transposon (Tn) A mobile piece of DNA that is flanked by 
terminal repeat sequences and typically bears genes encoding 
transposition functions. Bacterial transposons can be simple or 
composite.

transposon tagging A method used to identify and isolate a 
host gene through the insertion of a cloned transposable element 
in the gene.

transversion A type of nucleotide-pair substitution in which
a pyrimidine replaces a purine or vice versa—for example,
G–C to T–A.

trinucleotide repeat See triplet expansion.

triplet Three nucleotide pairs that compose a codon.

triplet expansion The expansion of a 3-bp repeat from a 
relatively low number of copies to a high number of copies that 
is responsible for a number of genetic diseases, such as fragile X 
syndrome and Huntington disease.

triploid A cell having three chromosome sets or an organism 
composed of such cells.

trisomic Basically a diploid with an extra chromosome
of one type, producing a chromosome number of the
form 2n  1.

trivalent Refers to the meiotic pairing arrangement of three 
homologs in a triploid or trisomic.

tRNA (transfer RNA) A class of small RNA molecules that bear 
specific amino acids to the ribosome in the course of translation; 
an amino acid is inserted into the growing polypeptide chain 
when the anticodon of the corresponding tRNA pairs with a 
codon on the mRNA being translated.

tumor-suppressor gene A gene encoding a protein that 
suppresses tumor formation. The wild-type alleles of
tumor-suppressor genes are thought to function as
negative regulators of cell proliferation.

Turner syndrome An abnormal human female phenotype 
produced by the presence of only one X chromosome (XO).

two-hybrid test A method for detecting protein–protein 
interactions, typically performed in yeast.

Ty element A yeast LTR retrotransposon; the first isolated from 
any organism.

U See uracil; uridine.

UAS See upstream activation sequence.

ubiquitin A protein that, when attached as a multicopy chain 
to another protein, targets that protein for degradation by a 
protease called the 26S proteasome. The addition of single 
ubiquitin residues to a protein can change protein–protein 
interactions, as in the case of PCNA and bypass polymerases.

ubiquitinization The process of adding ubiquitin chains to a 
protein targeted for degradation.

unbalanced rearrangement A rearrangement in which 
chromosomal material is gained or lost in one chromosome set.

uniparental inheritance Inheritance pattern in which the 
progeny have the genotype and phenotype of one parent only,
for example, inheritance of mitochrondrial genomes.

univalent A single unpaired meiotic chromosome, as is often 
found in trisomics and triploids.

unselected marker In a bacterial recombination experiment, 
an allele scored in progeny for the frequency of its cosegregation 
with a linked selected allele.
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unstable phenotype A phenotype characterized by frequent 
reversion either somatically or germinally or both due to the 
interaction of transposable elements with a host gene.

upstream Refers to a DNA or RNA sequence located on the 5
side of a point of reference.

upstream activation sequence (UAS) A DNA sequence of 
yeast located 5  of the gene promoter; a transcription factor binds 
to the UAS to positively regulate gene expression.

uracil (U) A pyrimidine base in RNA in place of the thymine 
found in DNA.

uridine (U) A nucleoside having uracil as its base.

UTR See 3 untranslated region; 5 untranslated region.

variable number tandem repeat (VNTR) A chromosomal 
locus at which a particular repetitive sequence is present in 
different numbers in different individuals or in the two different 
homologs in one diploid individual.

variance A statistical measure used to quantify the degree to 
which the trait values of individuals deviate from the population 
mean.

vector See cloning vector.

virulent phage A phage that cannot become a prophage; 
infection by such a phage always leads to lysis of the host cell.

virus A particle consisting of nucleic acid and protein that must 
infect a living cell to replicate and reproduce.

VNTR See variable number tandem repeat.

wild type The genotype or phenotype that is found in nature or 
in the standard laboratory stock for a given organism.

wobble The ability of certain bases at the third position of an 
anticodon in tRNA to form hydrogen bonds in various ways, 
causing alignment with several different possible codons.

X chromosome One of a pair of sex chromosomes, distinguished 
from the Y chromosome.

xeroderma pigmentosum (XP) A disorder caused by mutations 
in the transcription-coupled nucleotide-excision-repair system 
that leads to the frequent development of skin cancers.

X linkage The inheritance pattern of genes found on the X 
chromosome but not on the Y chromosome.

XP See xeroderma pigmentosum.

Y chromosome One of a pair of sex chromosomes, distinguished 
from the X chromosome.

Y linkage The inheritance pattern of genes found on the
Y chromosome but not on the X chromosome (rare).

zygote A cell formed by the fusion of an egg and a sperm; 
the unique diploid cell that will divide mitotically to create a 
differentiated diploid organism.

zygotic induction The sudden release of a lysogenic phage 
from an Hfr chromosome when the prophage enters the F  cell 
followed by the subsequent lysis of the recipient cell.



This section includes selected answers to Basic Problems and Challenging 
Problems from all chapters except Chapter 1. Answers to Chapter 1 prob-
lems are not included here because they are discussion questions. 
Answers to Working with the Figures may be found in the GeneticsPortal. 
Answers to all the problems are available in the Solutions Manual.

Chapter 2
16. PFGE separates DNA molecules by size. When DNA is carefully 
isolated from Neurospora (which has seven different chromosomes), 
seven bands should be produced with the use of this technique. Simi-
larly, the pea has seven different chromosomes and will produce seven 
bands (homologous chromosomes will comigrate as a single band).
19. The key function of mitosis is to generate two daughter cells 
genetically identical with the original parent cell.
23. As cells divide mitotically, each chromosome consists of identical 
sister chromatids that are separated to form genetically identical daughter 
cells. Although the second division of meiosis appears to be a similar 
process, the “sister” chromatids are likely to be different from each 
other. Recombination in earlier meiotic stages will have swapped regions 
of DNA between sister and nonsister chromosomes such that the two 
daughter cells of this division are typically not genetically identical.
27. Yes. Half of our genetic makeup is derived from each parent, half 
of each parent’s genetic makeup is derived from half of each of their 
parents’, etc.
31. (5) Synapsis (chromosome pairing)
36. The progeny ratio is approximately 3  :  1, indicating classic 
heterozygous-by-heterozygous mating. Because Black (B) is dominant 
over white (b),

Parents: B/b B/b
Progeny: 3 black : 1 white (1 B/B : 2 B/b : 1 b/b)

40. The fact that about half of the F1 progeny are mutant suggests 
that the mutation that results in three cotyledons is dominant and the 
original mutant was heterozygous. If C  the mutant allele and c  the 
wild-type allele, the cross is as follows:

P C/c c/c
F1 C/c three cotyledons

c/c two cotyledons

45. p (child has galactosemia) p (John is G/g) p (Martha is G/g) 
p (both parents passed g to the child)  (2/3)(1/4)(1/4)  2/48  1/24
51. a. The disorder appears to be dominant because all affected indi-
viduals have an affected parent. If the trait were recessive, then I-1, 
II-2, III-1, and III-8 would all have to be carriers (heterozygous for the 
rare allele).

b. With the assumption of dominance, the genotypes are

I: d/d, D/d
II: D/d, d/d, D/d, d/d

III: d/d, D/d, d/d, D/d, d/d, d/d, D/d, d/d
IV: D/d, d/d, D/d, d/d, d/d, d/d, d/d, D/d, d/d

c. The probability of an affected child (D/d) equals 1/2, and the 
probability of an unaffected child (d/d) equals 1/2. Therefore, the 
chance of having four unaffected children (since each is an indepen-
dent event) is (1/2)  (1/2)  (1/2)  (1/2)  1/16.
57. a. Sons inherit the X chromosome from their mothers. The 
mother has free earlobes; the son has attached earlobes. If the allele for 
free earlobes is dominant and the allele for attached earlobes is reces-
sive, then the mother could be heterozygous for this trait and the gene 
could be X linked.

b. It is not possible from the data given to decide which allele is 
dominant. If attached earlobes is dominant, then the father would be 
heterozygous and the son would have a 50% chance of inheriting the 
dominant attached earlobes” allele. If attached earlobes is recessive, 
then the trait could be autosomal or X linked, but, in either case, the 
mother would be heterozygous.
61. Let H  hypophosphatemia and h  normal. The cross is H/Y
h/h, yielding H/h (females) and h/Y (males). The answer is 0%.
66. a. XC/Xc, Xc/Xc

b. p (color-blind) p (male)  (1/2)(1/2)  1/4
c. The girls will be 1 normal (XC/Xc) : 1 color-blind (Xc/Xc).
d. The cross is XC/Xc  Xc/Y, yielding 1 normal : 1 color-blind for 

both sexes.
74. a. The pedigree suggests that the allele causing red hair is recessive 
because most red-haired individuals are from parents without this trait.

b. Observation of those around us makes the allele appear to be 
somewhat rare.
78. Note that only males are affected and that, in all but one case, the 
trait can be traced through the female side. However, there is one 
example of an affected male having affected sons. If the trait is X 
linked, this male’s wife must be a carrier. Depending on how rare this 
trait is in the general population, that could be unlikely, suggesting that 
the disorder is caused by an autosomal dominant allele with expres-
sion limited to males.

Chapter 3
13. The genotype of the daughter cells will be identical with that of 
the original cell: (f) A/a ; B/b.
18. Mitosis produces daughter cells having the same genotype as that 
of the original cell: A/a ; B/b ; C/c.
21. His children will have to inherit the satellite-containing 4 (prob-
ability  1/2), the abnormally staining 7 (probability  1/2), and the 
Y chromosome (probability  1/2). To inherit all three, the probability 
is (1/2)(1/2)(1/2)  1/8.
26. With the assumption of independent assortment and simple 
dominant–recessive relations of all genes, the number of genotypic 
classes expected from selfing a plant heterozygous for n gene pairs is 
3n and the number of phenotypic classes expected is 2n.
29. a. and b. Cross 2 indicates that purple (G) is dominant over 
green (g), and cross 1 indicates that cut (P) is dominant over potato (p).

Cross 1: G/g ; P/p g/g ; P/p  There are 3 cut : 1 potato, and 
1 purple : 1 green.

Cross 2: G/g ; P/p G/g ; p/p  There are 3 purple : 1 green, 
and 1 cut : 1 potato.

Cross 3: G/G ; P/p g/g ; P/p  There are no green, and there 
are 3 cut : 1 potato.

Cross 4: G/g ; P/P g/g ; p/p  There are no potato, and there 
are 1 purple : 1 green.

Cross 5: G/g ; p/p g/g ; P/p  There are 1 cut : 1 potato, and 
there are 1 purple : 1 green.

34. The crosses are

Cross 1: stop-start female  wild-type male 
all stop-start progeny

Cross 2: wild-type female  stop-start male 
all wild-type progeny

mtDNA is inherited only from the “female” in Neurospora

Answers to Selected Problems
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40. a. There should be nine classes corresponding to 0, 1, 2, 3, 4, 5, 6, 
7, 8 “doses.”

b. There should be 13 classes corresponding to 0, 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 11, 12 “doses.”
45. Progeny plants inherited only normal cpDNA (lane 1), only mutant 
cpDNA (lane 2), or both (lane 3). To obtain homoplasmic cpDNA (all 
chloroplasts containing the same DNA), seen in lanes 1 and 2, chloro-
plasts had to have segregated.
50. a. and b. Begin with any two of the three lines and cross them. If, 
for example, you began with a/a ; B/B ; C/C A/A ; b/b ; C/C, all the 
progeny would be A/a ; B/b ; C/C. Crossing two of them would yield

9  A/– ; B/– ; C/C
3  a/a ; B/– ; C/C
3  A/– ; b/b ; C/C
1  a/a ; b/b ; C/C

The a/a ; b/b ; C/C genotype has two of the genes in a homozygous 
recessive state and is found in 1/16 of the offspring. If that genotype 
were crossed with A/A ; B/B ; c/c, all the progeny would be A/a ; B/b ; 
C/c. Crossing two of them (or “selfing”) would lead to a 27 : 9 : 9 : 9 : 3 : 
3 : 3 : 1 ratio, and 1/64 of the progeny would be the desired a/a ; b/b ; c/c.

There are several different routes to obtaining a/a ; b/b ; c/c, but 
the one just outlined requires only four crosses.
55. a. In a diploid cell, expect two chromosomes (a pair of homologs) 
to each have a single locus of radioactivity.

b. Expect many regions of radioactivity scattered throughout the 
chromosomes. The exact number and pattern would depend on the 
specific sequence in question and on where and how often it is present 
within the genome.

c. The multiple copies of the genes for ribosomal RNA are orga-
nized into large tandem arrays called nucleolar organizers. Therefore, 
expect broader areas of radioactivity compared with that in part a. The 
number of these regions would equal the number of nuclear organizers 
present in the organism.

d. Expect each chromosome end to be labeled by telomeric DNA.
e. The multiple repeats of this heterochromatic DNA are orga-

nized into large tandem arrays. Therefore, expect broader areas of 
radioactivity compared with that in part a. There also may be more 
than one area in the genome of the same simple repeat.
59. a. Let B  brachydactylous, b  normal, T  taster, and t  non-
taster. The genotypes of the couple are B/b ; T/t for the male and b/b ; 
T/t for the female.

b. For all four children to be brachydactylous, p  (1/2)4  1/16.
c. For none of the four children to be brachydactylous, p

(1/2)4  1/16.
d. For all to be tasters, p  (3/4)4  81/256.
e. For all to be nontasters, p  (1/4)4  1/256.
f. For all to be brachydactylous tasters, p  (1/2  3/4)4

81/4096.
g. The probability of not being a brachydactylous taster is 1 

(the probability of being a brachydactylous taster), or 1  (1/2  3/4) 
5/8. The probability that all four children are not brachydactylous tast-
ers is (5/8)4  625/4096.

h. The probability that at least one is a brachydactylous taster
is 1  (the probability of none being a brachydactylous taster), or 
1  (5/8)4.

Chapter 4
13. P     A d/A d a D/a D

F1        A d/a D
F2 1 A d/A d phenotype: A d

  2 A d/a D phenotype: A D
  1 a D/a D phenotype: a D

16. Because only parental types are recovered, the two genes must be 
tightly linked and recombination must be very rare. Knowing how 

many progeny were looked at would give an indication of how close the 
genes are.
21. a. The three genes are linked.

b. A comparison of the parentals (most frequent) with the double 
crossovers (least frequent) reveals that the gene order is v p b. There 
were 2200 recombinants between v and p, and 1500 between p and b.
The general formula for map units is

m.u.  100%(number of recombinants)/total number of progeny

Therefore, the map units between v and p  100%(2200)/10,000 
22 m.u., and the map units between p and b  100%(1500)/10,000 
15 m.u. The map is

v p

22 m.u. 15 m.u.

b

c. I  1  observed double crossovers/expected double crossovers
 1  132/(0.22)(0.15)(10,000)
 1  0.4  0.6

27. a.

Rh   (R/ . E/e) Rh e (r/r . e/e)

Rh e 
(R/r . e/e)

Rh E 
(R/r . E/e)

Rh e 
(r/r . e/e)

Rh E 
(R/r . E/e)

Rh E 
(R/ . E/e)

Rh e 
(R/ . e/e)

Rh e (r/r . e/e)

E

Rh   (R/r . E/e)E

1 3 5 1

b. Yes.
c. Dominant.
d. As drawn, the pedigree hints at linkage. If unlinked, expect that 

the phenotypes of the 10 children should be in a 1 : 1 : 1 : 1 ratio of Rh  E, 
Rh  e, Rh  E, and Rh  e. There are actually five Rh  e, four Rh  E, and 
one Rh  e. If linked, this last phenotype would represent a recombi-
nant, and the distance between the two genes would be 100%(1/10) 
10 m.u. However, there is just not enough data to strongly support that 
conclusion.
33. a. If the genes are unlinked, the cross is

P hyg/hyg ; her/her hyg /hyg  ; her /her

F1 hyg /hyg ; her /her hyg /hyg ; her /her

F2 9/16 hyg /– ; her /–
3/16 hyg /– ; her/her
3/16 hyg/hyg ; her /–
1/16 hyg/hyg ; her/her

So only 1/16 (or 6.25%) of the seeds are expected to germinate.
b. and c. No. More than twice the expected seeds germinated; so 

assume that the genes are linked. The cross then is

P hyg her /hyg her hyg her /hyg her

F1 hyg her /hyg her hyg her /hyg her

F2 13% hyg her/hyg her

Because this class represents the combination of two parental 
chromosomes, it is equal to

p(hyg her) p(hyg her)  ( 1
2
 parentals)2  0.13

and

parentals  0.72

So

recombinants  1  0.72  0.28
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Therefore, a testcross of hyg hyg /hyg her will give

36% hyg her /hyg her

36% hyg her/hyg her

14% hyg her/hyg her

14% hyg her /hyg her

and 36% of the progeny will grow (the hyg her/hyg her class).

37. The formula for this problem is f  (i) e mmi/i! where m  2 and 
i  0, 1, or 2.

a. f  (0) e 220/0! e 2  0.135, or 13.5%.
b. f  (1) e 221/1! e 2(2)  0.27, or 27%.
c. f  (2) e 222/2! e 2(2)  0.27, or 27%.

43. a. The cross was pro his, which makes the first tetrad class 
NPD (6 nonparental ditypes), the second tetrad class T (82 tetratypes), 
and the third tetrad class PD (112 parental ditypes). When PD 
NPD, you know that the two genes are linked.

b. Map distance can be calculated by using the formula RF 
[NPD  (1/2)T]100%. In this case, the frequency of NPD is 6/200, or 
3%, and the frequency of T is 82/200, or 41%. Map distance between 
these two loci is therefore 23.5 cM.

pro
23.5 cM

his

c. To correct for multiple crossovers, the Perkins formula can be 
used. Thus, map distance  (T  6NPD)50%, or (0.41  0.18)50% 
29.5 cM.
47. a. The cross is W e F/W e F w E f/w E f and the F1 are W e F/w E f.
Progeny that are ww ee ff from a testcross of this F1 must have inherited 
one of the double-crossover recombinant chromosomes (w e f  ). With 
the assumption of no interference, the expected percentage of double 
crossovers is 8%  24%  1.92%, half of which is 0.96%.

b. To obtain a ww ee ff progeny from a self cross of this F1 requires 
the independent inheritance of two doubly recombinant w e f chromo-
somes. Its chances of happening, based on the answer to part a of this 
problem, are 0.96  0.96  0.009%.
53. The short answer is that the results tell us little about linkage. 
Although the number of recombinants (3) is less than the number of 
parentals (5), one can have no confidence in the fact that the RF is 

50%. The main problem is that the sample size is small, so just one 
individual more or less in a genotypic class can dramatically affect the 
ratios. Even the chi-square test is unreliable at such small sample sizes. 
It is probably safe to say that there is not tight linkage because several 
recombinants were found in a relatively small sample. However, one 
cannot distinguish between more distant linkage and independent 
assortment. A larger sample size is required.
58. The data given for each of the three-point testcrosses can be used 
to determine the gene order when one realizes that the rarest recom-
binant classes are the result of double-crossover events. A comparison 
of these chromosomes with the “parental” types reveals that the alleles 
that have switched represent the gene in the middle.

For example, in data set 1, the most common phenotypes (
and a b c) represent the parental-allele combinations. A comparison of 
these phenotypes with the rarest phenotypes of this data set ( b c and 
a ) indicates that the a gene is recombinant and must be in the 
middle. The gene order is b a c.

For data set 2, b c and a  (the parentals) should be com-
pared with  and a b c (the rarest recombinants) to indicate that 
the a gene is in the middle. The gene order is b a c.

For data set 3, compare b  and a c with a b  and c,
which gives the gene order b a c.

For data set 4, compare c and a b  with  and a b c,
which gives the gene order a c b.

For data set 5, compare  and a b c with c and a b ,
which gives the gene order a c b.

64. a. Cross 1 reduces to

P A/A · B/B · D/D a/a · b/b · d/d
F1 A/a · B/b · D/d a/a · b/b · d/d

The testcross progeny indicate that these three genes are linked 
(CO  crossover, DCO  double crossover).

Testcross A B D 316 parental

progeny a b d 314 parental

A B d 31 CO B–D
a b D 39 CO B–D
A b d 130 CO A–B
a B D 140 CO A–B
A b D 17 DCO

a B d 13 DCO

A–B: 100%(130  140  17  13)/1000  30 m.u.
B–D: 100%(31  39  17  13)/1000  10 m.u.

Cross 2 reduces to

P A/A · C/C · E/E a/a · c/c · e/e

F1 A/a · C/c · E/e a/a · c/c · e/e

The testcross progeny indicate that these three genes are linked.

Testcross A C E 243 parental

progeny a c e 237 parental

A c e 62 CO A–C
a C E 58 CO A–C
A C e 155 CO C–E
a c E 165 CO C–E
a C e 46 DCO

A c E 34 DCO

A–B: 100%(62  58  46  34)/1000  20 m.u.

B–D: 100%(155  165  46  34)/1000  40 m.u.

The map that accommodates all the data is

E C A B D

40 m.u. 20 m.u. 30 m.u. 10 m.u.

b. Interference (I)  1  [(observed DCO)/(expected DCO)]

  For cross 1:  I  1  {30/[(0.30)(0.10)(1000)]}  1  1  0,
no interference

  For cross 2:  I  1  {80/[(0.20)(0.40)(1000)]}  1  1  0,
no interference

69. a. and b. The data support the independent assortment of two 
genes (call them arg1 and arg2). The cross becomes arg1 ; arg2
arg1  ; arg2 and the resulting tetrads are

4 : 0 (PD) 3 : 1 (T) 2 : 2 (NPD)

arg1 ; arg2 arg1 ; arg2 arg1 ; arg2
arg1 ; arg2 arg1  ; arg2 arg1 ; arg2
arg1  ; arg2 arg1 ; arg2 arg1  ; arg2
arg1  ; arg2 arg1  ; arg2 arg1  ; arg2

Because PD  NPD, the genes are unlinked.

Chapter 5
19. An Hfr strain has the fertility factor F integrated into the chromo-
some. An F  strain has the fertility factor free in the cytoplasm. An 
F  strain lacks the fertility factor.
23. Although the interrupted-mating experiments will yield the 
gene order, it will be relative only to fairly distant markers. Thus, the 
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mutation cannot be precisely located with this technique. Generalized 
transduction will yield information with regard to very close markers, 
which makes it a poor choice for the initial experiments because of the 
massive amount of screening that would have to be done. Together, the 
two techniques allow, first, for localization of the mutant (interrupted 
mating) and, second, for the precise determination of the location of 
the mutant (generalized transduction) within the general region.
28. The best explanation is that the integrated F factor of the Hfr 
looped out of the bacterial chromosome abnormally and is now an F
that contains the pro  gene. This F  is rapidly transferred to F  cells, 
converting them into pro  (and F ).
33. The expected number of double recombinants is 
(0.01)(0.002)(100,000)  2. Interference  1  (observed double cross-
over/expected double crossover)  1  5/2 1.5. By definition, the 
interference is negative.
37. a. This process appears to be specialized transduction. It is char-
acterized by the transduction of specific markers based on the position 
of the integration of the prophage. Only those genes near the integra-
tion site are possible candidates for misincorporation into phage par-
ticles that then deliver this DNA to recipient bacteria.

b. The only media that supported colony growth were those lack-
ing either cysteine or leucine. These media selected for cys  or leu
transductants and indicate that the prophage is located in the cys–leu
region.
42. No. Closely linked loci would be expected to be cotransduced; the 
greater the contransduction frequency, the closer the loci are. Because 
only 1 of 858 metE  was also pyrD , the genes are not closely linked. 
The lone metE pyrD  could be the result of cotransduction, it could be 
a spontaneous mutation of pyrD to pyrD , or it could be the result of 
coinfection by two separate transducing phages.
47. a. To determine which genes are close, compare the frequencies 
of double transformants. Pair-by-pair testing gives low values when-
ever B is included but fairly high rates when any drug but B is included. 
This finding suggests that the gene for B resistance is not close to the 
other three genes.

b. To determine the relative order of genes for resistance to A, C, 
and D, compare the frequencies of double and triple transformants. 
The frequency of resistance to AC is approximately the same as that 
of resistance to ACD, which strongly suggests that D is in the middle. 
Additionally, the frequency of AD coresistance is higher than AC (sug-
gesting that the gene for A resistance is closer to D than to C) and the 
frequency of CD is higher than AC (suggesting that C is closer to D 
than to A).
51. To isolate the specialized transducing particles of phage 80 that 
carried lac , the researchers would have had to lysogenize the strain 
with 80, induce the phage with UV, and then use these lysates to 
transduce a Lac  strain to Lac . The Lac  colonies would then have been 
used to make a new lysate, which should have been highly enriched for 
the lac  transducing phage.

Chapter 6
13. With the assumption of homozygosity for the normal gene, the mat-
ing is A/A · b/b a/a · B/B. The children would be normal, A/a · B/b.
16. a. Red b. Purple

c. 9 M1/– ; M2/– purple

3 m1/m1 ; M2/– blue

3 M1/– ; m2/m2 red

1 m1/m1 ; m2/m2 white

d. The mutant alleles do not produce functional enzyme. However, 
enough functional enzyme must be produced by the single wild-type 
allele of each gene to synthesize normal levels of pigment.
20. a. The original cross was a dihybrid cross. Both oval and purple 
must represent an incomplete dominant phenotype.

b. A long, purple  oval, purple cross is as follows:

P L/L ; R/R L/L  ; R/R

  1
4
 R/R 1

8 long, red

F1
1
2

L/L 1
2

R/R 1
4

long, purple

  1
4
 R /R 1

8 long, white

  1
4
 R/R 1

8 oval, red

        1
2

L/L 1
2

R/R 1
4

oval, purple

  1
2
 R /R 1

4
oval, white

23. Parents Child

a. AB  O B
b. A  O A
c. A  AB AB
d. O  O O

27. a. The sex ratio is expected to be 1  :  1.
b. The female parent was heterozygous for an X-linked recessive 

lethal allele, which would result in 50% fewer males than females.
c. Half of the female progeny should be heterozygous for the lethal 

allele and half should be homozygous for the nonlethal allele. Individu-
ally mate the F1 females and determine the sex ratio of their progeny.
30. a. The mutations are in two different genes because the hetero-
karyon is prototrophic (the two mutations complemented each other).

b. leu1  ; leu2  and leu1  ; leu2
c. With independent assortment, expect

1
4

leu1 leu2
1
4

leu1  ; leu2
1
4

leu1  ; leu2
1
4

leu1  ; leu2

34. a. P A/a (frizzle) A/a (frizzle)
F1 1 A/A (normal) : 2 A/a (frizzle) : 1 a/a (woolly)

b. If A/A (normal ) is crossed with a/a (woolly), all offspring will 
be A/a (frizzle).
36. The production of black offspring from two pure-breeding reces-
sive albino parents is possible if albinism results from mutations in two 
different genes. If the cross is designated

A/A ; b/b a/a ; B/B
all offspring would be

A/a ; B/b
and they would have a black phenotype because of complementation.
40. The purple parent can be either A/a ; b/b or a/a ; B/b for this 
answer. Assume that the purple parent is A/a ; b/b. The blue parent 
must be A/a ; B/b.
43. The cross is gray  yellow, or A/– ; R/– A/– ; r/r. The F1

progeny are
3
8 yellow 1

8 black 3
8 gray 1

8 white

For white progeny, both parents must carry an r and an a allele. 
Now the cross can be rewritten as A/a ; R/r A/a ; r/r.
46. The original brown dog is w/w ; b/b and the original white dog is 
W/W ; B/B. The F1 progeny are W/w ; B/b and the F2 progeny are

9 W/– ; B/– white

3 w/w ; B/– black

3 W/– ; b/b white

1 w/w ; b/b brown

50. Pedigrees such as this one are quite common. They indicate lack 
of penetrance due to epistasis or environmental effects. Individual A 
must have the dominant autosomal gene.
52. a. Let WO  oval, WS  sickle, and WR  round. The three 
crosses are

Cross 1: WS/WS WR/Y WS/WR and WS/Y

Cross 2: WS/WS WS/Y WS/WR and WR/Y

Cross 3: WS/WS WO/Y WO/WS and WS/Y
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b. WO/WS WR/Y
1
4
 WO WR female oval

1
4
 WS WR female sickle

1
4
 WO Y male oval

1
4
 WS Y male sickle

55. a. The genotypes are

P B/B ; i/i b/b ; I/I
F1 B/b ; I/i hairless

F2 9 B/– ; I/– hairless

3 B/– ; i/i straight

3 b/b ; I/– hairless

1 b/b ; i/i bent

b. The genotypes are B/b ; I/i B/b ; i/i.
58. There are a total of 159 progeny that should be distributed in a 
9  :  3  :  3  :  1 ratio if the two genes are assorting independently. You can see 
that

Observed Expected

88 P/– ; Q/– 90

32 P/– ; q/q 30

25 p/p ; Q/– 30

14 p/p ; q/q 10

61. a. Cross-feeding is taking place, whereby a product made by one 
strain diffuses to another strain and allows growth of the second strain.

b. For cross-feeding to take place, the growing strain must have a 
block that is present earlier in the metabolic pathway than the block in 
the strain from which the growing strain is obtaining the product for 
growth.

c. The data suggest that the metabolic pathway is

trpE trpD trpB
d. Without some tryptophan, there would be no growth at all, 

and the cells would not have lived long enough to produce a product 
that could diffuse
63. a. The best explanation is that Marfan’s syndrome is inherited as 
a dominant autosomal trait.

b. The pedigree shows both pleiotropy (multiple affected traits) 
and variable expressivity (variable degree of expressed phenotype).

c. Pleiotropy indicates that the gene product is required in a 
number of different tissues, organs, or processes. When the gene is 
mutant, all tissues needing the gene product will be affected. Variable 
expressivity of a phenotype for a given genotype indicates modification 
by one or more other genes, random noise, or environmental effects.
66. a. This type of gene interaction is called epistasis. The phenotype 
of e/e is epistatic to the phenotypes of B/– or b/b.

b. The inferred genotypes are as follows:

I 1 (B/b E/e) 2 (B/b E/e)

II 1 (b/b E/e) 2 (B/b E/e) 3 (–/– e/e) 4 (b/b E/–)

5 (B/b E/e) 6 (b/b E/e)

III 1 (B/b E/–) 2 (–/b e/e) 3 (b/b, E/–) 4 (B/b E/–)

5 (b/b E/–) 6 (B/b E/–) 7 (–/b e/e)

69. a. A multiple-allelic series has been detected: superdouble 
single  double.

b. Although the explanation for part a does rationalize all the 
crosses, it does not take into account either the female sterility or the 
origin of the superdouble plant from a double-flowered variety.
71. a. A trihybrid cross would give a 63  :  1 ratio. Therefore, there are 
three R loci segregating in this cross.

b.

P R1/R1 ; R2/R2 ; R3/R3 r1/r1 ; r2/r2 ; r3/r3

F1 R1/r1 ; R2/r2 ; R3/r3

F2 27 R1/– ; R2/– ; R3/– red

9 R1/– ; R2/– ; r3/r3 red

9 R1/– ; r2/r2 ; R3/– red

9 r1/r1 ; R2/– ; R3/– red

3 R1/– ; r2/r2 ; r3/r3 red

3 r1/r1 ; R2/– ; r3/r3 red

3 r1/r1 ; r2/r2 ; R3/– red

1 r1/r1 ; r2/r2 ; r3/r3 white

c. (1) To obtain a 1  :  1 ratio, only one of the genes can be hetero-
zygous. A representative cross is R1/r1 ; r2/r2 ; r3/r3 r1/r1 ; r2/r2 ; r3/r3.

(2) To obtain a 3 red  :  1 white ratio, two alleles must be segregat-
ing and they cannot be within the same gene. A representative cross is 
R1/r1 ; R2/r2 ; r3/r3 r1/r1 ; r2/r2 ; r3/r3.

(3) To obtain a 7 red  :  1 white ratio, three alleles must be segre-
gating, and they cannot be within the same gene. The cross is R1/r1 ; 
R2/r2 ; R3/r3 r1/r1 ; r2/r2 ; r3/r3.

d. The formula is 1 1

4
( )n, where n  the number of loci that are 

segregating in the representative crosses in part c.
75. a. and b. Epistasis is implicated, and the homozygous recessive 
white genotype seems to block the production of color by a second gene.

Assume the following dominance relations: red  orange  yellow. 
Let the alleles be designated as follows:

red     AR

orange  AO

yellow  AY

Crosses 1 through 3 now become

P AO/AO AY/AY AR/AR AO/AO AR/AR AY/AY

F1 AO/AY AR/AO AR/AY

F2 3 AO/– : 1 AY/AY 3 AR/– : 1 AO/AO 3 AR/– : 1 AY/AY

Cross 4: To do this cross, you must add a second gene. You must 
also rewrite crosses 1 through 3 to include the second gene. Let B allow 
color expression and b block its expression, producing white. The first 
three crosses become

P AO/AO ; B/B AY/AY ; B/B
AR/AR ; B/B AO/AO ; B/B
AR/AR ; B/B AY/AY ; B/B

F1 AO/AY ; B/B
AR/AO ; B/B
AR/AY ; B/B

F2 3 AO/– ; B/B : 1 AY/AY ; B/B
3 AR/– ; B/B : 1 AO/AO ; B/B
3 AR/– ; B/B : 1 AY/AY ; B/B

The fourth cross is

P AR/AR ; B/B AR/AR ; b/b

F1 AR/AR ; B/b

F2 3 AR/AR ; B/– : 1 AR/AR ; b/b

Cross 5: To do this cross, note that there is no orange. Therefore, 
the two parents must carry the alleles for red and yellow, and the 
expression of red must be blocked.

P AY/AY ; B/B AR/AR ; b/b

F1 AR/AY ; B/b

F2 9 AR/– ; B/– red

3 AR/– ; b/b white

3 AY/AY ; B/– yellow

1 AY/AY ; b/b white
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Cross 6: This cross is identical with cross 5 except that orange 
replaces yellow.

P AO/AO ; B/B AR/AR ; b/b

F1 AR/AO ; B/b

F2 9 AR/– ; B/– red

3 AR/– ; b/b white

3 AO/AO ; B/– orange

1 AO/AO ; b/b white

Cross 7: In this cross, yellow is suppressed by b/b.

P AR/AR ; B/B AY/AY ; b/b

F1 AR/AY ; B/b

F2 9 AR/– ; B/– red

3 AR/– ; b/b white

3 AY/AY ; B/– yellow

1 AY/AY ; b/b white

77. a. Intercrossing mutant strains that all have a common recessive 
phenotype is the basis of the complementation test. This test is 
designed to identify the number of different genes that can mutate to 
a particular phenotype. In this problem, if the progeny of a given cross 
still express the wiggle phenotype, the mutations fail to complement 
and are considered alleles of the same gene; if the progeny are wild 
type, the mutations complement and the two strains carry mutant 
alleles of separate genes.

b. These data identify five complementation groups (genes).
c. mutant 1:  a1/a1 · b /b  · c /c  · d /d  · e /e  (although 

only the mutant alleles are usually listed)
mutant 2: a /a  · b2/b2 · c /c  · d /d  · e /e
mutant 5: a5/a5 · b /b  · c /c  · d /d  · e /e

1
5 hybrid:  a1/a5 · b /b  · c /c  · d /d  · e /e

phenotype: wiggles

Conclusion: 1 and 5 are both mutant for gene A.
(The relevant cross a /a  · b2/b2 a2/a2 · b5/b5 gives the follow-

ing hybrid.)
2
5 hybrid:  a /a5 · b /b2 · c /c  · d /d  · e /e

phenotype: wild type

Conclusion: 2 and 5 are mutant for different genes.

Chapter 7
6. The DNA double helix is held together by two types of bonds: 

covalent and hydrogen. Covalent bonds are found within each linear 
strand and strongly bond the bases, sugars, and phosphate groups 
(both within each component and between components). Hydrogen 
bonds are found between the two strands; a hydrogen bond forms 
between a base in one strand and a base in the other strand in comple-
mentary pairing. These hydrogen bonds are individually weak but col-
lectively quite strong.
9. Helicases are enzymes that disrupt the hydrogen bonds that hold 
the two DNA strands together in a double helix. This breakage is 
required for both RNA and DNA synthesis. Topoisomerases are 
enzymes that create and relax supercoiling in the DNA double helix. 
The supercoiling itself is a result of the twisting of the DNA helix when 
the two strands separate.
11. No. The information of DNA depends on a faithful copying mech-
anism. The strict rules of complementarity ensure that replication and 
transcription are reproducible.
14. The chromosome would become hopelessly fragmented.
17. b. The RNA would be more likely to contain errors.
21. If the DNA is double stranded, A  T, G  C, and A  T  C  G 
100%. If T  15%, then C  [100  15(2)]/2  35%.
22. If the DNA is double stranded, G  C  24% and A  T  26%.

26. Yes. DNA replication is also semiconservative in diploid eukaryotes.
28. 5  . . . .CCTTAAGACTAACTACTTACTGGGATC. . . . 3
30. Without functional telomerase, the telomeres would shorten at 
each replication cycle, leading to eventual loss of essential coding infor-
mation and death. In fact, some current observations indicate that 
decline or loss of telomerase activity plays a role in the mechanism of 
aging in humans.
32. Chargaff’s rules are that A  T and G  C. Because these equali-
ties are not observed, the most likely interpretation is that the DNA is 
single stranded. The phage would first have to synthesize a comple-
mentary strand before it could begin to make multiple copies of itself.

Chapter 8
9. In prokaryotes, translation is beginning at the 5  end while the 
3  end is still being synthesized. In eukaryotes, processing (capping, 
splicing) is taking place at the 5  end while the 3  end is still being 
synthesized.
15. Yes. Both replication and transcription are performed by large, mul-
tisubunit molecular machines (the replisome and RNA polymerase II, 
respectively), and both require helicase activity at the fork of the 
bubble. However, transcription proceeds in only one direction and 
only one DNA strand is copied.
17. a. The original sequence represents the 35 and 10 consensus 
sequences (with the correct number of intervening spaces) of a bacte-
rial promoter. The  factor, as part of the RNA polymerase holoen-
zyme, recognizes and binds to these sequences.

b. The mutated (transposed) sequences will not be a binding site 
for the  factor. The orientation of the two regions with respect to each 
other is not correct; therefore, they will not be recognized as a promoter.
22. Self-splicing introns are capable of excising themselves from a pri-
mary transcript without the need of additional enzymes or energy 
source. They are one of many examples of RNA molecules that are 
catalytic, and, for this property, they are also known as ribozymes. 
With this additional function, RNA is the only known biological mole-
cule to encode genetic information and catalyze biological reactions. 
In simplest terms, life possibly began with an RNA molecule or group 
of molecules that evolved the ability to self-replicate.
26. Double-stranded RNA, composed of a sense strand and a comple-
mentary antisense strand, can be used in C. elegans (and likely all 
organisms) to selectively prevent the synthesis of the encoded gene 
product (a discovery for which the 2006 Nobel Prize in Physiology or 
Medicine was awarded). This process, called gene silencing, blocks the 
synthesis of the encoded protein from the endogenous gene and is thus 
equivalent to “knocking out” the gene. To test whether a specific 
mRNA encodes an essential embryonic protein, inject the double-
stranded RNA produced from the mRNA into eggs or very early 
embryos, thus activating the RNAi pathway. The effects of knocking 
out the specified gene product can then be followed by observing what 
happens in these embryos compared with controls. If the encoded pro-
tein is essential, embryonic development should be perturbed when 
your gene is silenced.

Chapter 9
13. a. and b. 5  UUG GGA AGC 3

c. and d. With the assumption that the reading frame starts at the 
first base,

NH3  Leu  Gly  Ser  COOH

For the bottom strand, the mRNA is 5  GCU UCC CAA 3  and, with 
the assumption that the reading frame starts at the first base, the cor-
responding amino acid chain is

NH3  Ala  Ser  Gln  COOH

17. There are three codons for isoleucine: 5  AUU 3 , 5  AUC 3 , and 5
AUA 3 . Possible anticodons are 3  UAA 5  (complementary), 3  UAG 5
(complementary), and 3  UAI 5  (wobble). Although complementary, 
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5  UAU 3  also would base-pair with 5  AUG 3  (methionine) owing to 
wobble and therefore would not be an acceptable alternative.
22. Quaternary structure is due to the interactions of subunits of a 
protein. In this example, the enzyme activity being studied may be 
that of a protein consisting of two different subunits. The polypeptides 
of the subunits are encoded by separate and unlinked genes.
26. No. The enzyme may require posttranslational modification to be 
active. Mutations in the enzymes required for these modifications 
would not map to the isocitrate lyase gene.
29. With the assumption that all three mutations of gene P are non-
sense mutations, three different possible stop codons (amber, ochre, or 
opal) might be the cause. A suppressor mutation would be specific to 
one type of nonsense codon. For example, amber suppressors would 
suppress amber mutants but not opal or ochre.
33. Single amino acid changes can result in changes in protein fold-
ing, protein targeting, or post-translational modifications. Any of these 
changes could give the results indicated.
40. If the anticodon on a tRNA molecule was altered by mutation to 
be four bases long, with the fourth base on the 5  side of the anticodon, 
it would suppress the insertion. Alterations in the ribosome also can 
induce frameshifting.
41. f, d, j, e, c, i, b, h, a, g.

Chapter 10
14. Ligase is an essential enzyme within all cells that seals breaks in 
the sugar–phosphate backbone of DNA. In DNA replication, ligase 
joins Okazaki fragments to create a continuous strand, and, in cloning, 
it is used to join the various DNA fragments with the vector. If it were 
not added, the vector and cloned DNA would simply fall apart.
15. Each cycle takes 5 minutes and doubles the DNA. In 1 hour, there 
would be 12 cycles; so the DNA would be amplified 212  4096-fold.
18. You could isolate DNA from the suspected transgenic plant and 
probe for the presence of the transgene by Southern hybridization.
22. a. The transformed phenotype will map to the same locus. If gene 
replacement was due to double crossing over, the transformed cells 
will not contain vector DNA. If a single crossing over took place, the 
entire vector will now be part of the linear Neurospora chromosome.

b. The transformed phenotype will map to a different locus from 
that of the auxotroph if the transforming gene was inserted ectopically 
(i.e., at another location). Ecotopic incorporation could also be inferred 
by reverse PCR.
23. Size, translocations between known chromosomes, and hybridiza-
tion to probes of known location can all be useful in identifying which 
band on a pulsed-field gel corresponds to a particular chromosome.
28. The region of DNA that encodes tyrosinase in “normal” mouse 
genomic DNA contains two EcoRI sites. Thus, after EcoRI digestion, three 
different-size fragments hybridize to the cDNA clone. When genomic 
DNA from certain albino mice is subjected to similar analysis, no DNA 
fragments contain complementary sequences to the same cDNA. This 
result indicates that these mice lack the ability to produce tyrosinase 
because the DNA that encodes the enzyme must have been deleted.
31. The promoter and control regions of the plant gene of interest 
must be cloned and joined in the correct orientation with the gluc-
uronidase gene, which places the reporter gene under the same 
transcriptional control as the gene of interest. The text describes the 
methodology used to create transgenic plants. Transform plant cells with 
the reporter gene construct, and, as discussed in the text, grow them 
into transgenic plants. The glucuronidase gene will now be expressed 
in the same developmental pattern as that of the gene of interest, and 
its expression can be easily monitored by bathing the plant in an 
X-Gluc solution and assaying for the blue reaction product.

Chapter 11
8. OC mutants are changes in the DNA sequence of the operator that 
impair the binding of the lac repressor. Because an operator controls
only the genes on the same DNA strand, it is cis (on the same strand).

11. A gene is turned off or inactivated by the “modulator” (usually 
called a repressor) in negative control, and the repressor must be removed 
for transcription to take place. A gene is turned on by the “modulator” 
(usually called an activator) in positive control, and the activator must be 
added or converted into an active form for transcription to take place.
16. If an operon were governing both genes, then a frameshift muta-
tion could cause the stop codon separating the two genes to be read as 
a sense codon. Therefore, the second gene product would be incorrect 
for almost all amino acids. However, there are no known multigene 
operons in eukaryotes. The alternative, and better, explanation is that 
both enzymatic functions are performed by different parts of the same 
gene product. In this case, a frameshift mutation beyond the first func-
tion, carbamyl phosphate synthetase, will result in the second half of 
the protein molecule being nonfunctional.
19. The S mutation is an alteration in lacI such that the repressor 
protein binds to the operator, regardless of whether inducer is present. 
In other words, it is a mutation that inactivates the allosteric site that 
binds to inducer but does not affect the ability of the repressor to bind 
to the operator site. The dominance of the S mutation is due to the 
binding of the mutant repressor, even under circumstances when nor-
mal repressor does not bind to DNA (i.e., in the presence of inducer). 
The constitutive reverse mutations that map to lacI are mutational 
events that inactivate the ability of this repressor to bind to the operator. 
The constitutive reverse mutations that map to the operator alter the 
operator DNA sequence such that it will not permit binding to any 
repressor molecules (wild-type or mutant repressor).
22. Mutations in cI, cII, and cIII would all affect lysogeny: cI encodes 
the repressor, cII encodes an activator of PRE, and cIII encodes a protein 
that protects cII from degradation. Mutations in N (an antiterminator) 
also would affect lysogeny because its function is required for tran-
scription of the cII and cIII genes, but it is also necessary for genes 
having roles in lysis. Mutations in the gene encoding the integrase (int)
also would affect the ability of a mutant phage to lysogenize.

Chapter 12
12. In general, the ground state of a bacterial gene is “on.” Thus, tran-
scription initiation is prevented or reduced if the binding of RNA poly-
merase is blocked. In contrast, the ground state of eukaryotes is “off.” 
Thus, the transcriptional machinery (including RNA polymerase II 
and associated general transcription factors) cannot bind to the pro-
moter in the absence of other regulatory proteins.
16. Among the mutations that might prevent a strain of yeast from 
switching mating type would be mutations in the HO and HMRa genes. 
The HO gene encodes an endonuclease that cuts the DNA to initiate 
switching and the HMRa locus contains the “cassette” of unexpressed 
genetic information for the MATa mating type.
19. The term epigenetic inheritance is used to describe heritable alter-
ations in which the DNA sequence itself is not changed. It can be 
defined operationally as the inheritance of chromatin states from one 
cell generation to next. Genomic imprinting, X-chromosome inactiva-
tion, and position-effect variegation are several such examples.
23. The inheritance of chromatin structure is thought to be respon-
sible for the inheritance of epigenetic information. This inheritance is 
due to the inheritance of the histone code and may also include the 
inheritance of DNA methylation patterns.
26. a. D through J; the primary transcript will include all exons and 
introns.

b. E, G, and I; all introns will be removed.
c. A, C, and L; the promoter and enhancer regions will bind vari-

ous transcription factors that may interact with RNA polymerase.
30. A gene not expressed owing to alteration of its DNA sequence will 
never be expressed and will be inherited from generation to genera-
tion. An epigenetically inactivated gene may still be regulated. 
Chromatin structure can change in the course of the cell cycle; for 
example, when transcription factors modify the histone code.
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32. Chromatin structure greatly affects gene expression. Transgenes 
inserted into regions of euchromatin would more likely be capable of 
expression than those inserted into regions of heterochromatin.

Chapter 13
11. The primary pair-rule gene eve (even-skipped) would be expressed 
in seven stripes along the A–P axis of the late blastoderm.
15. If you diagram these results, you will see that the deletion of a gene 
that functions posteriorly allows the next most anterior segments to 
extend in a posterior direction. Deletion of an anterior gene does not 
allow extension of the next most posterior segment in an anterior direc-
tion. The gap genes activate Ubx in both thoracic and abdominal seg-
ments, whereas the abd-A and Abd-B genes are activated only in the 
middle and posterior abdominal segments. The functioning of the abd-A
and Abd-B genes in those segments somehow prevents Ubx expression. 
However, if the abd-A and Abd-B genes are deleted, Ubx can be expressed 
in these regions.
18. a. A pair-rule gene.

b. Look for expression of the mRNA from the candidate gene in a 
repeating pattern of seven stripes along the A–P axis of the developing 
embryo.

c. No. An embryo mutant for the gap gene Krüppel would be miss-
ing many anterior segments. This effect would be epistatic to the 
expression of a pair-rule gene.
21. a. The homeodomain is a conserved protein domain containing 
60 amino acids found in a significant number of transcription factors. 
Any protein that contains a functional homeodomain is almost cer-
tainly a sequence-specific DNA-binding transcription factor.

b. The eyeless gene (named for its mutant phenotype) regulates 
eye development in Drosophila. You would expect that it is expressed 
only in those cells that will give rise to the eyes. To test this prediction, 
visualization of the location of eyeless mRNA expression by in situ 
hybridization and the Eyeless protein by immunological methods 
should be performed. Through genetic manipulation, the eyeless gene 
can be expressed in tissues in which it is not ordinarily expressed. For 
example, when eyeless is turned on in cells destined to form legs, eyes 
form on the legs.

c. Transgenic experiments have shown that the mouse Small eye
gene and the Drosophila eyeless gene are so similar that the mouse gene 
can substitute for eyeless when introduced into Drosophila. As in the 
answer to part b, when the mouse Small eye gene is expressed in Dro-
sophila, even in cells destined to form legs, eyes form on the legs. (How-
ever, the “eyes” are not mouse eyes, because Small eye and eyeless act as 
master switches that turn on the entire cascade of genes needed to 
build the eye—in this case, the Drosophila set to build a Drosophila eye.)
25. GLP-1 protein is localized to the two anterior cells of the four-
cell C. elegans embryo by repression of its translation in the two pos-
terior cells. The repression of GLP-1 translation requires the 3  UTR 
spatial control region (SCR). Deletion of the SCR will allow glp-1
expression in both anterior and posterior cells. In both heterozygous 
and homozygous mutants, you would expect GLP-1 protein expres-
sion in all cells.

Chapter 14
11. Because bacteria have small genomes (roughly 3-Mb pairs) and 
essentially no repeating sequences, the whole-genome shotgun approach 
would be used.
13. A scaffold is also called a supercontig. A contig is a sequence of 
overlapping reads assembled into a unit, and a scaffold is a collection 
of joined-together contigs.
18. Yes. The operator is the location at which repressor functionally 
binds through interactions between the DNA sequence and the repressor 
protein.
23. You can determine whether the cDNA clone is a monster or not 
by the alignment of the cDNA sequence against the genomic sequence. 
(Computer programs for doing such alignments are available.) Is the 
sequence derived from two different sites? Does the cDNA map within 

one (gene-size) region in the genome or to two different regions? Introns 
may complicate the matter.
27. a. Because the triplet code is redundant, changes in the DNA 
nucleotide sequence (especially at those nucleotides encoding the third 
position of a codon) can occur without changing its encoded protein.

b. Protein sequences can be expected to evolve and diverge more 
slowly than do the genes that encode them.
32. The correct assembly of large and nearly identical regions is prob-
lematic with either method of genomic sequencing. However, the whole-
genome shotgun method is less effective at finding these regions than 
the clone-based method. This method also has the added advantage of 
easy access to the suspect clone(s) for further analysis.
35. 15 percent are essential gene functions (such as enzymes required 
for DNA replication or protein synthesis).

25 percent are auxotrophs (enzymes required for the synthesis of 
amino acids or the metabolism of sugars, etc.).

60 percent are redundant or pathways not tested (genes for his-
tones, tubulin, ribosomal RNAs, etc., are present in multiple copies; 
the yeast may require many genes under only unique or special situa-
tions or in other ways that are not necessary for life in the laboratory).

Chapter 15
9. Boeke, Fink, and their coworkers demonstrated that transposition 

of the Ty element in yeast is through an RNA intermediate. They con-
structed a plasmid by using a Ty element into which they inserted not 
only a promoter that can be activated by galactose but also an intron 
into the Ty element’s coding region. First, the frequency of transposi-
tion was greatly increased by the addition of galactose, indicating that 
an increase in transcription (and production of RNA) was correlated to 
rates of transposition. More importantly, after transposition, they 
found that the newly transposed Ty DNA lacked the intron sequence. 
Because intron splicing takes place only during RNA processing, there 
must have been an RNA intermediate in the transposition event.
13. Some transposable elements have evolved strategies to insert into 
safe havens, regions of the genome where they will do minimal harm. 
Safe havens include duplicate genes (such as tRNA or rRNA genes) and 
other transposable elements. Safe havens in bacterial genomes might 
be very specific sequences between genes or the repeated rRNA genes.
16. The staggered cut will lead to a nine-base-pair target-site duplica-
tion that flanks the inserted transposon.

AATTTGGCC  TAGTACTAATTGGTTGG

TTAAACCGGATCATGATT  AACCAACC

transposon
AATTTGGCC TAGTAC TAA

TTAAACCGGATCATGATT

TAGTACTAATTGGTTGG

ATCATGATTAACC AAC C

19. It would not be surprising to find a SINE element in an intron of 
a gene rather than in an exon. Processing of the pre-mRNA would 
remove the transposable element as part of the intron and translation 
of the FB enzyme would not be effected.

Chapter 16
8. You need to know the reading frame of the possible message.

11. With the assumption of single-base-pair substitutions, CGG can 
be changed to CGU, CGA, CGC, or AGG and will still encode arginine.
14. The following list of observations argues “cancer is a genetic
disease”:

(1) Certain cancers are inherited as highly penetrant simple 
Mendelian traits.

(2) Most carcinogenic agents are also mutagenic.
(3) Various oncogenes have been isolated from tumor viruses.
(4) A number of genes that lead to the susceptibility to particular 

types of cancer have been mapped, isolated, and studied.
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(5) Dominant oncogenes have been isolated from tumor cells.
(6) Certain cancers are highly correlated to specific chromosomal 

rearrangements.
17. The mismatched T would be corrected to C and the resulting 
ACG, after transcription, would be 5  UGC 3  and encode cysteine. Or, 
if the other strand were corrected, ATG would be transcribed to 5  UAC 
3  and encode tyrosine.
24. Many repair systems are available: direct reversal, excision repair, 
transcription-coupled repair, and nonhomologous end joining.
25. Yes, it is mutagenic. It will cause CG-to-TA transitions.
30. a. A lack of revertants suggests either a deletion or an inversion 
within the gene.

b. To understand these data, recall that half the progeny should 
come from the wild-type parent.

Prototroph A: Because 100 percent of the progeny are prototro-
phic, a reversion at the original mutant site may have occurred.

Prototroph B: Half the progeny are parental prototrophs, and the 
remaining prototrophs, 28 percent, are the result of the new mutation. 
Notice that 28 percent is approximately equal to the 22 percent auxo-
trophs. The suggestion is that an unlinked suppressor mutation 
occurred, yielding independent assortment with the nic-2 mutant.

Prototroph C: There are 496 “revertant” prototrophs (the other 
500 are parental prototrophs) and four auxotrophs. This suggests that 
a suppressor mutation occurred in a site very close to the original 
mutation and was infrequently separated from the original mutation 
by recombination [100%(4  2)/1000  0.8 m.u.].
33. Xeroderma pigmentosum is a heterogeneous genetic disorder 
and is caused by mutations in any one of several genes taking part in 
the process of NER (nucleotide excision repair). As the discovery of yet 
another protein in the NHEJ pathway through research on cell line 
2BN attests, this patient could have a mutation in an as yet unknown 
gene that encodes a protein necessary for NER.

Chapter 17
21. MM N OO would be classified as 2n  1; MM NN OO would be 
classified as 2n; and MMM NN PP would be classified as 2n  1.
24. There would be one possible quadrivalent.
27. Seven chromosomes.
29. Cells destined to become pollen grains can be induced by cold 
treatment to grow into embryoids. These embryoids can then be grown 
on agar to form monoploid plantlets.
31. Yes.
34. No.
36. An acentric fragment cannot be aligned or moved in meiosis (or 
mitosis) and is consequently lost.
39. Very large deletions tend to be lethal, likely owing to genomic 
imbalance or the unmasking of recessive lethal genes. Therefore, the 
observed very large pairing loop is more likely to be from a heterozy-
gous inversion.
41. Williams syndrome is the result of a deletion of the 7q11.23 
region of chromosome 7. Cri du chat syndrome is the result of a dele-
tion of a significant part of the short arm of chromosome 5 (specifically 
bands 5p15.2 and 5p15.3). Both Turner syndrome (XO) and Down 
syndrome (trisomy 21) result from meiotic nondisjunction. The term 
syndrome is used to describe a set of phenotypes (often complex and 
varied) that are generally present together.
46. The order is b a c e d f.

Allele Band

b 1

a 2

c 3

e 4

d 5

f 6

47. The data suggest that one or both breakpoints of the inversion are 
located within an essential gene, causing a recessive lethal mutation.
50. a. When crossed with yellow females, the results would be

Xe/Ye gray males

Xe/Xe yellow females

b. If the e  allele was translocated to an autosome, the progeny 
would be as follows, where “A” indicates autosome:

P Ae /A ; Xe/Y  A/A ; Xe/Xe

F1 Ae /A ; Xe/Xe gray female

Ae /A ; Xe/Y gray male

A/A ; Xe/Xe yellow female

A/A ; Xe/Y yellow male

52. Klinefelter syndrome XXY male
Down syndrome trisomy 21
Turner syndrome XO female

56. a. If a hexaploid were crossed with a tetraploid, the result would 
be pentaploid.

b. Cross A/A with a/a/a/a to obtain A/a/a.
c. The easiest way is to expose the A/a* plant cells to colchicine 

for one cell division, which will result in a doubling of chromosomes to 
yield A/A/a*/a*.

d. Cross a hexaploid (a/a/a/a/a/a) with a diploid (A/A) to obtain 
A/a/a/a.
58. a. The ratio of normal-leaved to potato-leaved plants will be 5  :  1.

b. If the gene is not on chromosome 6, there should be a 1  :  1 ratio 
of normal-leaved to potato-leaved plants.
62. a. The aberrant plant is semisterile, which suggests an inversion. 
Because the d–f and y–p frequencies of recombination in the aberrant 
plant are normal, the inversion must implicate b through x.

b. To obtain recombinant progeny when there has been an inver-
sion requires the occurrence of either a double crossover within the 
inverted region or single crossovers between f and the inversion, which 
occurred someplace between f and b.
64. The original plant is homozygous for a translocation between 
chromosomes 1 and 5, with break points very close to genes P and S.
Because of the close linkage, a ratio suggesting a monohybrid cross, 
instead of a dihybrid cross, was observed, both with selfing and with a 
testcross. All gametes are fertile because of homozygosity.

original plant: P S/p s

tester: p s/p s

F1 progeny: heterozygous for the translocation:

P

P
S S

The easiest way to test this hypothesis is to look at the chromo-
somes of heterozygotes in meiosis I.
70. The original parents must have had the following chromosome 
constitution:

G. hirsutum 26 large, 26 small

G. thurberi 26 small

G. herbaceum 26 large

G. hirsutum is a polyploid derivative of a cross between the two 
Old World species, which could easily be checked by looking at the 
chromosomes.
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72. a. Loss of one X in the developing fetus after the two-cell stage.
b. Nondisjunction leading to Klinefelter syndrome (XXY), fol-

lowed by a nondisjunctive event in one cell for the Y chromosome after 
the two-cell stage, resulting in XX and XXYY.

c. Nondisjunction of the X at the one-cell stage.
d. Fused XX and XY zygotes (from the separate fertilizations 

either of two eggs or of an egg and a polar body by one X-bearing and 
one Y-bearing sperm).

e. Nondisjunction of the X at the two-cell stage or later.
75. a. Each mutant is crossed with wild type, or

m m

The resulting tetrads (octads) show 1  :  1 segregation, indicating 
that each mutant is the result of a mutation in a single gene.

b. The results from crossing the two mutant strains indicate 
either that both strains are mutant for the same gene:

m1 m2

or that they are mutant in different but closely linked genes:

m1 m2 m1 m2

c. and d. Because phenotypically black offspring can result from 
nondisjunction (notice that, in cases C and D, black appears in con-
junction with aborted spores), mutant 1 and mutant 2 are likely to be 
mutant in different but closely linked genes. The cross is therefore

m1 m2 m1 m2

Case A is an NPD tetrad and would be the result of a four-strand 
double crossover.

m1 m2 black

m1 m2 black

m1 m2 fawn

m1 m2 fawn

Case B is a tetratype and would be the result of a single crossover 
between one of the genes and the centromere.

m1 m2 black

m1 m2 fawn

m1 m2 fawn

m1 m2 fawn

Case C is the result of nondisjunction in meiosis I.

m1 m2  ; m1 m2 black

m1 m2  ; m1 m2 black

no chromosome abort

no chromosome abort

Case D is the result of recombination between one of the genes 
and the centromere followed by nondisjunction in meiosis II. For 
example,

m1m2
+

m1m2
+ m1m2

+

m1m2
+

m1
+m2

m1
+m2

m1
+m2

m1m2
+

m1
+m2

m1
+m2

x
MI

MII

MII

chromosome

m1 m2 ; m1 m2 black

no chromosome abort

m1 m2 fawn

m1 m2 fawn

Chapter 18
7. The frequency of an allele in a population can be altered by natu-
ral selection, mutation, migration, and genetic drift.

9. The frequency of b is q 0 04 0 2. . , and the frequency of B is 
p  1 q  0.8. The frequency of B/B is p2  0.64, and the frequency 
of B/b is 2pq  0.32.
11. a. p 0.5[(0.5)(1.0)  0.5(1.0)]/[(0.25)(1.0)  (0.5)(1.0) 

 (0.25)(0.7)]  0.54
b. 0.008

13. 1
2
(0.02) 1

2
(0.02)2  0.0102

15. probability of fixation 
1

2

1

100 000N ,
;

probability of loss 1
1

2

99 999

100 000N
,

,

17. a. FI  ( 1
2
)3  (1 1

2
)  3/16

b. 1/8  ( 1
2
)3  (1 FA), so FA  0

20. pA pa pB pb  0.5. At equilibrium, the frequency of doubly 
heterozygous individuals is 2(pApa)  2(pBpb)  0.25
22. Before migration, qA  0.1 and qB  0.3 in the two populations. 
Because the two populations are equal in number, immediately after 
migration qA B

1
2
(qA qB) 1

2
 0.1  0.3)  0.2. At the new equilib-

rium, the frequency of affected males is q  0.2, and then frequency of 
affected females is q2  (0.2)2  0.04. (Color blindness is an X-linked 
trait.)
24. q2 0.002. q  0.045. Assuming F in the founders is 0.0, the F50

0.222 (see Box 18-3). fa/a q2 pqF  0.012.

28. Ĥ  [4  50,000  (3  10 8)]/[4  50,000  (3  10 8)  1] 
 5.96  10 3

31. a. ˆ . / . .q 1 0 10 0 5 4 47 105 3

  Genetic cost sq2  0.5(4.47  10 3)2  10 5

b. ˆ .q 6 32 10 3

  Genetic cost sq2  0.5(6.32  10 3)2  2  10 5

c. Genetic cost sq2  0.3(5.77  10 3)2  10 5

Chapter 19
7. Many traits vary more or less continuously over a wide range. For 
example, height, weight, shape, color, reproductive rate, metabolic 
activity, etc., vary quantitatively rather than qualitatively. Continuous 
variation can often be represented by a bell-shaped curve, where the 
“average” phenotype is more common than the extremes. Discontinu-
ous variation describes the easily classifiable, discrete phenotypes of 
simple Mendelian genetics: seed shape, auxotrophic mutants, sickle-
cell anemia, etc. These traits often show a simple relation between 
genotype and phenotype, although discontinuous traits such as 
affected versus not-affected for a disease condition can also exhibit 
complex inheritance.
8. The mean is 4.7 bristles, the variance is 1.11 bristles2, and the 
standard deviation is 1.05 bristles.
10. The breeder cannot be assured that this population will respond 
to selective breeding even though the broad-sense heritability is high. 
Broad-sense heritability is ratio of the genetic variance to the pheno-
typic variance. The genetic variance is the sum of the additive and 
dominance variances. Only additive variance is transmitted from par-
ent to offspring. Dominance variance is not transmitted from parent to 
offspring. If all the genetic variance in the population is dominance 
variance, then selective breeding will not succeed.

14. x par  [(9.8  10.8)/2]  9.6  0.7 mm, apar  0.79  0.7 0.55 mm, 

x̂off  9.6  0.55  10.15 mm
16. Ve  3.5 g2, Vg in population B is 21.0  3.5  17.5 g2, H2

17.5/21.0  0.83.

Chapter 20
8. The three principles are (1) individuals within any one population 
vary from one another, (2) offspring resemble their parents more than 
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they resemble unrelated individuals, and (3) some forms are more 
successful at surviving and reproducing than other forms in a given 
environment.
10. The relative rate of synonymous and nonsynonymous substitu-
tions would not be higher than expected in a globin pseudogene 
because a pseudogene is inactive and has no function to be preserved.
12. A population will not differentiate from other populations by 
local inbreeding if:

 1/N

and so

N  1/

N  105

16. When amino acid changes have been driven by positive adaptive 
selection, there should be an excess of nonsynonymous changes. The 
MC1R gene (melanocortin 1 receptor) encodes a key protein control-
ling the amount of melanin in skin and hair. Asian and European popu-
lations appear to have experienced positive adaptive selection for more 
lightly pigmented skin relative to their African counterparts.
18. Noncoding sequences. A major constraint on gene evolution com-
prises the potential pleiotropic effects of mutations in coding regions. 
These effects can be circumvented by mutations in regulatory 
sequences, which play a major role in the evolution of body form. 
Changes in noncoding sequences provide a mechanism for altering one 

aspect of gene expression while preserving the role of pleiotropic pro-
teins in other essential developmental processes.
20 a. The HbS mutation has arisen independently in five different 
haplotypes in different regions and then increased to high frequency.

c. Two independent lines of bacteriophage evolved the ability to 
reproduce at high temperatures in a new host.
22. A new gene duplicate can (1) evolve a new function, (2) become 
inactivated, or (3) perform part of the original function, sharing full 
function with the original gene.
24. For polymorphic sites with a species, let nonsynonymous a and 
synonymous b. For polymorphic sites between the species, let non-
synonymous c and synonymous d. If divergence is due to neutral 
evolution, then

a/b c/d

If divergence is due to selection, then

a/b c/d

However, in this example, a/b  20/50 c/d  2/18, which fits 
neither expectation. Because the ratio of nonsynonymous to synony-
mous polymorphisms (a/b) is relatively high, the gene being studied 
may encode a protein tolerant of relatively fewer species differences. 
The relatively fewer species differences may suggest that speciation 
was a recent event so new polymorphisms have been fixed in one spe-
cies that are not variants in the other.
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a cells, 424–426, 425f
A site, 324, 324f, 327f, 328
a/  cells, 424–426, 425f
Abdominal-A gene, 471
Aberrant euploidy, 591–599
ABO blood group system. See Blood groups
Abortion, spontaneous, chromosomal 

rearrangements and, 622–623, 623f
Absolute fitness, 667
Ac elements, 524–527, 526f, 527f, 540, 540f
Accessory proteins, in replication,

268, 269f
Acentric chromosomes, 607
Acentric fragment, 615–616, 615f
Acridine orange, as mutagen, 565, 565f
Activation domains, 422, 422f
Activator (Ac) elements, 524–527, 526f, 527f, 

540, 540f
Activators

in development, 468–470
in eukaryotes, 423–424
in prokaryotes, 384–385, 398

Active site, 312
Adaptation, 728

in evolution, 666, 728
Adaptive walks, 740–743
Additive deviation, 702–704
Additive effect, heritability and, 700–704
Additive gene action, 699, 699t
Adelberg, Edward, 184
Adenine (A), 3, 257t, 259f, 261, 261f, 286, 

286f. See also Base(s)
Adenosine monophosphate (AMP), 286f

cyclic, in gene regulation, 394–397, 
394f–397f

Adjacent-1 segregation, 618, 618f
Aflatoxin B1, as mutagen, 567, 567f
Aging, premature, 278, 278f
Agriculture. See also Breeding

genetics in, 23
Agrobacterium tumefaciens, Ti plasmid of, 

371–372, 372f
Albinism, 12, 12f, 56, 646, 646f, 746–747, 747f

brown oculocutaneous, 646, 646f
Alkaptonuria, 19, 219
Alkyltransferases, in DNA repair, 569
Allele(s), 32. See also Gene(s)

dominant, 46
lethal recessive, 216–218
marker, 172
molecular nature of

at functional level, 44–46
at structural level, 40–44

multiple, 212

mutant, 40–41, 44–46. See also
Mutation(s)

neutral, 665
nomenclature for, 41, 47
null, 45, 45f
pleiotropic, 217
recessive, 46
segregation of. See Independent 

assortment; Segregation
sequencing of, 43
sublethal, 217
symbols for, 41
temperature-sensitive, 217–218
wild-type, vs. mutant, 44–45

Allele frequency, 644. See also Variation
calculation of, 645
gene pool and, 644–645
genetic drift and, 661–665
Hardy–Weinberg law and, 644–648
natural selection and, 668–669

Allelic fitness, 669
Allelic series, 212
Allison, Tony, 736–739
Allopolyploids, 592, 595–597, 599

in plant breeding, 595–597, 596f
Allopolypolidy, in plant breeding, 599
Allosteric effector, 385, 385f
Allosteric site, 385
Allosteric transition, 386–387
Alpha ( ) cells, 424–426, 425f
Alpha helix, 312, 312f
Alternate segregation, 618, 618f
Alternative splicing, 284, 297, 297f

isoforms and, 329–330
protein isoforms and, 330f

Altman, Sidney, 300
Alu sequences, 543–544, 544f
Amber codon, 319
Amber mutants, 319, 328–329
Ambrose, Victor, 300
Ames test, 567–568, 568f
Amino acids, 11, 312. See also Protein(s)

codons for, 314, 320–322, 322f, 322t, 330f. 
See also Genetic code

peptide bonds of, 312, 313f
sequence of, 314–317. See also

Genetic code
side chains of, 312

posttranslational modification of, 
331–333

synthesis of. See Translation
tRNA and, 319–322

Amino end, 312, 313f
Aminoacyl tRNA, 320, 320f

ribosomal binding of, 324
in ternary complex, 327f, 328

Aminoacyl-tRNA synthetases, 320, 320f
AMP (adenosine monophosphate), 286f

cyclic, in gene regulation, 394f–397f, 
395–397

Amphidiploids, 595–596, 595f
Amplification. See DNA amplification
Anaphase

in meiosis, 78–79
in mitosis, 77

Anaphase bridge, 607
Androgen insensitivity, 62, 62f
Anemia, sickle-cell. See Sickle-cell anemia
Aneuploidy, 591t, 592–593

deleterious effects of, 603–606
gene balance and, 604–606
nondisjunction and, 600, 600f
vs. polyploidy, 604–605

Animals. See also Model organisms
aneuploid, 604
breeding of. See Breeding
polyploid, 599
transgenic, 373–377, 373f, 375f, 376f, 

518, 519f
Annealing, synthesis-dependent strand, 

579, 579f
Annotation, 498
Antennapedia genes, 455
Anteroposterior axis, in development, 

462–463, 462f
Anthers, chromosome map of, 136–137, 136f
Antibiotic-resistant bacteria, 184–187,

187f, 310
evolution of, 741

Antibiotics
development of, 310, 325
mechanism of action of, 325
resistance to, 184–187, 187f, 310

Antibody, 358
Antibody probes, 358
Anticodon, 320, 320f, 331
Anticodon-codon pairing, in translation, 

320–322, 320f, 322t
wobble in, 321–322, 322f, 322t

Antiparallel orientation, of double helix, 
259, 259f

Antisense RNA, 303, 304, 305
Antiterminator, 404
Apoptosis, 580
Appendages, development of, 471–473, 472f, 

479–480
Apurinic sites, 561
ara operon, 397–398, 398f

Note: Page numbers followed by f indicate figures; those followed by t indicate tables. 
Boldface page numbers indicate Key Terms.
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Arabidopsis thaliana
flower color in, gene discovery for, 47
as model organism, 21, 22f, 766–767

Arginine, structure of, 220f
Artificial selection, 671–672, 709–710. 

See also Breeding; Selection
Ascomycetes, 98
Ascus, 39, 39f, 96, 98
Association mapping, 717–722
Assortive mating, 648f, 649
Astrachan, Lawrence, 285
Attachment site, 196, 196f
Attenuation, 398–401, 399, 400f
Attenuator, 401
Autonomous elements, 527–528
Autopolyploidy, 592–595, 593f, 594f
Autoradiogram, 356
Autosomal chromosomes, 50

independent assortment of, 96–98
Autosomal dominant disorders, pedigree 

analysis of, 56–58, 57f
Autosomal polymorphisms, pedigree 

analysis of, 58–60, 60f
Autosomal recessive disorders, pedigree 

analysis of, 54–64, 56f
Autotetraploidy, 593–595

in plant breeding, 599
Autotriploidy, in plant breeding, 599
Auxotrophic bacteria, 172
Auxotrophic mutations, 172, 219–220
Avery, Oswald, 253–254, 382

BAC (bacterial artificial chromosome) 
vectors, 353, 353f, 354f

Bacillus subtilis, sporulation in, 407–409, 408f
Bacteria. See also Escherichia coli;

Prokaryotes
antibiotic resistance in, 184–187, 187f, 310

evolution of, 741
auxotrophic, 172
classification of, 170
colonies of, 172, 172f
culture of, 171–172, 172f
DNA exchange between, 171, 171f
drug-resistant, 184–187, 187f, 310
gene exchange in, 170–171, 171f
gene regulation in, 383–409
genome of, 175–176, 176f

insertion sequences in, 529
interrupted mating in, 177, 178f
lysis of, 189–190, 190f, 195–196, 195f–197f
lysogenic, 192

in specialized transduction, 195–196, 
196f

mapping of, 181–184, 183f, 197–200, 198f, 
199f

physical, 197–200, 198f, 199f
recombinant-based, 181–184, 183f

as model organism, 21, 22f. See also
Escherichia coli

mutant, 172, 172t
phage infection of, 188–190, 189f–191f
prototrophic, 172
recombination in, 170–171, 171f. See also

Bacterial conjugation; Bacterial 
transformation; Transduction

replication in, 261–270, 261f
sporulation in, 407–409, 408f
transgenic, 23

Bacterial artificial chromosomes, 353
Bacterial chromosome

circular shape of, 178–180, 179f, 180f, 
264, 264f

mapping of, 181–184, 183f
Bacterial conjugation, 171, 171f, 173–187, 175

crossing over in, 176–180, 179f, 181–182, 
181f

definition of, 175
discovery of, 173–175
donor in, 175
endogenote in, 181
exogenote in, 181
fertility factor in, 173–180. See also

Fertility factor (F)
Hfr strain in, 176–180, 176f, 179f
integration sites in, 178–180, 179f, 180f
merozygote in, 181
origin in, 178, 178–179, 179f
pili in, 175, 176f
plasmid transfer in, 175–176, 175f, 176f
recipient in, 175
rolling circle replication in, 175–176
sequence of events in, 178–180, 180f, 181f
terminus in, 179f, 180
vs. transformation, 187

Bacterial genetics, 169–201
Bacterial insertion sequences, 529
Bacterial mutants

auxotrophic, 172
resistant, 172

Bacterial transduction, 171, 171f, 192–196. 
See also Transduction

Bacterial transformation, 171, 171f, 
187–188, 187f

in DNA technology, 354, 354f
double, 188
in Streptococcus pneumoniae, 252–254, 253f
vs. conjugation, 187

Bacteriophages (bacterial viruses). 
See Phage(s)

Balanced rearrangements, 608–609
Balancer chromosomes, 617
Balancing selection, 670, 671f, 737
Baldness, male pattern, 647, 647f
Barr body, 444
Barrier insulators, 441, 441f
Basal cell nevus syndrome, 481–482
Base(s), 3–4, 4f, 257, 257t

Chargaff’s rules for, 257
complementary, 262
damage to

excision of, 569–570, 569f, 570f
mutagenic, 566–567

enol, 267–268, 267f
imino, 267–268, 267f
keto, 267–268, 267f
molar properties of, 257t
oxidatively damaged, mutations 

due to, 562
in physical mapping, 148–150
purine, 257
pyrimidine, 257

in RNA, 285, 286, 286f
tautomerization and, 267–268, 267f

Base analogs, as mutagens, 564, 564f
Base insertion mutations, 555
Base pairs/pairing

apurinic sites and, 561
in DNA, 259f–261f, 261. See also Replication
mismatched

base analogs and, 565, 565f
mutations due to, 560–562, 561f, 

564–565
specific mispairing and, 565, 565f

in RNA, 285, 286, 286f, 288f, 289. 
See also Transcription

tautomeric shifts in, 560
Base substitution mutations, 554–555
Base-excision repair, 569–570, 569f, 570f
Bateson, William, 123
Baulcombe, David, 304–305
Bcr-Abl fusion protein, 622
Beadle, George, 219, 314, 525, 525f
Beadle-Tatum experiment, 219–220, 314
Beck, Harry, 121
Beetles, transgenic, 518, 519f
Bell curve, 101, 101f
Benzer, Seymour, 191

 clamp, 268
Bicoid gene, 462f, 463–464, 466–467, 466f, 

469f
Binding sites, identification of, 500
Bioinformatics, 497–502

in binding site prediction, 500, 500f
BLAST search and, 500–501, 501f
codon prediction in, 501
in exon detection, 498–502
genomic sequencing and, 497–502
information sources for, 501–502, 501f
in open reading frame detection, 499
in protein inventory, 498–502

Biological information
flow of, 10f
nature of, 2–9

Biological machines
Dicer, 301
protein-protein interactions in, 333
replisomes, 268–270, 322
ribosomes, 298, 322–325
RISC, 301–302
spliceosomes, 284

Bithorax complex, 455
Bivalents, 38, 592
Black urine disease, 219
Blackburn, Elizabeth, 275–277
BLAST search, 500–501, 501f
Blood groups

evolution of, 750–751
polymorphisms and, inheritance of, 

214–215
variation in, racial, 751

Blue-eyed Mary, flower color in, 228–230, 
229f

Body coloration
in mice, 216–217, 217f, 745–746, 745f
regulatory evolution and, 747–748, 747f, 

748f
Boeke, Jef, 536
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Bonds
hydrogen, in double helix, 258, 259f
peptide, 312, 313f

Bottlenecks, population, 666, 667
bph2 mutation, 82
Branch diagrams, 83–84, 86–87, 87f
Brassica, allopolyploidy in, 596, 596f
Bread mold. See Neurospora crassa
Breeding, 23

additive deviation and, 703
embryoids in, 598
in Green Revolution, 81–82
hybrid vigor in, 93–94
independent assortment in, 81–82
narrow-sense heritability in, 706–710, 

707t
phenotype prediction in, 707–708
polyploidy in, 599
population bottlenecks and, 666, 667
pure lines in, 30, 91–93
single-gene mutations in, 81

Breeding value, 703
Brenner, Sidney, 315, 319, 328
Bridges, Calvin, 450
Broad-sense heritability, 695–698, 698t.

See also Heritability
Brown oculocutaneous albinism, 646, 646f
Bubble-boy disease, 523, 524f
Bulbar muscular atrophy, 563
Burkitt’s lymphoma, 621, 621f
Burnham, Charles, 525, 525f
Bypass (translesion) polymerases, 576–577

C value, 542
Caenorhabditis elegans

cell-lineage fate in, 475–478, 477f
development in, 475–478
gene expression in, 300–302, 303
gene silencing in, 300–302, 303
as model organism, 451, 476, 768–769
transgenesis in, 373, 373f
transposable elements silencing in, 

547–549
Cairns, John, 263, 265
cAMP, in gene regulation, 394–397, 

394f–397f
Campbell, Allan, 179–180, 196
Cancer, 481–482, 482t, 580–583

Burkitt’s lymphoma, 621, 621f
chromosome rearrangements in,

621–622, 621f
chronic myelogenous leukemia, hybrid 

genes in, 621–622
colorectal, 575
mutations and, 567–568, 568f, 580–583. 

See also Carcinogens
telomeres in, 278

Candidate gene, 717
Candidate gene approach, in cystic fibrosis, 

364–366
Cap, 5  end, 296
CAP-cAMP complex, in gene regulation, 

394–395, 394f–397f
Carboxyl end, 312, 313f
Carboxyl tail domain (CTD), 295–296,

296f, 298

Carcinogens
Ames test for, 567–568, 568f
mutations as, 567–568, 568f, 580–583

Carothers, Elinor, 94
Catabolite activator protein (CAP), 

394–395, 394f–397f
Catabolite repression, 394–397, 394f–397f
Categorical traits, 685
Cats, tailless, 217, 217f
Cavalli-Sforza, Luca, 176
cDNA (complementary DNA), 347–348, 499

expressed sequence tags and, 499
cDNA library, 354–355
Cell clones, 172. See also Clone(s)
Cell cycle

meiosis in, 35–39, 35f–37f. See also Meiosis
mitosis in, 34–39, 35f–37f. See also Mitosis
replication in, 36f–37f, 37–38, 41–46, 

41f–43f, 273–274, 273f
S phase of, 34f, 37, 42f
synapsis in, 37
yeast replication and, 273–274

Cell division
crossing over in, 38, 125–128, 125f. See

also Crossing over
in meiosis, 35–39, 35f–37f. See also Meiosis
in mitosis, 34–37, 35f–37f. See also

Mitosis
at molecular level, 41–43, 49–56
stages of, 36f–37f

Cell lineage, in Caenorhabditis elegans,
475–478, 477f

Cell signaling. See Signaling
Centimorgan (cM), 130
Centrifugation, cesium chloride gradient, 

262–263, 263f
Centromeres, 7

in crossing over, 142–143, 142f
mapping of, 142–143, 142f
in meiosis, 37–38, 142–143, 142f, 143f

Cesium chloride gradient centrifugation, 
262–263, 263f

Chaetodipus intermedius, coat color in, 
745–746, 745f

Chan, Frank, 750
Chaperones, 331
Chaperonin folding machines, 331
Characters, 29. See also Traits
Chargaff’s rules, 257
Charged tRNA, 320
Chase, Martha, 255
Chiasmata, 125, 125f, 600
Chimpanzee, genome of, vs. human 

genome, 509
ChIP assay, 440, 515–516, 515f
Chi-square test ( 2 test), 89–91, 91t

in linkage analysis, 143–145
Chloroplast DNA (cpDNA), 104

variation in, 643
Chloroplast genes

characteristics of, 103–104, 104f
inheritance of, 104–108

Chromatids, 36f–37f, 37–38
in crossing over, 125–128, 127f, 128f, 129f
nonsister, in double-strand break repair, 

579f

sister, 36f–37f, 37–38
crossing over of, 128. See also Crossing 

over
formation of, 36f–37f, 37–38, 41, 41f
in synthesis-dependent strand 

annealing, 579
Chromatin, 7, 417, 426–441, 427f–429f

condensation of, 426, 437
histones and, 428–430

euchromatin and, 274, 427f, 437.
See also Euchromatin

heterochromatin and, 274, 427f, 437.
See also Heterochromatin

nucleosomes in, 272, 272f, 417, 419.
See also Nucleosomes

remodeling of, 428, 437
Chromatin assembly factor 1, 272, 272f
Chromatin immunoprecipitation (ChIP) 

assay, 515–516, 515f
Chromosomal polymorphisms.

See Polymorphism(s)
Chromosome(s), 2–3, 4–6, 4f

acentric, 607
anaphase bridge, 607
autosomal, 50

independent assortment of, 96–98
bacterial

artificial, as vector, 353, 354f
circular shape of, 178–180, 179f, 

180f
balancer, 617
breakage of, 606–608. See also

Chromosome rearrangements
transposable elements and, 524–527, 

524f, 526f
daughter, 11f
dicentric, 607
early studies of, 29–34, 30f, 31f
gene location on. See Gene loci
homeologous, 592
homologous, 5, 593f
interspecies variation in, 5, 5f
mapping of, 123–141, 504–505. See also

Maps/mapping
organelle

characteristics of, 103–104, 104f
independent assortment of, 104–108

polytene, 609, 609f
replication of, 34–38, 35f–37f
segregation of. See Segregation
sex, 50–51

in D. melanogaster, 50–51
in dioecious plants, 51
pseudoautosomal regions of, 51
structure of, 51, 51f

structure of, mutation-induced changes in, 
606–622

tandem repeats in, 275–277
unpaired, aneuploidy and, 592–593

Chromosome maps, 123–141. See also
Maps/mapping

Chromosome mutations, 590. See also
Mutation(s)

incidence of, 622–623, 623f
numerical changes and, 591–606
structural changes and, 606–622



Index812

Chromosome number
aneuploid, 591t, 592–593, 599–603, 

604–606
changes in, 591–606

agricultural applications of, 598–599
incidence of in humans, 622–623, 623f
in parts of chromosome sets, 600–603
in whole chromosome sets, 591–599

diploid, 591, 591t. See also Diploids
euploid, 591, 591t
gene balance and, 603–606
gene-dosage effect and, 605
haploid, 591, 591t
hexaploid, 591, 591t
monoploid, 591, 591t
monosomy, 591t, 599, 600–601, 601f
organism size and, 592, 592f, 599
pentaploid, 591, 591t
phenotype and, 603–606, 604f
tetraploid, 591, 591t
triploid, 591, 591t
trisomy, 589–590, 591t, 599, 601–603, 

603f, 619–620, 619f
Chromosome rearrangements, 606–622

balanced, 608–609
by breakage, 606–608
in cancer, 621–622, 621f
during crossing over, 125–128, 127f,

128f, 129f
deletions, 606, 607f, 608, 609–612.

See also Deletions
inversions and, 615f, 616

duplications, 606, 607f, 608. See also
Duplications

inversions and, 615f, 616
identification of, by comparative genomic 

hybridization, 622, 622f
incidence of in humans, 622–623, 623f
inversions, 606, 607f, 608. See also

Inversion(s)
mapping and, 504–505, 504f, 620
position-effect variegation and, 620–621, 

620f
translocations, 606, 607f, 608. See also

Translocations
transposable elements and, 524–527, 524f
unbalanced, 608

Chromosome theory of inheritance, 54
Chromosome walk, 366
Chromosome walking, 366f
Cis conformation, 126
Cis-acting sequences

evolutionary changes in, 748, 748f
in gene regulation, 390

in eukaryotes, 418–419, 421, 421f, 
432–433, 432f

in prokaryotes, 390, 390f
Citrulline, structure of, 220f
Class I transposable elements, 536–537
Class II transposable elements, 537–540
clear mutants, 402–403
Clone(s)

cell, 172
DNA sequencing for, 361–364, 362f–364f
identification of, 355–361

chromosome walk in, 366, 366f

functional complementation in, 358
with gel electrophoresis, 359–361,

359f, 360f
mutant rescue in, 358
Northern blotting in, 360f, 361
positional cloning in, 365–367
with probes, 355–358
Southern blotting in, 359–361, 360f

libraries of, 354–355, 357–358, 492–493
mapping of. See Maps/mapping
sequencing of. See Genome sequencing

Cloning, 18, 343, 343f, 344–355, 489
of animals, 415, 416f, 443
of blunt-end DNA, 348–350
cDNA in, 347–348
cutting and pasting in, 344–345
DNA amplification in, 350f, 351–354
DNA ligase in, 348
gene tagging in, 540
general strategy in, 350f
genomic DNA in, 344–345
genomic imprinting and, 443
P elements in, 541f
p elements in, 540–542
polymerase chain reaction in, 345–347, 346f
positional, 365–367, 366f
restriction enzymes in, 344–345, 345f
of sticky-end DNA, 348, 350
transduction in, 354, 354f
transformation in, 354, 354f
transposable elements in, 540–542, 541f
vectors in. See Vectors

Clover, leaf patterns in, 216, 216f
CMP (cytidine 5 -monophosphate), 286f
Co-activators, 424, 424f
Coat color

in dogs, 229–230, 230f, 234, 235f
in mice, 216–217, 217f, 745–746, 745f
regulatory evolution and, 747–748,

747f, 748f
Cockayne syndrome, 571–572
Coding strand, 289
CODIS, 677
Codominance, 214–216
Codon(s), 11, 314

amber, 319
degeneracy for, 317, 321–322
in genetic code, 314
stop, 318–319, 318f, 328–329, 328f
synonymous, 501

Codon bias, 501
Codon-anticodon pairing, in translation, 

320–322, 320f
wobble in, 321–322, 322f, 322t

Coefficient of coincidence (c.o.c.), 135
Cointegrates, 532
Colchicine, in autopolyploid production, 

593–594, 593f
Collinsia parviflora, flower color in,

228–230, 229f
Colonies, bacterial, 172, 172f
Color blindness, 60–61
Colorectal cancer, 575
Coloring. See Pigmentation
Common single nucleotide polymorphisms, 

639

Comparative genomic hybridization,
622, 622f

Comparative genomics, 505–512
homologs in, 505
human-chimpanzee, 509
human-human, 509–510
human-mouse, 507–509
noncoding elements and, 510–511
nonpathogenic vs. pathogenic E. coli,

511–512, 512f
orthologs in, 505
paralogs in, 505
phylogenies and, 505–507, 506f
synteny in, 507–508, 508f, 545

Complementary bases, 262. See also Base 
pairs/pairing

Complementary DNA (cDNA), 347–348, 499
expressed sequence tags and, 499

Complementary DNA (cDNA) library, 
354–355

Complementation
definition of, 223
in diploids, 222–225, 224f
functional, 358
in haploids, 225, 225f

Complementation test, 222–226
Complete dominance, 212–214
Complex inheritance, 685
Complex traits, 683
Composite transposons, 530, 530f
Congenic lines, 715
Conjugation, 173–187, 175. See also

Bacterial conjugation
Conjugative plasmids, 187
Consensus sequence, 290f, 291, 491
Conservation genetics, 674–675
Conservative replication, 262
Conservative substitution, 556
Conservative transposition, 531, 531f, 

532–533
Constitutive heterochromatin, 437
Constitutive mutations, 389–390
Constitutive transcription, 288
Contigs

sequence, 493
supercontigs, 496

Continuous traits, 685
Continuous variation, 101–103, 101f, 102f
Coordinately controlled genes, 386
Copia-like elements, 535f, 536
Copy and paste transposition, 536
Copy number variations, 509
Cordinately controlled genes, 386
Core enzyme, 291
Corepressor, 430
Corn. See Maize (Zea mays)
Correlation, 693–694, 694f
Correlation coefficient, 694
Cosuppression, 303f, 304
Cotranscriptional RNA processing, 

295–296, 296f
Cotransductants, 194, 194f
Covariance, 692
CPD photolyase, 569f
cpDNA (chloroplast DNA), 104

variation in, 643



Index 813

CpG islands, 431
Creighton, Harriet, 126
Cri du chat syndrome, 611, 611f
Crick, Francis, 3, 11, 251–252, 315, 316, 319
Cro, in genetic switching, 402–407, 406f
Crosses, 28, 30, 31f. See also Independent 

assortment
branch diagrams for, 83–84, 86–87, 87f
dihybrid, 82–86, 96–97
haploid vs. diploid, 40
hybrid vigor and, 93–94
Mendelian ratios for, 82–86
in Mendel’s experiments, 30, 31f, 32t
monohybrid, 33, 82–83
phage, 190–192, 191f
polygene, 101–103, 102f
product rule for, 64, 87
Punnett square for, 85, 85f
results of

chi square test for, 89–91, 91t
in Mendel’s experiments, 82–86, 

83f, 85f
prediction of, 86–89
product rule for, 87
sum rule for, 87–88

testcrosses. See Testcrosses
Crossing over, 38, 125–128, 125f, 579–580, 

579f
centromeres in, 142–143, 142f, 143f
chiasmata and, 125, 125f
chromosome rearrangements during, 

125–128, 127f, 128f, 129f, 607f, 608
in conjugation, 176–182, 179f, 181f
dicentric bridge in, 615, 615f
double crossovers and, 127–128, 128f, 

133–134, 134f
double-strand breaks and

chromosome rearrangements and, 290, 
606–607, 607f

in meiotic recombination, 577–579, 
579–580, 579f

repair of, 577–579
double-stranded DNA breaks in, 151–152, 

151f
at four-chromatid stage, 125–128, 127f, 129f
interference in, 135–136
inversions and, 616, 616f
molecular mechanism of, 150–152, 151f
nonallelic homologous recombination 

and, 608
nondisjunction and, 600, 600f
in phages, 190–192, 195–196, 195f
recombinant frequency from, 128–132
recombination in, 125–128, 127f, 128f, 

129f
of repetitive DNA, chromosome 

rearrangements and, 607f, 608
between segmental duplications, 613
sister chromatids in, 128

Crossover product, 125
Crossovers, 125, 125f

disjunction and, 600
multiple, 127–128, 127f, 128f, 133–134, 

133f, 134f, 145–146
bacterial, 181–184
coefficient of coincidence for, 135

gene order and, 134–135, 134f
interference and, 135–136
mapping function for, 146–147, 146f
Perkins formula for, 147–148
recombinant frequency and, 145–148

Cross-pollination, 30, 30f
CTFC, in genomic imprinting, 442
Culture, bacterial, 171–172, 172f
Cumulative selection, 740–744
Cut and paste transposition, 531, 531f, 

532–533
C-value, 542
C-value paradox, 542–543
Cyanobacteria, 170
Cyclic adenosine monophosphate (cAMP), 

in gene regulation, 394–397, 
394f–397f

Cyclobutane pyrimidine photodimer, 566, 
566f

Cystic fibrosis, 56
gene identification in, 364–366
linkage analysis for, 140
risk calculation for, 675–676

Cystic fibrosis transmembrane regulator 
(CFTR), 140

Cytidine 5 -monophosphate (CMP), 286f
Cytohets, 105–106

dihybrid, 107
Cytoplasmic mutations

in humans, 107–108, 108f
in plants, 107

Cytoplasmic segregation, 105–106, 106f, 107f
Cytosine (C), 3. See also Base(s)

in DNA, 257t, 259f, 261, 261f
in RNA, 286, 286f

Darwin, Charles, 14, 727–728, 727f
Darwinian fitness, 667
Darwinian theory, 730–732. See also Evolution
Databases, genetic/genomic, 501–502
Datura stramonium, aneuploidy in, 604, 604f
Daughter chromosomes, 11f
Daughter molecules, 273
Davis, Bernard, 174–175
De Dimone, Teresa, 637
Deamination, mutations and, 561–562, 570
Decoding center, 324
Degenerate code, 317, 321–322
Delbrück, Max, 558–559
Deletion loop, 609, 609f
Deletions, 606, 607f, 608, 609–612

in animals, 612
in genetic disorders, 611, 611f
in humans, 611
identification of, 622
intragenic, 609
inversions and, 615f, 616
mapping of, 610, 610f
multigenic, 609
in plants, 612

DeLucia, Paula, 265
Deoxyribonucleic acid. See DNA
Deoxyribose, in DNA, 256f, 257, 258–259, 

259f
Depurination, 561
Desert hedgehog gene, 479

Development, 449–483
activators in, 468–470
anteroposterior axis in, 462–463, 462f
of appendages, 471–473, 472f, 479–480
Bicoid gene in, 462f, 463–464
in Caenorhabditis elegans, 475–478
cell-lineage fate in, 475–478, 477f
cis-acting elements in, 466, 468
dorsoventral axis in, 462–463, 462f
early studies of, 449–450
gap genes in, 462f, 463, 466–467, 

467–468
gene expression in, 463–466, 463f, 

464f, 467f
combinatorial regulation of, 432-439
concentration gradient and, 466–467
spatial regulation of, 463, 463f, 

466–473, 466f, 467f, 475–478
temporal regulation of, 463–464, 465f, 

478, 478f
transcriptional regulation of, 473–478
visualization of, 456, 456f

gene interaction in, 222
homeotic, 454–455, 454f
housekeeping genes in, 452
Hox genes in, 455–460, 455f, 457f–460f, 

471–473, 472f
interspecies similarities in, 458–460
miRNA in, 478, 478f
organizers in, 450–451, 451f
overview of, 450–451
pair-rule genes in, 462f, 463, 468–470
pattern-formation genes in, 463–466
positional information in, 466
reporter genes in, 467–468, 467f
repressors in, 467f, 468–470, 477–478
segmentation in, 470f, 471–473, 472f
segment-polarity genes in, 462f, 463
serially reiterated structures in, 455,

460f
serially repeated structures in, 460
sex determination in, 50–51, 473–475, 

474f
signaling in, 463–464, 464t, 465f
stripe formation in, 468–470, 469f
structural identity vs. formation in, 457
toolkit genes in, 450, 452–466

axis-patterning, 463–466
commonality of, 458–460
disease and, 480–482
evolution of, 748
expression of. See Development, gene 

expression in
functional classification of, 453–454, 

463
homeotic, 454–460
multiple roles of, 479–480
mutations in, 461–462, 461f, 480–482
posttranscriptional regulation of, 

473–478
screens for, 461–462, 461f
specificity of, 479–480

transcription factors in, 463–466, 464t, 
465f

transplantation model of, 450, 451f
zone of polarizing activity in, 479



Index814

Deviation, 687
additive, 702–704
breeding value and, 702–704
dominance, 702–704
genetic vs. environmental, 689–691, 690t, 

691t
standard, 688

Diakinesis, 79
Dicentric bridge, 615, 615f
Dicentric chromosomes, 607
Dicer, 301, 305, 305f
Dideoxy (Sanger) sequencing, 362–364,

362f–364f
Digitalis purpurea, flower color in, 230, 230f
Digits, extra, 58, 58f, 480–481, 480f
Dihybrid, 82–86, 96–97
Dihybrid crosses, 82–86, 96–97. See also

Crosses
Dimorphisms, 59–60

autosomal, pedigree analysis of, 58–60
Dioecious species, 50f, 51
Diploids, 5, 591, 591t

double, 595–596
independent assortment in, 95–96
meiosis in, 36f–37f, 37, 39–40
mitosis in, 34–35, 36f–37f, 345
partial, 389
recombination analysis for, 99–100, 100f
single-gene inheritance in, 34–39, 34f–37f

Diplotene, 79
Directed mutagenesis, 18
Directional selection, 669–670
Disassortive mating, 648f, 649
Discovery panel, 639
Disjunction, 600
Disomy, 599
Dispersive replication, 262, 263f
Dissociation (Ds) elements, 524–527, 526f, 

527f, 540, 540f
Distal-less gene, 471–473, 472f
Distribution, Poisson, 146–147, 146f
Distribution curves, 101–102, 101f, 102f
Distributive enzymes, 268–269
Diversification. See also Variation

adaptation and, 728
DNA, 1–2, 3f

bacterial uptake of, 187–188, 187f
bases in. See Base(s)
chloroplast, 104

variation in, 643
in chromatin, 426–430, 427f
cloning of, 351–354
coding strand of, 289
coiling of, 6–7, 7f
complementary, 499

expressed sequence tags and, 499
components of, 256f, 257, 257t
daughter molecules of, 273
denaturation of, 261
discovery of, 252–255
donor, 342

amplification of, 351–354
double-stranded breaks in, 151–152, 151f, 

277–278
chromosome rearrangements and, 277, 

606–607, 607f

in meiotic recombination, 577–579, 
579–580, 579f

repair of, 577–579
duplication of. See Duplications
extranuclear, 7–8
in forensics, 23–24, 676–677
in genetic code, 3
genomic, in cloning, 344–345
heteroduplex, 150–152
homologous, 14, 15
information content of, 498, 498f
information transfer via, 500, 500f
key properties of, 256
meiotic segregation of, 43–44
melting of, 261
mitochondrial, 104, 104f

in evolutionary studies, 109
variation in, 643

new, sources of, 752–755
in nucleoids, 103–104, 103f
nucleotides in, 256f, 257
overview of, 3–9, 251–252
packaging of, 6–7, 7f
palindromic, 345
in phages, 254–255
phosphate in, 256f, 257
recombinant. See also DNA technology

production of, 344–355
recovery from vectors, 354

repetitive, 24, 502
chromosome rearrangements and, 

607f, 608
conserved/ultraconserved, 510–511
mapping of, 510–511

replication of. See Replication
size of, 6–7
structure of, 3–4, 256–261. See also Double 

helix
elucidation of, 3, 256–261

supercoiled, 270, 270f
template strand of, 288f, 289, 289f
transcription of. See Transcription
in transformation, 187–188, 187f
variation in, 137–138. See also Variation
X-ray diffraction studies of, 258, 258f

DNA amplification, 342
polymerase chain reaction in, 20, 20f
in vitro, 342–343, 342–343, 343f
in vivo, 351–354

DNA cloning. See Cloning
DNA fingerprints, 23–24, 24f, 139
DNA glycolases, in base-excision repair, 

569f, 570, 570f
DNA gyrase, 270f
DNA ligase, 267, 348

in cloning, 348
DNA matching, 23–24, 676–677
DNA mates, 677–678
DNA methylation, 441–442

inheritance of, 431–432, 431f
DNA microarrays, 19–20, 20f, 513–514, 513f, 

514f
in comparative genomic hybridization, 

622, 622f
for single nucleotide polymorphisms, 

639–640

DNA palindromes, 345
DNA polymerases, 264–267, 265f

bypass (translesion), 576–577
in proofreading, 267–268, 268f, 569
in SOS system, 576–577, 577f
in translesion DNA synthesis, 576–577

DNA probes, 18–19, 19f, 355–358, 356f
DNA repair, 569–580

base-excision, 569–570, 569f, 570f
chromosome rearrangements and, 

606–608
by direct reversal, 569
DNA glycolases in, 569f, 570, 570f
of double-strand breaks, 577–579
error-free, 577
error-prone, 575–577, 577f
global genomic, 572, 573f
homologous recombination in, 579
homology-dependent, 569–570
impaired, cancer and, 583
mismatch, 574–575, 574f
nonhomologous end joining in, 577–579, 

578f
nucleotide-excision, 571–573, 573f
by photoreactivation, 569
postreplication, 574–575
proofreading in, 267–268, 268f, 569
SOS system in, 576, 576f
synthesis-dependent strand annealing in, 

579, 579f
translesion DNA synthesis and, 576–577

DNA replication. See Replication
DNA sequencing, 361–364

dideoxy (Sanger), 362–364, 362f–364f
DNA technology, 342

amplification in
in vitro, 342–343, 343f
in vivo, 351–354

cDNA libraries in, 354–355
chromosome walk in, 366, 366f
chromosome walking in, 366, 366f
cloning in, 344–355. See also Cloning
dideoxy (Sanger) sequencing in, 362–364,

362f–364f
donor DNA in, 344
functional complementation in, 358
gel electrophoresis in, 359–361, 359f
gene knockout in, 374, 375f
gene replacement in, 374
gene tagging in, 540
gene targeting in, 374–377, 375f
genetic engineering and, 369–377. See also

Genetic engineering
genomic libraries in, 354–355, 492–493
mutant rescue in, 358
Northern blotting in, 359f, 361
overview of, 342–344
polymerase chain reaction in, 139–140, 

140f, 343, 343f, 345–347, 346f
probes in, 355–358
recombinant DNA production in, 

344–355
restriction enzymes in, 344–345
Southern blotting in, 43, 359–361, 359f
transduction in, 354, 354f
transformation in, 354, 354f



Index 815

DNA template library, 494
DNA transposons, 528f, 537–540,

537f–540f. See also Transposon(s)
DnaA, in replication, 270
DNA-binding domains/proteins, 385

in eukaryotes, 422, 422f, 424–426, 425f
in genetic switching, 402–407, 406f
helix-turn-helix motif and, 407, 407f
in prokaryotes, 402–407, 406f
specificity of, 406–407, 407f

Dolly (cloned sheep), 415, 416f, 443
Domains, protein, 314
Dominance, 32, 46, 212–216, 699, 699t

codominance and, 214–216
full (complete), 212–214
haploinsufficiency and, 212–213, 213f
homozygous, 32
incomplete, 214
partial, 699

Dominance deviation, 702–704
Dominance effect, heritability and, 700–704
Dominant gene action, 699, 699t
Dominant mutations, 46, 212–214, 213f
Dominant negative mutations, 213–214, 214f
Donor, in conjugation, 175
Donor DNA, 342

amplification of, 351–354
Dorsoventral axis, in development, 

462–463, 462f, 465–466, 465f
Dosage compensation, 444, 605–606
Dotted elements, 527
Double crossovers, 127–128, 128f, 133–134, 

133f, 134f, 145–146
bacterial, 181–184
coefficient of coincidence for, 135–136
gene order and, 134–135, 134f
interference and, 135–136
mapping function for, 146–147, 146f
Perkins formula for, 147–148
recombinant frequency and, 145–148

Double diploid, 595–596
Double helix, 3–4, 3f, 258–261, 259f–261f

antiparallel orientation in, 259, 259f
base pairing in, 259f, 261, 261f, 262
discovery of, 256–261, 258f
major groove of, 260, 260f
minor groove of, 260, 260f
unwinding of, 262, 269–270, 270f
Watson-Crick model of, 258–261, 258f–260f

Double infections, 191, 191f
Double mutants, 222, 226–233

epistasis and, 228–230
genetic analysis of, 226–233
lethal, 233, 233f

Double transformation, 188
doublesex gene, 474
Double-stranded breaks, 151–152, 151f, 

277–278, 577
chromosome rearrangements and, 277, 

606–607, 607f
in DNA, 151–152, 151f
in meiotic recombination, 577–579, 

579–580, 579f
repair of, 577–579

Double-stranded RNA (dsRNA), 301,
302–305, 304f

Down syndrome, 589–590, 602–603, 603f
Robertsonian translocations and, 

619–620, 619f
Downstream promoters, 290
Drosophila melanogaster

aneuploidy in, 604
Copia-like elements in, 535f, 536
crossing over in, 132–135
development in, 452–458, 453f
eye color in, 97–98, 437–438, 438f, 439f

position-effect variegation and, 
620–621, 620f

X-linked inheritance of, 51–54, 53f
gene linkage in, 121f, 123–125, 124f
homeobox genes in, 452–458, 455f
independent assortment in, 97–98
life cycle of, 51f, 452, 453f
as model organism, 22–23, 22f, 52, 451, 

452–453, 770–771
polytene chromosomes in, 609, 609f
position-effect variegation in, 437–438, 

438f, 439f
regulatory evolution in, 747–748, 747f, 

748f
sex determination in, 50–51, 473–475, 474f
transposable elements in, 533–542
wing development in, 450

discovery for, 47–48
wing patterns in, 747–748, 747f, 748f

Drug design, structure-based, 325
Drug-resistant bacteria, 184–187, 187f, 310
Ds elements, 524–527, 526f, 527f, 540, 540f
dsRNA (double-stranded RNA), 301,

302–305, 302f, 304f
in transposition repression, 548

Dt elements, 527
Duffy antigen, 750–751, 751f
Duplications, 606, 608, 612–613, 613f, 6073f

in evolution, 753–755
fate of, 753–755
gene number and, 753
identification of, 622
insertional, 612
pericentric inversions and, 616, 616f
segmental, 612–613
sources of, 752–753
tandem, 612
target-site, 533
whole-genome, 612f, 613

Dwarfism, 57, 57f
Dyad, 37
Dysgenic mutations, 538
Dyskeratosis congenita, 278

E site, 324, 324f, 327f, 328
Ears, hairy, 63, 63f
Ectopic insertion, 370
Edwards syndrome, 603
Electrophoresis, gel
Elongation

in transcription, 290
in eukaryotes, 295–296
in prokaryotes, 291–292, 291f

in translation, in eukaryotes, 295–296
Elongation factor G (EF-G), 327f, 328
Elongation factor Tu (EF-Tu), 327f, 328

Embryoids, 598
Embryology. See Development
Embryonic stem (ES) cells, in gene 

targeting, 374–377, 375f
Emerson, Rollins, 525, 525f
Endogenote, 181, 182f
Endogenous genes, 303
engrailed gene, 471, 472f
Enhanceosome(s), 432–433

-interferon, 433, 433f
Enhancer-blocking insulators, 434–435, 434f

in genomic imprinting, 442
Enhancer/Inhibitor elements, 527
Enhancers, 418, 421, 421f, 432–435, 432f, 

433f
En/In elements, 527
Enol bases, 267–268, 267f
Environment, vs. genetics, 695–698, 698t. 

See also Gene-environment 
interactions

Environmental deviations, 689–691, 690t, 
691t

Environmental variance, 692. See also
Variance; Variation

Enzymates, 9
Enzymes

active sites of, 312
core, 291
distributive, 268–269
in gene regulation, in prokaryotes, 383
in lactose metabolism, 386, 386f
operons for. See Operon(s)
processive, 268
in replication, 265–266, 265f
restriction, 43–44, 344

in cloning, 344–345, 345f
sticky ends of, 345, 345f

structure of, 312
Epigenetic changes, 13–14
Epigenetic inheritance, 444

histone modifications and, 430–431
Epigenetic marks, 431, 442, 443
Epigenetic regulation, of transposable 

elements, 547–549
Epigenetically equivalent genes, 443
Epistasis, 228–230, 705

dominant, 230, 230f
recessive, 228–230, 229f
sign, 741

Equal segregation. See Segregation, equal; 
Single-gene inheritance

Error-prone repair, 575–577, 577f
ES cells, in gene targeting, 374–377
Escherichia coli. See also Bacteria

drug resistance in, 741
genome of, 175–176, 176f

mapping of, 197–200, 198f, 199f
in nonpathogenic vs. pathogenic 

strains, 511–512, 512f
lac system in, 385f, 388. See also under lac
as model organism, 22, 22f, 173, 760–761
properties of, 173
replisome of, 268–270, 269f, 270f
transcription in, 289–292, 290f–292f
transposable elements in, 528–533, 

530f–532f



Index816

Euchromatin, 274, 427f, 437
barrier insulators for, 441, 441f

Eugenics, 24–25
Eukaryotes

gene regulation in, 415–446
transcription in, 292–297, 293f, 295f–297f

Euploids, 591
Euploidy, 591t

aberrant, 591–599
eve stripe 2 element, 468–470, 469f
even-skipped gene, 463, 468, 469f
Evolution, 14–16

adaptation in, 666
adaptive walks and, 740–743
Darwin’s theory of, 730–732
DNA sources in, 752–755
founder effect in, 666, 666f
of gene families, 752–755
gene inactivation and, 746–747
genetic drift in, 107
of humans, 15–16, 16f
Modern Synthesis and, 732
molecular, 732–735
molecular clock and, 734, 735
morphological, 744–751, 744f–749f, 751f
multistep pathways in, 740–743
narrow-sense heritability in, 707
natural selection in, 14, 666–671, 728,

730–732. See also Natural selection
neofunctionalization and, 753
neutral, 665
neutral theory of, 732–734
origin of new genes in, 752–755
principles of, 731
purifying selection in, 734–735
regulatory, 747–748

in D. melanogaster, 747–748, 747f, 748f
in humans, 750–751

RNA world and, 300
subfunctionalization and, 754
theory of, 14
variation in, heritability of, 731–732

Evolutionary genetics, 727–756
overview of, 730–732

Evolutionary studies, mtDNA in, 109
Evolutionary tree, 15–16, 15f
Excision, of transposable elements, 527, 527f
Exconjugant, 178
Exogenote, 181, 182f
Exon(s), 6f, 284, 296–297

identification of, 498–502
size of, 502
splicing of, 298–300, 299f
transposable elements in, 544

Exon-intron junctions, 298, 299f
Expressed sequence tags (ESTs), 499, 499f
Expression library, 357–358
Expressivity, 234, 234f
Extrachromosomal arrays, 373, 373f
Extranuclear genome, 7–8
Extranuclear inheritance, 104–109
Eye color, in D. melanogaster, 97–98, 

437–438, 438f, 439f
position-effect variegation and, 620–621, 

620f
X-linked inheritance of, 51–54, 53f

F  (donor), 175. See also Fertility factor (F)
F  (recipient), 175. See also Fertility 

factor (F)
F factor. See Fertility factor (F)
F plasmid, 173, 175–176, 176f
F  plasmid, 184
Fertility, reduced

in aneuploids, 592–593
heterozygous inversions and, 618
reciprocal translocations and, 618
in triploidy, 599

Fertility factor (F), 175–180, 530
discovery of, 175–176
F  strain of, 175
F  strain of, 175
Hfr strain of, 176–180, 176f
in integrated state, 180
in plasmid state, 180
rolling circle replication of, 175–176

Fibrous proteins, 312
Fine mapping, 367–369

QTL, 715
Fingers, extra, 58, 58f, 480–481, 480f
Fink, Gerry, 533, 536
First filial generation (F1), 30
First-division segregation (MI) patterns, 

142–143, 142f
Fitness

absolute, 667
allelic, 669
Darwinian, 667
genotype, 668
natural selection and, 667–668
relative, 667

5  end cap, 296
5  regulatory region, 290, 290f, 291f
5  untranslated region (5  UTR), 291, 291f
Fixed sites, 655
Floor plate, in vertebral development, 479
Flower color

dominant epistasis and, 230, 230f
gene discovery for, 47
gene silencing and, 302f, 303–305, 

303f
incomplete dominance and, 214, 214f
mosaicism and, 528f
recessive epistasis and, 228–230, 229f
transposable elements and, 528f

Fluctuation test, 558–559, 558f
Forensic genetics, 23–24, 676–677
Forward genetics, 17, 49, 222–233

Beadle-Tatum experiment in, 219–220
mutational analysis in, 49

Fosmid vectors, 353, 354f, 5353f
Founder effect, 666, 666f
Four-o-clocks

cytoplasmic segregation in, 106–107, 106f
incomplete dominance in, 214, 214f

Foxgloves, flower color in, 230, 230f
Fragile X syndrome, 563, 564
Frameshift mutations, 316–317, 557, 557f, 

560, 561f
Franklin, Rosalind, 258, 258f, 261
Free radicals, mutations and, 562
Frequency histogram, 687, 687f
Fruit flies. See Drosophila melanogaster

Full dominance, 212–214
Functional complementation, 358
Functional genomics, 512–518

DNA microarray in, 513–514, 513f, 
514f

with nonmodel organisms, 518, 519f
two-hybrid test in, 514–515, 514f

Functional RNA, 11, 221, 287, 298–300
Fungi. See also Neurospora crassa;

Saccharomyces cerevisiae
ascus of, 39, 39f, 96
cell division in, 35f
equal segregation in, 39–40, 39f
hyphal branching in, gene discovery 

for, 48
maternal inheritance in, 105, 105f
mating types of, 39, 39f, 98
as model organism, 21, 22f. See also

Neurospora crassa; Saccharomyces 
cerevisiae

as model organisms, 420, 762–763
nonidentical spore pairs in, 150–151
spore production in, 96

G protein, in signaling, 221
G6PD gene, variation in, 655–657, 656f
GAL system, 420–424, 514–515
Galactose, metabolism in, 420–424, 421f
Galàpagos finches, 728, 729f
Gall, Joe, 275
Gametes, formation of, 34–35
Gametic ratio, 33, 33f
Gap genes, 462f, 463, 467–468
Garfinkel, David, 536
Garrod, Archibald, 219, 219f
GCN5, 430
Gel electrophoresis, 359–361, 359f
Gender, gene silencing and, 441–444
Gene(s), 5–6, 32. See also Allele(s)

candidate, 717
chloroplast, 103–104, 104f
coordinately controlled, 386
definition of, 2
density, in human genome, 502–503
endogenous, 303
epigenetically equivalent, 443
functions of, 10f
gap, 462f, 463, 467–468
haplosufficient/haploinsufficient, 46

mutations and, 212–213, 213f, 214f
hemizygous, 51
homeobox, 455–460, 455f, 457f–460f
homologous, 505
housekeeping, 452, 605–606. See also

Development, toolkit genes in
hybrid, in cancer, 621f, 622
identification of, 17–21. See also Genetic 

analysis
inactivation of, 301–305, 303f

in evolution, 444, 745f, 746–747
X chromosome inactivation and, 

443–444, 444f
linked, 123–128. See also under Linkage

in cis conformation, 126
inheritance of, 123–125, 124f
in trans conformation, 126



Index 817

marker, 172
unselected, 182

maternal-effect, 461–462, 461–462,
461f

mitochondrial
characteristics of, 103, 104f
inheritance of, 104–109
mutations in, 108, 108f

mobile. See Transposable elements
mutation effects on, 40–41, 44–46, 45f
new, origin of, 752–755
number of

duplications and, 752–753
in human genome, 5, 502–503
increase in, 752–753
polyploidy and, 752–753
variability in, 5, 5f

oncogenes, 581–583
organelle

characteristics of, 103–104, 104f
inheritance of, 104–109
mutations in, 108, 108f

orthologous, 505
overview of, 5–6, 10f
pair-rule, 462f, 463, 468–470
paralogous, 505
pigment, 303–304
polygenes, 101–103

continuous variation and, 101–103, 
101f, 102f

identification of, 103
protein-encoding, discovery of, 220–221
proto-oncogenes, 582
reporter, 422

in development, 467–468, 467f
transgenes and, 518

segment-polarity, 462f, 463
size of, 6
suppressors of variegation, 439–440, 

439f
toolkit, 450, 452–466. See also

Development, toolkit genes in
as transcriptional unit, 9
transgenes, 303, 303f, 370, 518

silencing of, 302f, 303, 303f
tumor-suppressor, 582, 583

Gene action, 699
additive vs. dominant, 699–704, 699f. 

See also Dominance
dominant, 699, 699t

Gene balance, 603–606, 604
Gene complexes, 455
Gene discovery, 27–29

in deducing genotypes, 49–50
for flower color, 47
for hyphal branching, 48
in predicting phenotypic ratios, 49–50
by single-gene inheritance, 49
for wing development, 47–48

Gene diversity, 655–656
Gene expression

definition of, 287
in development, 463–466, 465f, 467f

visualization of, 456, 456f
expressivity and, 234, 234f
factors affecting, 234

penetrance and, 234, 234f
regulation of. See Gene regulation

Gene families, 752
Gene flow, 659
Gene interaction, 211–235

between alleles of single gene, 212–218
in biosynthetic pathways, 219–222
complementation test for, 222–226
in developmental pathways, 222
dominance and, 212–216. See also

Dominance
double mutants in, 222, 226–233
early studies of, 219–220
epistatic, 228–230, 229f
expressivity in, 234, 234f
identification of, 222–233. See also

Genetic analysis
modifiers in, 232–233
one-gene-one polypeptide hypothesis 

and, 220
overview of, 211–212
penetrance in, 234, 234f
in signal transduction, 221
suppression in, 230–232, 232f
synthetic lethals in, 233, 233f

Gene knockout, 374, 375f
Gene loci, 123, 638

mapping of. See Maps/mapping
microsatellite, 638, 640
of molecular heterozygosity, 137–138
multiple alleles at, 212
in population genetics, 638
quantitative trait, 101, 710–716
subfunctionalization of, 754

Gene mapping. See Maps/mapping
Gene mutations. See also Mutation(s)

definition of, 554
vs. chromosome mutations, 590

Gene order, determination of, 134–135, 134f
Gene pairs, 6

formation of, 34–35, 36f–37f
heteromorphic, 94, 94f
independent assortment of, 81–110. 

See also Independent assortment
notation for, 82–83
segregation of, 29–34, 33f. See also

Segregation
Gene pool, 644–648

allele frequency in, 644
genotype frequency in, 644, 644f
sampling of, 645–646

Gene regulation, 381–409
in development. See Development, gene 

expression in
in eukaryotes, 415–446

activation domains in, 422, 422f
activators in, 423–424, 424f
barrier insulators in, 441, 441f
chromatin in, 417, 426–430, 427f–429f
cis-acting elements in, 418–419
co-activators in, 424, 424f
combinatorial interactions in, 424–426
DNA-binding domains in, 422, 422f, 

424–426, 425f
enhanceosome in, 432–433, 432f, 

433f

enhancer-blocking insulators in, 
434–435, 434f

enhancers (upstream activating 
sequences) in, 418, 421, 421f, 
432–433, 432f, 433f

GAL system in, 420–424
gene repression in, 437
gene silencing in, 435–441
genomic imprinting in, 441–443, 442f
histone modification in, 427f, 428–430, 

430f
mating-type switching in, 424–426, 

435–437
mediator complexes in, 424, 424f
nucleosome in, 417, 426–430
overview of, 416–420
promoter-proximal elements in, 418,

419f
promoters in, 418–419, 418f
protein domains in, 419
repressors/corepressors in, 430, 430f
synergism in, 432–433
transcription factors in, 423–424, 424f, 

432–435, 432f
vs. in prokaryotes, 417–418, 417f

noncoding elements in, 510–511, 511f
in prokaryotes, 383–409

activators in, 384–385, 384f, 397, 398f
allosteric, 385, 385f, 391–392
antiterminator in, 404
ara operon and, 397–398, 398f
attenuation in, 398–401, 400, 400f
cAMP in, 394–397
cis-acting elements in, 390, 390f
DNA binding in, 402–407, 407f
DNA-protein interactions in, 384–385
dual positive-negative control of, 

397–398
genetic switches in, 384, 402–406
inducers in, 387–388
lac operon and, 385–397. See also lac

operon
mutations in, 389–392, 389t–391t, 390f
negative, 384, 384f, 397–398, 397–398
operators in, 384–385, 384f
overview of, 383–388
in phage lambda, 402–406
positive, 384, 384f, 394–397, 394f–397f
promoters in, 392
regulons in, 408
repressors in, 384–385, 384f, 391–392, 

391t, 392–393, 393f, 397, 398f
signaling in, 402–407
specificity of, 406–407, 407f
in sporulation, 407–409
trans-acting elements in, 390–391, 390f
trp operon and, 399–401, 399f, 400f
vs. in eukaryotes, 417–418, 417f

repressors in
early studies of, 381–382
in eukaryotes, 430, 430f
in prokaryotes, 384–385, 384f, 391–392, 

391t, 397, 398f
variation and, 747–748, 748f

Gene replacement, 374–377
Gene repression, miRNA in, 444–446



Index818

Gene silencing, 300–305, 302f, 303, 303f
dsRNA and, 301–305, 302f, 304f, 305f
in entire chromosome, 443–444
in evolution, 745f, 746–747
gender-specific, 441–444
mating-type switching and, 436
miRNA and, 300–302, 301f, 444–446
siRNA and, 302–305, 305f
transgenes and, 303–305
viral resistance and, 304–305
in X chromosome inactivation, 443–444, 

444f
Gene tagging, 363–364, 364f, 540
Gene therapy, 23, 25, 523–524

embryonic stem cells in
for severe combined immunodeficiency, 

546–547
viruses in, 546–547

Gene vectors, 173
Gene-dosage effect, 605
Gene-environment interactions. See also 

under Epigenetic
expressivity and, 234, 234f
penetrance and, 234, 234f

General transcription factors (GTFs), 293,
294–295

Generalized transduction, 193–195, 193f, 194f
Gene-specific mutagenesis, 517, 517f
Genetic admixture, 659
Genetic analysis, 17–21

complementation test in, 222–226
DNA cloning in, 18. See also Clone(s)
DNA microarrays in, 19–20, 20f
DNA probes in, 18–19, 19f
of double mutants, 222, 226–233
forensic, 23–24, 676–677
forward, 49, 222–233

Beadle-Tatum experiment in, 219–220
forward approach in, 17
Mendelian ratios in, 226–230, 233, 233t
model organisms in. See Model organisms
mutational. See Mutational analysis
Northern blotting in, 19f, 21
positional cloning in, 365–367, 366f
reverse approach in, 17–18
Southern blotting in, 19, 19f
Western blotting in, 19f, 21

Genetic architecture, 684
Genetic code, 3, 261, 314–319

codons in, 314, 318–319, 318f
cracking of, 317–318
degeneracy of, 317, 321–322
number of letters in, 315
overlapping vs. nonoverlapping, 314–315
reversions and, 315–317
suppressors and, 315–317
triplet, 314–317, 314f
universality of, 318

Genetic databases, 501–502
Genetic deviations, 689–691, 690t, 691t
Genetic disorders

albinism, 12, 12f, 56, 646, 646f
alkaptonuria, 219
autosomal dominant, 56–58, 57f
autosomal recessive, 55–56, 56f
basal cell nevus syndrome, 481–482

cancer, 481–482
chromosome mapping for, 504–505, 504f
Cockayne syndrome, 571–572
cri du chat syndrome, 611, 611f
cystic fibrosis, 140, 675–676
Down syndrome, 589–590, 602–603, 603f, 

619–620, 619f
dyskeratosis congenita, 278
Edwards syndrome, 603
fragile X syndrome, 563, 564
gene identification in. See Genetic 

analysis
gene therapy for, 523–524
genetic screens for, 365
genome-wide association studies of, 

720–722, 721f
hemophilia, 61–62, 61f
heritability of, 720–722
heterogeneous, 572
holoprosencephaly, 481
Huntington’s disease, 140, 563
inborn errors of metabolism, 219
inbreeding and, 650–655, 653f, 653t
Klinefelter syndrome, 602, 602f
lethal alleles in, 217–218
linkage analysis for, 140–141
monosomic, 600–601, 601f
mutations in, 12–14, 13f
osteogenesis imperfecta, 213–214
Patau syndrome, 603
pedigree analysis of, 54–64, 56f
phenylketonuria (PKU), 44–45, 45f, 55, 

212, 221–234, 221f, 233f
polydactyly, 480–481, 480f
risk calculation for, 675–676
severe combined immunodeficiency, 

523–524, 546–547
sickle-cell anemia, 215, 215f
single nucleotide polymorphisms in, 

720–721, 721f
single-gene, 29
transposable elements and, 544
trinucleotide repeat diseases, 562–564, 

563
trisomic, 601–603
Turner syndrome, 601, 601f
Werner syndrome, 278, 278f
Williams syndrome, 611, 611f
xeroderma pigmentosum, 553–554, 554f, 

571–573
Genetic dissection, 28
Genetic diversity. See Variation
Genetic drift, 661–666

bottlenecks and, 666, 667
founder effect and, 666, 666f
mutations and, 664, 664f, 672–673
population size and, 665–666
random, 107

Genetic engineering, 342, 369–377. See also
DNA technology

in animals, 373–377, 375f, 376f
definition of, 369
ectopic insertions in, 373–374
gene knockout in, 374
gene replacement in, 374
gene targeting in, 374–377, 375f

in plants, 371–372, 372f, 373f
position effect in, 374
transgene introduction in, 370
in yeast, 370–372, 371f

Genetic load, 592
Genetic map unit (m.u.), 129
Genetic markers, 172
Genetic polymorphisms. See

Polymorphism(s)
Genetic screens, 192

for genetic disorders, 365
for genomic libraries, 492–493
for mutations, 28, 28f, 365
for shotgun libraries, 493, 496f
for toolkit genes, 461–462, 461f

Genetic switches, 384–385, 402–407
Genetic variance, 692. See also Variance; 

Variation
Genetically modified organisms (GMOs), 

23, 23f, 303, 371–372. See also
Genetic engineering

animal, 373–377, 373f, 375f, 376f
plant, 371–372, 372f, 373f
yeast, 370–372, 371f

Genetics
in agriculture, 23
bacterial, 169–201
conservation, 674–675
definition of, 2
evolutionary, 14–16, 727–756
in forensics, 23–24, 676–677
forward, 17, 49, 222–233

Beadle-Tatum experiment in, 219–220
future directions in, 24–25
in medicine, 23, 25. See also Genetic 

disorders
molecular, 2
population, 637–678
quantitative, 684–723
reverse, 17–18, 49, 516–517, 516–518

by phenocopying, 517–518
by random mutagenesis, 516–517
by targeted mutagenesis, 517f
via random mutagenesis, 516–517

vs. environment, 695–698, 698t. See also
Gene-environment interactions

Genetics revolution, 1–25
Genome, 2, 4, 4f

binding sites in, 498, 498f
duplications of, 612f, 613
epigenome and, 14
of eukaryotes, 4–7, 8f
extranuclear, 7
human

contents of, 502
gene density/number in, 293, 297, 

502–503
splice variants in, 502
structure of, 502–505, 503f
transposable elements in, 543–544, 

543f–546f
vs. chimpanzee genome, 509
vs. mouse genome, 507–509

information in, 498, 498f. See also
Bioinformatics

interspecies variation in, 5, 5f



Index 819

mapping of. See Maps/mapping
noncoding elements of, conserved/

ultraconserved, 510–511, 511f
nuclear, 4–7, 4f
organelle, 104, 104f
personal, 497, 720
of prokaryotes, 7–8, 8f

insertion sequences in, 529
protein-coding regions of, 284
relative sizes of, 283–284
repetitive DNA in, 502
safe havens in, 545–546, 546f
sequencing of. See Genome sequencing; 

Maps/mapping
size of

C-value paradox and, 542–543
transposable elements and, 542–547

viral, mapping of, 188–192
of viruses, 8, 8f

Genome projects, 489
Genome sequencing, 490–497, 503–504, 

503f. See also Genomics
accuracy in, 491–492
annotation in, 498
automation of, 490–492, 491f
in binding site prediction, 500, 500f
bioinformatics and, 497–502
BLAST search in, 500–501, 501f
in candidate gene identification, 503
clone-based, 492–493
complete, 492
data interpretation in, 498–502. See also

Bioinformatics
draft-quality, 492, 496–497
in E. coli, 511–512
filling gaps in, 496–497
finished-quality, 492, 496–497
gene prediction from, 498–502
library construction in, 492–493
open reading frames in, 499, 501
paired-end reads in, 496, 496f
polypeptide prediction from, 498–502
primers in, 493, 493f
protein inventory in, 498–502
proteome in, 498–502
purposes of, 492
scaffolds in, 496, 496f
sequence assembly in, 490–492
sequence contigs in, 493
steps in, 490, 491f
vectors in, 492
whole-gene shotgun, 492–497, 496f

Genome-wide association studies, 717–722
Genomic DNA, in cloning, 344–345
Genomic imprinting, 441–443, 442f
Genomic library, 354–355, 492–493

construction of, 492–493
Genomic maps. See Maps/mapping
Genomics, 2, 342, 487–519, 488. See also

Genome sequencing
applications of, 488
in bioinformatics, 488
comparative, 489, 505–512. See also

Comparative genomics
early investigations in, 487–488
forward approach in, 17, 488

functional, 489, 512–518
DNA microarray in, 513–514, 513f, 514f
with nonmodel organisms, 518, 519f
two-hybrid test in, 514–515, 514f

history of, 487–488, 488–489
impact of, 488
personal, 497, 720
reverse approach in, 17–18
systems biology and, 516

Genotype, 32
fitness of, 668. See also Fitness

Genotype frequency, 644
gene pool and, 644–645
Hardy–Weinberg law and, 644–648

Genotype-phenotype interactions, 705
Genotypic frequency, 644
Genotypic ratio, 33f, 34
giant gene, 468–470, 469f
Gilbert, Walter, 382, 392–393
Global genomic repair, 572, 573f
Globular proteins, 312
glp-1 gene, 477–478
Glucose, lactose metabolism and, 394, 

396–397
Glucose-6-phosphate dehydrogenase gene, 

variation in, 655–657, 656f
GMP (guanosine 5 -monophosphate), 286f
Gould, John, 728
Grasses, transposable elements in, 545, 545f
Green Revolution, 81–82
Green-red color blindness, 60–61
Grieder, Carol, 275–277
Griffith, Frederick, 252–253
GU-AG rule, 298, 298f
Guanine (G), 3. See also Base(s)

in DNA, 257t, 259f, 261, 261f
in RNA, 286, 286f

Guanosine 5 -monophosphate (GMP), 286f

Hairpin loop, 292, 292f
Hairy ears, 63, 63f
hairy gene, 468, 469f
Haploid(s), 5

independent assortment in, 86, 96–97, 97f
meiosis in, 39–40
as model organisms, 39–40
recombination analysis for, 99
single-gene inheritance in, 39–40

Haploid number, 5
Haploidy, 591, 591t
Haploinsufficient genes, 46

dominant mutations and, 212–213, 213f, 
214f

Haplosufficient genes, 46
recessive mutations and, 212, 213f

Haplotype, 640
mapping of, 643–644
in population genetics, 640–642, 643–644
star-cluster, 642, 642f

Haplotype network, 641, 641f, 643f
Haplotype number, 655
HapMap, 643–644
Hardy–Weinberg equilibrium, 647
Hardy–Weinberg law, 644–648, 648t
Harebell plant, flower color in, 223–225, 

223f, 224f

HbS allele, malaria and, 736–739, 750–751
hedgehog gene, 479, 479f
Height

genome-wide association study of, 
720–721

heritability of, 689–691, 690t, 691t, 698, 
706, 706f, 720–721

Helicases, 269–270
Helix

alpha, 312, 313f
double. See Double helix

Helix-turn-helix motif, 407, 407f
Hox proteins and, 458
lac repressor and, 407, 407f

Hemimethylation, DNA, 431, 431f
Hemizygous genes, 51
Hemoglobin

evolution of, 754–755, 754f
structure of, 312, 313f

Hemophilia, 61–62, 61f
Hereditary nonpolyposis colorectal cancer, 

575
Heritability. See also Inheritance

additive effect and, 700–704
breeding and, 706–710, 707t
breeding value and, 703
broad-sense, 695–698, 698t
definition of, 696
dominance effect and, 700–704
gene action and, 699–700
of genetic disorders, 720–722
genotype-phenotype interactions and, 

705
group differences and, 698
of height, 689–691, 690t, 691t, 698, 

720–721
of intelligence, 696–697
interaction effects in, 705
measurement of, 696–698
narrow-sense, 699–710, 704
phenotype prediction and, 699–710
twin studies of, 696–698
of variation, in evolution, 731–732

Hershey, Alfred, 190, 255
Hershey-Chase experiment, 254–255, 255f
Heterochromatin, 274, 427f, 437

constitutive, 437
in gene silencing, 437, 440f
spread of, 440–441, 440f

Heterochromatin protein-1 (HP-1), 
439–440

Heteroduplex DNA, 150–152
Heterogametic sex, 50
Heterogeneous genetic disorders, 572
Heterokaryons, 225–226, 225f
Heteromorphic gene pairs, independent 

assortment of, 94, 94f
Heteroplasmons, 105–106

dihybrid, 107
Heterozygosity, 32, 657

variation and, 657
Heterozygote, 32
Heterozygous inversions, 615–617, 615f
Hexaploidy, 591
Hfr strain, of fertility factor, 176–180, 176f, 

179f



Index820

HGO gene, 19
Histogram, frequency, 687, 687f
Histograms, 101–102, 102f
Histone(s), 7

acetylation of, 427f, 429–430
in chromatin remodeling, 429–430
deacetylation of, 430, 440
hyperacetylated, 430
hypoacetylated, 430
methylation of, 439–440
modifications of, epigenetic inheritance 

and, 430–431
structure of, 427f, 429

Histone code, 429
Histone deacetyltransferases (HDACs), 

430
Histone H3 methyltransferase, 440
Histone tails, 427f, 429

modification of, 429–430
HMTase, 440
Hodges, Sean, 637
Holliday junctions, 152
Holliday, Robin, 152
Holoprosencephaly, 481
Homeobox, 458–459
Homeobox genes, 458

in D. melanogaster, 452–453, 455f
Homeodomain, 458, 458f
Homeologous chromosomes, 592
Homeotic development, 454–455, 454f
Homo sapiens, evolution of, 15–16, 16f
Homodimeric proteins, 213
Homogametic sex, 50
Homologous chromosomes, 5, 593f
Homologous recombination, 579

nonallelic, 608
Homologs, 5, 505
Homology, 14, 15
Homology-dependent repair system, 

569–570
Homothorax gene, 472f, 473
Homozygosity

dominant, 32
recessive, 32

Homozygote, 32
Homozygous dominant, 32
Homozygous inversions, 615
Homozygous recessive, 32
Host range, phage, 190
Hot spots, mutational, 570, 571f
Housekeeping genes, 452, 605–606. See also

Development, toolkit genes in
Hox genes, 455–460, 455f, 457f–460f, 470f, 

471–473, 472f
hunchback gene, 466f, 467–468, 468–469, 

469f
in cancer, 482t

Huntingtin, 140
Huntington’s disease, 58, 58f, 140, 563
Hyalophora cecropia, synaptonemal complex 

in, 36f
Hybrid dysgenesis, 537–538, 538f, 539f
Hybrid genes, in cancer, 621f, 622
Hybrid seed, 93
Hybrid vigor, 93–94
Hybridization

comparative genomic, 622, 622f
in recombinant DNA production, 345

Hydrogen bonds, in double helix, 258, 259, 
259f

Hydrogen peroxide, mutations and, 562
Hydroxyl radicals, mutations and, 562
Hyperacetylated histones, 430
Hypertrichosis, 62–63
Hyphae, 98
Hyphal branching, gene discovery for, 48
Hypoacetylated histones, 430
Hypophosphatemia, 62
Hypostatic mutations, 228

I gene, in lac operon, 389–392, 389t–391t, 
390f

ICR compounds, as mutagens, 565, 565f
Identical by descent, 651
Ikeda, H., 193
Imino bases, 267–268, 267f
Imprinting, genomic, 441–443, 442f
Inborn errors of metabolism, 219
Inbred lines (strains), 691
Inbreeding, 650–655, 651f

autosomal recessive disorders and, 56, 56f
genetic disorders and, 650–655, 653f, 653t
in model organisms, 690, 691
pedigree analysis for, 651–653, 651f
population size and, 653–655

Inbreeding coefficient (F), 651, 652
Inbreeding depression, 650–651
Incomplete dominance, 214
Incomplete penetrance, 234
Indel mutations, 555, 560, 643
Independent assortment, 81–110. See also

Crosses
chromosomal basis of, 94–101, 95f
definition of, 82
in diploid organisms, 95–96, 95f
in haploid organisms, 86, 96–97, 97f
of heteromorphic gene pairs, 94, 94f
hybrid vigor and, 93–94
Mendel’s law of, 82–86
of polygenes, 101–103, 102f
progeny ratios in

branch diagrams for, 83–84, 86–87, 
87f

chi square test for, 89–91, 91t
Mendelian, 82–86, 83f, 85f
prediction of, 86–89
product rule for, 87
sum rule for, 87–88

pure lines and, 91–93
recombination and, 99–101, 99f–101f

Indian hedgehog gene, 479
Induced mutations, 558

molecular basis of, 564–568
Inducer(s), 387

Lac, 387
Induction, 387
Infertility

in aneuploids, 592–593
half sterility and, 618
heterozygous inversions and, 618
reciprocal translocations and, 618
in triploids, 599

Inheritance. See also Heritability
chromosome theory of, 54
complex, 605, 685
cytoplasmic, 105–106, 106f, 107f
epigenetic, 444

histone modifications and, 430–431
extranuclear, 104–109
maternal, 104–105
Mendelian, 29–34, 31f. See also Single-gene 

inheritance
First Law of, 32
second law of, 84–86

of mitochondrial diseases, 108, 108f, 
109f

monoallelic, X-chromosome inactivation 
as, 443–444, 444f

of organelle genes, 104–109
polygenic, 101–103, 101f, 103f
sex-linked, 51–54

early studies of, 54
X-linked, 51, 51–54, 53f
Y-linked, 51, 63

simple, 685
single-gene, 27–65. See also Single-gene 

inheritance
uniparental, 104–105

Initiation, transcriptional, 290
in eukaryotes, 294–295, 295f
in prokaryotes, 290, 290f, 291f

Initiation factors, in translation, 326–327, 
326f

Initiator
in arabinose operon, 398
in translation, 325–327, 326f

Insects. See also Drosophila melanogaster
as model organisms, 52, 450, 452–453,

770–771
transgenic, 518, 519f

Insertional duplications, 612
Insertional mutagenesis, in mapping, 

199–200, 200f
Insertion-sequence (IS) elements, 180, 529.

See also Transposable elements
Intelligence, heritability of, 696–697
Interactome, 331–332, 331f, 513, 514–515

ChIP assay for, 515–516, 515f
two-hybrid test for, 514–515, 514f

Intercalating agents, 565–566, 565f
Interference, in crossing over, 135–136

-Interferon enhanceosome, 433, 433f
Interphase, in meiosis, 79
Interrupted mating, 177, 178–179

in mapping, 182–184, 183f
Intragenic deletions, 609
Intrinsic mechanism, in transcription 

termination, 291f, 292
Introns, 5f, 6, 6f, 284

identification of, 498–502
removal of, 296–297, 296f–300f
self-splicing, 300, 300f
size of, 502
transposable elements in, 544

Inversion(s), 606, 607f, 608, 614–617
balancer, 617
deletions and, 615f, 616
heterozygous, 615–617, 615f



Index 821

homozygous, 615
paracentric, 614
pericentric, 614, 616, 616f, 617

Inversion heterozygote, 615, 615f
Inversion loops, 615, 615f
Inverted repeat (IR) sequences, 530
Ionizing radiation, as mutagen, 567
IPTG, 389, 389f
IS elements, 180, 528–529. See also

Transposable elements
Isoforms, 329–330
Isogenic lines, 715
Isolation by distance, 649–650
Isopropyl- -D-thiogalactoside (IPTG), 389, 

389f

Jackpot mutation, 559
Jacob, François, 176–179, 180–181, 184, 

381–382, 382f, 385, 388–392, 393, 402
Jiang, Ning, 549
Jimsonweed (Datura stramonium),

aneuploidy in, 604, 604f
Jorgensen, Richard, 303
Jumping genes. See Transposable elements

Karpechenko, Georgi, 595
Kearns–Sayre syndrome, 108
Kennedy disease, 563
Keto base, 267–268, 267f
Khorana, H. Gobind, 318
Kidwell, Margaret, 537
Kinases, in phosphorylation, 331, 331f
Kingsley, David, 750
Klinefelter syndrome, 602, 602f
Kluyveromyces, duplications in, 613, 613f
Knockout mutations, 374, 375f
Kornberg, Arthur, 264–265, 342
Kreitman, Martin, 744
Krüppel gene, 462f, 468–469, 469f

lac genes, 386, 387f
F  plasmid and, 184, 185f
polar mutations in, 393

Lac inducer, 387
Lac operator, 392–393, 393f
lac operator site, 386
lac operon, 385f, 386, 396–397

activation of, 394–396, 394f–397f
CAP-cAMP complex and, 394–396, 

394f–397f
catabolite repression of, 394–397
discovery of, 388–393
DNA binding sites of, 394–396, 394f–397f
negative regulation of, 387f, 388–393
positive regulation of, 394–397, 396f–397f
repression of, 388–393, 390f–393f

lac promoter, 386, 392, 393f
RNA polymerase binding to, 394–396

lac repressor, 388–393, 390f–393f
gene for, 393, 393f

lac system, 172, 385–397
components of, 386
discovery of, 388–393
induction of, 386–388

Lactose metabolism, 386f, 394–395, 396–397
lacZ gene, 389–390, 389t–391t, 390f, 422, 467

Lagging strand, 266f, 267
Lamarck, Jean-Baptiste, 730
Lambda ( ) phage. See also Phage(s)

as cloning vector, 352f
life cycle of, 402, 403f, 406f, 407f
map of, 404f
in specialized transduction, 195–196, 

195f–197f
Law of equal segregation, 32, 38. See also

Segregation, equal
Law of independent assortment, 82–86. 

See also Independent assortment
Leader sequence, 401
Leading strand, 266
Leaky mutations, 45, 45f
Lederberg, Esther, 195
Lederberg, Joshua, 173, 176, 192, 195
Leeuwenhoek, Antony van, 173
Leptotene, 78
let-7 gene, 478
Lethal alleles, 216–218
Lewis, Edward, 457
Libraries

cDNA, 354–355
clone identification in, 355–361. See also

Clone(s), identification of
DNA template, 494
expression, 357–358
genomic, 354–355, 492–493
shotgun, 493, 496f

Lilium regale, mitosis in, 77f
Limb development, 470f, 471–473, 479–480
lin-4 gene, 478
lin-4 microRNA, 300–302
lin-41 gene, 478
Linear tetrads, in centromere mapping, 

142–143, 142f, 143f
LINEs (long interspersed elements), 

543–544, 543f, 544f
Linkage analysis, 123–128

chi-square test in, 143–145
development of, 123–125
gene order determination in, 134–135
generalized transduction in, 193–195
microsatellite markers in, 139
minisatellite markers in, 139
molecular markers in, 139–141, 140f, 141f
null hypothesis in, 144
phenotypic ratios in, 137, 137f
polymerase chain reaction in, 139–140, 

140f
recombinant frequency in, 123–125
restriction fragment length 

polymorphisms in, 138
symbols used in, 125–126
testcrosses in, 123–125, 141

three-point, 132–134
Linkage disequilibrium, variation from, 

660–661, 660f
Linkage equilibrium, 660
Linkage maps, 129. See also Maps/mapping

vs. physical maps, 197–200
Linked genes, 123–128

in cis conformation, 126
inheritance of, 123–125, 124f
in trans conformation, 126

lncRNA (long noncoding RNA), 287
Loci, gene. See Gene loci
Long interspersed elements (LINEs), 

543–544, 543f, 544f
Long noncoding RNA (lncRNA), 287
Long terminal repeats (LTRs), 534–535,

545
retrotransposons and, 536–537
solo, 537

The Lord of the Rings (Tolkien), 200
LTR-retrotransposons, 536–537
Luria, Salvador, 558–559
Luria-Delbrück fluctuation test, 558–559,

558f
Lwoff, André, 381–382, 382f
Lymphoma, Burkitt’s, 621, 621f
Lysate, 189
Lysis, bacterial, 189

specialized transduction and, 195–196, 
195f–197f

Lysogenic bacteria, 192
in specialized transduction, 195–196, 196f

Lysogenic cycle, bacteriophage, 402–406,
403f

Lysogenic phages, in specialized 
transduction, 195–196, 196f

Lytic cycle, bacteriophage, 402–406, 403f

M cytotype, 537–540
M phase, of cell cycle. See Mitosis
MacDonald, John, 744
MacLeod, Colin, 253–254
Maize (Zea mays)

as model organism, 525
transposable elements in, 524–528, 

524f–527f
Major groove, 260, 260f
Major histocompatibility complex, 649
Malaria

Duffy antigen and, 751
G6PD gene and, 655
sickle-cell anemia and, 736–739, 737f

Male pattern baldness, 647, 647f
Map units (m.u.), 129, 143
Mapping function, 146–147, 146f
Maps/mapping, 121–153

applications of, 122
association, 717–722
bacterial, 181–184, 183f, 197–200, 198f, 

199f
centromere, 142–143, 142f
of chromosomal rearrangements, 

504–505, 504f, 620
chromosome, 123–141, 503f, 504–505
chromosome walk in, 366
chromosome walking in, 366, 366f
deletion, 610, 610f
experimental basis for, 123–124
fine, 367–369

QTL, 715
genetic distances in, 130–131, 130f
haplotype, 643–644
insertional mutagenesis in, 199–200, 200f
by interrupted mating, 182–184, 183f
interrupted mating and, 177, 178–179
linkage, 129



Index822

Maps/mapping (continued)
vs. physical maps, 197–200

map units in, 129, 143
molecular markers in, 137–141, 140f
multiple crossovers and, 146–147, 146f
Perkins formula for, 147–148
physical, 123, 149, 197–200. See also

Genome sequencing
recombination-based maps and, 

148–150, 149f
vs. linkage maps, 197–200

polymerase chain reaction in, 139
by pseudodominance, 610, 610f
QTL, 710–716, 711, 711f, 712t, 713f–716f, 

717t
by recombinant frequency, 128–137, 131f
recombination-based, 123–150

for bacteria, 181–184
physical maps and, 149–150, 149f

restriction fragment length 
polymorphisms in, 138, 138

sequence. See Genome sequencing
single nucleotide polymorphisms in, 138
transposons in, 199–200, 200f

Marker gene, 172
unselected, 182

MAT locus, 424–425, 424–426, 436f
Maternal imprinting, 441
Maternal inheritance, 104–105
Maternal-effect genes, 461–462, 462f

Bicoid, 462f, 463
Mating, interrupted, 177, 178–179

in mapping, 182–184, 183f
Mating systems, 648–655

assortive mating, 649
inbreeding, 650–653, 651f. See also

Inbreeding
isolation by distance, 649–650

Mating types, fungal, 39, 39f, 98
Mating-type switching

gene silencing and, 436
in yeast, 424–426, 435–437

Matthaei, Heinrich, 317
McCarty, Macyln, 253–254
McClintock, Barbara, 126, 524–528, 525f
Mean, 686–687
Mediator complex, 424, 424f
Medical genetics, 23, 25. See also Genetic 

disorders
Meiocytes, 35, 35f

formation of, 99, 99f–101f
Meiosis, 35–39, 35f–37f

in autopolyploids, 594, 594f
centromeres in, 37–38, 142–143, 142f, 143f
crossing over in. See Crossing over
disjunction in, 600
DNA replication in, 42f, 43–44
first-division segregation (MI) patterns in, 

142–143, 142f
gene transmission in, 42f
independent assortment in, 82–86, 

94–109. See also Independent 
assortment

at molecular level, 41–43
nondisjunction in, 600, 600f
products of, 38

second-division segregation (MII)
patterns in, 142–143, 143f

stages of, 36f–37f, 77f
Meiotic recombination, 99–101, 99f–101f

double-strand breaks in, 577–579, 
579–580, 579f

initiation of, 579–580
Melanin, 745
Melanism, 745–746
Mello, Craig, 303
Mendel, Gregor, 17, 29–34

genetic studies of, 29–34, 30f, 31f. See also
Single-gene inheritance

Mendelian inheritance, 29–34, 31f. See also
Single-gene inheritance

Mendelian ratios, 82–86, 83f, 85f. See also
Phenotypic ratios

in genetic analysis, 226–230, 233, 233t
Mendel’s first law, 32, 38. See also

Segregation, equal
Mendel’s second law, 84–86. See also

Independent assortment
Meristic traits, 685
Merozygote, 181, 182f
MERRF, inheritance of, 108
Meselson-Stahl experiment, 262–263, 263f, 

277f
Messenger RNA. See mRNA (messenger 

RNA)
Metaphase

in meiosis, 78–79
in mitosis, 77

Methylation
DNA, 441–442

inheritance of, 431–432, 431f
of histones, 439–440

5-Methylcytosine, as mutational hot spot, 
570, 571f

Metric characters, 101
Mice

house (Mus musculus)
coat color in, 216–217, 217f
genome of, vs. human genome, 507–509
as model organisms, 216–217, 217f, 

772–773
transgenesis in, 373–377, 373f

as model organisms, 23
rocket pocket, coat color in, 745–746, 745f

Microarrays, 19–20, 20f, 513–514, 513f, 514f
in comparative genomic hybridization, 

622, 622f
MicroRNA (miRNA), 287, 301–303, 301f, 

305, 444–446
in development, 478
in gene repression, 444–446

Microsatellite(s), 638, 640
mutation rate in, 658, 658t
in population genetics, 638, 640, 640f

Microsatellite markers, 139, 140f
in DNA matching, 677

Migration, variation from, 659
Miller, Jeffrey, 570
Ming, Yao, 689–691, 689f
Miniature inverted repeat transposable 

elements (MITEs), 549, 549f
Minimal medium, 172

Minisatellite markers, 139
Minor groove, 260, 260f

10 regions, 290
35 regions, 290

Mirabilis jalapa, cytoplasmic segregation in, 
106–107, 106f

miRNA (microRNA), 287, 301–303, 301f, 
305, 444–446

in development, 478, 478f
in gene repression, 444–446

Miscarriage, chromosomal rearrangements 
and, 622–623, 623f

Mismatch repair, 574–575, 574f
Missense mutations, 556, 557f
MITEs (miniature inverted repeat 

transposable elements), 549, 549f
Mitochondria. See also Organelle(s)

cytoplasmic segregation in, 105–106,
106f, 107f

Mitochondrial diseases, inheritance of, 108, 
108f, 109f

Mitochondrial DNA (mtDNA), 104, 104f
evolutionary trees and, 109
variation in, 643

Mitochondrial Eve, 643
Mitochondrial genes

characteristics of, 103, 104f
inheritance of, 104–109
mutations in, 108, 108f

Mitosis, 34–39, 35f–37f
disjunction in, 600
DNA replication in, 42f, 43–44
gene transmission in, 42f
at molecular level, 41–43
nondisjunction in, 600
stages of, 36f–37f, 78f–79f

Mixed infections, 191, 191f
Mobile genes. See Transposable elements
Model building, 256–257, 258f
Model organisms, 21–23, 22f, 759–773

Arabidopsis thaliana, 22, 22f, 766–767
Caenorhabditis elegans, 450, 476, 768–769
Drosophila melanogaster, 22–23, 22f, 52, 

450, 452–453, 770–771
Escherichia coli, 22, 22f, 760–761
genetic engineering in, 370–377
haploids as, 39–40
inbred lines for, 690, 691
Mus musculus, 23, 216–217, 217f, 772–773
Neurospora crassa, 22, 22f, 98, 764–765
Pisum sativum, 29–34, 30f, 31f
Saccharomyces cerevisiae, 22, 22f, 420,

762–763
Zea mays, 525

Modern Synthesis, 732
Modifiers, 232–233
Mold. See also Fungi

as model organism, 21, 22f. See also
Neurospora crassa

Moldrich, Paul, 574
Molecular clock, 665–666, 734, 735
Molecular evolution, 732–735
Molecular genetics, 2
Molecular machines

Dicer, 301
protein-protein interactions in, 333



Index 823

replisomes, 268–270, 322
ribosomes, 298, 322–325
RISC, 301–302
spliceosomes, 284

Molecular markers, 44
in linkage analysis, 139–141, 140f, 141f
in mapping, 137–141, 140f

Molecular mechanisms
in allelic functions, 44–46
in cell division, 41–43
in crossing over, 150–152, 151f
in meiosis, 41–43
in mitosis, 41–43
in recombination, 150–152
in replication, 41–43, 41f–43f
in segregation, 43–44, 43f

Monoallelic inheritance, 443–444
X-chromosome inactivation as, 443–444

Monod, Jacques, 381–382, 382f, 385, 
388–392, 393

Monohybrid, 32, 82–83
Monohybrid cross, 33, 82–83
Monoploidy, 591, 591t, 592

in plant breeding, 598, 598f
Monosomy, 591t, 599, 600–601, 601f
Morgan, Thomas Hunt, 51, 54, 123–125, 

128–129, 449
Morphogens, 450
Morphological evolution, 744–751, 

744f–749f, 751f
Morphs, 58–60. See also Polymorphism(s)
Mosaicism

flower color and, 528f
transposable elements and, 528f

Mosquitoes, transgenic, 518, 519f
Mouse. See Mice
mPing element, 549
mRNA (messenger RNA), 9, 287, 294.

See also Pre-mRNA; RNA
binding sites for, 498, 498f
ribosome and, 322–325
splicing of, 296–297
synthesis of, 9–11, 10f. See also

Transcription; Translation
synthetic, 317–318
in translation, 10–11, 322–325. See also

Translation
mtDNA (mitochondrial DNA), 104, 104f

in evolutionary studies, 109
variation in, 643

Muller, Hermann, 437
Müller-Hill, Benno, 392
Multifactorial hypothesis, 684
Multigenic deletions, 609
Multiple alleles, 212
Mus musculus. See Mice, house (Mus

musculus)
Muscular dystrophy, 62
Mutagen(s), 558

acridine orange, 565, 565f
aflatoxin B1 as, 567, 567f
Ames test for, 567–568, 568f
carcinogenic, 567–568, 568f, 580–583
ICR compounds as, 565, 565f
ionizing radiation as, 567
proflavin, 565, 565f

ultraviolet light as, 566
SOS repair system and, 576

Mutagenesis, 564–568
base analogs in, 564, 564f
base damage in, 566–567
directed, 18
intercalating agents in, 565, 565f
mechanisms of, 564–567
random, 516–517
specific base mispairing in, 565, 565f
targeted, 517f

Mutant(s), 28
amber, 319, 328–329
bacterial, 172, 172t

auxotrophic, 172
resistant, 172

double, 222, 226–233
epistasis and, 228–230
genetic analysis of, 226–233
lethal, 233, 233f

Mutant rescue, 358
Mutation(s), 12–14, 40

apoptosis and, 580
auxotrophic, 172, 219–220
base insertion, 555
base substitution, 555
cancer-causing, 567–568, 568f, 580–583
chromosome, 590

incidence of, 622–623, 623f
numerical changes and, 591–606
structural changes and, 606–622

complemented, 222–225
constitutive, 389–390
cytoplasmic

in humans, 108, 108f
in plants, 107

deamination and, 561–562, 570
depurination and, 561
disease-causing, 12–13, 13f
dominant, 46, 212–214, 213f
dominant negative, 213–214, 214f
double-strand breaks, 577–579, 578f, 

579f
dysgenic, 538
effects on genes/proteins, 40–41, 

44–46, 45f
epistatic, 228–230, 229f
fate of, 664, 664f
in forward genetics, 17
frameshift, 316–317, 557, 557f, 560, 

561f
gene

definition of, 554
vs. chromosome mutations, 590

genetic drift and, 664, 664f, 672–673
in haploinsufficient genes, 212–213
hot spots for, 570, 571f
hypostatic, 228
indel, 555, 560, 643
induced, 558

molecular basis of, 562–568
insertional mutagenesis and, 199–200,

200f
jackpot, 559
knockout, 374, 375f
leaky, 45, 45f

missense, 556, 557f
modifier, 232–233
at molecular level, 40
mutagens and, 558. See also Mutagen(s); 

Mutagenesis
neutral, 733–734
nondisjunction, 600, 600f
nonsense, 556, 557f
null, 45, 45f, 213
oncogene, 581–583
oxidative damage and, 562
penetrance of, 234, 234f
phenotypic consequences of, 554–558
in plant breeding, 81–82
point, 554–558, 555f–557f

in coding regions, 556–557, 556f, 557f
functional consequences of, 555f, 

556–558, 557f
in noncoding regions, 557–558
at splice sites, 556, 556f
types of, 554–556

polar, 393
premutations and, 563
proto-oncogene, 582
rate of, 658t

variation and, 658–659, 733–734, 
733f

recessive, 46, 212, 213f
in regulatory sequences, 747–748
replication errors and, 560
replication slippage and, 560
repressor, 384–385, 384f, 391–392, 391t

early studies of, 381–382
restriction fragment length 

polymorphisms and, 43–44, 43f
in reverse genetics, 17–18
screen for, 28, 28f
segregation ratios for, 33–34, 33f, 46–50
selection and, 673–674
single-gene, 27–29
SOS system and, 576, 576f
sources of, 560–562
spontaneous, 558

molecular basis of, 558–564
spontaneous lesions and, 561–562
substitution

conservative vs. nonconservative, 556
neutral theory and, 733

superrepressor, 391–392, 391t
suppressor, 230–232, 232f

genetic code and, 315–317
nonsense, 232, 328–329
in translation, 328–329

synonymous, 556
targeted, 375f
temperature-sensitive, 217–218
transitions, 555
transposable elements and. See

Transposable elements
transversion, 555, 560
variation from, 12–14, 554, 658–659. 

See also Variation
Mutation screen, 28, 28f
Mutational analysis

for flower color, 47
forward, 49
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Mutational analysis (continued)
for hyphal branching, 48
for wing development, 47–48

myc gene, in Burkitt’s lymphoma, 621, 621f
Myoclonic epilepsy with ragged red fibers 

(MERRF), 108

Nachman, Michael, 746
Narrow-sense heritability, 699–710. 

See also Heritability
in breeding, 706–710, 707t
definition of, 704
in evolution, 707
interaction effects and, 705t
selection and, 708–710

Nascent protein, 330–331
Native conformation, 330
Natural selection, 14, 666–671, 728,

730–732. See also Evolution; Selection
balancing, 670, 671f, 737
cumulative, 740–744
directional, 669–670
fitness and, 667–668
in modern humans, 617t, 670–671
mutations and, 673–674
positive, 670, 744
principles of, 731
purifying, 670, 734–735

Nature vs. nurture, 695–698, 698t
ncRNA (noncoding RNA), 284, 287
Neanderthals, 15, 15f
Nearly isogenic lines, 715
Negative assortive mating, 648f, 649
Negative control, in gene regulation, 384, 

384f, 397–398, 397–398
Negative selection, 544
Neofunctionalization, 753
Neurospora crassa, 22, 22f

ascus of, 96
biosynthetic pathways in, 219–221
independent assortment in, 96, 97f
life cycle of, 96f
maternal inheritance in, 105, 105f
as model organism, 22, 22f, 98, 764–765

Neutral alleles, 665
Neutral evolution, 665
Neutral theory of evolution, 732–734
Nilsson-Ehle, Hermann, 101–102
Nirenberg, Marshall, 317
Nonallelic homologous recombination, 608

segmental duplications in, 613
Nonautonomous transposable elements, 

527–528
Non-coding elements, in comparative 

genomics, 510–511
Non-coding RNA (ncRNA), 284, 287
Nonconservative substitution, 556
Nondisjunction, 600, 600f
Nonhomologous end joining, 577–579, 578,

578f
Nonnative conformation, 330
Nonsense mutations, 556, 557f
Nonsense suppressors, 232, 328–329
Nonsister chromatids, in double-strand 

break repair, 579f
Nonsynonymous substitutions, 734–735

Normal distribution, 688–689, 688f
Northern blotting, 19f, 21, 359f, 361
Nuclear genome, 4, 4f, 45f
Nuclear localization sequences (NLSs), 

333–334
Nucleic acids. See Nucleotide(s)
Nucleoids, 103–104, 103f
Nucleosomes, 7, 272, 272f, 417, 426

assembly of, 272, 272f
in chromatin condensation, 426–430
enhanceosomes and, 432–433, 433f
in replication, 272, 272f
structure of, 427f, 429

Nucleotide(s), 256f, 257
binding sites for, 498, 498f
in DNA, 3–4, 259f, 261, 261f. See also

Base(s)
in genetic code, 261
in RNA, 286f

Nucleotide diversity, variation and, 
657–658, 657f

Nucleotide-excision repair, 571–573, 573f
Null alleles, 45, 45f
Null hypothesis, 144
Null mutations, 45, 45f, 213
Nullisomy, 599
Nüsslein-Volhard, Christine, 461, 479

O gene, in lac operon, 389–390, 389t, 390f, 
391f, 392

Octads, 142
odd-skipped gene, 463
Okazaki fragments, 266, 275f, 288f
On the Origin of Species (Darwin), 727
Oncogenes, 581–583
Oncoproteins, 582–583, 582f
One-gene–one-polypeptide hypothesis, 

220, 314
Open reading frames (ORFs), 499, 501
Operators, 384

in genetic switching, 405–406
Operon(s), 386, 401

ara, 397–398, 398f
lac, 385–397. See also lac operon
phe, 401
trp, 399–401, 399f, 400f

Organelle(s). See also under Chloroplast; 
Mitochondria

cytoplasmic segregation in, 106–107, 106f
Organelle genes

characteristics of, 103–104, 104f
inheritance of, 104–109
mutations in, 108, 108f

Organizers, 450–451, 451f
oriC, 270
Origin (O), 270

in bacterial conjugation, 178–179, 179f
in replication

in eukaryotes, 273f
in prokaryotes, 270, 271f, 272–273

Origin recognition complex (ORC), 274, 
274f

Ornithine, structure of, 220f
Orthologs, 505
Osteogenesis imperfecta, 213–214
Outgroups, 506

Oxidative damaged, mutations due to, 
562

P cytotype, 538
P elements, 537–540, 537f, 539f, 541f

in gene tagging, 540
as vectors, 540–542

P site, 324, 324f, 327f, 328
p53 mutations, 583
Pääbo, Svante, 487
Paired-end reads, 496, 496f
Pair-rule genes, 462f, 463, 468–470
Palindrome, DNA, 345
Paracentric inversions, 614, 615–616, 615f
Paralogs, 505
Parental generation (P), 30
Parsimony, 507
Parthenogenesis, 591–592
Partial diploids, 389
Partial dominance, 699
Patau syndrome, 603
patched gene, in cancer, 481–482, 482t
Paternal imprinting, 441, 442
Pattern formation. See Development
Pauling, Linus, 733
PCNA (proliferating cell nuclear antigen), 

272, 272f, 576–577, 577f
Pedigree analysis, 54–64

of autosomal dominant disorders, 
56–58, 57f

of autosomal recessive disorders, 
55–56, 56f

genomic imprinting and, 442, 442f
for inbreeding, 651–653, 651f
propositus in, 54
in risk calculation, 63–64
symbols used in, 54f
of X-linked dominant disorders, 62, 62f
of X-linked recessive disorders, 60–62, 

60f–62f
Penetrance, 234, 234f
Pentaploidy, 591
Peptide bonds, 312, 313f
Peptidyltransferase center, 324
Pericentric inversions, 614, 616, 617
Perkins formula, 147–148
Permissive temperature, 217
Personal genomics, 497, 720
Peterson, Peter, 527
Phage(s), 170, 188–192

amber mutant, 319, 328–329
bacterial infection by, 188–190, 

189f–191f
DNA in, 254–255
function of, 254–255
gene exchange in, 170–171, 171f
hereditary processes in, 170
host range and, 190
lambda ( )

as cloning vector, 352f
life cycle of, 402, 403f, 406f, 407f
map of, 404f
in specialized transduction, 195–196, 

195f–197f
lysogenic, 192

in specialized transduction, 195–196, 196f
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lysogenic cycle in, 402–406, 403f
lytic cycle in, 402–406, 403f
mapping of, 190–192
plaque morphology of, 190, 191f
prophages and, 192, 402
temperate, 192
in transduction, 192–196, 193f–197f. 

See also Transduction
in viral genome mapping, 188–192
virulent, 192

Phage crosses, in recombination analysis, 
190–192, 191f

Phage recombination, 171
in mapping, 190–192

Phage vectors, 352–353, 352f
Pharmaceutical development, structure-

based drug design in, 325
phe operon, 401
Phenocopying, 517–518
Phenotype, 29. See also Traits

definition of, 29–30
expression of

expressivity and, 234, 234f
factors affecting, 234
penetrance of, 234, 234f

gene dosage and, 605
gene interaction and, 211–235
intensity of, 234
lethal alleles and, 216–218
mutant, 28. See also Mutation(s)
unstable, 527

transposable elements and, 527–528,
527f

wild type, 28
Phenotype prediction, 699–710

additive vs. dominance effects and, 700–704
narrow-sense heritability and, 704–710

Phenotype-genotype interactions, 705
Phenotypic ratios, 33f, 34, 47, 137

branch diagrams for, 83–84, 86–87, 87f
chi square test for, 89–91, 91t
in independent assortment, 82–86, 83f, 85f
lethal alleles and, 217
in linkage analysis, 137, 137f
Mendelian, 82–86, 83f, 85f

in genetic analysis, 226–230
prediction of, 49–50, 86–89
product rule for, 87
Punnett square for, 85, 85f
in sex-linked inheritance, 51
sum rule for, 87–88

Phenotypic variance. See Variance; Variation
Phenylketonuria (PKU), 55

mutations in, 44–45, 45f, 212, 221, 221f, 
233f

Phenylthiocarbamide (PTC) tasters, 59–60, 
60f

Pheromones, 221, 424
Phosphatases, 331, 331f
Phosphate, in DNA, 256f, 257, 258–259, 

259f
Phosphorylation, of proteins, 331–333, 

331f
Photoproducts, 566
Phylogenetic inference, 506
Phylogeny, 505–507, 506f

Physical maps, 123, 149–150, 197–200. 
See also Genome sequencing; Maps/
mapping

recombination-based maps and, 148–150, 
149f

vs. linkage maps, 197–200
Piebaldism, 58, 59f
Pigment gene, 303–304
Pigmentation

body/coat
in D. melanogaster, 747–748, 747f, 748f
in mice, 216–217, 217f, 745–746, 745f
regulatory evolution and, 747–748, 747f, 

748f
flower. See Flower color

Pili, 175, 176f
Ping element, 549
piRNA (piwi-interacting RNA), 287, 305
Pisum sativum, as model organism, 29–34, 

30f, 31f
Pitx1 gene, 750
Piwi-interacting RNA (piRNA), 287, 305
Plants

allopolyploid, 595–597, 595f, 596f, 599
aneuploid, 592–593, 604
breeding of. See Breeding
cell division in, 35f, 77f
chloroplasts of. See under Chloroplast
chromosome deletions in, 612
cytoplasmic segregation in, 106–107, 106f
dioecious, 50f, 51
embryoid, 598
gene silencing in, 303–305, 303f, 304f
independent assortment in, 81–82
as model organisms, 21, 22f
pigment gene in, 303–304
polyploidy in, 595–599, 752–753, 752f
single-gene mutations in, 81
transgenic, 371–372, 372f, 373f
transposing elements in, 549, 549f
viral resistance in, 304–305

Plaque, phage, 190, 191f
Plasmid(s), 175

bacterial segments of, 185f
conjugative, 187
F, 173, 175–180, 175–180, 176f, 530. 

See also Fertility factor (F)
genetic determinants of, 186t
R, 184–187, 185, 186f, 186t, 530
Ti, 371–372, 372f
transfer of, in bacterial conjugation, 

175–176, 175f, 176f
yeast integrative, 370–371, 371f

Plasmid vectors, 351–352, 351f
Ti, 371–372, 372f

Plasmodium palciporum, malaria and, 
737–739

Plasmodium vivax, Duffy antigen and, 751, 
751f

Plasterk, Ron, 547
Plating, 172, 172f
Platypus genome, 506–507
Pleated sheets, 312, 313f
Pleiotropic alleles, 217
Point mutations, 554–558, 555f–557f

in coding regions, 556–557, 556f, 557f

functional consequences of, 555f, 
556–558, 557f

in noncoding regions, 557–558
at splice sites, 556, 556f
types of, 554–556

Poisson distribution, 146–147, 146f
poky gene, 105, 105f
Pol I (DNA polymerase I), 265, 265f
Pol III holoenzyme, 268, 269f
Polar mutations, 393
Polyadenylation signal, 296
Polydactyly, 58, 58f, 480–481, 480f
Polygenes, 101–103

continuous variation and, 101–103, 101f, 
102f

identification of, 103
Polygenic inheritance, 101–103, 101f, 103f
Polymerase chain reaction (PCR), 20, 20f, 44, 

139–140, 140f, 343, 343f, 345–347, 346f
Polymerase III holoenzyme, 268, 269f
Polymorphism(s), 58–60. See also Variation

autosomal, pedigree analysis of, 58–60, 60f
blood group, 214–215
frequency of, 60
restriction fragment length, 43–44, 138

in linkage analysis, 138
mutations and, 43–44, 43f

single-nucleotide, 138
in mapping, 138

Polypeptide, 11, 312. See also Protein(s)
Polypeptide chain

amino end of, 312, 313f
carboxyl end of, 312, 313f

Polyploidy, 591, 592–597, 593f, 594f
allopolyploidy, 592, 595–597
in animal breeding, 599
autopolyploidy, 592–595, 593f, 594f
in evolution, 752–753, 752f
gene balance and, 603–606, 604
gene number and, 752–753
gene-dosage effect and, 605
induced, 593f
organism size and, 592, 592f, 599
in plants, 595–599, 752–753, 752f

in breeding, 599
vs. aneuploidy, 604–605

Poly(A) tail, 296
Polytene chromosomes, 609, 609f
Population(s), 638

definition of, 686
sampling of, 686

Population bottlenecks, 666, 666, 667
Population genetics, 637–678

analytic methods in, 638–644
conservation, 674–675
definition of, 638
in forensics, 23–24, 676–677
future applications of, 677–678
gene loci in, 638
gene pool and, 644–648
Hardy–Weinberg law and, 644–648
mating systems and, 648–655
selection and. See Selection
variation and. See also Variation

measurement of, 655–658
modulation of, 658–674
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Population size
allelic fate and, 661–662
genetic drift and, 661–665
inbreeding and, 653–655

Population structure, 649
Position effect, 374
Positional cloning, 365–367, 366f
Positional information, in development, 

466
Position-effect variegation, 438, 620–621, 

620f
Positive assortive mating, 649
Positive control, in gene regulation, 384, 

384f, 394–397, 394f–397f
Positive selection, 670, 744
Post-transcriptional gene silencing, 435
Post-transcriptional RNA processing, 

295–296, 296f
Preinitiation complex (PIC), 294, 295f
Premature aging, 278, 278f
Pre-mRNA, 294

alternative splicing of, 284, 297, 297f, 
329–330, 330f

exon-intron junctions in, 298, 299f
Premutations, 563
Primary structure, of proteins, 312, 313f
Primary transcript, 293–294

exon-intron junctions in, 298, 299f
Primase, 266, 269
Primers, 266, 266f

in genome sequencing, 493, 493f
Primosome, 266
Probes, 18, 355–358

antibody, 358
DNA, 18–19, 19f, 355–358, 356f
RNA, 21, 356f, 361

Processed pseudogenes, 502–503
Processive enzymes, 268
Product of meiosis, 38
Product rule, 64, 87
Proflavin, as mutagen, 565, 565f
Progeny ratios, chi square test for, 89–91, 91t
Prokaryotes, 170. See also Bacteria

gene regulation in, 383–409
genome of, 7–8, 8f
replication in, 261–270, 261f
transcription in, 289–292, 290f–292f

Proliferating cell nuclear antigen (PCNA), 
272, 272f, 576–577, 577f

Promoter(s)
in development, 467f, 468–470
downstream, 290
in eukaryotes, 294–295, 295
in prokaryotes, 290–291, 290f, 291f, 

384–385
upstream, 290

Promoter-proximal elements, 418–419, 419f
Proofreading, 267–268, 268f, 569
Properties, 29
Prophages, 192, 402
Prophase

in meiosis, 78–79
in mitosis, 77

Propositus, 54
Protein(s). See also Amino acids

accessory, in replication, 268, 269f

alpha helix of, 312, 313f
amino acid sequence in

genetic code and, 314–319
variation and, 314–319

chaperone, 331
conformations of

native, 330
nonnative, 330

enzymatic, 9. See also Enzymes
fibrous, 312
folding of, 330
globular, 312
homodimeric, 213
interaction of, two-hybrid test for, 

514–515, 514f
inventory of, 498–502
isoforms of, 329
mutation effects on, 40–41, 44–46, 45f
nascent, 330–331
new, origin of, 752–755
one-gene–one-protein hypothesis and, 220
phosphorylation of, 331–333, 331f
posttranslational modification of, 

329–334
probes for, 357–358
regulatory, 9
RNA-encoding, 220–221
shape of, 312–314
structural, 9
structure of, 311–314, 312f

primary, 312, 313f
quaternary, 312, 313f
secondary, 312, 313f
tertiary, 312, 313f

synthesis of, 9–11, 10f, 234f. See also
Transcription; Translation

variation in, sources of, 329–334
Protein domains, 314
Protein machine, assembly of, 233, 233f, 

234f
Protein subunits, 312
Protein targeting, 333–334, 333f
Protein-binding sites, 498, 498f
Protein-encoding genes, discovery of, 

220–221
Protein-protein interactions

in biological machines, 333
host-pathogen, 333

Proteome, 153, 297, 329–334, 498–502
Proto-oncogenes, 582, 621

chromosomal rearrangements and, 621, 
621f

Prototrophic bacteria, 172
Proviruses, 534
Pseudoachondroplasia, 57, 57f
Pseudoautosomal regions 1 and 2, 51
Pseudodominance, deletions and, 610
Pseudogenes, 502–503, 754

processed, 502
Pseudolinkage, 619
PTC tasters, 59–60, 60f
Pulse-chase experiment, 285, 285f
Punnett, R. C., 123
Punnett square, 85, 85f
Pure lines, 30

synthesis of, 91–93

Purifying selection, 670, 734–735
Purine bases. See also Base(s)

in DNA, 257, 260f, 261
in RNA, 286f
transitions and, 555
transversions and, 555

Pyrimidine bases. See also Base(s)
in DNA, 257, 260f, 261
in RNA, 286f
transitions and, 555
transversions and, 555

Pyrophosphate (PPi), 265
Pyrosequencing, 494

QTL mapping, 711–716, 712t, 713f–716f, 
717t

Quantitative genetics, 684–723
correlation and, 693–694, 694f
genetic vs. environmental deviations and, 

689–691, 690t, 691t
genetic vs. environmental variance and, 

691–693, 693t
heritability and

broad-sense, 695–698, 698t
narrow-sense, 698–710

mean and, 686–687
normal distribution and, 688–689, 688f
twin studies and, 696–698
variance and, 687–688
variation measurement in, 685–689

Quantitative trait loci (QTLs), 101, 710
mapping of, 710–716, 711f, 712t, 713f–716f, 

717t
Quantitative traits, 101, 683

genetic model of, 689–695
Quaternary structure, of proteins, 312, 313f

R factors. See R plasmids (factors)
R plasmids (factors), 184–187, 185, 186f, 

186t, 530
Racial variation, in blood groups, 736–739, 

750–751
Rad51, 579
Radiation

ionizing, as mutagen, 566–567
ultraviolet, as mutagen, 566

Random genetic drift, 107, 661. See also
Genetic drift

Random mutagenesis, 516–517
Rare single nucleotide polymorphisms, 639
ras oncogene, 582–583, 582f
Ratios

gametic, 33, 33f, 34
genotypic, 33f, 34
Mendelian, 82–86, 83f, 85f

for crosses, 82–86
in genetic analysis, 226–230

phenotypic. See Phenotypic ratios
progeny, chi square test for, 89–91, 91t
segregation, 33–34, 33f, 46–50

Reaction norm, 705
Rearrangements. See Chromosome 

rearrangements
RecA, 576, 579
Recessive alleles, lethal, 216–218
Recessive epistasis, 228–230, 229f
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Recessive mutations, 46, 212, 213f
Recessiveness, 32, 46, 699, 699t

haplosufficiency and, 212, 213f
homozygous, 32

Recipient, in conjugation, 175
Reciprocal translocations, 608, 617–619, 

618f
Recombinant(s), 99

bacterial, 170–171, 171f, 181–184
detection of, 99–100
double, 127–128, 128f, 133–134, 134f
in gene mapping, 128–137, 131f

Recombinant DNA, 342. See also DNA 
technology

production of, 344–355. See also Cloning
Recombinant frequency (RF), 100, 100f, 

127–137
definition of, 130
in gene mapping, 123–150. See also Maps/

mapping
inversions and, 616
with multiple crossovers, 145–148

Recombination, 99–101, 99f–101f
bacterial, 170–171, 171f, 181–184, 

181f–183f. See also Bacterial 
conjugation; Bacterial 
transformation; Transduction

crossing over and, 125–128, 127f, 128f, 
129f. See also Crossing over

in diploid organisms, 99–100, 99f–101f
double-stranded DNA breaks in, 151–152, 

151f
in haploid organisms, 99
heteroduplex DNA in, 151–152, 151f
homologous, 579

nonallelic, 608
inversions and, 616–617
meiotic, 99–101, 99f–101f

crossovers/noncrossovers in. See
Crossovers

double-strand breaks in, 577–579, 
579–580, 579f

initiation of, 579–580
molecular mechanism in, 150–152
nonallelic homologous, segmental 

duplications in, 613
phage, 171

in mapping, 190–192
variation from, 659–661

Recombination hotspots, 718t
Recombination maps, 123–150. See also

Maps/mapping
for bacteria, 181–184
physical maps and, 149–150, 149f

Red-green color blindness, 60–61
Regulatory proteins, 9
Regulons, 408
Relative fitness, 667
Release factors (RF), 328
Repetitive DNA, 24, 502

chromosome rearrangements and, 607f, 
608

conserved/ultraconserved, 510–511
crossing over of, 607f, 608
mapping of, 510–511

Replica plating, 559–560, 559f

Replication, 11–12, 11f, 12f
accessory proteins in, 268, 269f
accuracy (fidelity) of, 267–268

 clamp in, 268
blocked, 571–572

SOS system and, 576
in cell cycle, 36f–37f, 37–38, 41–46, 

41f–43f, 273f, 274. See also Cell cycle; 
Meiosis; Mitosis

chromatin assembly factor 1 in, 272, 272f
at chromosome ends, 275–278, 275f
conservative, 262
direction of, 266, 266f, 273, 273f
dispersive, 262, 263f
in DNA amplification, 35–354, 342–343, 

343f
DNA ligase in, 267
DNA polymerase in, 264–267, 266f
DnaA in, 270
errors in, mutations and, 560–562
in eukaryotes, 272–273
hairpin loop in, 292, 292f
helicases in, 269–270
helix unwinding in, 269–270, 270f
initiation of, 270, 271f, 275f
lagging strand in, 266f, 267
leading strand in, 266
Meselson-Stahl experiment and, 262–263, 

263f, 277f
molecular aspects of, 41–43, 41f–43f
nucleosome assembly in, 272, 272f
Okazaki fragments in, 266, 266f, 275f
origins in, 270

in eukaryotes, 272–273, 273f
in prokaryotes, 270, 271f

overview of, 11–12, 266–268
pol III holoenzyme in, 268, 269f
primase in, 266, 269
primer in, 266, 266f
primosome in, 266
in prokaryotes, 261–270, 261f
proliferating cell nuclear antigen in, 272,

272f
proofreading in, 267–268, 268f
replication fork in, 263–264, 264f–266f, 266
replisome in, 268–270
semiconservative, 261–265, 262
single-strand-binding (SSB) proteins in, 

270
speed of, 268, 272
strand melting in, 261
supercoiling in, 270, 270f
tautomerization in, 267–268, 267f
template for, 262
termination of, 275–278
3  growing tip in, 266, 266f
topoisomerases in, 269–270
of transposable elements, 531, 531f
Watson–Crick model of, 258–261, 

258f–260f
Replication fork, 263–264, 264f–266f, 266

stalled, 571–572
SOS system and, 576

Replication slippage, 560
Replicative transposition, 531–532, 531f
Replisome, 322

eukaryotic, 272–273
prokaryotic, 268–270

Reporter genes, 422
in development, 467–468, 467f
transgenes and, 518

Repressor(s), 384–385, 384f
in development, 467f, 468–470
DNA binding of, 402–407, 406–407, 406f, 

407f
early studies of, 382
in eukaryotes, 430, 430f
in genetic switching, 405–406, 406f
lac, 386–393, 390f–393f

gene for, 393, 393f
lambda ( ), 402–407, 406f
in prokaryotes, 384–385, 384f, 391–392, 

391t, 398, 398f
Resistant mutants, bacterial, 172
Restriction enzymes, 43–44, 344

in cloning, 344–345, 345f
sticky ends of, 345, 345f

Restriction fragment, 345
Restriction fragment length 

polymorphisms, 43–44, 138
in linkage analysis, 148
mutations and, 43–44, 43f

Restriction sites, 344–345
Restrictive temperature, 217
Retrotransposition, 753–754
Retrotransposons, 523–524, 533–537, 536

Alu sequences, 543–544, 543f, 544f
long interspersed elements (LINEs), 

543–544, 543f, 544f
long terminal repeats (LTRs), 534–535,

545
short interspersed elements (SINEs), 

543–544, 543f, 544f
Retroviruses, 523–524, 534–536, 534f, 535f

in gene therapy, 546–547
Reverse genetics, 17–18, 49, 516–518

by phenocopying, 517–518
by random mutagenesis, 516–517
by targeted mutagenesis, 557f
via random mutagenesis, 516–517

Reverse transcriptase, 534
Reversions, genetic code and, 315–317
Revertants, 231
Rhoades, Marcus, 525, 525f, 527
Rho-dependent mechanism, in 
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